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Abstract

In the fields of artificial intelligence, robotic and mechanical engineering, the design of materials
that combine their mechanical properties with other functionalities is rapidly becoming a great
area of interest in the last years. Besides their stalctluties, multifunctional composite
materials can perform additional tasks, paving the way for a new generatioraxmaterials.

For instance, Structural Health Monitoring systems aim to combine the mechanical strength and
the lightweight of compositmaterials with sensing functionalities for thesiitu control of their

health status. In this context, the main challenge is conferring to the material those smart
functionalities in a nofintrusive manner, in order to impact as low as possible on thmalri

mechanical properties.

The work activities reported in this thesis lie within this scenario, investigating theessihg
and the energy harvesting capability of composite materials based on piezoelectric nanostructured

elements.

The selfsensig composite materials were designed and fabricated by interleaving between the
plies of the laminate the piezoelectric elements. The problem of negatively impacting on the
mechanical properties of the hosting structure was addressed by shaping the qbigzoele
materials in appropriate ways. In the case of polymeric piezoelectric materials, the electrospinning
technique allowed to produce higkpprous nanofibrous membranes which can be immerged in
the hosting matrix without inducing delamination risk. Tiexibility of the polymers was
exploited also for the production of flexible tactile sensors. The sensing performances of the
specimens were evaluated also in terms of lifetime with fatigue tests. In the case of ceramic piezo
materials, the production aritie interleaving of nanometric piezoelectric powder limitedly

affected the impact resistance of the laminate, which showed enhanced sensing properties.

In addition to this, a model was proposed to predict the piezoelectric response ofteasalj

composite materials as function of the amount of the pprase within the laminate and to adapt
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its sensing functionalities also for quasatic loads. Indeed, one final application of the work was
to integrate the piezoelectric nanofibers in the sola pfosthetic foot in order to detect the

walking cycle, which has a period in the order of 1 second.

In the end, the energy harvesting capabilities of the piezoelectric materials were investigated, with
the aim to design wearable devices able to cadleetgy from the environment and from the body
movements. The research activities focused both on the power transfer capability to an external
load and the charging of an energy storage unit, like, e.g., a supercapacitor.
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Introdu ction

Over the last years, the diffusion of smart materials is rapidly increasing with the aim to couple
the mechanical properties of the structural material with one or more functionalities, such as
optical, magnetic, thermal, electrical, etc. The temartrefers to the capability of such material

to respond in a precogitated manner to external stimuli, providing-amesatommunication with

the user.

The functionalization typically contributes to a physical or chemical process that improves the
original satus of the material. The reaction to the external stimultreaislatanto the detection

of external mechanical impacts (se#fnsing), the automatic readjustment after a damage of its
structure (sethealing), the power harvesting and the energy storfagm environmental
movements (selpowering). Therefore,these new materials aimo perform multiple
functionalitiesin the context of energy efficiency and system intelligence, guaranteeing active

responses and sationitoring abilities.

This PhD work its into this context with the aim to conceive and manufacture smart composite
materials by using nanofibrous membranes to be interleaved inside a hostingwiadtixcan

be soft é.g. silicon-based matrix) or stiffg.g. epoxybased matrix), according tthe final
application. The piezoelectric nature of the nanofibers confers to the composite raateniatgy
harvesting potential ana selfsensing capabilityenergygeneration refers to the conversion of
mechanical energy into electrical energy to be stored in a capacitor or dieasgd to power a
load. On the other hand, the ss#fnsing property of the composite material is not only designed
for structural darage detection (like traditional Structural Health Monitoring systems), but it is
also adaptetb suit the smart composite material to work as a pressure sensor capable to detect
the mechanical load applied on its surface.

The highly porous structure @f nanofibrous membranfavorsits impregnation in thepoxy
matrix, thuscreating a network of piezoelectric receptandconferringa smartbehaviorto the
composite materialOne of the mossimple procesgo fabricatepiezoelectric nanofiberis the
electrospinningwhose study and optimization is one of the central aspects of this Woek.
electrospinning is an innovative and versatile techniquehe production of th@olymerin a

nanostructurediber shape that enhances the specific grerince of the piezmaterial.



Therefore,with respect to conventional piefitms, the use of nanofibrous membranes is
beneficialin terms of structure compactness gmekzoelectricefficiency, whth is increased by

the high surface to volume ratio.

The research activities are part of the European Project Mytlggh aims to design a smart and
intuitive osseointegratedransfemoral prosthesis embodying advanced dynamic behaviors.
Beyond the activities carried oby the other partners of the projedtjst work focuse®n the
implementation of the nanofibrous membrane in the sole of the prosthesis. Thmpiaboanes

in the sole(Figure 0-1) are designed both to enhance the energy efficiency by harvesting the
energy of the walking cycle and to guarantee a precise contact detection and ground morphology

estimation.

Therefore, thexperimental campaign of this work focused on two rfialds. In Chapter, the
designof threekinds of selfsensing composite materiatesed on polymeric and ceramic
nanostructured piezoelectetements islescribegwhereas in sectioh the stuly on piezebased
energy harvesting devices is report@the results about ¢ sensing performances of the
composite materials and the energy harvesting capatiilitye designed devices areportedn
Chapter6.

Figure 0-1 MyLeg prosthesiwith piezoelectric nanofibers integrated into the sole
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1. Context and objectives

1.1 Sensing strategies for compositmaterials

The strategiedo create a seensingcomposite material essentiallgre be represented by two
main techniquesAccording to the material properties and its structcoepmercial sensors can

be integrated i the composite material or bonded on its surface with limited impact on its
mechanical strength. On the other hahthé use of external sensds not desirabler suitable,

the intrinsic nature of the composite material can be exploited to confiérsessingcapabilities

by using different working principlesn this chapterthe most commosensingstrategiesor

composite materialare described

1.1.1 Composite materials

A composite material is commonly defined as the combination of two or moreediffaaterials

at a macroscopic level. The interaction between the two materials (or phases)ahiving

new properties that cannot be attained acting albhg2]. Composite materials consist of a
reinforcing phase (i.e. fibers, flakes or particles) and a matrix phase (i.e. polymers, ceramic or

metals)[3].

The main advantages of composite materials are their high specifictisteamystiffness, their
lightness, good vibration damping ability, high resistance to corrosion and temperature and their
very strong tailor ability which makes thesunitableto be manufactured for a wide range of
applications. For instance, in aeronasittiey are used to decreasteucturalloads and in naval
infrastructures their high resistance to corrosion broadenedieefk specific class of composite
material that is widely used for aerospace applications isfémeforced plastic (FRP). The PR

are composite materials based on a polymeric matrix reinforced with fibers made of glass or
carbon. The matrix is usually a thermoset resin or epoxy. Therefore, the mechanical properties of
the laminate mainlglependon the materials of the two phaskst also on the thickness of each

ply and the fibers orientation. The manufacturing process of the laminasdseen deeply

investigated and various stacking optimization techniques have been explofgt [6].
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Despite theimultiple application fields, composite materials present some disadvantages. Their
anisotropic properties stem from the multiphase structurthage materialscreating some
drawbacls, in particular in case of structural damages. So #alea description fothe damage
evolution and the flaw initiation represents a challenging work. The lack of reinforcement in the
out-of-plane direction is a critical aspect, as in case of high energy isthaachatrix crack could
induce delaminatiofi7], debonding between the plies and a fiber breakage could also occur on
the opposite side of the impact. If those damages occur beneath the laminate surfaces lyheir time

detection could be diffictland catastrophic failure of the entire structure could occur.

For these reasendifferent techniques have been conceived in order to perfove monitoring

of the health status of the structure and prevent its faMae-destructive testing (NDT) methods
such as ultrasonic,-¥ay and thermography can be adopted but require voluminous equipment.
Among these, Structural Health Monitoring (SHM) is an emerging techtiigqiieombines the

use of sensors witan algorithnfor a realtime monitoring of the structure hea[8].

1.1.2 Selfsensingcompositematerial
Based on different working principles, the sensing techniques that haveebeptlystudied aim
to realize nofinvasive SHM methods and to create selfsing structusethat are able to

continuously monitor the laminate conditides.

Resistive sensing mechanism

The carbon fibebased composite materials exhibit a change in their electrical coityuat
theeffect of a strain, damage or temperature varig8pnThe electrical resistance can therefore

be measurkand used anindicator for those kinslof structural variations. Tdse measuremest

can be performed in different ways, such as volume resistance, surface resistance and internal
resistance. The volume resistance refers to a measurement where tiogledeate properly
arranged in order to make the currflotv through the whole volume of the composite. The
surface resistance refers to a specific region of the composite and provides information such as
the tensile/compressive surface region of a coitgpdseam under flexure and interfacial
resistance refers to the resistance of an interface of the composite. The status of the interfacial
zone between two plies of the composite, which is the weakest point of the structure and the most
common crack propagion region, can be described by monitoring the electrical resistance value.

In this case, the current direction is usually perpendicular to the interface area and in case of
delamination, the interfacial resistance is expected to increase.

Traditional methods for the aforementioned resistance measurements can be-pinebavo

method and théour-probemethod. Moreover, an interfacial resistance measurement method is
12



described irFigurel-1, where A, B, C and D are the electrical contacts of two laminates one on
top of the other with an overlap area. The current flows from A to D and the voltage is measured
between C and D. The resistariseeasily calculated as the ratio between the voltage and the

current[9].

Current B Top lamina

Voltage

Bottom lamina

Figure 1-1 Interfacial resistance measuring method. Adddtem ref.[9].

In this way, two laminates alone provide an array of a sensor and the interface resistance can be
used as thermistor, a thermocouple junction, a stress sensor, a daaager and a moisture
sensor In the case of comression, a decrease of the resigfivvas measured asresult of an
increasen the number of contacts between the carbon fibers of the adjacent laniifieeent
behavios were found for a thermoset and thermoplastic matrixhécase of a thermoplastic

matrix (e.g. polyamide), the ipzoresistive effect wasssentially reversibland more repeatable

than for a thermosemmatrix (e.g. epoxy matrix). Indeed, due to the higher ductility of the
polyamide matrix if compared with the epoxy matrix, the damage resistance is superior and the
contact resistivity value exhibited great reversibility under repeated compression tests in the
through-thickness directiofiL0]. The sensing efficiency was improved by means of +zalutitive
interleaving in the matrikl1]. Joo et al. demonstrated a high sensitivity damage mapgitigpch

by spreading carbon nanotubes (CNs) between the laminate prepregs, thus increésmggtihe
thickness electrical conductivijl2]. Even for low CNs concentrations (1% vedectrically
conductive networkwere formedacting as distributed sensordlire composite partHowever,
experiments showed that excessively high conductivity is not beneficial for the piezoresistive
effed [13].

The disadvantages of the resistive eHleased selfensing composite materials are mainly
related to the electrodes contact resistance. Optimal contacts are required to be applied to the
structure. Too high contact resistances could overshadow the demessstance, which is the

guantity of interest. Moreover, besides the resistance variation of the composite as effect of

13



external conditions, moisture and temperature could also impact the contact resistance of the

electrodes, thus distorting the actosasuremerjg].

Capacitive sensing mechanism

Unlike selfsensing composite materials based on the resistfeet, iterature on capacitive

based composite materials is limited. The-selising mechanismlies on the effect of damag

stress orstrain on the capacitance of the structural composhe. sensing principle can be
described by theypical structural capdtor configuration ofFigurel-2. Two conductive parallel

plies of carbon fiber reinforced polymer (CFRRprk as electrodes and are separated by a
dielectric between them. When the system is subjected to a small strain, the magnitude of the
strain can be easily correlated to a variation of the capacitance value. External copper tapes can
be connected to theon fiber as electrodes for the data acquisition system.

Carlsonet al. investigated the impact of damage on the electrical properties of a structural
capacitomadeof carbon fiber/epoxy prepregs as structural electrodes with thermoplastic PET as
thedielectric separatdfi4]. Shen and Zhou measured #iectric capacitance as a function of the
applied mechanical loady introducing thre different separators asdielectric between the

CFRP plies. The mechanical leadluced capacitance deterioration was mainly due to
interlaminar damage and delamination. However, it was observet¢haatibearingcapacities

of the designedtructurd capacitors are-80% lower than their CFREounterparts, depending

on the dielectric typd15]. In the case of usingan epoxy matrix as dielectric separator,
nanoparticles were added to enhance the sensing mechanism of the tt@ttlihetest results

show that doping the titania filler within the epoxy matrix can improve the sensor sensitidty,

thatthe sensor signal increases linearly with increasing strain.

CFRP
electrode

copper tape =
contact \ :
\ dielectric
fiber

opper tape

contact
CFRP
electrode

Figure 1-2 Schematic representation oktleapacitive sensing working principle, according to j6] .
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Antenna based sensing mechanism

Carbon fiber's conductivity allows a carbon fiber polyimenatrix composite to be shaped into

an antenna. Damage to the composite affects the behavior of the antenna, allowing for wireless
selfsensing of compdte damageUtilizing unidirectional CFRP laminates, the feasibility of
wireless SHM using the sedensing antenna approach is examined analytically and
experimentally. When utilized as a halavelength dipole antenna, the CFRP radiates radio
energy well and damages to the CFRP may be detected wirelessly by monitoring an increase in
the CFRP antenna's resonance frequ¢hcly As observable ifrigure1-3, the power spectrum
peakof the intact specimen & 330 MHz while the damaged one presents the pe&K@&MHz

0 I ' I { | ! I ! I ! I ! I !

-10 —

-20

-30

Return loss, RL (dB)

40 + Intact o

L 330 MHz §
RO Damaged

e 570 MHz

-60 | 1 | 1 1 1 | 1 | 1 | 1 | 1
100 200 300 400 500 600 700 800

Frequency (MHz)

Figure 1-3 Frequency respae of the return loss RL of intact and damaged CRRERangular specimens as antenpas
adapted fronj17].

Thermoelectricity based sensing mechanism

The thermoelectricity sensing mechanism is based on making two different oriented carbon fibers
of two distinct plies of the CFRP laminate workingthsrmocouplesas represented Figure

1-4. The acceptor and donor intercalation makes the two fi{lpetigpe and HRype) creating a
thermocouple at the interlaminar interface. Bromine and sodium were intercalated to create the
thermocouple and the array disposition of teressed laminae was exploited to achieve a

temperature distributiofi8].
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VVD-& \,A+

Junction D Junction A

Vo Vi

VC- VH-
Junction B
Junction C

Figure 1-4 A sixjunction sample for temperature distribution sensiagdapted fronj18].

1.1.3 Sensors for composite materials

Resistancestrain gage

The resistance strain gage is a strain sensing element which consistsisfance grid of thin

wire or foil,aconnector andnencapsulation layer, as showrFigurel-5a. The strainresistance

effect causes the grid to sense the structure's strain as a resistance value, which may then be
translated to a voltage signal using a Wheatstone bridge ciasu#than in Figure 1-5b. The
resistance strain gage can be bonded on the surface of the composite material and can resist to

high pressures and temperaturedibons.

a b

Resistance grid

Encapsulation
P - - /

layer \
L . +
: onnector V
_ EX

Figure 1-5 (a) Strain gage typical desigiib) Wheatstone bridge circuit

Fiber optic sensors

Optical fiber sensors are widely accepted candidates for SHM in composite materials, thanks to

their lightweight, high reliability antbng-life cycles. The most commdiber-basedsensors are

16



based on the scalled Fiber Bragg Gratings (FBGs) (average gage lengfl@ 5 :im) which can

be printed serially into the core of an optical fiber. These sensors detect strains and deformations
at local places by measuring the property variation of the transmitted ctedffpectra of optical

waves. When a broadband light beam propagates through a FBG, a specific wavelength peak is
backreflected, which matches the micrometric period of the grgt®y. The axial stain
stretches, or compresses, the period of the grating thus causing a wavelength shift of the reflected
peak. This way, the strain may be determined by measuring the wavelength difference of the peak
before and after applying theaih itself as showrin Figure1-6 [1]. FBG sensors can be easily

multiplexed and can be deployed in a singbeffifor quasdistributed measurements.

Emitted spectrum

sensor principle -

JBragg grating

—F;—w; ii
Bragg-wavelength

Transmitted spectrum
|

< U,

fiber core

e SG&eE—— Reflected s;jpecllum )
3 anmmmu_nj / T)\ (e =0) A M| A (e>0)
F == B

i A b _’h

Figure 1-6 Fiber Bragg grating sensoffd] .

Optical fibers can be embedded in the composite materials parallelly to the laminate reinforcing

fibers direction. To lower the impact on the structure strength, the coating and the clédaling o

fibers have to present appropriate mechanical propertiesopfical f i ber made of a b5
di ameter of polyimide coating and ®othd@FRE m di ame
plies of 125 em thickness. Bteefmally ¢éreatednat légh r at i o n,
temperatureshowing asufficient preservation of itsnechanical strength aneéflectivity. The

optical characteristics of the FBG sensor integrated into the composite materials were analyzed
asafunction of the temperature and tensile strength, showing promising performances for SHM
systemg20].

Another important aspect is that t8G sensors are very sensitive to fumiform strain

distribution along the entire length of the gratimdnich makes them recommendaliddcalize

the damages. Indeed, microscopic damages induce@anifonm strain distribution in the CFRP
composite.Okabe et alembedded a FBG sensor in a Ofeated CFRP ply, bordering a 90°

oriented ply. The reflection spectrum results showed a pealoriespondence of the most

damaged region of the 90° oriented [#¥]. Cracks localization was successfully performed also

for quastisotropic CFRP laminate by embedding small diameter optical fibers (cladding diameter

equal to 40 em)l9.between the plies

17



Besides cracks detectiontbe FBG sensor showegromising responsalso for the monitoring

of delamination, which is a crucial problem in the composite laminates manufactugegdge
delaminationm CFRP [45/_45/0/9@laminatewas detected by embedding small diameter optical
fibers in a transverse direction with respect to the ply orientation plane, without introducing any
significant defects. At the initial stage, with no delamination, a single peak in the reflection
spectrumwas observed. As delamination occurred, the peak divided into two different peaks,

presenting a wavelength increasing with the delamination amp[22ile

The effect of the integration of fiber optic sensors in composite materials was investigated in
detail in terms of mechanical strength and elastic musdiBong et al. found a decrease of the
tensile strengthfdhe selfsensing composite laminate equal to 4.7% compared with the pristine
specimenA little effect on the elastic modulus when FBG was embedded in different layers was
also observe{3]. Moreover the optical fibereffect on the laminate mechanicakponse when
subjected to lowelocity impactwas quantified and a lower stiffness due to the optical fiber
integration was measured. The FBG sensor could represent a possible source for crack nucleation,

favoring the crack propagation during the fatigue tgste

Piezoelectric sensors

Piezoelectric sensors are frequently used for SHM systems and vibrations measuring thanks to
their lightness, low cost and reduced dimensjagk By means of the piezoelectric diredieet,

they can generate charges as a stress is applied on the materials. Among the piezoelectric
materials, lead zirconate titanate (PZT) wafers polyvinylidene fluoride(PVdF) films are

widely accepted for sensing applications. PZT usually presertieriiezoelectric coefficieat

than PVdF, but its fragile nature makes it not suitable for many applications. On the other hand,
flexible PVdF films can be adapted for different geometries and manufactured in different shapes
[26]. Impact localization on a composite material was also perfobyadeans of PZT disk
properly disposed on the surfagggnals are recorded by all sensors when the stress guided waves
generated by an impact pass a particular mV threshold at one PZT. The wave time difference of
arrival among the multiple sensors is rthestimated using specific signal processing that
incorporates filtering and dispersion compensation metf#¥]s[28]. Piezoelectricsensors can

be either mounted on the surface of the composite and embedded within the laminate for a superior
longevity and higher damage sensitivity. In both cases (sunfiaceted or embedded sensors)

the effect on the sensitivity and on the mecharpealormance of the laminateasinvestigated

[29].

Despite their various advantagesthiecase of integration of the piezoelectric materials between

the lamnate plies of a composite laminate, some problems could occur. In particular, the breakage

of PZT could lead to crack nucleation inside the plies and propagation of the d88jage
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To summarize, imable 1-1 are listed the discussed sensing strategies for composite materials,

taking into account the advantages and drawbacks of each technique.

Tablel-1 Sensing strategies foomposite materials.

nsin .
Sens g Sensing method Ref | Advantages Drawbacks
strategies
Interfacial resistance measurement [10] 1 Different types of
Mechanical stress sensing of epoxy 1] T Different types of damage detections;
resin filled with CNs damage detections; 1 Electrical contacts:
Resistive Carbon fiber polypropylene { Low impact on the 11 Power suppl nee(’jec
carbon nanotube mechanical propertieg .
CFPP)/carb be (CNT) | [12 hanical oS oo ppyl
nanecomposite damage sensing of thecomposite. T nvcljr.(t).nmfer;lta
Self Strain measurement of carbon fibel [13] condition influence.
sensing Impact damage of CFRP electrode [14] 1 Impact of the
composite and PET separator dielectric separator o
pC » Mechanical loadensing on CFRP [15] { Different types of the composite
materials | Capacitive composite with different separators damage detections. structure:
CFRP layer with a titaniéilled [16] 1 External power
epoxy resin separator supply.
Antenna 2&?22; detection by using CFRP [17] | 1 Wireless monitoring. | 1 Power supply needed
. ... | CFRP plies working as . .
Thermoelectricity thermocouple [18] | 1 Low intrusiveness. 1 Power supply needeq
9 Small thickness; .
Strain gage Strain sensing element [1] 1 Easy bonding on T Ir_;rsltct)er(]:is:equency
structures. P '
Smalldiameter FBG for transverse [19] fl Impact on the
Erack Ioczllztan?n b ino FBG 1 Light weight; mechanical propertie
Sensors | Optic fiber S::;i??n lfRePC Ilgr?]in)étlésmg [20] | T High sensitivity; of the composite;
for . 1 Long life-cycles. 1 Possible source of
. Transverse crack dsttion [21] rack nucleation
composite embedding FBG in CFRP crack nucieation.
materials
PVDF film for load sensing in CFRH [26] 1 Crack nucleation in
Pi | . 1 Self-powering composite material;
lezoelectric PZT transducers for impact detecti{ [27] capability: {1 Delamination
SErsors in composite panels | [28] | q High sensitivity. induction between the
PZT sensor embedded in composit [30] laminate plies.

laminate
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1.2 Energy harvesting technologies

Energy harvesting is the increasingly common practice of trying to "collect" energynétonal

or environmentabrigin phenomena, which would otherwise be [@$te ultimate goal is to make
certain deviceself-supplied, avoidingf rechargingrom outsde or replacinghe power supply,

e.g. batteriesThis aspect is even more important in all those applications that involve equipment
used in remote, isolated or difficult to reach places so the replacement of batteries could be very
complicated, as in thextreme case of medical devices placed inside the humanTiedgnergy
harvesting technologies are designed for-fmwer electronic devices (<1 W) suchrasbile

phones, global positioning systems (GR8Jllaptop computerand they can be coupled tvia

storage system, like capacitors, or connected to the final application for a direct supply. The
energy conversion process starts from the individuation of the environmental energy source,
which can be captured in different forms such as light, hdatation or pressures. The energy
harvesting device is designed to convert such a source into an electrical output, whose amplitude
depends on the nature of the input source and on the system efficiency. In the end, the useful
energy provided by the deviie transferred to the final applicatioridsually, the transducing
mechanism of the energy harvesting devisasot very efficient, indeed thenergy conversion

efficiencyis oftenin the range o few percent, depending dhneworking principle.

The erergy developed from the body movements is attracting enormous interest in the last period
and nany are the solutions designeddonvert intoelectrical energy the mechanicahergy
available in different parts of the bof31]. The large amounts of energy emitted by the human
body in the form of heat and motion pave the way for the development obleglesthat can
harvest this energy and use it to power electrdaidces The most difficult aspect of designing

such a technology is creatingsgstemthat can capture as much energy as possible while
interfering as little as possible with the body's normal functioning. Furtherthmsgenergy
harvestershould ideally not raise a pergbmnetabolic cost, or the amount of energy necessary

to carry outheir daily duties.

According to their working principles, a wide variety of nanogenerators have been conceived, as

described in the folloimg.

Triboelectric nanogenerators (TENG)

The triboelectric effect is an electrical phenomenon that consiststiatiséer of electric charges,

and therefore in the generation of a voltage, between different materials (of which at least one
insulator) when they are rubbed togethefirst prototype of TENGwas first developed in 2012

by Fan et al. for mechanicato-electrical energy conversion based on coupiéécts of

triboelectrification and electrostatic inductiomwo different polymeric sheets (Kapton and
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polyethylene terephthalat@ere stacked together and in case of mechanical deformation, the
friction between the layers generated opposite polarity charges at the two sides of the system, as
shown inFigure1-7. The flexible TENG exhibited power densities up to 10.4 m\&/evith an

output voltage of 3.3 ¥32].

Figure 1-7 Triboelectric nanogenerator as designed by Fan ef3a]].

Further improvements in energy efficiency were achiemedarea power densities up to 50
mW/m? and 15 W/criwerereachedy using metal gratings electrodes on polytetrafluoroethylene
(PTFE) films[33].

The advantages of triboelectric nanogenerators lie in their simple design, their flexibility and
lightweight, that make them suitable for wearable electronics and easily scalable for advanced
structures designghe highly bending part of the body, likee knee or elbow, are promising

sites for their placements with lefrequency movements. Indeeth a recent study was
demonstrated that TENG shows the best harvesting performance in case-fafglogncy

mechaital deformations (0.1 3 Hz)[34].

However, TENGs present pulse alternate energy output because of the unstable mechanical
energy source, which makes them preferably to be coupled with a storing sygieaally,
materials with strong triboelectric effects are less conductivemsadators so the generated
chargesan be trapped @an stay athe surface for bongperiod of time Zhou et aldemonstrated

an in situ method for quantitative characterization of the triboelectrificaimh subsequent
charge diffusion on the dielectric suw& providing afundamental understandingf the
triboelectric and delectrification process, which is important for designing high performance

triboelectric nanogeneratgi35].
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Electromagnetic energy harvester

The electromagnetic scavengers working mechanism is based on the electromagnetic induction
principle. A voltage is generated across a conductive material when exposed to a variable
magnetic field. A magnet is placed in relative movement to a coil anéatalay's law of
electromagnetic induction is the fundanamrinciple of the energy harvesting mechanism
(Figurel-8). A cantilever structure was designed to explbedpportunity to collect energy from
vibrations. The designed structure, comprisidgd&eBmagnet and a copper coil, was swung at

low frequency (less than 100 Hz) and generated 2.343@V

Magnetic
.. Conducting . [ Tip Mass
Material Al U l

Si I%L

si Si

Figure 1-8 Basic Desigrof Energy Harvestebasedo n F a r a d aBlegtomagreetiéndoction[36].

Electrostatic enerqy harvester

The working principle of the electrostatic devices is based on the capacity variations of a parallel
plate capacitor. The capacitor is charged by an external power source. When a variation of its
configuration occurs such as plate separation or surfacertappingi the voltage of the
capacitor isvaried,and charges can be extracted to provide energy to an externdFigace

1-9). Various capacitor configurationacplate separation modes were explored. Meninger et al.
optimized the moving method of the capacitor plates and that the estimated output power was
equal B4 8 &W

Device wafer

Handle Wafer

B@@ Silicon 1 Oxide B Aluminum

Figure 1-9 Electrostatic scavenger side view, adapted f{8ij.

The main disadvantages related to this energy harvesting techeiguid the need of an external

energy source to initially charge the capacitor.
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Piezoelectric energy harvester

Piezoelectric materials, according with their piezoelectric coefficients, can be used not only for
sensing applications but also for energyvhating devices. If compared with the other energy
scavengers working principles, piezoelectricity is a very convenient mechanism for capturing
ambient mechanical energy since the piezoelectric effect is based on the intrinsic polarization of
the materiad. Consequently, the piebased energy harvesters do not require external power
source to operate. Various structures have been designed, such as beams, cantilever and stuck,
depending on the application. Among all the piezoelectric materials, their meahstructure

and the desired final use are the guide parameters for an appropriate choice. For instance, even if
ceramic materials such as PdiEkspresent excellent piezoelectric performances, the brittle and
fragile morphology makes them not suitalide flexible applications, such as wearable and
stretchable device88]. Usually, PZT disk can be used in a stack configuration the other

hand, a greabumberof wearable nanogeneratorgre developed in the last period, based on
barium titanate (BaTi¢), PVdF and its copolymers and zinc oxide (ZnO). Depending on their
processabity, the energy harvesting performances were investigated by manufacturing those
materials in different shapes, such as PVdF films and nanofibers, ZnO nanowires and nanorods
[39]. The coefficient that quantifies the charge generated on the surfaces of aepteizoel
material as a force is applied perpendicularly on those surfacels tlehose value is reported

for each piezanaterial inFigure 1-10.

]
B [ pvor e
| |BYG

Zn0

[
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Piezoelectric coefficient dss (pC/N)

Figure 1-10 Piezoelectric ek coefficient for eah piezoelectric material
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Some examples of the discussed energy harvesting techniques are replatdeis2, considering
theenergy harvesting mechanisthe output power aenergy, the advantages and disadvantages of

each technique.

Tablel-2 Energy harvesting strategidssed on different working mechanism.

Energy Energy harvestin
harvesting meth%sél 9 Output Ref | Advantages Drawbacks
strategies
Friction between Kapton and
PET sheets during bending 10.4 mwic | [32] 1 Simple design;
_ _ Sliding motion between meta 1 Flexibility; {l Unstable and
Triboelectric gratings and PTFE film 50 mw/nt [331 | q Lightweight; alternate energy
Low-frequency motion 1 Suitable for wearable| output.
between Cu electrodes and | 8 uw/g [34] applications.
FEP films
Low frequency swing 1 Suitable for
Electromagnetic| between a NdFeB magnet arl 1.1 pW [36] harvesting from T E)):tﬁrr;a:gzﬁurce
a copper coil vibrations. P g
Charge generation by 1 Energy harvesting
Electrostatic overlapping of capacitor 8 uw [37] capability from T E)):terr;?;tsigurce
plates vibrations. op g
Pglm_ impact on a PVAEnO 15 m/g [38] 1 No external source to
thin film operate;
Bulk PZT thick films 32 mW/cm3 | [39] | { Piezopolymers 1 Fragile
Piezoelectric o suitable for wearable|  structure of
PZT disk in g cymb§|1|I . applications; ceramic disks.
structure under oscillating 52 mWw [39] 1 High performances of
compressive force . )
piezoceramic.

24



1.3 Aim of the work

Among the selsensing and energy harvesting techniques proposed in literature, the aim of this
PhD work is to design multifunctional composite materials by embedding piezoelectric

nanofibrous membrane in a hosting polymeric matrix.

If compared with traitional piezoelectric film or disk, the use of nanofibers presents two main
advantages. First, the high surface/volume ratio of the nanofibers enhance the specific
piezoelectric properties of the membranes and values comparable with the commercial bulky
specimens can be reached with a remarkable material saving. Moreover, the embedding of highly
porous nanofibrous layers between the plies of a composite laminate does not introduce defects
on its structure on the contrary of bulky disks or films but evenincreass its mechanical

strength thanks to the intimate contact between the nanofibers and the hosting matrix.

Therefore, the experimental campaign firstly focused on the optimization of the electrospinning
technique and the realizationtigh-quality nanofibers. The investigations have been performed
both on piezoelectric polymeric materials (PVBFE) and ceramic ones (PZT), in collaboration
with the Department of Chemistry of the University of Bologna. Moreosenng effors were

made with the pypose to maximize the piezoelectric response of the nanofibers by means of the
polarization process, in order to achieve performance comparable with commercial piezoelectric
bulky samples. Furthermore, the research activities focused on the integratiepieizoelectric

nanofibers irthe hosting matrix to realize multifunctional composite materials.

The electromechanical properties of both the PYdFE (in form of nanofibers) and PZT (in
form of commercial disk, nanofibers and nanometric powder) werestigated in order to

identify the best solutions for the design of smlfising materials and energy harvesting devices.

To summarize, théollowing bullet point listreports the main research issues which this PhD

work addresses:

1 Investigation on the mduction of nanobrous membranesand optimization of the
electrospinningrocess;

1 Studyand optimization othe piezoelectric performance of nanostructyiedoelectric
materials (PVdFrFE nanofibers and PZT powdéoy sensing applications;

1 Investigation on how thaise of nanostructured piezoelectric materials affects the
mechanical structure of the composite materials where they are integrated in;

1 Study and development of energy harvesting systems based on piezoelectric materials.
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2. Piezoelectric technologies

2.1 Piezoelectrtity

Dielectric materials can be clafsd in 32 totalcrystalclasseswhich can beentrosymmetric
andnon-centrosymmetri@ccording to the disposition of tloenter of symmetry of therystal
lattice. When he dielectric materials subjected to an external electric field, a mechanical
deformation will occur on the materiaba consequence of thdisplacement of the cations and
ions of the latticeln particular, catioawill orient in the direction of the electric field and the
anions will orient in the opposite directiom the case of centrosymmetric dielectrics, the
movements of anions and cati@rssuch that theleformation of the crystal is ideally nil. On the
other hand, inthe case of materials without eenter of symmetry of the crystal lattice, the
movements of anions and catioresultin a considerabledeformation of thecrystal These
materials are classified as piezoelectric matefi#)s Depending on the polarity of the electric
field, thedeformation of the material is compressive or extendikies effect is called asdirect
piezoelectric effecfFigure 2-1b). Indeed, as mechanical stress is applied onstiméaceof a
piezoelectric material, the positive and negative chavg#sdistribute on the two opposite
surfaces of the material, generating an electric field across the crystal. Such a mechanism is

defined asadirect piezoelectric effecas shown irFigure2-1b [40].

iy
t O [
p~ !

Figure 2-1 (a) Piezoelectricoriginal shape (b) direct piezoelectric effect; (c) indirect piezoelectric effect
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The behavior of th@iezoelectric materials can be describl@ughpiezoelectric coefficients,
that define themagnitude of the piezoelectric response, both in case of direct and indirect

piezoelectric effectshmong these, it is possible to define:

i Piezoelectric coefficier®:

, T$
Qﬁ Q)

defines thehange in the polarizatiias a mechanical stre8ss applied on the matetfia

9 Piezoelectric coefficient2

- o
=3 CH
defines the change in the electric figldas a mechanical stre8sis applied on the

material.

i Piezoelectric coefficier®

, Li2

defines the change in tpelarizatior$ as a mechanicatrainwis applied on the material.

i Piezoelectric coefficienf2

" o
defines the change in the electric fiéldas a mechanicaltrain wis applied on the

material.

The polarizatior$ and the electric fieldO are 3-components vectors, whereta® mechanical
stress8 and the strairw are 3x3-matrices Thus, usuallythe piezoelectric coefficientare
expressed with subscripts, in order to define the direcbosidered. For instandfge coefficient

Qis a 3xématrix andthe @ represents the amount of charge generated on the two surfaces
divided by the force appliedn the same surfaces. On the other hand, the coeffi(®@ it
represerd the amount of charge generated on the two suréiesdby the force applied on the
other two surfaces.

Accordingto the nature of the piezoelectric elememtsideregthe abovementioned coefficients
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vary for everypiezoelectric material. Iparticular in this study, broad investigations have been

conducted on the piezoelectric voltage coefficand the piezoelectric strain coefficiétt

2.2 Pilezoelectric materials

Various king of piezoelectric matrial exist ancanbe classifiedaccordng to their natureThe
mostwidely usednatural piezoelectric material is quaftequently used asresonatoré€.g.,for

digital watchesjhanis to its crystalline structure. Moreoveeramic piezoelectric materials such

as lead zirconate titanatieZT) and barium titanate (BaTifare widely usethoth as sensors and
actuators. Among the polymeric materials, gqoeizoelectric propertieare exhibied by the
polyvinylidene fluoride (PVIF) and its copolymers, like polyvinylidene fluoride
trifluoroethylene (PVDFTTFE).

In thissection an overviewof the properties of these piezoelectric materials is reported, together

with their typical applications.

2.2.1 Quartz

The quartz isconsidered a naturahonferromagneticpiezoelectric material, whossingle
crystalline form issilicon dioxide (SiQ). The main advantagef the quartz, with respect to the
other piezoelectric material, are ithust mechanical stabilityts stiffness ad its reliability over

a long period. Moreover, environmental condif@nd ambient temperature do not affect its
behavior. The quartz is commonly used for various applications, such as pressure sensors,
microphones or digital resonators. For instaticecylinder pressures difie internal combustion
engineor the pressurehangesf the pneumatic can be measured by stacking a series of quartz
layersthat are compressetihus, goroportional output voltagis generated by the quartz crystals.
Moreover,quartz thin plates arieequently used for microphones, where the geometry and the
thickness of théayer are choseim order to generatenaaudible sound frequency range output.

2.2.2 Ceramic piezoelectric materals
In this paragrapha brief descriptionfothe most commogeramic piezoelectrimaterials (lead

zirconate titanate and barium titanate) is reported.
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Lead zirconate titanate

Among the ceramic piezoelectric materiabad zirconate titanate (PZT) is the most frequently
usedfor actuators and transducers applicatitmenks to its high piezoelectric propertiéts.
crystalline structures calledperovskiteandpresents the lead atoms in the coarat the oxygens

in themiddle ofthe faces, whereas the zirconium or titanate atoms are placed in the center of the
structure as shown irFigure2-2.

ﬁ Lead

H Oxygen
7 4

Zirconium/Titanium

Figure 2-2 Schematicepresentatiorof the PZT crystalline structure

Above he Curie temperature of PZ{fypically 350°C, buslight changesan occur according to

the specific compositionjhe structure of the crystal is cubic ahé material is paraelectridn

the case otitaniumrich compositions, &low the Curie temperaturé¢he material beconse
ferroelectric and the structure becomes tetragdalthe other hand, ithe case of zironium

rich composition, below the Curie temperature the structure of PZT changes from cubic to
rhombohedralThe piezoelectric response of the PZT is thteistly correlated to its composition.

As demonstratetly Jaffe et al.the piezoelectric coefficief2 and the dielectric constant of

PZT can be expressed as function of its composiiau(e2-3) [41].
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Figure2-3'Q piezoelectric coefficient and dielectric constant of PZT as function of its composition.
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PiezoelectridQ values up to @0 pC/N can be achieved in cased8f6 of PbTiQ and 52% of
PbzZrG.

Despite its high piezoelectric performancB&T ceramic diskresens very brittle and fragile
morphology that inthe case ofparticular application could lead to mechanical prolsiémn the
structure wheré is employed

According to their manufacturing process, it is possible to produce differentssbiap& T
devices accordingly to their application need.

Barium titanate

Barium titanate (BaTig) is ceramic piezoelectric material with a perovskite crystalline structure.
Its piezoelectric performances are not comparable with the PZT ones, so itssialbt used as

an actuator or transducé40]. However, its capability to resist at high temperatures makes it
suitable for applications su@s temperature measuring and control devices for heating systems.
Typical’Q values are in the order @60-180 pC/N.

2.2.3 Polymeric piezoelectric materials

If compared with ceramic piezoelectric materials, the piezoelectric polymers gepeesignt
lower piezoelectric performancdsut their flexibility and their possibility to be produced in thin
film shape make them preferable for a variety of applicatibhe most common piezmolymer

is the polyvinylidene fluoride (PVDFE)put also its cpolymers such agolyvinylidene fluoride
trifluoroethylene (PVDFTTFE) are widely used.

Polyvinylidene fluoride

PVdF is a semcrystallinepolymer whose molecular formula isF:F;] and can be present i

four different phases acating to its chain dispositiof, b ando), as shown irfFigure2-4. The

b and o polharavhereadistheenorpolar phaselndeed, inthe caseof piezoelectric
applications, t he [ecgmmanses, as dipol® MamEntis igherdhe mo st

the otherphases ore Specific manufacturing methods have been implemented in order to

i ncrease as much a p dosisstancé eymethhnicdy stretphingtlee cont e |
sample to convert most bfh e  Uintebh apstaadsyapplying a strong electric fieldndeed,

PVdF isa ferroelectric materiaand its crystals polarity can be oriented by applying an external

electric field.Typically, the’Q value of PVdF is in theange of 2630 pC/N.
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Figure 2-4 PVdF phases

Polyvinylidene fluoridetrifluoro ethylene

PVARTrFE is a copolymer of PVdF that exhibétbetter piezoelectric responsenipurePVdF
thanks to theaddition of the group trifluor@thylene(Figure 2-5) to its chain.The addition of
TrFE in concentrations between 60% and 8fdors the formation otthe crystallineb phase
independentlyf the manufacturing metial.

Moreover, differently from PVdF where the Curie temperatuse higher thanthe melting
temperaturethe Curie temperature of the PVAFFE is considerablpelow the melting point,
depending on the amount of TrHB.this way,an effective polarization process can be carried
out by applying an external electric field tve material at the Curie temperature, in order to favor
the dipoles movement and enhattoe piezoelectric behavior of the materigypically, the’Q

value of PVdFTrFEis in the enge of 2045 pC/N.

® Hydrogen

@ Fluorine

@ cCarbon
X Y

Figure 2-5 PVdRTrFE molecular chain
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2.3 Piezoelectric applications

Piezoelectric materialare used for many applications based on their capability to convert
mechanical energy into electric energy (direct piezoelectric effect) and to convert electrical
energy into mechanical energy (indirect piezoelectric effect). fnsihition, a overviewof the

possible applications of the piezoelectric material is reported.

2.3.1 Direct piezoelectric effect

Pressure sensors

The working principle of essure piezoelectric sens@ based on theirect piezoelectric effect.
As a pressure is applig¢d the piezoelectric membraney autput voltage can be measured as
result of the material deformatioRressure sensocan beused for the detection afynamic
pressure fluctuations, pulsations antbtience in high static pressure environmeftf]. They
are ideal for monitoring dynamic pressure events that occur dingrmgeration ocompressors,
pumps, pipelines and gas turbin@slartz piezoelectric pressure sensors are widely used in many
applications thanks to their stiffness and high sensiti@yartz pressure sensors are usually
designed by means of a diaphragm leaning onaatzjicolumn for the measurement of low
acoustic pressure changefven though pressure piezoelectric sensars primarily
recommended for dynamic load measuremesus)equartzpiezoelectric materials can be used
also for lowfrequenciesapplications and quastatic loads, by properly tuning the acquisition

circuit.

MEMS pressure sensocain be designed hysing PZT thin films.Their manufacturing starts
from asilicon wafer (thickness about 5) and a silicon oxide substraiepositecn it. Then,
a PZT thin film(up to 5em thickness)s added to the struate by using platinum electrodess

schematically reported Rigure2-6.

PZT

H Pt electrode

[ Silicon dioxide
T [ Silicon substrate

Pressure input

Figure 2-6 PZT thin film based MEMS
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Moreover,in the last yars strong efforts have been made in order to integrate PZT disk in
composite structes, to creata material that is able to detect pressurétians or compressive
loads on its surface. For instancaggdifar et al. validated a network made of eight PZT wafers
attached on a CFRP composite plate surface for a precise damagetiondg#2j.

Despite their high performances in termssehsitivity and stability over the tim#e ceramic
PZT disk fragile and brittle morphologynakes such a sensors not suitable for flexible
applications. For this reasoim, the last perioanany efforts have been spemtthe research of
piezoelectric polgnerbased pressure sensdsie to their structural flexibility, biocompatibility,
chemical stability, and piezoelectricity, PVdF and PMAFE based have shown great potential
for e-skins capable to detect lopwressure variation$43]. Moreover, hanksto their easy
manufacturing procesBVDF materiés can be produced in different shapesanctheans othe
electrospinning processis possible to produce nanofibrous layers that can be embedded in
flexible hosting matrix.

Accelerometer

Accelerometers are used for the measurement of vibratiomsany applicationssuch as
vibrations testing,machine health monitoring and fault diagnosis, structural anabysis
measurements on the vibratsanansferred to the human body Wghicles and hantleld power
tools. The piezoelectric accelerometer is widaccepted as the best availatstensducer for the
absolute measurement of vibratgrhanksto its proper working over a very wide frequency
range,its excellent linearity over a wide dynamic load range andpseifering capability As
schematically representedrigure2-7, the accelerometer layout consists of a noted seismic mass
that is clampedover a piezoelectric disjd4]. The open circuit voltage measured asrtse
thickness of the disk is correlated to the acceleration of the oscillating thasarea of the
piezoelectric disk and the piezoelectric coefficient of the.dible operating frequency range is
the frequency range where the sensitivity remainstaohand depends on the mechanical and
electrical characteristof the system. Indeed, lefkequency limits are defined by théotime
constant of the circuiind represent the region of the drop of the sensiti@tythe other hand,
anincrease of the sensitivity values can be found in correspondence of tHeeljggncy limits,
which are defined by the resonance frequency of the acceleroineleed, wherthe forcing
frequency becomes comparable with the natural resonance frequency of the accelerometer the
displacement between the seismic mass and the base plate in¢resslesding to higher output
voltages The operating frequency range candofustedaccording to the needs by varying the
seismic masd~or instance, shock accelerometers usually requireffegnency ranges that can

be obtained by decreasing the seismic ntdsgiever, the choice of a lower seismic mass reduces

the absolute value of theensitivity for all the frequency rangeSompromises between the
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operating frequency range and the sensitivity amplitude are then to be founded according to the

application of the accelerometer.

Direction 3
<—— Seismic mass

#—— Piezoelectric disc

<— Base plate

/S

Figure 2-7 Schematicepresentatiorof an accelerometer

Enerqgy harvesters

As previouslymentionedn sectionl.1.], the direct effect of piezoelectric materials can be used

as working principle for many energy harvesting devices. Movengemsrated byvalking or
vibrationscaused byigh-traffic streets ad machinegare thanost typicaimechanical sources of
possible energy harvesting devices. In the last year, various ideas have been proposed and
publishedon this new concept of sustainable energy source. However, despite its variety of
possible applicatins, the conversion efficiency of a piezoelectric device is still considerably low
and such devices are to be considered suitable onfgdgdmglow-power applications. Among

the piezoelectric materials, the ceramic PZT is the most promising one fgy drewesting
purposes, afis piezoelectric coefficien is considerably higher than the other materials.
Indeed, numerous kisdf devicesbased on PZT disk were fabricated in different designs, like
cymbals geometrie$4b],[46]) or cantileversThecantileve has a nhatural frequenoyresonance

which depends on its geometrical design and its proof mass mounted(®iguite 2-8).
Consequently, high convéos efficiency can be achieved in specific operatingditions. With

this purpose, Jiangt al (2005) also investigated methods of increasing the cantilever efficiency
[47]. Model and experimental results showed that by reducing the thickness of the elastic layer of
the bimorph and increasing the proof mass fixed on the end of the cantilever, the resonance
frequency is decreased and high enecgyversion efficienies were reached also at low

frequencie$48].

34



Proof mass

ARANASAASANANSNN
L LML

Clamp

Figure 2-8 Piezoelectric cantilevefior energy harvesting

Motter et al. demonstrated the feasibility of vibrational energy harvesting based on a piezoelectric
cantilever beam with the aim to light a LED to possibly show the charge status of a storage system,
like a battery or a capacitpt9].

Another typical configuration for piezoelectric energy harvessrige cymbal. Tgical cymbals
applications can be found in case of high mechanical loads, such as prosthesis sole or the
integration with the shoe sole. The cymbal design consists of two metallic plates (i.e. aluminum)
encapsulating a ceramic piezoelectric disk, as shawfigure 2-9. As a compressive force is
applied on the upper plagadit is transferred to PZT disk also in a radial direction. In this way,

two piezaelectric contributions are involve® and’Q , resulting in higher efficiency. With
respect to cantilevers, cymbals can generate output powers considerably higher, as their structure
is able to sstain high mechanical load. For instance, Li, Téamd Deng designed a oybal
structure (29 mm diameter and 1 mm thickness) able to generate 52 mW under a 70 N compressive
force oscillating at 100 H&7].

compressive load

‘ ‘//Endcap

Endcap  por disk in
tension

Figure 2-9 Cymbal configuration for energy harvesting

However, cymbals and cantileveigid and brittle morphology dramatically narrows their
application fields, especially if based on P&8ramic diskFor this reason, strong efforts have
been made to develop piezoelectric generators based on polymeric materials, which are flexible
and suitable for application such as integration in a sole ofexcshveearable nanogeneratois.

et al.[50] fabricateda flexible nanogenerator based on speated PVAHTFE film exhibitinga
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current density of 06eA/cm? and7 V of open circuit voltage. As primusly mentionedtheb

phase amount in the crystalline structure strongly affects the piezoelectric performance of PVDF
Different technigues have been explored in ordendsimizet he b phase f or mati on
the dipole alignment, consequently increasing the piezoelectric response. Among these,
electrospinning represena promising solution as the strong electric field and the mechanical
stretching of the nanofibersincreasé e b p h ia theecrystatlime structure of the polymer
Moreover, conductive nanofillers such as carbon btacgraphene have been usedaid the

charge transfeand norconductive nandfillersuch as barium titanate (BT) ninc oxide (ZnO)

have ber added inorderto enhancenucleation and the dipdalignment[39], [51]. Choi et al.
synthesized a flexible piezoelectric nanocomposite with0 vol% content oBT nanowires
embedded in the PVDF matritkat achieved & value of 61 pC/N52].

2.3.2 Indirect piezoelectric effect

Piezoelectric actuators

Piezoelectric actuatoconvert the electrical input in a change of the dimenasi@a mechanical
displacement of the materialsading to the developmentdvel kind of technologies for many
applications.They are typically manatturedas piezoelecic cantileve actuators or linear
actuators according to their purposée strainof the piezoelectric material for high voltages is
around 0.1% and 0.2% he strain can be increasdor a given voltagepy disposingdifferent
piezoelectric element insack.

A piezoelectric stack actuator consiefsseveral thin piezoelectric rings stacked one above the
other, where each element is polarized in the opposite direcfidghe adjacent onesnd the
alternate faces are electrically conneaedhown inFigure2-10. The voltagés then applied to
each face of the elemerdsd each displacement is thus addedThe total thickness of this
configuration isin the order of the millimeters, generating a displacement of micrometers.
Piezoelectric stack actuators have applications as valves, switches,amtigan be used in

composite structures or robotic applioas.

Figure 2-10 Schematic piezoelectric stack actuator
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Piezoelectric uniform actuatoese designed by stacking a piezoelectric film over an elastic
substrate ofionpiezoelectric materiaDne end of th cantilever i€lampedand when the voltage

is applied the bending of the cantilever is used for actuaktom electric voltage induces a strain
on the piezoelectric material and the fpezoelectric layer resisthe strainthus leadindo the
bending of thecantilever.PZT and PVdF based piezoelectric materialsuaes for this kind of
application.

Cymbal configuratiog have been explored for piezoelectric actuators desjgencapsulating
two piezoelectric ceramic disketween two anbalshaped metal end cajis3]. The twodisks

are polarized in the opposite directicarsd the voltage is appligd the common surfacesith

the two outer surfaces grounddad.the cymbal configuration both ti@ and'Q coefficients

are involved Indeed, when the voltage is appligcross the disk, th@ coefficient induce a
displacement in thexial directon that causes a lateral contraction of the disk in the radial
direction 2 coefficient)that also contributes to the actuation mechanismroperchoiceof

the metal caps determines the sensitivity of the actuataich still results higher thathe

cantilever andtacked actuator ones.
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3. Electrospinning

3.1 History of electrospinning

Electrospinning is a technique for the production of solid nanofibers starting from a liquid
solution. The first electrospinning procedure veatablished and described in a list of patents
from 1934 to 1944 by Anton Formhals, who designed an electrospinning apparatus for the
production of artificial threads starting from a liquid solution where the solid part is dissolved in
appropriate solventfs3]. The solution is passed into an electrical field formed between two
electrodes in a thin stream or drops in order to sepdnam in a plurality of threads for the
production of silklike spun fibers.

Considerable improvements to the electrospinning process were introduced by Geoffrey Taylor
in the 1960s, whose contributions regarded the mathematical modeling of the stiepeanfe
formed by the fluid droplet under the effect of an electric fjbR]. Such a characteristic shape
ofthedropduringth el ectr ospinning pr oc e.dnstheia® 199030 wn
Reneker and Rutledge characterized in detail the electrospinning process of organic polymers by

evaluating the morphology of the nanofibers for different setup consliicthe praesg54].

Electrospinning is an established technique that sireearly 20" century has been studied first
on a laboratory scale and later also for industrial production. It is a quite simple process for the
manufacturing of nanofibrous layers of different miader but its modeling and understanding
requires knowledge in mechanical, chemistry and electrostatic fighgsobtainechanofibrous
membrane can be used f@riousapplicationsaccording to the materials they are made of, the
morphology of the nandjers and theteraction with the environment where thagplaced in

The very highsurfacevolume ratioof the nanofiberss a key componentat enhances the
material propertie§s5] and opens the possibility tese them in fields likéissue engineering,
biosensing, theragnostic and functional textiles[56], [57]. For instance, in biomedical
nanofibrous membranes have been usetigsue regenerations (nerves, muscles and[SRin
[59], [6Q]), for cancer diagnosi®1], wound healing62] and filtration membrandg$3].
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3.2 Working princ iple

Generally the electrospinning apparatus consists of a spinneret, like a syringe and a needle, a
syringe pump, a high voltage generator and a ground collector where the nanofibers are deposited
as schematically representedFigure3-1. The polymeric solution or the melt is loaded by the

syringe pump at a constant rate to the needle tip and extrudédngismgdrop shape.

syringe
polymer solution —

needle ~ " Taylor cone
liquid jet |

[V] high voltage =
power supply —

—

——

collector

Figure 3-1 Electrospinning apparatus

(C)

Polymer
solution
Taylor cone
|
Pendant Induced charges
drop *“— from electric field

¥ Jet initiation

Figure 3-2 Taylor cone formation

When the applied voltage (in the kV range) reaches the proper value, the drop is sarditsed
spherical original shape is deforméud the typical Taylor cone shapéd-igure 3-2). The
electrostatic force induced by the electric fieldercomeghe surface tension of the drapda

thin jet of fluid polymeiseparates from the drop and flows toward the ground coll@tteregion
between the high voltage needle and the ground collector wheflgithget pasgsthroughis

known aswhipping instability zondn this region, théluid jet runs ina spiral pathandbending
deformation occurs as result of the interaction between the electrostatic charge of the fluid and

the external electric fielduring this instability zone, the solvents in the fluid jet evapaaate
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solid nanofibersvith a diameter in the der ofa few hundreds afanometerare then deposited

on the ground collector. Therefore, tfistance between the high voltage needle and the collector
has to be finely tuned to guarantee the complete evaporation of the soNehanofibers
deposited on the collector will appear as a nanofibrous meminamse thickness depends on
the electrospinninglurationtime and their randoly oriented deposition is the resulf the

instability of the jet movement in the whipping zone.

3.2.1 Electrospinning parameters

The electrospinning process depends on a various number of paransetrsas the
environmental conditions where the process is carried(teatperature, humidity etc.jhe

process parameters (likeeapplied voltagetheflow rate of the syringe etcand the composition
of the solution (viscosityboiling point of the solvents, etd§4]. In this sectiorthe way those

parameters affect the process stability and the morphology of the nanofibers is d¢Sbtibed

Process parameters

1 Applied voltagetheapplied voltagetsetches the liquid drop coming out to the needle
the columbic force of the solution interacts with the electric fielte amplitude of the
electric field strongly affects the morphology of the nanofibassgenerally a high
voltage value correspontls lower diameters of the nanofibgggl] [65]. Low values of
electric fields could result irhigh diametes of the nanofibers collected and, as
conseguence, could lead tot pooper evaporation of the solvent in the whigpaone
[66]. Moreover, the increase of tiedectric field valueaffects the crystallinitgegreeand
the molecular dipoles orientation in the polymeric ch&or. instance, irthe case of
piezoelectric polymeric nanofibemr electrospinning process carried out at high electric
field valuesis claimed toprodu@ nanofibrous membranes with enhanced piezoelectric

propertied67];

1 Needlecollector distancethe main aspect to be considered when calibrating the distance
between the high voltage needle and the ground collectbe isvaporatiomate of the
solvensduring the flight othe jet.A restricedwhipping zone does not allow the solvents
to completelyevaporate and increagberisk of unstable electrospinnindgje abending
Taylor cone or electrical discharges between the needle and the ground collector)
However, it isconfirmed that within a specific range, increasing the distance helps to
improve the uniformity of the electrospun fibers and decstise average diameter

slightly affecting the fibers morpholod8].
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1 Flow rate:the flow rateset on the syringe pump determinesaimunt of solutio placed
in the electric field and the droplet dimensiofke higher the flow rate, the higher the
diameter of the fibers, as tianount of electrospun solution increases. The flow rate is

also a key parameter to obtain a stable Taylor éamidne whole process.

1 Needle diameterthe needle diameteeductionusually results in lower fibers diameters
as the drop of polymeric soluti@xposed to the electric fieldill create a small Taylor

cone

Ambient parameters

1 Temperature and humidityhe ambient parametes§the ambient where the procéss
carried outsuch as temperature and humidigrongly affect the morphology of the
nanofibers.High humidity environmeist reduce the evaporation rate of the solvent,
whereas high temperature and dry environment caddte problemin thejet flow

through the needldike clogging or early evaporation of the solvents.

Solution parameters

9 Viscosity of the solutiortheviscosity of the solution is one of the most critical aspect
of the electrospinning procesaffecing both the stability of the process and the
morphology of the fibersFor low viscosity valueselectrospray can occur as the
polymer would deposibn the ground collectas beads and not in nanofibrous shape.
In this case, thesurface tension of the Taylor cone @ffected by the excessive
concentration of solvent molecules thlies not allow a continuous polymeric jet.
Therefore, mooth and regular fiber morpholieg can be obtained by increasing the
viscosity valueof the solition, guaranteeing continuities alomgth the jet flowand a
good solvent evaporatioNanofibers will then be depositeddmooth morphology and
higher diametermaking the beads disappear. On the other hand, very high values of
viscositycould causehe problem of pumping the solution through the needlethad
formation of extremely elongated Taylor cone shapes tpatvent a stable
electrospinning procesBideed,if the viscosity of the solution is too high, the surface
tension of thedrop makes it difficult to be stretched by the electric fiztdl the jet

cannotbe generated in a whipping zone.

1 Polymer molecular weighthe molecular weight of a polymerdicates the length of

the polymeric chain andt strongly affects the viscosity of the solutiomhe

41



electrospinning ofow molecular weight polymersanresult in electrosprayas the

shortmolecular chaiado not generate entanglements.

1 Solventfeasibility. the solvents used to dissolve the polymer are to be properlyrchose
both in terms o&olubility with the polymer anah terms of electrospinnabilityndeed,
accordingto their conductivitiesand relativedielectric constant, each solvergacts

differently when exposed to an external electric field.

1 Solvents evaporation rat¢he evaporation of the solvents during the path towards the
ground collector is a crucial aspect for a good morphology fibers formatitme
solvent deposits on the ground collector withtmially evaporang, a wet membrane
will be formed. The needleollector distanceegulation is not always the solution of
this problem,as it impacts strongly on the stability of the Taylor cofeerefore,a
combination of lowboiling point and higkboiling point solventss a consolidated
strategy to achieve godibers morphology.

9 Solution conductivitythe polymeric solutiomluring the electrospinning process has to
accumulate charges under the effect of the electric field in order to overcome the surface
tension of the drop ant start the jet formationThe dretching of the Taylor cone is
subsequently associated to the conductivity of the solution. In afasery low
conductivity valuesit is possible to add to the solution a small amount ofisaltder

to increasets capability to carry charges.

3.2.2 Kindsof collectors

Thenanofibrous membras®@btained via electrospinning process are generally characterized by
a randomly oriented disposition of the nanofibevdoreover,the low deposition rate of the
nanofibers in the edges of theognd collectorfrequently leads to the productionradt uniform
thicknessmembraneHowever, various techniques have been explorgmvern the orientation

of the nanofibers antb uniform the thickness of the mats bizanging the ground collector

structue, asdescribed in this section.

Plane collector

The plane ground collector is usuaihade of a metallic plate connected to the ground, where the

nanofibers are deposited and randoorignted as shown ifrigure3-3. It is typically considered
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as a standard collector and tenofiber distribution is not uniform on its area as the center part

of the planein front of the needlas the one with th@ighernanofiber depositian

Rotating drum

Needle

Randomly oriented
( — nanofibers

Figure 3-3 Plane ground collector

The use of a rotating drum aground collector presents several advantages if compared to the

plane collectar The low rotating speed of the drum promoggniform distribution of the

nanofibers inthe direction perpendicular to the drum length. Moreover, by connecting two or

more needle$o a structure with a translation movement, the distribution of the remsfis

optimizedalso in the direction parallel to the drum lengttd the thickness of the layer is uniform

all over the deposition argas represented Figure3-4. The dimension of the rotating drum can

be varied to obtain larger nanofibrous membrdoemassive production

If the speed of the drum is substantially increased (i.e. 2500 tipenhanéibers deposit on the

drum collector inan aligned direction. As the polymeric jet reaches the drum surfaces, it is

mechanically stretchely the high speed of the drumthe direction of rotatioriThe alignment

degree of the nanofibers can be enhanceaddrgasing the rotating speed of the drum
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Figure 3-4 Rotating drum collector

Parallel ground electrodes

Another technique typically usedrfthe production of aligned nanofibers is the use of two parallel
ground electrodes (such as wires or parallel plates). Once the solvents evaporate, the nanofibers
are collected in the area between the two electradésieposit perpendicularly to theedition

of the electrodes, as showrRigure3-5. In this case, the alignment mechanism of the nanofibers
does not mechanically impact the nanofiber rhotpgy, but it is the result of the electrical field
distribution. On the other hand, large deposition areas of aligned nanofibrous mats are not
feasible, as the two parallel electrodes cannot be placed too far from each other

Need
eedle Aligned nanofibers

Parallel ground =
electrodes :

Figure 3-5 Parallel ground electrodes for aligned nanofibers
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3.3 Core-shell electrospinning

Beyond the traditional electrospinnimgocess, alternative techniques have been expfored
severalyearsfor a multifluid electrospinningthat opens the possibility to createmplex

structureg56]. So far,coaxial electrospinnings the most widely stued.

The coaxial electrospinning apparatus consists of two syrifagesvo different polymeric
solutions,whose flow rate are controlled by two different pumpg§he coaxial needlpresents
two inputs for the polymeric solaths as showm Figure 3-6. Consequently, the Taylor cone
shape presents an inmexedleand a outer nealle concentrically disposddr the loading othe

coresolutionand shell solutiorespectively.

Shell [
solution
Coaxial
Taylor
cone Coaxial
needle
u

Core
solution

Core-shell nanofiber

Figure 3-6 Coaxial electrosmning apparatus

Coaxial electrospinning provides the opportunity to develop nanostructures with tunable func
tional performancg such as corshell nanofiberd69] or hollow fibers[70], [71]. Diverse
functionalities are exploited for various applications fields, suclisase engineeringpio-
regenerationsand bio-sensors[56]. Coreshell nanofibers can be used to noye filtration
efficiency in seawater desalination by using a hydrophilic shell and a core to improve the fibers
strength[72]; Li et al. conceived the coaxial electrospinning as a novel method to produce
heterojunction, which is a better way to transfer charge, between core and 8Be#thllow or

porous structuiecan be obtained if a peseatment like washing or calcination is appljéd].

During those prepariain processes, the inner and outer liquids are usually either immiscible or
completely miscible. For example, mineral oil was used as an immiscible inner liquid to prepare
a hollow crosssection morphology75]. While for the miscible system, it is difficult to regulate

the crosssection morphology of NHF6]. In thepressuresensors fieldinvestigations have been
performedo producdlexible sensors based eoreshell nanofibers with a conducticere and

a piezoelectrishell[77]. This configuration islesigned and developatsoin this work
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4. Self-sensing
nanostructured piezoelectric
materials

The experimental campaign on the development of piezoelsetfi®ensingzomposite materials

has been carried out hysing both piezepolymeric (PVdRTrFE) and piezeceramic(PZT)
materials with the aim to study advantages and drawbacksaufh configuration. The
piezoelectric cgpolymer has been chosen ftw flexibility, which can be exploited for flexible
sensors or wearable applications. On the other hand, the cdtZmievhich has afragile and

brittle nature bupresents high piezoelectric performances, can be used for the development of

highly-sensitive composite material

Thework has focused on the desigrtiafeedifferentself-sensingnaterialsypologies, based on
piezoelectri®VdFTrFE nanofiberscoreshell piezoelectric nanofibers (PV-AFFE as shell and
conductive PEDOT:PSS as coa)d ceramic PZT powderln this sectionthe manufacturing

process and the characterization techniques are described.

The piezoelectriseli-sensingcomposite laminatelescribed in sectiod.1 is based on PVdF
TrFE nanofibers lotained with the traditional electrospinning technique, as described in section
3.2 First, aflexible piezoelectric nanofibrous sensor has been manufadiyriedestigating its
piezoelectric coefficient, polarization process ar@thanical structur&urthermore, the flexible
sensowas integrated between the plies of a composite mateadé &6 CFRP and Glass Fiber
Reinforced Plastic (GFRPA lumped electric model is proposed for a complete characterization
of the polarization of the nanofibers and the piezoelectric responseaitinate A strong focus

was put on thehoiceof the materialised to fabricate thgiezoelectric sensoindeed, with the

aim to integrate the sensor with the prosthetic soldydfeg project, brittle elements are to be
avoided, as delamination between the laminate plies could occur. For this reason, a flexible
corfiguration of the sensawvas explored by using an embedding medium that is also compatible

with the resin of the composite material of the prosth&éith the same purpose of maintaining
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the mechanical integrity of the structutraditional electrodegdypically bass sheets or aluminum
foils, are replaced with neimvasive electrodelke, e.g.,metallic fine mesh and carbduack

based electrodes.

At the same timestudies wereconducted for the development of a peculiar kifidlexible
piezoelectric sensdseesection4.?), based on corshell nanofiberso obtain flexible position
microsensorsThecoaxialelectrospinning apparatus wanlgi principle is described in secti8rB,
where a conductivpolymer (PEDOT:PSS])s used ashe coresolutionandthe piezepolymer
PVAFTrFE for theshellsolution By properlyaligningthe produced nanofibers in a geometrical
matrix disposition and by integrating them in a flexible hosting matesiath apiezoelectric
sensor is able tcatethe exact position of a mechanical impact on its surfasgxeviously
mentioned, also in this case strong eHdrave been made to guarantee the flexibility of the

structure and the realization of novasive electrodes.

The third kind of selfsensing composite material investigated in this wads made by
dispersing PZT powdein the epoxy matrix of theaminate In particular, the PZT powder was
insertedbetween the GFRP prepreg plies of the laminate together with thin brass sheets electrodes
to collect the piezoelectric signal. The effects of PZT morpholatisk (and powder) and
PZT/GFRP volume ratio were explored in terms of impact resistance of the hosting laminate and
sensors performanc&wo interconnected models (polarization and piezoelectric models) were
adopted tocorrelate the volumetric fractisnof the two phase¢PZT and GFRP) with the

piezoelectric signal of the composite laminates.
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4.1 Selftsensinglaminate based on piezepolymeric
nanofibers

4.1.1 Context

The sensing efficiency of the piegmolymers is becoming highly attractive in fields @il
engineering, SHM systems or robotic systems, thanks to thpae#ring characteristic of their
transducing mechanism. The advantageous features of polymers such as PVdF (and its co
polymers) include its variety of size and shape.(films, nanoibers etc.)its flexibility and the
possibility to be embedded in very remote locatipt@, [79]. In situ and reatime SHM was
successfully performed by embedding in tensile specimens a PVDF deskoRimtrusiveness

of the embedded transducer and its stretchability extended the limits of its working domain, if
compared with ceramic devicf®0]. Moreover, interesting studies have been dedicat¢le
development of PVdibased piezoelectric pressure sensor for the development of electronic skin
and flexible wearabldeviceq43], [81].

The possibility to produce nanofibers vieerospinning starting from a polymeric solution with
PVdF was also widely explored in pressure sensors fi{@#8s For example, Maity et al.
introduced eskin-based metafree to fabricate a piezoelectsensor; where highly align&VdF
nanofibers (NFs) arrays were used as the pieztricactive mat, and conductive polyaniline
coated PWF (PANIi PVdF) NFs as a flexible electrod®3], [84]. Highly sensitive PVdF
nanofibrous mats embedded irolydimethylsiloxane (PDMS) (up to 254 mV/N) were
manufactured by using flexible polymeric conductive electr{@gls

In composite structures, the use of electrospun piezoelectric mats avoids mechanical problems
related to the interface strength between the polyrfisri@nd the hosting material. Indeetiet
intimate contact between the nanofibers and the hosting matrix prevents the delamination risk and

increases the impact strength of the composite mafg6RI[87].

In this section, the design of a sensing composite material basedROFTrFE nanofibers

is proposed. A nanofibrous flexible piezoelectric sensor was produced and subsequently
integrated with a hostingfasinate. Thananufacturing steps of the pressure nanofibrous sensor
are illustrated in the following sections, taking into account the electrospinning process of the
nanofibrous piezoelectric membrane of PVOFE, the polarization techniques of the nanefi)

the integration of the nanofibers in different hosting materials and the realization-iofvasive
electrodes. In the end, the proposed piezoelectric model and the electromechanical

characterization techniques used for the sensor testing are deporte
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4.1.2 Electrospinning

PVdFRTrFE Solvene (80/20 mol%, Mw=600 kDa), kindly provided by Solvay Specialty Polymers
(Bollate, Italy), is used as piezoelectric materfdle polymeric solution is prepared by dissolving
7%wt of PVAFTIFE (available as polymeric powder) in dimetfigtmamide (DMF) (23%wt)

and acetone (AC) (70% wt). Such a composition is the result of a deep investigation on the
stability of the electrospiting process and the analysf¢he produced nanofibers. After a stirring

of 24 hours at room temperature, the polymeric solution is ready to be used for the electrospinning
procesg67].

The electrospinning apparatus used to manufacture the nanofibers is a Spinbow Lab Unit
(Spinbow S.r.lI., ltaly). Its working principle is shownHigure3-1 and previously described in
section3.2 The distance between the needle and the ground coliesterat 15 cm. The electric
voltage applied to the needle with the DC generator is set at 10 kV. The electrospinning process
is carried out for 3 hours and the obtained nanofibrous mat presergmt@itkness.

4.1.3 Chemical characterization

X-ray diffraction (XRD) measurements were carried out by means of X'PERT pro Instrument,

with detector 1D PIXcell using Cu radiation 1.54 RVdAFTrFE copolymershowsa complex

structure and is characterized by the presence of differgstatline phases, related to the

different chain conformations that allow different packing of the dipoles within the unit cell.

PVDRFTr FE has been synt het i-pghaséd thdt shows@as alelstld an i n
conformation wherein the polar-Eand CH bonds possess a dipole moment perpendicular to

the carbon backbone, which makes it the most electrically active [@8&de order to investigate

the influence of the electrospinning process on the crystalline phase, the nanofibrous mat and
powder of PVDFTrFE were analyzed b}RD and the diffractograms of the two samples are

shown inFigure4-1. A pr omi nent peak at 2d = 19.8A is obs:¢
reflections, which is typical-TrBE, aackimlicatesthal t o t h
the ferroelectric ptee is the dominant phase in the copolyf88éi. A shoulder centered around

18° was evident for the powder sample, attributed to a higher amount of amorphous material in

the powder with respect to the nanofibrous mat, afirooed by the degree of crystallinity (48%

for the powder and 58% for the electrospun fibers). This result indicates that the paraelectric phase

of the copolymer is reduced going from powder to electrospun fibers, as indicated by the arrow

in Figure4-1.
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Figure4-1 XRD diffractograms of the electrospun membrane (black line) and powder befomr@spinning (red line)

4.1.4 Polarization process

The high electric field of the el ecihmagesnpi nni ng
PVARTrFE, the one responsibler the piezoelectric behavior. Despite this, a poling process is

still required to fully align the ferroelectric domains oéthanofibers by applying an external

electric field thusenhaning the macroscalg@iezoelectric behaviasf the membrandt has been
demonstrated that the structural changes optbel -phrasefepend on its responsiveness to the

electric field andhe orientation of thevolymer chaing90], [91].

Polarizationworking principle

To induce permanent polarization the piezoelectric material is tploahted at a temperature

close to its Curie temperatuf@2], [93]. The Curie temperature of PVBFFE (80/20%mol)

used in this work is 130°C. To this aim, the nanofibrous sample was placed in the oven and, as
temperature reached 130°C, the electric field was applied. After a defined period, the temperature
was decreased to ambient temperature andtbieeDC voltagaegenerator was switched offhis

poling procedure is commonly applied to piezoelectric materials, such as stfbtiBKT and
PVDFTrFE films. In such a kind dbulk monocomponent system the electric field would be
homogeneously applied on the entiretenial [94]. Differently, nanofibrous mats are more
complex materials characterized by high porosity and interconnected pores. Eodhof
structures can be thought as bicomponent systems where the fibers are embedded in a second
phase, being it air if we consider the plain electrospun mat, or silicon rubber, silicon oil, epoxy
matrix, etc., if the mat is embedded in a different mateHence, once the electric field is applied,

it will distribute unevenly between the two phases, according to their electric profp@sfies

More precisely, the structure can be modeled as a multilayered system where the nanofibers and

the embedding medium are represented-taies the series of their resistivity'( ,'Y ) and

capacitanced ,0 )[96]. The resistare’Y is the opposite of the conductan®g’yY px0),

50



where O is proportional to the conductivity and the capacitanag is proportional to the
permittivity - . The schematic representation of the poling setugigaire4-2a can be modeled

as a multilayers system whose equivalent electric circuit is shofigune4-2b.

Cnf Rnf
a b
DC Voltage Cem Rem
generator
High Voltage
electrode
Cnf Rnf
Ground
electrode Cem Rem

Figure 4-2(a) Schematic representation of the poling sefbpEquivalent circuit of the polarization process

As the DC voltage generator is switched on, a first transient daisdiibutes the electric field

on the different materials accordingly-to thei
state domain reached after a period of t@1j@7], the electric field distribution is governed by

the conductivity values (G) of the materials (i
According to thediscussioron the electric field distribution on two dielectric materisdported

in [98], by schematizing th@oling processas a twelayer system, the time constantan be

calculatedas described by equatiofh.l):

z 7 7z T—— 2

where’Q Q jQ andt -j,.Q andQ represent the thickness of the embedding
medium and the nanofibers, respectively. By neglecting after a period adh&@apacitor®
andd , the electric field applied to the nanofibe® () can be simply calculated by equation

(4.2), wheeOis the electric field applied with the voltage generator at the whole systei@ and
is the total thickness (100 &m).

0O L &
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Polarization tests

An experimental campaign was dad out bypolarizing thenanofibrous layers imifferent

embedding mediums with the aim to identtfye conditions that maximize the piezoelectric

response of the membrane.

Air, silicon olil, esteroil (FR3 natural esteCargill) and seeds oere chgen as environmest
for the experimental testi the case of polarization in air, the nanofibers vgmeply placed
between the high voltage electrode and the ground voltageade as shown ifrigure4-3.

Keithley 2290E-5 DC generator

Teflon support

High Voltage electrode

Nanofibrous layer

Ground electrode

Figure 4-3 Polarization cell configuratiortonnected to the DC voltage geater.

In the case opolarization in oil, the whole setup Bfgure4-3 was immesed in an oil battand
by means of a vacuum pump the air cavities wemegoved. The poling process wasTried out at
130 °C byapplyingan electric fieldD= 30 kV/mm with a DC voltage generator (Keith@390E

5). In the case of seeds oil, the applied electric,feldvas set at 10 kV/mm, as further increases

resulted in electricabreakdown For thesame reasotin the case of aithe applied electric field
was set atlO0 kvV/mm. The permittivity and the electric conductivity of PVIF-E were
calculated on a 20m thicknesdfilm at 130°C(Table4-1). The electrical parameters of the oils

arereportedin Table 4-2, together
applied on thé®VVdF~TrFE nanofibers

Table4-1 Permittivity and conductivity af PVdFTrFE film calculated at 130°C

wi t h andnhe expextedieciric idide d

¥

& (S/ m)

PVDF-TrFE
(80/20%mol)

11

6.2 * 100

Table4-2 Electrical parametersQ andT values for each embedding medium tested
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G a E i |
(S/m) (kV/mm) (s) (kV/mm)
Seedll 3.3 7.7x10%° 10 0.2 11.8
Silicon oil 25 8.2x10%? 30 0.2 4.9
Ester oil 4 9.8x10%° 30 0.1 35

Inthecase of PVDRF r FE pol i ng, by thevoelérafddsifonad thenoilsfthev al u e

time of the process waet at 5 minute#s previously mentionedhe temperature was increased

up to 130°C and thelectric field was appliedAfter 5 minutes, the temperature was decressed
ambient temperatur@nd in the end the voltage generator was switched off

Once the polarization was completed, the nanofibrous layers were soaked in a cyclohexane bath

for onehour in order to fully remove the oil and restore the initial porosity grade of the mats.

The piezoelectric response of the membrane was measured by meapsepdmeter 'Q
PiezoMeter System, Piezotest, Singapanew.piezotest.com). Before the poleation theQ
measuredvaluesof the membranewas zerowhereas their value measured after the poling

process is reported Figure4-4.

Nanofibers not integrated in hosting matrix

18
% 16 | mPVDF-TIFENf |
o 14
= 12
L
i 10
8
0O 6
>
o 4
&
0 |

Air Siliconic oil Seeds oil Ester oil (FR3)
Embedding medium of the poling process

Figure4-4’Q values measured on nanofibrous mats for each different poling medium.

The highestQ values are reached for the polarization carried out éstaroil bath (FR3).
Indeed, consistently with the values calculated’@ble 4-2, the electic field applied on the
nanofibers with this configuration is the highest one. Moreover, 15 pC/N can be considered a
good value for PVDHTFE nanofibers, comparable with the commercial PVIDFE films (20

25 pC/IN).
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The main advantagef this polarization tehnique is represented by the possibility to produce
polarized nanofibrous matbat still have the samenorphologythey had before the process.
Indeed, as the cyclohexanegestores the initial porosity grade of the lgydre mechanical
performance of thematsare not affectednd he nanofibers castill beembedded ithe desired
hosting composite materialraditional polarization techniquese expected to be carried out
once the nanofibers are already immerged in the hasitigx, whose electrical properties could
strongly affect the succeethepolarizationprocess and consequently fliezoelectric behavior

of the laminate.

For the sake of completeness polarization process was also carried out by integrating the
nanofibergn a hosting materiaithout any treatments before the integratibine choice of this
material andheintegration process of the nanofibers with this blend are described in detail in the
following section.The usedmaterial is ablendof epoxy resin (Itapox 108, kindly provided by
Ddchem S.l.r., Verona, Italy) and blocked isocyanate polyurethane prepolymer (Synthane 2095,
Synthesia Technology, Barcelona, Spaiffis material preseata good flexibility and a good
mechanical resistance

As before, the poling temperature was set at 130 °C and the applied electric field was 30 kV/mm.
In this case, obviously, the blend of epoxy resin and polyurethane represents the embedding
medium of the polarization process. Its electrical conductivity measured to be 2.6*105/m

at 130 °C.

In order to compare the effectiveness af thiiend of epoxy resin and polyurethane used as
embedding medium, also thgreviously polarized nanofibrous layengere integratedin this
hosting material and tf2 of each layer was then evaluated. Indeede integrated in the blend
the nanofibers cannot be removed (differently from the aitg)) the stiffness of such a material

sensiblyreduces the impact load transferred on the nanofibers and thyergh@ted charges.

Nanofibers integrated in epoxy resin and PU blend

w

3 | uPVDF-TFEnf |
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O 25
Z
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L
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0 - |
Air Siliconic oil Seeds oil  Ester oil (FR3Epoxy resin and
PU blend

Embedding medium of the poling process

Figure4-5Q values measured on the nanofibrous mats polarized in different embedding mediums and integrated in
a flexible hosting matrix made of epoxy resin and polyurethane (PU).
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As predicted, the overall values are sensibly reducédompared with the values of the not
integrated nanofibel®6], seeFigure4-5. The highest value d2 wasachieved by immerging

the nanofibers iesteroil, which hasa relatively high electrical conductivity, while embedding
mediums withlower ,, resulted in low electric field distribution on the nanofibers during the
polarization processas shown in the bar graph igure 4-5. If the polarization process takes
place after the integration of the nanofibers with the blend of epoxy resin and polyurethane, the
obtainedQ value ofthe system (piezaanofibers impregated in the hosting polymeric matrix)

is equal t00.4 pC/N. This ‘Q value is sensibly lower than 2.6 pC/N, whichhseQ value of

the specimen produced by first polarizing the nanofibers in ester oil and then ingetiram in

the samgpolymeric hosting material.

4.1.5 Nanofibers integration in a soft matrix

Once the nanofibers have been electrospun and deposited on the ground abiésciog, to be
integratedwithin a hosting material. Indegethe nanofibrous membranes are not easilydhbte
because of their high porosity and accumulated electrostatic charges. Therefore, investigation
have been conducted on the integration process of the nanofibers with two different soft polymeric
matrices PDMS and a blend of epoxy resin and polywaath(PU).

It is worthpointingout that in the final prototype of the MyLeg prosthetic sole the use of PDMS
results not suitable. Indeed, the high elasticity of PDMS makes the sensor not enough stiff to resist
the mechanical loads typical of thait cyde, which issequence of events or movements during
locomotionthat describes how the foot contacts the growidreover, the interleaving of a
PDMS layer between the laminate plies of the composite material results in delamination, as it is
not compatiblavith the epoxy resin of the laminaémd theadhesion at the interface of the two
layers does not occuHowever, remarkable piezoelectric studies have been carriedsowin

PDMS/nanofibers composite laydos other possible applications

Integration in PDMS

PDMS belongs to a group of polymedempounds that are commonly referred to as silicones. It
is one of the most widely used silicbased organic polymers thanks to its higimperature

resistance, ibcompatibility, transparency, high flexibility and high insulating properties. In this
work, PDMS Sylgard 184 was adopted as at@mponent system with a polymeric base and a

curing agent which crodiks with the polymeric matrix (sebable4-3).
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Table4-3 PDMS and curing agent proportions

(Yowt)
PDMS base 90
Curing agent 10

The curing agent and the PDMS base are mechanically mixed for 5 minutes and the air bubbles

are removed by means of a vacuum pump. Indeed, air bubbles in tharkyighly undesirable

as their presence could trigger electric discharge during the fatjopalarization process. The

nanofi brous membrane is placed on a PTFE supp:«
pouring mask[99]. As the lowviscosity and freair PDMS is poured on the nanofibrous

substrate, the porosities are filled and the nanofibers are integrated. The slurry process is then

carried out to remove the excess material on the two surfaces of the layer by nzehlaslef as

shown schematically iRigure4-6. The curing process is then carried out for 1 hour at 80°C.

Integration in epoxy resint PU blend

A hosing material stiffer than PDMS is adoptedaanore suitable solution in order to guarantee

a higher protection to the nanofibers in caééigh mechanical load#\ blend of epoxy resin
(Itapox 108, kindly provided by Ddchem S.Lr., Verona, ltaly) andck#d isocyanate
polyurethane prepolymer (Synthane 2095, Synthesia Technology, Barcelonavw&zaitmosen

as embedding medium, atite curing agent (Itamine CA119, Ddchem S.I.r., Verona, Italy) was
addedafter the stirring of the two component$e mixture compositions are reportedTiable

4-4. The addition of the polyurethane to the epoxy resin has the aim to increase the elasticity of
the matrix, still guaranteeing a good adhesion to the laminate resin.

Table4-4 PU and epoxy resin blend composition

(Yowt)
Epoxy resin 55
PU 24
Curing agent 21

The integration process is the same described for the PDMS integration and is schematically

represented iffigure4-6. The curing process is carried éot 2 hours ad0°C.
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Figure 4-6 Slurry process: (a) PDMS or epoxy+PU blend pouring; (b) ) a homogeneous 100 um thickness of the
layer is achieved by means of a blade to remove the excess material

4.1.6 Electrode manufacturing

In order to develop the entire structure of the sensor, thealestare required to be placed on
the two opposite surfaces of tlagrer to collect the piezoelectric signal.

Electrodes such aduminum foilsor agold sputteredhyers arewidely usedfor this purpose, but

in the case of flexible devicdhe foils ould rip or crunple and the thin metkkation could
present some discontinuitidadeed they have a limited maximum strain before breakihige
would limit the flexibility of the sensor Moreover the interleavingf brass sheetslectrodes
within the laminateplies modifies the homogeneif the structure and in case of highpacts

the transferred load could stardelamination at the interface between the brass sheets and the
plies of the composite material.

To overcome these problsmin this study, the electrodes were realized by dispersing conductive
carbon blackCB)nanoparticles in the same mat dfri al
carbon black is mixed into a polymer matrix, its high specific surfacecaretorma corductive
network which greatly increases the conductivity of the resien by mixing a low amouf
nanoparticles[100]. According to the polymer where the carbon blackaparticles are
dispersedthe percolation thresholdan vary but usually it is in the range betweeld wt%

[101].

The experimental campaigvas carried oufor two differentpolymericmatricesdescribed in the
previous section (PDMS and epoxy resin with polyureth&igure 4-7a). The carbon black
amountrange was varieffom 1%wt to 20%wt andthe obtained layers were evaluated in &rm
of electrical resistance and curing proc@sgure 4-7b). The dispersion process of the carbon
black nanoparticles (Printex XE2B, BET surface area= 100, mverage particles size= 30 nm)
consisted of a magnetstirring of the liquid formulatiobefore the curing process. The addition
of 300wt of isopropanofacilitateda homogeneousdispersionof the CB nanoparticleén the
matrix, as shown irrigure4-7c. After a period of timesqual to100 hours, the curing agewas

addedand the liquid solution was placed on a Teflon support with a pouring (fRagke4-7d).
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A heatingprocessof 30 minutes at 40°@as needed in order to facilitate the isopropanol to
evaporateand not to create air bubbles inside the layer during the curing p(&iggs4-7e).

In the end, as representedrigure4-7f, a uniform freeisopropanol thin layer was obtained by
means of a blade artde curing process was carried out (1 hou80&C for PDMS an@® hours

at 50°C for theepoxy resin end polyurethane blend).

Polymerianatrix CcB powder‘ Isopropanol and
magnetic stirring

ol -

CC/

Pouring Isopropanol Blading and curing

—>
f55¢

>
d e

Figure 4-7 Carbon black based electrodesnufacturing process: (a) original polymeric matrix; (b) CB powder addition;
(c) magnetic stirring with isopropanol; (d) mixture pouring; (e) isopropanol evaporatiahpartial curing; (f) curing
process of the final thin layer.

The resistancevas measureby placing the semtonductive layer between two brass cylindric
electrodes(diameter of 1.5 cmjand connecting #m to a multimeter set in a resistance
measuremeanMoreover, for each specimen the curing process was monitored in oidientify
the maximum amoundf carbon black nanopowdénat was possible toadd to the polymeric

matrix without affecting its polymerizatioas reported ifable4-5.
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Table4-5 Electrical resistance of polymeric matrix mixed with carbon black nanopatrticles

CB content Resistance Curing
(Yowt) PDMS Epoxy+PU process
1% >1 GY >1 GY Successful
2% >1 GY >1 GY Successful
3% >1 GY >1 GY Successful
4% >1 GY >1 GY Successful
5% 500 MY 400 MY Successful
7% 80 MY 65MY Successful
10% 5 kY 4k Y Successful
15% 1 kY 1 kY Partial curing
20% / / Not cured

Similar trends were registered for both the polymeric matrix (PDMS and epoxyRE&iytance
values above 16 wer e mpetaaaarbom Hlack amount dfodvt, whereas 0%wt is the

limit that still guarantega successful curing process.the 186wt CB sample, partial curing
occurred andracks on the layer surface were visiblghereas ithe case of 20%t the materials

did not cure at all.

Therefore, in order to depotite electrodes on the surfadelte piezoelectric layer described in
sectiond.1.5 a carbon black amount of 4vt was chosenThe electrodes were fabricated with

the aforementioned procedure and deposited on the piezoelectric substrate, as schematically
shown inFigure4-8a andFigure 4-8b. The same process was repeated for the opposite surface
electrale. Furthermore, signal cables (4B8T, MicreaMeasurements, Raleigh, NC 27611, USA,
www.micro-measurements.com) coated with a Teflon jacket were placed within the electrode
layers during the curing process. The total thickness of the senEayuoé 4-8c results to be
around 300
phenomena, such as triboelectricity effects. With the purpose to reduce externial edésty,

¢ nthe sighalto-noisee ratim gaulé get worse because of external

shield electrodes were added to the structure of the sensor with the same manufacturing process
used for the signal electrodesiqure 4-8d). A thin layer of polymeric matrix was also added
between the signal electraoend the shield electrodén order to electrically insulate thénom

each otherThefinal piezoelectric sensor is shownkigure4-8e.
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Figure 4-8 Signal electrodes and shields electrodes manufacturing (a): Electrodes solution pouring; (b) Slurry
process; (cSteps (a) and (b) are repeated on the opposite surface and the signal cables are cured within the
electrodes; (d) Shield electrodes are added

e

4.1.7 Selfsensing composite material

The development of a sedensing composite material was performed by interleaving the
piezoelectric sensor between the laminate plies of the laminate. In particular, twalfeapet
geometries were manufactured. Firstly, one sensor was integrétech rectangular plane
composite laminate with the purpose to perform standard compression tests for a broad
electromechanical characterization. Then, the same stacking sequence was aspeatedf of
concepion the sole of MyLeg prosthetic foby plachg two sensors in thg and one sensor in
the heel.

The choice of theolymeric matrixused for thepiezoelectric sensor manufacturingis done
with the aim to be compatible with the resin of the composite lamiisatdin the prosthesis sole
stacking.

As previously mentionedhe PDMSbasedpiezoelectricsensomvas not adopted in the stacking
sequence of the $edensing laminate akelow adhesion of the PDMSilicon matrixwith the
laminate resirwould result indelamination of the composit&herefore, in this paragraphe
flexible piezoelectric senseused for the manufacturing of tkeminates (both the rectangular

plane andhe prosthesis sole) afgetones based on thexture of epoxy resin and polyurethane.

The piezoelectric sensor was integrated with a CFRP precured laminate, with-safuagic
stacking sequence [0/+45/90]s and 100 x 50 x 3 mm dimensions. A lay&R#® Grepreg (E

glass 8H balanced Satin 300 g/m@poxy matrix, VV300S DT121H34 DeltaPreg, 80 x 90 x
~0.22 mm) was stacked on the CFRP precured laminate, with a 0° orientation. Then the
piezoelectric sensor was placed on it and finally covered witrhan@FRP prepreg ply 0°
oriented, as depicted iRigure4-9a. The presence of the GFRP layer below the piezoelectric

sensor electrically insulates it from the CFRP amtide base; while the GFRP layer covering
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the sensor protects it from triboelectric effects and electromechanical noises that would negatively
affect the piezoelectric signal. Before stacking, the surface of the CFRP base was treated and
grinded with sangaper (P220) in order to improve the adhesion with the resie &fFRP layer.

The curing process was then carried ouh iracuum bag for 12 hours at 80 °The finalself

sensingaminateis observable ifrigure4-9b.

a

; Piezoelectric sensor
e > GFRP Iayers

Figure 4-9 (a) Stacking sequence of the smhsing rectangular composite material; (b) Selfising laminate image

The same stacking sequence weseaten the sole of the prosthetic fdoy interleavingthree
sensorgFigure4-10) and the curing process was donaifrautoclavefor 12 hours at 80°C.

Figure 4-10 Prosthetic foot sole withiezoelectric sensors integrated
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4.1.8 Micrograph analyses

A Phenom Pro X Scanning Electron Microscope (SBlDIlying an accelerating voltage of 15
kV on the samples sputteroated with goldwas usedo evaluatethe fiber quality, the fiber
diameter distributionafter the electrospinning proceby means of a Fibermetric software
(Phenom)pandthe quality of the integration of the nanofibénsthe hosting matrix.

The obtained electrospun PVBKFFE nanofibrous mat showed randomly oreshtbeadree
fibers with average diameter of 420 + 120 rifig@re4-11). The measured thickness of the mat
was 100 + 10 um its areal weight was 20 §/m

Figure4-11 SEM image of PVdHTFE electrospun nanofibers

The composite polymeriaanofibrouslayer (epoxy resin+ polyurethane matrix/ PVdFrFE
nanofibers)was observetty means of SENmages of the specimen cressction, byplacingit

in vertical position in the specimatub after a gokinetallization of its cross sectid@onsidering

that cutting the piezoelectric layer in ambitrhperaturevould lead to plastibreak, asharp and
clearly-observable cross sectiomas obtained byragile breaking the piezoelectric layer in
nitrogen bath.Optimal penetration of the hosting blentside the nanofibrous layer can be
observed irFigure4-12, thus confirming the excellent compatibility of the polymeric blend and
PVAFTrFE nanofibers, which will avoid delamination when periodic mechanical stresses are
applied.
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Figure4-12 SEM cross section view of the nanofibrous layer integrated with the blend of epoxy resin and
polyurethane

With the same procedure, a fragile break of the sensor was performed in order toithsese
section after the signal electrodes depositiofigure4-13 the central layer is the piezoelectric
one, whereas the 10m thick layers on the opposite surfaces are the carbon-béessd

electrodes of the sensor.

Figure 4-13 Piezoelectric sensor with carbon black béistectrodes

The integration of the piezoelectric sensor with the composite material was observed by means
of optical micrograph an8EM analyses of the cross sectioithe laminateln Figure4-14a, the

stacking sequence can be observed, with the [CFRP1/GFRP1/sensor/GFRP1] sequence. After
polishing, the surface was soaked in an acetone bath for 1 hour in order to dissolve the PVdF
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TrFE nanofibers. In this way, the removed nanofibers caolderly seen as holes in the SEM
cross section magnification fgure4-14b. No delaminatiorareobservedconfiming the good

integration of the sensor between @iERPlaminate plies

Shield electrode [
Insulating layer [

. ;

Signal electrode [ Piezoelectric
sensor
NFs layer [

Signal electrode [
Insulating layer [|
Shield electrode [

P e
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Figure 4-14(a) Micrograph image of the cross section of the composite material; (b) SEM image of the cross section
of thenanofibrous layer after etching in acetone bath

4.1.9 Piezoelectric model

The basic theory behind the piezoelectric phenomenon is based on the electric dipoles. When the
material is stressed, the crystal deforms and loses its symmetry and a net dipole soraated.

This dipole moment creatan electric field across the crysth02]. Piezoelectric sensors are not
suitablefor static loads measurements because the electrical charge produced decays with time
due to the internal impedance of the sensor and the input impedance of the siditainiog

circuits. On the other hand, they ar@perfor dynamic applications.

The piezoelectric element can be modeled as a charge source or a voltage source, as represented
in Figure 4-15, where the generated charge depends on the piezoelectric coefficient and the
capacitance of the piezoelectric elements is determinédearea, the width, and the dielectric

constant of thenaterial.

Charge Model Voltage Model
¢ ¢
+ Rp
o !
ap K cp — Rp SV c
K/ Y (A P
i 1
e o—

Figure 4-15 Charge model and voltage model of a piezoelectric element

64



Considering the manufactured piezoelectric-selising laminatehe equivalent electric circuit

of the charge model of tHaminate connected to a voltage amplifian be representéd Figure

4-16, where i is the charge generatd@r is the capacitance of the piezoelectric elenm¥nis

its resistance and is the capacitaze associated to the cables of the circuit. The two resistance
'Y stand for the sergonductive carbon black electrodes of the sensor and the shunt resistance
Y provides a dc bias path for the amplifier input stl@f. The addition of the capacitor

0 in parallel with the resistancé  before the amplifier input is used for the tuning of the

'Y 6constant of the circuit.

If an ideal capacitor is charged, a voltage will be stored thanks to its infinite leakage resistance
that guarantes a perfect insulation. However, since the internal resistance of the piezoelectric
element is not infinite’'Y ), the stored charges leak away and the voltage drops exponentially at
a rate determined by the time constaaf the'YO circuit, whereYis the equivalent resistance of

the circuit(Y ¢z'Y Y TXY ) andO is the equivalent resistan¢e@ 6 0 ). The
capacitance of the piezoelectric lageris measured to be 55 pfe capacitance of the cables of

the circuitd is 5 pF andhe resistance of each seaainductive carboiased electrode¥ is 4

kY

Rel
VWA
dp Cp| Ry Ce Rivaa| Cioaa
Voltage
amplifier
Rel

Figure 4-16 Equivalent piezoelectric circuit

By applying Kirchhoffds | aw¥, cdnbewritemasput volt acf

wo —Q — ®

whereF is the applied forcen the piezoelectric elemernt can be noted that the output voltage
is zero for static loads.

In the case of a sinusoidal lod@d "¢ O BT 0, wherg ¢“ ¥'Yand“Yis the period, the
equation 4.3) can be solved in the Laplace domain andtaatisformed back in the time domai

as shown in equatiod 4) [44].
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Moreover, by modeling the piezoelectric equivalent circuit as the series of a voltage generator
with the equivalent capacitan@e and resistancé, the resulting behavior of the circuit is
equivalent to a higipass filter Whena voltage signal is sent to the input stage of the electronic
filter, the amplitude of the output signal depends on the frequency of the input one. In particular,
the filter passes the signals with a frequency higher than a cedeaif frequencyQ and
attenuates thdow-frequency signals. The coff frequency value depends on the circuit
parametersY andd) andit is defined as follow:
P

¢ Yo i
Therefore, if a voltage signal is sent to a Rgtss filter, the output voltagan present different
shapsdepenihg on thevalue of theY dconstant of the circuit. For instancensidering a square
wave input pulse with a fixed periéy the shapef the output pulse will change as function of
the'YO value of the circuit, as shown Figure4-17. When theY 6is much larger than the pulse
width (10T), the ouput waveform present a trend similar to the input square wavefghihe in

case of lowY0 values (0.1 T), the output waveform assumes the shape of narrow and sharp spikes.
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Figure 4-17 Output wavefornof the highpass filteras funtion of the RC constant.
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Similarly with the highpass filter descriptiorithe acquisition circuit parameters gbi@zoelectric
elementcan betunedso thatthe piezoelectrioutput signal accurately follasthe applied force
curve. Indeed,with the aim to produce piezoelectricselfsensing material that is capable to
detect also quasitatic loadge.g. Gait cycle)a proper tuning of they évaluecan be achieved

by varyingthe'Y  and6é values of the equivalent circuit Bfgure4-16.

4.1.10 Characterization technique

The piezoelectric respons# the selfsensing laminatevas evaluated in a frequency range
bet ween 0.25 Hz and 20 Hz, by means of tensile
(MA), USA, www.instron.u$ equipped with a 2 kN load cell. The seHdnsing laminate was
compressed between a flat plate and a 1 cm diameter cylindric indenter, as skayuned-18.

The piezoelectric signal was conditioned by an amplifier AD795JRZ mounted on a Single S08
Precision Amplifier Evaluation Board with high impedance input and the shields electrodes
were conected to the ground. The amplifier was set in a buffer mode, so no signal amplifications
were performed. The piezoelectric and the load cell sigmade synchronously acquired by the
tensile machine. The piezoelectric response of the laminate was edaloadifferent shunt
resistance§Y ) and capacitancg® ) connected in parallel to the amplifier input.

The electromechanical tests were carried out for thessaling laminate and for the piezoelectric
sensor before the integratibetween the laminate plies, with the aim to investigate variations on

the piezoelectric response.

The results of thelectromechanical characterization of the produced specimens are reported in
section6.1.], together with the discussions about the possibility to use such a sensor for quasi

static loadsand the optimahcquisition circuitonfigurationfor low-frequency applications

Figure 4-18 Test setup

67


http://www.instron.us/

4.2 Positionflexible piezoelectricsensorbased on
core-shell nanofibers

4.2.1 Context

Tactile sensors based on electrospun RVdFE nanofibers have recently attracted widespread

attention becausef their high sensitivity103]. The piezoelectric properties and the sensibility

of the pressure sens@aregreatly enhancedthen the PVDF fibers become more oriertdot].

Different alignment methods for the nanofibers were designednB@nce, Edmondson et al.

introduced theconcepts of the parallelectrode electrospinning with centrifugal dispersion to

produce nanofibers with a high degree of alignment and unifoft0%] and demonstrated the

importance of the fibers alignment grade in the voltage generation capability. The effect of
different rotating speeds of the disk collector during the electrospinning waasdstaderms of

alignment grade of the nanofibersémd phase ori entat i [lO6] Indeedt he pol )
signals obtained from sensors with 80% of aligned fibers showed amplitudes about 4 times larger

than those having only 30%407]. Higher sensitivity of nanofibrous layers were achieved by

inserting nanofillers, such as Ag nanowires, muhiled carbon nanotubes, etc., because they
enhance the content of b [1@8h Mwedverj ame rénfakkable r y st a |
improvement of sensitivity was obtained by electrospinratigned PVDFTrFE coré shell
nanofiberd77]. With respect to PVdAHTFE nanofibers, four times higher sensitivity values (up

to 4000 eV/mmHg) were found byproducing an aligned array of nanofibers based on a
conductive core (PVPEDOT:PSS) and a piezoelectric shell (PVIdFE). Such a sensitive

membranes were used for the production of pressure sensors for endovascular applications.

In this section, a peculigkind of sensor based on piezoelectric nanofibers is described. The
working principle of the sensor is the direct piezoelectric effect and its mechanical structure is not
based on traditionaktiff nanofibers, but on corghell nanofibers produced via oo
electrospinning. Indeed, with the coaxial electrospinning technique it is possible to obtain core
shell nanofibers, where the core used in this work is a conductive polymer (PEDOT:PSS) and the
shell is the piezoelectric polymer (PVIFFE). The shells then covered with a metal coating

for the realization of the external electrode, thus realizing a coaxialpienoelectric device. As

a mechanical stress is applied on the shell of the nanofiber, according to the direct piezoelectric
effect, the germated charges distribute on the two opposite surfaces of the shell of the fiber (inner
part and outer part). The opposite polarity charges are thus collected by the conductive core and

the metallized layer outside the shell, as showfigare4-19.
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Figure 4-19 Core-shell nanofiber with external metallization

In this way, every single nanofiber works as a piezoelectrmeensor and as a mechanical
impact is applied, a piezoelectric voltage is generated as result of the charge flowing in the core
electrode and the shell electrode. The output voltage is measured by electrically connecting the
core and the shell to maesgale electrodes that are disposed in the opposite ends of tlse fiber
thus leaving a freelectrodes surface area. By displacing those coaxial nanofibers in an
appropriate arrangement and integrating them in a polymeric matrix, it is possible to realize a
multifunctional material that is able to detect the exact position of a mechanical stress applied on
its surface, as schematically representeBigure 4-20. The nanofibers are aligned in a matrix
disposition and the macisrale electrodes are stacked on the edges of the nanofibrous area. The
exact position of a mechanical impact on the surface adehsolis detected by comparing the
output voltages of the systems and going back to the position of the correspondent electrodes.
Finer resolution of the impact localization can be achieved by increasing the number of the

electrodestackedn the edgesf thesensor.

AV1
AV2
AV3
AV4
AVS
AVe
AV7
AVSE
AVY
AV10

Figure 4-20 Schematic representation of the position piezoelectric sensor
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Strong focus was put on the optimization of the coaxial electrospinning process. Starting from
PVARTrFE and PEDOT:PSS, di#frent polymeric solutions were investigated in terms of
solvents concentrations and viscosity. The aim is to precisely tailor the morphology of the
nanofibers by controlling the viscosity values of the solutions and to identify the parameters for
the prodiction of smooth and beafiee coaxial nanofibers in a stable electrospinning process. It

is important to underline that a stable electrospinning process is intended to be a process where
the coaxial drop coming out from the needle (coaxial Taylor censtable over the time under

the electric field action and the nanofibers are regularly deposited on the ground collector. But at
the same time, a stable process does not mean that the produced nanofibers are high quality

nanofibers and their coaxial shapeot always assured.

Once solutions and electrospinning parameseesoptimized the nanofibers are aligned in a
matrix disposition and integratedth a polymeric hosting matrix in order to protect them. Carbon
black based electrodes dnenintegraed in the sensor structure in order to guarantee flexibility

and material homogeneity.

4.2.2 Polymeric solutions

The interaction between the core and the shell polymeric solutions is a further critical parameter
for a high-quality nanofiber productionWhen the droplet is charged at sufficient high electric
field, a coaxial liquid jet is emittedlowing towards the gound collectorThe evaporation rate

of the volatile solvents of the liquisolutiors depends on different factors (i.e. boiling point,
solutions concentrations, distance from the ground colleetor) and determines the coaxial
morphology of the solidibers [109]. Successil process depends on the design of the two
polymeric solutios such in a way that the electrospinning process and the solidification of the

fibershappen in the desired manner.

In this work different pairs ofthe core and shell solutions have been stufligvarying ther
solvents concentratiorsd thus their viscositys described next.

For the shell solution, PVAFrFE Solvene (75/25%0l, Mw=410 kDa), kindly provided by
Solvay Specialty Polymers (Bollate, Italy), was dissolvednithyl ethyl ketondMEK) and
dimethylformamide (DMF)Sigma Aldrich).

The conducive polymer poly(3,4ethylenedioxythiophene) doped with poly(styrene sulfenat
anions(PEDOT:PS$was used as core of the nanofibemsl was dissolved in DMF in a range of
different concentratia® Polyvinylpyrrolidone (PVP) was used as a carrier polymer and solution
viscosity modifier creating a solution based on PEDOT:PSS avii. FFirst, a PEDOT:PSS
dissolved in water in a concentration 6#%, as provided by Sigma Aldrictiith a viscosity
equal t010-30 mPa*s was testedThen a PEDOT:PSSPEDOT:PSS, 5% in water, Sigma
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Aldrich) with higher conductivitya viscosity 0f30,00690,000mPa*sand in agel physical state

was electrospualsowithout PVP

A wide number of polymerisolutionswas investigated and different combination of core/shell
were electrospun. Polymer concentration was varied both foshthk and core solutions, as

reported irthe follow.

9 Shell solutions(S1-S6)based orPVdFE-TrFE (75/25 mol%)
The polymericshell solutiors were prepared by dissolving the polymer in the solvents.
MEK and DMF were used as solvents in 72:28%roportion. Eaclsolutionwas left on
a magnetic stirrer at 40°C for 20 minutes and at room temperature for 30 minutes before
the electrospinningSix solutons were preparealy varying the concentratioof PVdF~
TrFE from 18%wit to 28%wtas reported iffable4-6.

Table4-6 Shell polymeric solutions based on PVER-E.

owt -Tr

% PVdF-TrFE DMF MEK
S1 18% 23.0% 59.0%
S2 20% 22.5% 57.5%
S3 22% 21.8% 56.2%
S4 24% 21.3% 54.7%
S5 26% 20.7% 53.3%
S6 28% 20.1% 51.9%

Core polymeric solutioa(C1-C3) based on PEDOT:PS8-4% in water)

The solutiois wereprepared in three different steps. Fiteg carrier polymer PVIRas
dissolved in DMF for 40 minutes at 60°C. The carrier polymer is necessary to obtain an
electrespinnable solution. Secondhet solutionwas stirred for 24 hours at room
temperature. In the end, PEDOT:P&&sadded and the final solutievasstirred for half

an hour at room temperature before electrospiniihg.three solutions compositions are

reported inTable4-7.

Table4-7 Core polymeric solutions based on PEDOT:PS8%3in water)

(Yowt) PEDOT:PSS DMF PVP
C1 20.2% 76.9% 2.9%
C2 20.2% 75.4% 4.4%
C3 20.2% 73.7% 6.1%
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1 Core polymeric solutioa (C4C8) based on PEDOT:PSS (5% in water)

The gel physic state tifiis PEDOT:PSS stems from its higher concentration in veaier
presents the possibility to be electrospun even withocarder polymer The core
polymeric solution was prepared both with PVP as carrier polymer and with@ast it
shown inTable4-8. ThePEDOT:PSSoncentration wasariedbetween 36%wt and 60

Wi,

Table4-8 Core polymeric solutions based on PEDOT:PSS (5% in water)

(Yowt) PEDOT:PSS DMF PVP
C4 60% 40% /
C5 50% 50% /
C6 45% 55% /
C7 40% 60% /
C8 44% 50% 6%
C9 42% 53% 5%

C10 36% 60% 4%

4.2.3 Viscosity analyses

The viscosity of the polymeric solutions has a strong effect on the process and consequently on
fiber morphology. The viscosity is correlated to tluenberof entanglements formed by polymer
chains in the solution. As previously mentionedthe case of traditional electrospinnirgy
viscosity solutios may result in electrospregnd beads formation on the fibevghereas high
viscosity solutios can cause problenaiiring theflow through the needlén the case of coaxial
electrospinningthefluidsinteraction between the shell atiek coredetermines the morphology
of the nanofibers and depends on the viscosity values of each polymeric shlovioviscosity
values of the shell solution can result dnnotcomplete covering of the comf the fiber
compromising its coaxial shape. Differently, too viscous shell soktiaud prevent theonstant
flow of the core inside the Taylor cone, thoterrupting thecontinuity of coaxial morphology

once the fibes are solidified.

Each viscosit value of the solutions described in secté@.2 was determined by means of

Anton Paar MRC rheometerhe polymeric solution is placed on a horizontal plate anthéing

cone is placed over it. The angle between the surface of the cone and the horizontal plate is around
1 degree. The cone works at growing rotating speeds and it makes the liq@idRooeach
rotatingspeed the correspondent viscosity is measured. In particular, the viscosity value that has
been selected for this study is the one corresponding to the speed the polymeric solutions have
when they flow out of the needle during the electrospinning protassspeed of the solutions

is calculated from the needle diameter and the flow rate of the puhgp.shell solutions
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viscosities are reported Figure4-21 and the core solutions ones are reported separately for the
PEDOT:PSS dissolved in water a#3owt and for PEDOT:PSS dissolved in water at 5%igure
4-22 andFigure4-23, respectively.

Shell solutions based on PVdFE-TrFE
1
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0.2 I I
o

S1 S2 S3 S4 S5 S6

Viscosity (Pa*s)

Figure 4-21 Viscosity values of the shell solutions{84) based on PVdFrFE.

Core solutions (C1-C3) based on PEDOT:PSS
(3-4% in water)
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Figure 4-22 Viscosity values of theote solutions based on PEDOT:PS$A® in water)

Core solutions (C4-C10) based on
PEDOT:PSS (5% in water)

J||.|IL

C4 C5 C6 C7 C8 C9 cC10

N
=

Viscosity (Pa*s)

Figure 4-23 Viscosity values of the core solutions {C40) based on PEDOT:PSS (5% in water)
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As predictable, the higher the concentration of PATdIFE, the higher the viscosity of the shell
solution which varied from 0.1 Pa*s to OFa*s.The presence of the carrier polymer PVP in the
core polymeric solutions strongly affects the viscosity values even for low variations (i.e. from
0.27 Pa*s of solution C10 to 2.2 Pa*s of solution EB)wever, even if the use of PVP is a simple
way B regulate the viscosity of the solutions and favors the electrospinning of PEDOT:PSS, its
presence is not beneficial in terms of electrical conductivity of the core of the nanofibers, with
repercussionsn the piezoelectric response. Consequently, treepmmymeric solutions that were
prepared without using PViPwhose viscosities are regulated only by varying the PEDOT:PSS
concentratiori are of great interest both in terms of piezoelectric performances and feasibility of
the electrospinning process (C# solutions). Indeed, even if in the case of traditional
electrospinning of PEDOT:PSS the PVP is strongly recommended to induce the formation of
nanofibers, in the case of coaxial electrospinning the interaction mechanism between the two
coaxial liquids ould still ensure the continuity of PEDOT:P8&sed core along the fiber length.
Each pair of corshell polymeric solutio; was electrospunas described in sectiof.2.4
Subsequentlythe micrograph analyses of the obtained nanofiifustratedin section4.2.5
provide an ex post evaluatioa identify which are theoptimalviscosityvaluesthatguarantee a
coxial morphology of the nanofibers.

4.2.4 Coaxial electrospinning

The electrospinning processotoplace for 15 minutes in order to producessdn t hi ckness
nanofibrous mats for each core/shell solutions combinationraromly orientedhanofibers

were collected on a ground plane collector aach sample was analyzed in terms of stability of
the ekctrospinning process and coaxial morphology of the nanofibeessetup parameters such

as needleollector distance, room temperature and chamber moisture were fixed for all the
electrospinning tests. The distance between the needle and the groutetgdresas 14 cm, the
temperature of the roomas25 °C and the chamber moistwasset at 40%The high voltage

value for eactelectrospinning process was properly set to achieve a stable configuration of the
Taylor cone and avoid liquid leakage fratme needle. Considering all the core/shell pairs
solutions tested, the voltage range was set from 9 kV up to 1 lgénerglhigher electric field
values are required fonoreviscous solutionas the surface tensiontbie droplet has a dominant

role. The flow rate for the shell solution was equal to 1.1 ml/h, for the core solution was equal to
0.35ml/h. The coaxial needle dfigure4-24 has an innediameter of 0.8 mm and the outer one

is equal to 1.2 mm.
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® &®

Figure 4-24 Coaxial needle

It should be pointed out that thendomlyoriented nanofibrous mats collected on a plane ground
collectorwith the abovementioned protocekre used for a morphologicahd qualityanalysis

of the nanofibers as function of the viscosity of the polymeric solutions. Once figured out the
optimal coe/shell combination, the electrospinning process apparatus was set up for the
production of aligned nanofibetrs be used for the sensor manufacturamrepresented Figure

4-25. The two ground wires electrodes were parallelly disposed at 7 cm distance from each other

to make the nanofibers align perpendicularly to their direction.

Shell
solution
Coaxial
I/ needle
u

Core
solution

Aligned nanofibers

Figure 4-25 Coaxial electrospinning apparatus for aligned nanofibers

4.2.5 Micrograph analyses

The morphology ofach nanofibrous matas estimatedoy meansof micrograph analysesf

SEM and transmission electron microsc@piM). The cross-sectionviews of the nanofibrous

layers wereused to estimate the coaxial shape of the nanofibers in the observed point, whereas
SEM images from above the nanofibrous mats prowittlgmationaboutdiscontinuities along

the fibers axis or beads formatgmMoreover, TEM images of the core/shell nanofibers estimated
the continuity of the corshell structure along the fiber length.

In the case of SEM crosction view, the nanofibrous layers were previously catriitrogen

bath in order to have a fragile break of the fibers, thus leading to a smooth cross section.
Afterward,the mats were soaked for 30 minutes dhistilled water bath in order to disselthe
PEDOT:PSS based core. In this way, the hollow fibers vigiblee SEM images represent the
previous core/shell nanofibers.

The most representative images for the aim of this work are shown in the following.
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1 Shell Sl and core A

Figure 4-26 Micrographs of core shell nanofiberd/€1 combination. (a) SEM overview; (b) SEM cross section
view; (c) TEM image

The viscosity of the shell solution S1 was equal to 0.11 Pa*s and the core solution C1 one
was equal to 0.25 Pa*she SEM image of the nanofibrous layeFidure4-26a presents
nanofibers with coarse and not regular surfaces. The very lseosity of the shell
polymeric solution resulted in a leakage of the aareside of the shell, thudeforming
thenandibers intosplit emptied entanglementThe compromised coaxial shape can be
observedalsoin Figure4-26b, wherevery few hollow fibers are visible and the fibers
crosssectionappears flat and crumpled. The TEM imagd-igfure4-26c confirms the

core leakageutside of the supposed position as the central part of the nanofiber is light
grey colored. It is worth highlighting that in TEM images the black pastéthe images
correspond to condtive material (in this case PEDOT:PSS), whereas the light grey
portiors of the nanofibes correspond to PVdHTFE.

1 Shell S2 and core C4

Figure 4-27 Micrographs of core shell nanofibers S2/C4 combination. (a) SEM overview; (b) SEM cross section
view; (c) TEM image
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The viscosity of the shell solution S2 was equal to 0.25 Pa*s and the core solution C4 one
was equal to 1.01 Pa*$he coaxial morphologgf this combination is not achieved as

the core solution presents a very high viscosity value if compared with the shell one. This
aspect leads tthe formation ofenlargements of the fibe(Bigure4-27a) such in a way

that the core fills up the totality of the fiber diameteéig(ire4-27c). Moreover, ery few

hollow fibers are visible in the SEM image of the cross section of the nanofibrous layer
of Figure4-27b.

9 Shell S4 and core C2

AL

>

10 pm

Figure 4-28 Micrographs of core shell nanofibers S4/C2 combination. (a) SEM overview; (b) SEM cross section
view; (c) TEM image

The viscosity of the shell solution S4 was equal 56 Ba*s and the core solutior2@ne

was equal td.29 Pa*s.Smooth and beaesee nanofibers are visible igure4-28a.

The core leakage outside of the shell is not visible, as the viscosity of the shell solution
S4 is considerably increased with respect to S1 and S2. In this case, the core is well
confined nside the shel(Figure 4-28c) and most of the nanofibers present a hollow
shape, aobservable ikigure4-28b. The presence of PVP in the core solut@asonably

favors the continuity of the core along the fiber length.
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1 Shell S4 and core C10

500 nm

Figure 4-29 Micrographs of core shell nanofibers S4@combination. (a) SEM overview; (b) SEM cross section
view; (c) TEM image

The viscosity of the shell solution S4 was equal to 0.56 Pa*s and the core soll@ion C
one was equal to 0.27 Pa*$he viscosity values are very close to the previous
combination (S4/C2) and the resulting fibers morphology is also very similar. No split
fibers are visible ifFigure4-29a and darge amounbf hollow fibers is visible ifFigure
4-29%. Moreover, the nanofiber &igure4-29c shows a very smooth and defined coaxial

morphobgy.

1 Shell S4 and core C7

500 nm

Figure 4-30 Micrographs of core shell nanofibers S4/C7 combination. (a) SEM overview; (b) SEM cross section
view; (c) TEM image

The viscosity of the shell solution S4 was equal to 0.56 Pa*s and the core solution C2
one was equal to 0.3 Pa*also in this case theiscosity values of the polymeric
solutions are close to the previous combinations (S4/C2 and S4/C1®), thetC7

polymeric solution the carrier polymer was not used (PVP). Neverthstassth and
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high quality nanofibers were still obtain@elgure4-30a andrigure4-30b) and the core
continuity along the fiber is guarante@igure4-30c).

To summarize, micrograph analyses showed the importance of the viscosity of the polymeric
solutions for the achievement ofiaptimal coaxial morphology of the nanofibers. Some specific
viscosity values for shell and core polymeric solutioas be identified aseference parameters

to obtaina good coaxial shapéndeed, the best nanofibers weigtaoned by electrospinning
polymeric solutions with a viscosity of 0.%8&*s and 0.270.3 Pa*sfor the shell and the core,
respectivelylf a too low viscous solution is used for the shellnot-completecoveringof the

core could occyiosing the coasl morphology of the fiber On the other hana, highly viscous

core solution could cause enlargements in thetbiscknessthat would be hardly covered by the
shell.

Moreover, by fixing the shell and core viscosity to OFE8sand 0.3Pa*srespectively, it was
possible to produce higtuality coreshellnanofiber alsavithoutthe addition oPVP in the core.
This possibility is particularly interesting for the coredtical conductivitywhich would be

enhanced by means of a file&¥P electrospinning process.

4.2.6 Sensor manufacturing

The investigations performed on the morphology of the-shedl nanofibers as function of the
viscosity of the solutiondetermined theeference parameters for the solutions composition. The
core/shell combination used for the sensor manufacturing is C2/S4 (Core scd@ip¥swt
PEDOT:PSS, 75.4%wt DMF, 4.4%wt PVedl solution: 24%wt PVAHTFE, 21.3%wt DMF,
54.7% MEK). In this section k the steps for the manufacturing process of the position

piezoelectric sensor are described

Nanofibers metallization and disposition

The coaxial electrospinning process has taken place for 30 seconds, in order to produce a very
thin layer ofcoaxial nanofibers aligned perpendicularly to two wires ground elect(6apsge

4-31a), as schematically report@uthe electrospinning setup Bigure4-25. The electrospinning
process was set in order to have a uniform distribution of the nanofibers over the collecting area.
The nanofibers were thetovered with a gld coating by means dpuorum SC7620 Sputter
Coater The final part of the nanofibers (1 cm length) was not metallized in order to avoid electric
contact between the core and the metallizaftogure4-31b). The piezoelectric nanofibers were

then placed over a Teflon suppofhe same procedure was repeaded the second layer of

aligned nanofibers was disposed perpendicularly to the previous one.
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Shell electrodes manufacturing

With the aim to guarantee flexibility to the sensor and avoid any mechanical discontinuities,
carbon black based electrodes were adoptee sblution compositigrthe deposition procesd

the electrodes and the polymeric matrix used as embedding medium (blend of polyurethane and
epoxy resin) are the sardescribed in sectiof.1.5and4.1.6 Before curing, the metallized edge

of the nanofibrous mat was deposited orutheurecelectrodeA further carbon black badéayer

was depositedn itto create a sandwidike structure for the electrical contact with the metallized

part of the shell of the nanofibers. The same process was repeated for the other 90° oriented shell
electrodeas shown ifrigure4-31c. The curing process was performed at 50°C for 2 hatis.

signal cables weralsoadded during the curing process.

Nanofibers integration

The body of tle piezoelectric sensor was made by integrating the nanofibers in the same
embedding medium described in sectoh.5(55%wt epoxy resin, 24%wt polyurethane, 21%wt
cuing agent). The blend was poured on Teflon supportare for 2 hours at 50°C. The choice

of the same polymeric blend both for the carbon black based electrodes and for the embedding
medium results in a good adhesion at the interface. Metallic elessadk asoppemwirescould

cause structad failures in case of bendin§igure4-31d).

Core electrodes manufacturing

Thecore electrodes are the ones designated to collect the charges flowing through the core of the
nanofibers. They are carbon black based electrodes anddhgbosition is the same used for the

shell electrodesAs proof of concept i this work three core electrodes were designe&ach

side of the sensor. Before their deposition, eachmedtlized side of the sensor was fragile
broken in a nitrogen baih order to have a smooth and clear cross seetiea(Figure4-31e).

Thus, he whole cross section assaf the core of the nanofibergere exposedand the carbon

black based solution was deposited on them to create the electrical ¢brgact4-31f). The

curing processwas then carried out for 2 hours at 50°C and sigmdlles were added.
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Figure 4-31 (a) Aligned coreshell nanofibers; (b) partial metallization of the nanofibers; (c) CB based electrodes for
shell signal; (d) integration in hosting matrix; (e) fragile cut in nitrogen bath for the core exposing; (f) €8 bas
electrodes for core signal

Themanufactured sens{ cm x 5 cm)f Figure4-32is a 3x3 matrixwhere the grid disposition

of the coreshell nanofibergeneratesraoutput piezoelectric signal higher in the region stressed
by a mechanical impackt is worth noting thatte precision of the impact localization can be
improvedby increasing the number of core electrodes. Ideally by connecting the core of each
nanofiter to a micrometric exterior CBased electrode, the precision the sensor in impact

localization could be enhanced up to a micrometric scale.

|

L.§

Figure 4-32 Piezoelectric position sensor
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4.2.7 Characterization technique

Electromechanical tests were carried out to validate the effective working of the sersuoswn

in Figure4-33, the nanofibrous piezoelectric sensor was fixed on a support placed oveNa 300
capacityload cell (Model 1042, Single point load cells, Teddantleigh) The slider initial
position of a linear motor (LinMot, linear motor) was fixed such fre@htthatthe amplitude of

the impact force on the piezoelectric sengasequal to 100 N. The indenter headiameter equal
to1cm. The impact position adhesurface of the sensor was varied in all the 9 sensitive positions
of the 3x3 matrix and theutput piezoelectric signals of tisiell andcore electrodes were
simultaneously acquired by means of a digitscilloscopeTektronix DPO 5034).

The piezoelectric response of the sensor and the impact localization efficiency are discussed in

section6.12.

Figure 4-33 Linear motor impacting theensor in three different sensing positions.
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4.3 Self-sensinglaminate based onpiezo-ceramic
nanopowder

4.3.1 Context

Piezoceramic piezoelectric materials such as PZT present higher piezoelectric coefficients if
compared with the polymeric ones. They are often used for elastic waves detection thanks to their
higher sensitivity. As previously mentioned, Saeedifar et al. desigmedight PZT wafers
network attached on a CFRP composite plate surface for accurate damage locplizptioair

disks were successfully attached on the CFRP surface for the detection of acoustic waves
originated by the debondingf structural componentd10]. Higher precision in the damage
localization could be achieved by integrating the PZT sensor into the composite laminate, as
denonstrated by Yang et diL11]; but mechanical damages and crack initiation could caaer

to the brittle morphology of the PZB80].

For this reason, efforts have been made to reduce the intrusiveness of the PZT by using different
shapes, such as PZT microfibdisl2] or powder[113]. The highly fragile nature of the
microfibers resulted in dispersion problems in the matrix, whereas PZT powder represented a

viable solution for the functionalization of the laminate without affecting its inherent strength.

In this section, a seBensing compsite material was designed and manufactured by dispersing
piezoelectric PZT powder inside the epoxy matrix of the laminate. In particular, the PZT powder
was interleaved between the GFRP prepreg plies of the laminate together with thin brass sheets
electiodes to collect the piezoelectric signal. The effects of tharsatmmetric powder omhe
mechanical performances of the laminate were comparedheithffects othe integration of a
commercial PZT disk. Moreover, PZT/GFRP volume ratio were exploreerims of impact

resistance of the hosting laminate and segerformance.

A piezoelectric model was used to correlate the volumetric fractibthe two phases and the

polarization process of the laminates with the electromechanical responses to impac

4.3.2 PZT ceramic powder

The PZT powder was produced starting frtta PZT commercial sensaf Figure4-34a. The
sensor was thermally treated at 350°Corder to remove thaitial polarization (PZT Curie
temperature= 300°C) and to buhe adhesive glue between the PZT disk and the commercial
brasselectrode. The disk was then grindesing an electrical mill for 20 seconds (IKA A 10
basic) TheobtainedPZT powdeis visible in the SEM images &igure4-34b. The PZT patrticles
sizepresentsa bimodal distributiorwith one peak a2 4 . 6 Nn ahdand @ seeond peak at
2.06 N 0.26 &m.
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Figure 4-34 (a) PZT commercial disk; (b) SEM images of PZT powder obtained after grinding

4.3.3 Laminates manufacturing

In order to ewaluate the effect of theZT and GFRP volume fractions, 11 different laminates were
manufactured. The number of GFRP plies within the electrodes was varied (2, 4 and 8) in order
to change the volume fraction of GFRP. On the other hand, the PZT powder was deposited in the
midplaneof the laminates with different areal densit{860, 1200 and 2400 g#An

In this way, the effestof the different stacking sequences and PZT volume fractions can be
investigated in terms of impact resistance and piezoelectric signal response.

The fébrication of the 9 laminates with PZT powder interleaffd/D laminates)s summarized

in the schematic representation FEifjure 4-35a. With the aim tocompare the PZT powder
piezoelectric performances with a commercial sensor, a COM laminate was fabricated by
interleaving in the midplane a PZT commercial disk as provided by the manufa&tigrene(

4-35h). Moreover, for the sake ofiechanicatomparison, a pristine nesensing laminate was
producedby stacking 10 GFRP plies, without any piezoelectric element (REF lamitigtee

4-35c). The use of 10 GFRP plies was done with the purpose to compensate the thickness of the

piezoelectric element and to make all the laminateshanically comparable.

All the specimens were composed of woven layers of GFRP prepiglgq&8H Satin 300 g/m2

- epoxy matrix, VV300S- DT121H34 DeltaPreg, 50 x 50 x 0.245 mnihe interleaved
electrodesarethin circular brass sheets 20 x 0.1 nm for the upper electrode and30 x 0.1

mm for the bottom one)except for the REF laminate (no electrodes are used) and the COM

laminate, where the electrodes are the commercial layers bonded to the PZT disk.

The curing process was carried out for 2diflsowith a threesteps cycle in order to facilitate the
impregnation of PZT within the GFRP pliig5].
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P600-G2 P1200-G2 P2400-G2
P600-G4 P1200-G4 P2400-G4
P600-G8 P1200-G8 P2400-G8

: E
u COM REF GFRP ply

Brass electrode
PZT powder

PZT comm. sensor

Figure 4-35 Laminates stacking sequences configurationsta@jnate with different amounts of Pidwder areal
weight and GFRP plies between the electro@@slaminate with embedded commercial sensoreference non
sensing laminate

4.3.4 Polarization
The polarization process was carried out on every specimen at the same electric field and
temperatug conditions. First, the process parameters are described in this section, then a

polarization model based on the different volume fraction is proposed.

Polarization process

The PZT powder, once integrated in the GFRP laminate, does not present any piezoelectric
behavior as thénitial polarization wasliminatedby the previousthermal treatment. For this
reason, a poling process is required to align the ferroelectric dobyadpplying a strong external
electric field[114]. The poling process was thearried out for 24 hours at 100°C &yplying4

kV/mm to the specimens. Even if the Curie temperature of PZT is consideigiidy than 100°C,

higher temperatusawere not feasible for the systeas damages could occur to the polymeric
matrix (Tg=132°Q. In the end, thesystemwas cooled down to room temperature at 2°C/min

keeping the electric field on.
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Polarization model

As described in sectioh 1.4 the piezoelectrielementtan be modeled as a multilayered system
where the GFRP plies and the PZT layer are connected in series as schematically reported in
Figure 4-36, where each phase can be represented as a resistanté Y in parallel with a
capacitanced , 6 ) [96] (where the superscrift and"Orefer to the PZT and GFRP phases,
respectivey).

DC Voltage

generator CP r} RP
L
_I_

BEL;

Figure 4-36 Polarization lumped model of the piezoelectric composite, where the PaipéBcript) and GFRP (G
supescript) phases are modeled as a capacitance and a resistor in parallel.

By appl yi ngslaws & th& equivalbnh airduit, the effective electric field applied on

the piezoelectric phase can be calculated as follow:

Z 7z 7%z , @

o T/ ™

where:O is the electric field applied to the composite laminate (4 kV/r@njs the steady state
electric field applied on the PZT phase;, and’ are the dielectric constarthe conductivity
and volumetric fraction, respectivelyis the time constdamepresenting the time the system needs
to reach the steady state regime, as previously described. Equéitrsnd @.7) are derived by

equations4.1) and &.2) by using the volumetric fractions instead of the thicknesses of the phases.

The electrical properties of the GFRP and PZT phkdseand, ) were measured at 100°C and

ambient temperature, as reporiecgectiord.3.6

Moreover, in order to préct the piezoelectric response of the PZT powder interleaved in the
laminates as function of the applied electric fi€d, electrical tests were performed on PZT
bulky disks. The'Q of the PZT diskwas evaluated for different poling electric field intensities.
The commercial diskweretreated firstly in muffle to remove the initial polarization, as described
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in paragraplt#.3.2 Then, eacZT disk was polarized at 100 °C (composite poling temperature)
at different electric fieldnagnitudedor 24 hours, in the range 0.1 + 3 kvV/mm. Electric fields
higher than 3 kV/mm resulted in electrical breakdown acrossett@nic layerDifferently, in

the PZT powdebased laminates, it was possible to apply 4 kvV/mm as the electric field distributes

differently on the GFRP phase and on the PZT phase.
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Figure 4-37 PZT piezoelectric strain coefficief vs poling electric field for 24 hours at a temperature of 100
°C.

In Figure 4-37, the experimentally measuré@ piezoelectric strain coefficients dhe

commercial PZT disks am@ported as black dofsr different electric field magnitude3hose
experimentaldata were then interpolated with the exponential functiesciibed in equation

(4.8), by using the nonlinear least square method:

Q w2 p Q &) &
where the fitting coefficients¥to and Gare equal to 614€C/N, 2.19mm/kV and 143pCIN,
respectively. The interpolating equatiorrépresented in the graph by the dotted line and has a
coefficient of determination @Requal to 0.985As it can be observed, tf2 rapidly increases

with the electric field and then stabilizes at a value of gI&G® for poling fields >2 kV/mm.

4.3.5 Piezoelectric model of the laminate
Depending on the amount of GFRP between the piezoelectric element and the electrodes, the flow

of the generated chargéswards the electrodes is affected. Consequently pteeoelectric
response amplitude of the lamindepends on the volume fractgof both PZT and GFRP. The
piezoelectric behavior of the laminates can be describel @siple onalimensional series

comection model of the two phases, as depictdddare4-38.
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GFRP phase

PZT phase
GFRP phase

Figure 4-38 Micrograph (a) and equivaldrseries model (b) of the saénsing laminate.

Then, according tfil15] and[116], in case of a series connection model, the piezoelettam

(Q ) and voltagg™Q ) coefficientsfor the composite laminate can be obtained as follow:

QT "Q TP T

whereQ and’Q are the piezoelectric strain coefficients of the PZT and GFRP phases, while
"Q and"Q are the piezoelectric voltage coefficients of the PZT and GFRP pliagpestions
(4.9 and(4.10 can be simplified considering that the piezoelectric strain and voltage coefficient

of the GFRP phases are null.

Moreover, a connection with the polarization model can be establishedmszbelectric strain
coefficient of the PZT phas@ of equation 4.9 can be calculated by equatich8) of the
polarization model described in the previous sectiorthe same way, repeating the procedure

on equatior{4.10), the piezoelectric voltage coefficient of the compo$itecan be obtained.

4.3.6 PZT and GFRP phases characterization

The polarizatio and the piezoelectric model predictions are based on the electrical properties of
PZT and GFRPTheelectrical conductivity, for PZT and, for GFRP and the permittivity

(- for PZT and for GFRP)are measured at 100°C for the polarization model, whereas for the
piezoelectrianodel those values are measured at ambient temperiideed, the polarization
process is conducted at 100%thoughthe real working of the senstakes place at ambient

temperature.

To measure electrical conductivithet samples (0.24 mm thick of GFRP &8 mm thick PZT
disk) wereplaced betweetwo electrodes anen electric field of 1 kvV/mm was applie@ihe

charging current flowing through tlspecimensvas measureldy a piceamperemetefKeysight
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B2981A) from the electric field switching on momemttil the steadystate conduction current
was reached. The high voltage electrpdesentsa 5 mm diameter while the lower electrode
consists ofa central electrodfor the measurememf 15 mm diameter surrounded by & &hm
guard ring connected theground(Figure4-39a). Each sample was preliminarily sputterated

with gold replicating electrode area the sample as shown irrigure4-39%b.

a HV generator b
Specimen &AD

|

Figure 4-39 (a) Electrical conductivity setup measurement;rtietallized sample.

The dielectric constants of the single phases were measured by means of the dielectric analyzer
(Novocontrol alpha dieledt analyzer B2.2) in the frequency range of 010" Hz.

To summarize, the measured valogédoth conductivity and permittivitgre reported ifmable
4-9,

Table4-9 Electric properties of PZT and GFRP phases, measured at 100°C and 20°C.

O @20AcCc|U @ 100A G =°C 8 @ 100A
(F/m 101?) (F/m 107 (S/m 10%) (S/m 10%)

PZT 15937 20364 223 2600

GFRP 58 60 4 143

Comparing PZT and GFRP permittivity values, a difference of threeswtieragnitude can be
observed for both temperatures. The conductivities difference between the two phases at 20°C is
two orders of magnitude, which drops to one order of magnitude at 100°C. This conductivity gap
reduction between the two phases at 100s’Crucial for the polarization processs will be

described in the results section.

4.3.7 Signal conditioning
The acquisition circuit of a piezoelectric element connected to an instrumentation amplifier
described in sectiod.1.9can be adapted, in this case, for the-sefising laminates with PZT

powder as schematically representeéigure4-40.
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Figure 4-40 Equivalent electric circuit of the piezoelectric laminate

The selfsensing laminate can be modeled as a charge gen@ratonnected in parallel with its
resistance and capacitané @nd0 respectively), wheré’ is generally high enough to be
omitted[44]. The electrical charges generated by the PZT are collected by the two brtasdedec

and flow through the cables () to the amplifier resistanc¥ , generating a potential.

The measured cables capacitance was equal t
according to the INA118 Texas Instrument supplier datasheetsighal was acquired by a

National Instrument NI 9215.

4.3.8 Characterization techniques of the composite
The selfsersing laminates were characterized in termlefctrical propertiesifipedances and
piezoelectriccesponsg) and mechanical resistandghe instrumentations antle methods used

for these analyses are reported in this section.

Composite electricaleasurements

The capacitanasof the sensing laminates wareasured in the 40 Hz + 400 kHz range by means
of the pecision impedance analyzer Agilent 4294&owing thecapacitanc®, the electrodes
surface"Yand their distanc@for each composite laminate, the dielectric constant is derived as

follow:

0 Q

~ ®p

The piezoelectric responses of the sensing laminates were evaluated with a compressive cyclic
load by means of a hydraulic testing machine Instron 8033, equipped with a 25 kN load cell.
compressive forcescillating between 0.5 kN and 1 kN at 25 Was gplied on the specimen

fixed on a support, by means of a 10 mm diameter indefigure4-41). The frequency value

was chosen as result of the cuteéfduency calculation of the system. Indeed, with an equivalent

capacitanc® (comprising the sensor capacitariceand the capacitance of the calbe}equal
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to 14.2 pF anty =10G q, the cutoff frequency was calculated to be equal to 1.1 Hz. Theref

25 Hz is a value sufficiently high tme above the 8B cut-off frequency of théY Ocircuit.

Figure 4-41 Cyclic force indentation setup.

Once the voltage outpmbf the laminates were measured, the piezoelectric properties of the
laminates can be calculated in termpiezoelectric strai® (m/V) coefficientandpiezoelectric
voltage coefficienfQ (Vm/N). According to[116] and[117], the’Q coefficient isgenerally

used to describe the capability of the piezoelectrieratto work asan actuator, whereas the

"Q coefficient is preferred for sensing applications.

Knowing the equivalent circuit parameters of the sensanectedo the amplifier described in
Figure 4-40 and the voltage generated by the applied force, it is possible to calculate the
piezoelectric strain coefficient of the composite lamifate Fora sinusoidal load, according to
[116], the signal magnitudgisand plase shife for a piezoelectric sensor can be expressed as

follow:

5 ——— OAT — B

wheret 'Y 0 is the time constant.

For high tfvalues, as in this case, equatidrl@) can be simplified as

3.15 e o
and théQ value can be simply calculated. Finally, tie coefficient can be calculated as the
ratio between th€ and the dielectric constant of the composite matetal ( Q j - ).

This procedure can be replicated for the calontatf the PZT phase piezoelectric coefficients
(Q andQ).
The experimental results atempared with the model predictions in sectoh.3
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Low velocityimpact tests

Low-velocity impact tests were performed to investigate the effect of the interleaving of the
piezoelectric element (PZT powder and disk) between the GFRP plies on the mechanical structure
of the laminatesThe ests were performed on a low velocity impact machine with a 1.3 kg
impactor mass equipped with a PCB 208CO05 load cell and a 12.7 mm hemispherical steel tip, as
described irf118] and show in Figure4-42.

The specimens were fixed over a support plate avil® mm diameter cylindrical hole, in order

to increase the shear stress. The impact energy was e§ubhtuthe impactelocity was equal

to 2.2 m/s. Micrograph analysere performed on the crasections of the laminates to evaluate
the damages dhe structure and to compare the effect of the PZT powder integration with the

PZT commercial disk oneas discussed in detail in sect®i.3

Figure 4-42 Low velocity impact setup.
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5. Design ofpiezoelectric
energy harvesting

5.1 Context

Among the various applications of the piezoelectric materials, energy harvesting devices are
attracting great interest irecent yearsThanks to their transducing mechanism, electronic
systems for extracting energy from body movements, walking or vibsatltave been
successfully developed. A wide variety of piezoelectric nanogenerators (PENGs) was
investigated, relying on different piezoelectric materjats9], [120]. For instance, zinc oxide
(ZnO) piezoelectric properties were deeply studied by manufacturing energy harvesting devices
based o ZnO nanowires (NWSs) array$21], [122]. Moreover, piezoelectric polymers such as
PVDF and its copolymers are promising candidafer the development of flexible
nanogeneratorg[50], [123]), suitable for wearable applications or curvilinear geometries.
However, their low piezoelectric strain coefficiédt (~25 pC/N) makes them preferable for
sensing applications, differently from ceri@ piezoelectric materials such as lead zirconate
titanate (PZT) which presen€s values of one order of magnitude higher than the PVDF ones
[39].

Wearable energy harvesting devices can be placed in strategic points to enhance the mechanical
stress on the piezoelectric eleméntiteraturetypical applications calne found for piezoelectric
energy harvesters integrateddithe shoe. Antaki et gl124] proposed a stack of cylindrical PZT
integrated in a structure that amplifies the force on the piezoelectric element. Tk higlue

of the PZT led to a peak of 700 mW extracted powée 'Q piezoelectriccoefficientwas
exploited to harvest enerdgsom the bending movement of the sole. A stacked configuration of
PVDF sheets was observed to genesafeak power 01.3 mW [125]. Apart from he shoe,

othess high kinetical energy points of the human movements are the knee, elbow and wrist. By
mounting a freemoving mass on a frame, useful electrical power was generated by the impact of

this mass on piezoelectric cantilevers positioned at tHeokthe frame. When mounted on the
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human wrist, such a device can theoretically generate up tpW¥an¥ [126]. A rotary
piezoelectric device designed to be attacheth&éoknegoint was characterized in terms of
harvested energy (in the range betweend4®0eJ) asa function of the angular speg¢ti27].
Feenstra et al. developed a novel energy lséingebackpack that can generate electrical energy
from the differential forces between the wearer and the [d28. By replacing the strap buckle

with a staclkdpiezoelectric actuatpa mearpowerof 0.4 mW was obtained from the system.

In addition to improving power harvesting efficiency and energy generation capabilities, recent
researches have focused on modifying the power harvesting circuit by adding devices such as
capacitors and supercapac# for energy storage. Indeedgspite these advancements, the
working of the described energy harvesters is highly dependent on when and where they are
available, making the energy storage devices essential for a stable power $dpgtyof the

circuits are based on a bridge rectifier that converts the alternate current from the energy harvester
into direct current for charging batteries or capacifh29]. For instance, Hu et al. coupled a
piezoelectric nanogenerator based on ZnO nanowires (NWs) with a capacitor for the power
supply of aradio-frequency transmittgil30]. Yuan et al. also fabricated a pajersed flexible
supercapacitor charged by a piezoelectric nanogenerator up to 2.6 V[ib3l], lighting a LED

for abou 5 min.

In this work, the experimental campaign for the development of energy harvesting teghnique
based on piezoelectric materials was developed on two main parallel tracks. First, the power
transfer circuit from a piezoelectric generator to an extdozal was investigated; then the
coupling circuit of a piezoelectric material with an energy storage element (capacitor) was
optimized.

Moreover, with the aim to integrate the piezoelectric element in a hosting composite laminate
(such as the prosthesisle in MyLeg project), the piezoelectric response of PZT nanofibers was
optimized for energy harvesting purposes. Indeed, comsipire higherfQ coefficient of the
ceramic PZT disks compared with polymeric (PVOGHFE) films, PZT nanofibers represeat

promising solution for energy harvesting applications.
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5.2 Power transfer

In this section, He possible extractable pow&ras evaluated foceramic and polymeric
piezoelectric material In particulargvery piezoelectric samphas been investigated in terms of

power transferred to a variable resistive load connected to the circuit.

5.2.1 Piezoelectric materials

The piezoelectric materials used in this section are a PZT commercid diskrt thickness and
6 mm of diameter) and a nafibrous layer of PVdHTFE polarized and embedded in PDMS
matrix, according to the procedures described in sedtibdand4.1.5 as shown irfrigure5-1.

Figure5-1 (a) PZT disk and (b) PVdFrFE nanofibers integrated in PDMS matrix

5.2.2 Acquisition circuit

The piezoelectric strain coefficieft of each piezoelectric material is calculated by means of

‘Q -meter Q PiezoMeter System, Piezotest, Singapasew.piezotest.com

In order to reach the maximum power transfer condition, the impedance of the acquiring system
has to be tuned with the impedance of the piezoelectric generator. With this aim, the piezoelectric
response of the samples has been evaluated over a wide frageresistancey |, according

to the equivalent electric circuit &igure5-2, wheren} is the piezoelectric charge generator,

and’Y are the capadiance and the resistance of the piezoelectric device respectivel/the
capacitance associatexthe cables of the circuitaid  was varied. The voltage measurement

was performed by the electrometer (Keithley 6517B, input impedance Y200
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Figure 5-2 Equivalent circuit for power transfer from a piezoelectric element
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5.2.3 Characterization techniques

The power transfer capability of the piezoelectric specimens was evaluated over a frequency range
from 2 to 100 HzThe piezoelectric samples were fixed on a support using conductive tape as
electrodes and their surface was stressed by a shaker with ena@riitude forcemeasured by

a load cell as shown inFigure 5-3a. The measurements acquired by the electrometer were
displayed on a digitaiscilloscopdFigure5-3b). Higherapplied forcegup to 90 N)were applied

on the PZT dislby means othelinear motordescribed irFigure4-33in order to achieve higher

values ofpower transfe

Shaker

<AD— Oscilloscope

Load cell

Piezoelectric
sample

Figure 5-3 (a) Test setup with the shaker; (b) electrical circuit for the acquisition of the piezoelectric output.
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5.3 Energy storage

In the case the energy collected by the piezoelectric circuit should be stored, a capacitor can be
addedto the system.Considered théigherQ value of the PZT if compared with the PVAdF

TrFE, in this section the experimental tests were carried out by th&irngramic diskf'wo main
investigations were conducted on the possibility to charge an energy storing unit. Preliminary
tess werefocusedon thechargingof a capacitofsection5.3.1); then a deep investigation on the
coupling system of a piezoelectric stack configuration with a supercapacitor wiesl carr
(section5.3.2.

5.3.1 Capacitor charging
A single PZT disk was firstly tested under the effect of mechanical stress typical of wearable
applications. Then, Gait cycle typical loads (up to 700 N) were applied on a parallel connection

of multiple PZT disk integrated in the sole of a shoe.

Capacitor charge

The energyOstored in a capacitor can be expressed as follow:
0O -0zw uP

whereo is the capacitance andlis the voltage of the capacitor.

In thiswork, a 100 nF capacitor was used and the PZT disk was mechanically stressed by the
linear motor ofFigure 4-33, with 30N, 60 N and 90N sinusoidal loads a2 Hz frequency
(wearable applications typical frequehdgr 50 s.A bridge rectifier was connected before the
capacitor in order to rectify the negative part of the waveform and the piezoelectric output is
measured by the electrometen éscilloscope was also connected for a real time monitoring of

the waveforms. The circuit configuration is schematically representédune5-4.

Bridge rectifier

PZT disk —
Capacitor

>

Figure 5-4 Electric circuit for capacitor charging.
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Sole test

In order to simulate a cloge-reality condition, four PZT disks were fixed in the heel of the sole
of a shoe during a 5 minute walk of a 70 kg person.

With the purpose to increase the available energy, the four PZ3wiis& disposed in parallel as
shown in Figure 5-5 and the energy produced was stored in a 47 PF electrolytic capacitor,
connected with the same electric circuit Bigure 5-4, without the electrometer and the

oscilloscope.

47 uF !
electrolytic %

capacitor

4 PZT connected in parallel

Figure5-5 Test on the sole

5.3.2 Piezoelectricsupercapacitor coupling

A stack system oPZT disks wasused as energy harvesting source to charge a supercapacitor
made of a glass fibdrased commercial separator and organic electrolyte. Aluminum foils with
activated carbon YBBOF and sup€45 additive were used to realize water processable electrodes
by means ofa pullulan-glycerol binder.Electromechanical tests were performed in order to
estimate the charging time and the harvestable energy from the piezoelectric transducers. The

piezoeéctricsupercapacitor coupling circuit comprises a-Wudlve diode bridge rectifier.

The supercapacitor was developed and manufactutethaa Depart ment of Chemi s

Ciamiciano of the University of Bologna.

Single PZT disk characterization

The piezoelectric strain coefficiel®® of the PZT disk was evaluatedingthe Piezometeiby
stressing the samples with a compressive sinusoidal force of 10 N at 100 Hz frequency.
Furthermorethe measurements of capacitance, permittivity and resistance have been performed

by means othe Novocontrol Alpha Dielectric Analyzer v2.2.is based on a voltage amplifier
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for the application of variable frequency electric fields and a measuringooefirising the high
voltage and ground electrodes. Measurements of the capacifahd® Af and permittivity-

of the PZT disk have been carried out by applying an oscillating electric field in the frequency
rangelO!and 10 Hz.

The propertiesf the PZT ceramic disk are summarized able5-1.

Table5-1 PZT disk properties

F—(nF) 1 HA ®  (pCIN) £, |
PZT disk 21.1 0.0352 200 1445 0.0156

Energy harvesting unit

After having characterized the single piezoeledtis, multiple PZT diskhave been stacked in

a proper way to builthe piezoelectric energy harvestingit. This solution consists in physically
stacking the piezoelectric dis one on top of the other, building a mechanicalsatiies. Each

PZT diskside faceshe adjacenPZT disk one while eachbrasselectroddacesthe adjacenbrass
electrode So, it has been possible to have one single electrode made of copper adhesive tape
connecting the same side, brass or PZT, of two different piezoelectric transducers. As a
consequece, this configuration permits to have N+1 outcoming electrodes for N piezoelectric
elements, tbs significantly reduing the system dimensions

Following the explained building strategy, 15 piezoelectriksligere stacked together to hawve
considerableslectrical output which can be ustxt the supercapacitor chargings shown in
Figure 5-6. The whole piezoelectric energy harvesting gatwrhas been placed overstiff
insulating layetto preserve its consistendygvery electrode coming from the same piezoelectric

transducer 6s s whiletheelecuosles of thé sameatypevarerkept together to get

the electrical parallel dput.

Figure 5-6 Piezoelectric energy harvesting unit
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Piezosupercamcitor coupling system

The electrical circuiusedto couple the piezoelectric energy harvester with the supercapacitor
consists of a full wave diode bridge rectifier. It is a valbwn solutionthathas the advantage

of being composedf only passive components and for this reason many researcherdbaga

this coupling circuit. The main losses of this configuration areinhesénh e nat ur e of t he
working principle.The full wave diode bridge rectifier consistdafir SD-103-A. They are small

signal Schottky diode@/ishay) which can work th a peak inverse voltage smaller than 40 V

and present d&ow forward voltage drop which is about 370 mV for a 20 mA curréhe

piezoelectric generator is mechanically stimulated by a sinusoidal force and gives an alternating
electrical output which pass through the full wave diode bridge rectifier and, once it has been

rectified, goes to th&ingle Pole Double ThrowWSPDT) relay. The SPDT relay has been

introduced inside the circuit to easily swapmt he s uper c ap aicliitttoothebs c har
dischargingone as schematically representedrigure5-7.

—— Supercapacitor ‘|

Piezoelectric

Generator t Diode Bridge ¢

A D

Figure 5-7 Scheme of the electrical cirtwsed to couple the piezoelectric generator with the supercapacitor.

For the chargingtage the current leaves the diode bridge rectifier and flows through the SPDT
relay because NC and COM are conneciteteasured in the ammeter and then charges the
supercapacitor, while a voltmeter measures the voltage across the supercapacitor. During the
discharge process, the current coming out from the diode bridge gets blocked ramtdezah

the supercapacitor anymore. Indeed, the relay now connects NO avid ci€ating a circuit

where the supercapacitor discharges on a fisedde resistive loadY ) and thecurrent and

voltage datare acquiredboth duringthecharge andhedischarge processes. The discharge tests
werecarried out on a resistive load of 1€ KThisresistance valugas chosen in order tdearly

see the initial ohmic drop caused by the equivalent series resistance (ESR) of the supercapacitor
and toincreasehie’Y ¢time constant of the circuit such in a way to properly appreciatettage

and current trends over the time.
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5.4 PZT nanofibers

The manufacturing process of the nanofibrous ceramic PZT mats was carried out in the
Department of Chaemicitaryo Adsfi atclbanoUrCiiverthd ty of

production process of the PZT nanofibers and their polarization process are described.

5.4.1 PZT nanofibers production

The first step consistef the realization of precursors polymeric solutions alé for the
electrospinning processhe precursor solutions were basedlead (II) acetate trihydrate
zirconium (IV) npropoxide titanium (IV) isopropoxide glacial acetic acidand 2-
methoxyethanolTo achieve the rightheological properties carrier polymefPVAc) was added

to the precursors solutian order to obtain a stable electrospinning procElss.obtained pristine
nanofibers were heat pteeated in the oven and later calcined at 700°C in air. During the
calcination process in air the organic polymer completely degraded and PZT crystal nucleation
and grain densification occurred, thus leading to PZT nanofibers.

The most relevant problem of PZT nanofibers regards their extreme brittleness. hazed,
very low pressure leadto mechanical degradation of the nanofibrous matsyentingany
possiblepiezoelectric characterizatio@onsequently, a mechanical stabilization procedure was
conceived by pouring small drops of Nyt66-based polymeric solution ohda nanofibers. As
the solvents evaporatethe nanofibersverecoated by the Nylo#%6 andthe nanofibrous layer
tremendously enhanced its mechanical stability. In this way, bending and compressive
deformationdimitedly impact the morphology of the laydesides itsoughnesand flexibility,
Nylon-66 was adopted ascoating polymer considering also its high melting point (>250°C),
which prevents thermal degradations during the polarization processl3000). A PZT
nanofibrous mat can be observed-igure5-8a and the SEM images &figure5-8b shows the
fibers morphology and the Nyle®6 coatingDifferently from the polymeric nanofibers of PVdF
TrFE, some breakagesong the fibers are observaplait the NylorR66 coating maintains the
structure integrity at the macroscopic level.

Figure5-8 (a) PZT nanofibrous mat; (b) SEM images of PZT nanofibers with M@aoating
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5.4.2 PZT nanofibers polarization

As previously mentioned, the piezoelectric behaviorad®ZT sample can be enhanced by
applying a strong external electfield in order to align the ferroelectric domains of the material
in the electric field direction. The process is carried out at high tempegatithethe aimto
facilitate dipolemobility. The Curie temperature of PZT i8@®C, but such a high temperature is
not affordable for the setup instruments. Nevertheless, literature reports poling g0t &X&T
nanofibers even for values lower thaf 3o the temperature used in this work wasas@B80°C
and thepoling setup was the samekifure4-3, used in case of PVARFE.

As previously described in detail (sectidrl.4), the polarization process a nanofibrous layer
can be modeled as a multilayered system where the electric field distribution depends on the
electrical properties of theomponents of the system. Consequenthg polarization ofa
nanofibroudayer strongly depends on the embeddmedium where the process is carried out.
According to equation?), the higher the conductivity of the embedding medjum, the higher
the electric field applied on the nanofib€s . At the same time, the conductivity cannot be

too highin order to avoid electrical breakdowns across the sample during the process

The experimental campaigiimedto identify theproper embedding mediuto be used in the
poling process that maximigehe piezoelectric behavior of tHeZT membranes. The same
embeddingnedium materialdescribed in sectiofh.1.4(silicon oil, seeds oilesteroil and blend
of polyurethane and epoxy resmégre testednd théQ valuesweremeasured for each specimen
by means of a Piezometétigure5-9). The polarizing electric field valuand the conductivity
values of the embedding mediums are the sasi@able4-2, whereas the duration time of the
process was equal to 30 minutes.

Nanofibers not integrated in hosting matrix
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Figure5-9 dsz values of PZT layers polarized in different embedding mediums
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Similarly towhat was reported for PVERFE specimens, the highest piezoelectric coefficient is
registered for a polarization process carried oasteroil, which is themost electrical conductive
medium used in this experimental telgtoreover, 100 pC/N is & value comparablevith
commercial PZT disk (36850 pC/N).

Afterwards,as previously described in sectidrl.5for PVAFTrFE, the PZT nanofibers were
integrated with a polymeric soft matrix made ablend of epoxy resirfltapox 108, kindly
provided by Ddchem S.lL.r., Verona, ltaly) and blocked isodgapalyurethane prepolymer
(Synthane 2095, Synthesia Technology, Barcelona, Spiie)Q values of such composite
piezoelectric layers were measured and compared with a further piezoelectrio lapeh the
poling process was performed after thegration in the soft matrpas reported ifrigure5-10.

In this waythe softpolymeric matrix was considered a1 embedding mediunof the poling
process.

Nanofibers integrated in epoxy resin and PU blend
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Figure 5-10 ds3 values of PZT layers polarized in different embedding medinthsntegrated in a soft hosting
matrix.

The overaldecreasing of th@ values can be attributed to the stiffnegthe polymeric hosting
matrix which reduces the load transferred to the nanofibers. Hovilkeggrolarization process
ederoil resultsin & value of 40 pC/N, whereas the polarization performed after the integration

of the nanofibers in the hosting matrix resulted in a Id&ervalue (12 pC/N).

5.4.3 Characterization technique

According to the setup previously deseil in sectiorb.2.3and the equivalent circuit éfigure

5-2, a sinusoidal aopressive force was applied on the PZT nanofibrous layer at a frequency of 2
Hz. The’Y  value was varied in order to identify the maximum power point transfer and the
energy harvesting capability of thmezoceramiclayer. The energy harvesting capability are

discussed in sectio®i2in terms of both power transfer and energy storage.
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6. Resultsand discussion

6.1 Piezoelectric respons of the sedsensingmaterials

The results of the electromechanical characterizations of theeseding materials described in

the Chapterst and5 are illustrated in the following.

6.1.1 Self-sensingmaterial based on piezepolymeric nanofibers

Different analyses were performedcharacterizéheself-sensing laminate resporesed toverify

its ability to function as a sensor even for {requency applicationg.he piezoelectric output of
the sensor washaracterized in terms alrvefitting with the measured ground reaction force
and stability over the time by means of accelerated fatigueTestsignal linearity was evaluated
overa wide force range antié parameters of the signal acquisition circuit wkreply studied

with the aim tooptimize the sensing capability of the sensor for getadic loads

Together with the seldensing laminatehe flexible piezoelectric sensmported inFigure4-8e
was characterizesvithout beéng integrated with the composite material. The purpose is to
understand the effect difie integration in a GFR®atrix on the magnitude of the piezoelectric

output.

Piezoelectric response to sinusoidstimulus

The variation of thér Gconstant of the circuit dfigure4-16results ina variation of the amplitude
of the piezoelectric response anghase shifbetweerthe piezoelectricurveandthe measured
force [86]. In Figure 6-1 the piezoelectric outpudf flexible sensargenerated as response of a
200500 N peako-peak compressive sinusoidal load at a frequency of 2isHzported for
different’Y évaluesof theequivalentircuit by changing thealues ofY  andé . The test
setup is described section4.1.1Q The same tests are repeated for thesmising laminate, as

reported in the graphs &igure6-2.
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Figure 6-1 Piezoelectric output of the flexible sensor compared with the applied 2 Hz sinusoidal compression force of
300 N for different RC constant, obtained by changiig Bnd Cioad.
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Figure 6-2 Piezoelectric output afelfsensing laminateompared with the applied 2 Hz sinusoidal compression
force of 300 N for different RC constant, obtained by changiagaRd Cioad.

Similar behaviorare registered fahe pezoelectric outputsf the flexible piezoelectric sensor
(Figure6-1) and of the selfensing laminaté{gure6-2), butan attenuation of theiezoelectric
outputamplitudeis observable for the sedensing laminatedue to thgresence of thexternal
GFRP layer which reduces the load transferred tondrefibers For both the specimens, a
remarkablephase shift between thmezoelectric curvéorange curveand the load cell signal
(blue curve)ccurs in case of low values of thedconstant of the circuifis shown in the cases
ofY =1 Madd'Y =10MY. Thephase shifbetween the two signaits gradually reduced

by increasing the value &f , whose maximum value in this work was set atYl. @ this case

(Y =1GY),theamplitude of the piezoelectric response presents its maximum value, but still

a phase shift with the applied force curve is noticedlflerefore, a further increase of thie
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