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RESUME

Les matériaux piézoélectriques servent de transducteurs pour convertir linéairement I'énergie
mecanique en énergie électrique, et vice versa. Sur la base de cette capacité, une variété de
dispositifs piézoélectriques avec la géométrie, la performance et la fonction désirées ont été
fabriqués pour des applications de détection, de récolte d'énergie et d'actionnement. Parmi eux, les
dispositifs composites piézoélectriques tridimensionnels (3D) flexibles et conformes (particules
céramiques hautement piézoélectriques comme charge; polymeéres flexibles comme matrice) sont
trés en demande dans de nombreux domaines tels que les peaux artificielles intelligentes, les
capteurs et les collecteurs d'énergie portables sans-batterie, et la robotique flexible. Les méthodes
conventionnelles de fabrication des dispositifs piezoélectriques, telles que le moulage en solution,
I'enduction par centrifugation, I'extrusion par fusion et I'électrospinning, limitent la complexité des
structures fabriquées. Ainsi, les techniques d'impression 3D, telles que I'écriture directe a l'encre
(DIW), la stéréolithographie (SLA), le traitement numerique de la lumiére (DLP) et la fabrication

de filaments fondus (FFF) sont de plus en plus utilisées a cette fin.

En outre, pour établir la connexion électrique entre les structures piézoelectriques et les interfaces,
une étape supplémentaire est généralement nécessaire pour ajouter des électrodes sur les structures
piézoélectriques par peinture, pulvérisation et fixation de rubans ou de tissus conducteurs.
L'émergence de la technique d'impression 3D multi-matériaux offre un moyen efficace de
combiner les processus de fabrication de la structure piézoélectrique et des électrodes. L'objectif
de cette these est de développer des dispositifs composites piézoelectriques flexibles 3D avec des
électrodes pour des applications de détection piézoélectrique et de récolte d'énergie basées sur la

technique d'impression 3D multi-matériaux.

Tout d'abord, pour trouver le matériau piézoélectrique le plus approprié pour le processus
d'impression 3D multi-matériaux, nous avons imprimé des films de polyfluorure de vinylidene
(PVDF) a partir du filament de PVDF disponible dans le commerce en utilisant une imprimante
3D FFF. Nous avons constaté que les films PVDF, tels qu'imprimés, ont une faible teneur en phase
S électroactive (Fz) de 39%, il faut donc un processus de post étirement pour augmenter la Fz. Les
films PVDF étirés et polarisés d'une dimension de 40 x 20 x 0,06 mm? (longueur x largeur x

épaisseur) ont un coefficient piézoélectrique (ds3) de 7,29 pC/N et un Fs de 65 % a un rapport
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d'étirement (R) de 4 aprés avoir été polarisés sous un champ électrique de 30 V/um. Bien que le
dss résultant des films de PVDF fabriqués ait été considérablement amélioré de ~ 10-100 fois
supérieur aux valeurs rapportées connexes, le processus d'étirement limite les possibilités de

réaliser des géométries complexes avec le PVDF.

Par la suite, nous avons incorporé des nanoparticules de titanate de zirconate de plomb (PZT)
hautement piézoélectriques dans une matrice flexible de polyuréthane thermoplastique (TPU) et
extrudé le matériau composite en un filament imprimable par FFF (~1,75 mm). Le matériau
composite piézoélectrique, TPU/30vol% PZT, développé présente un allongement a la rupture
importante de ~56% et une valeur dsz de 6,8 pC/N apres avoir été polarisé par les parametres de
polarisation appropriés. Une technique d'impression 3D multi-matériaux FFF a ensuite été utilisée
pour fabriquer des treillis composites piézoélectriques flexibles 3D avec des électrodes a l'aide du
filament composite piézoélectrique que nous avons développé et d'un filament composite
conducteur (TPU/noir de carbone) disponible dans le commerce. Quatre types de réseaux
composites piézoelectriques 3D: cubique simple (SC), cubique centré sur le corps (BCC),
cuboctaédre (CH) et treillis en octuple (OT) (et un solide entierement dense (FD) comme référence)
ont été concus et fabriqués. Les performances piézoélectriques des treillis ont été comparées au
moyen de methodes expérimentales et danalyse par éléments finis (FEA). Pour une méme force
de compression maximale, le réseau OT peut genérer une tension de sortie environ deux fois
supérieure a celle de I'échantillon FD. A titre de démonstration, une semelle de chaussure
composite piézoélectrique OT originale et multi-matériaux peut générer une tension créte a créte

élevée (Vpp) de ~20 V par le piétinement humain.

De plus, pour fabriquer des structures piézoélectriques flexibles de forme libre ou conforme, nous
avons realisé un processus d'impression 3D DIW multi-matériaux dans un fluide de support. Le
fluide de support développe, composé d'huile minérale et de 6% (w/v) de silice pyrogénée, avec
une limite d'élasticité appropriée, se comporte comme un fluide de Herschel-Bulkley. Pendant le
processus d'impression, le réseau de silice fumée réticulée s'écoule temporairement sous la
contrainte générée par le mouvement de l'aiguille de distribution, puis revient rapidement a I'état
solide pour retenir I'encre déposée. Les compositions des encres sont les suivantes

polydiméthylsiloxane (PDMS)/30vol% de PZT pour l'encre composite piézoélectrique et

PDMS/25vol% d'argent (Ag) pour I'encre composite conductrice. Une caractérisation compléte des
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propriétés des encres (c'est-a-dire les comportements piézoélectrique ou conducteur, les propriétés
rhéologiques et mécaniques) et du comportement rhéologique du fluide de support avec les
différentes compositions a été réalisée. Trois démonstrateurs : un film plan multicouche, un
hémisphére non plan conforme et une structure 3D composée de six spirales imprimées
verticalement entre deux couches hexagonales (spirale-hexagone de forme libre) ont été fabriqués
et testés respectivement en tension ou en compression. Par exemple, en comprimant cycliqguement
la structure spirale-hexagone de forme libre a 8 Hz pendant plus de 800 cycles, un Vyp de 86.39 +
1,145 mV a été obtenu, ce qui montre la bonne durabilité du capteur piézoélectrique spirale-
hexagone développé et le potentiel de cette technique a étre utilisée pour fabriquer des structures
piézoélectriques de forme libre avec des électrodes.



ABSTRACT

Piezoelectric materials serve as transducers to linearly convert mechanical energy to electrical
energy and vice versa. Based on this capability, a variety of piezoelectric devices with desired
geometry, performance and function have been fabricated for sensing, energy harvesting and
actuating applications. Among them, three-dimensional (3D) flexible and conformal piezoelectric
composite devices (high piezoelectric ceramic particles as filler; flexible polymers as matrix) are
in great demand in many fields such as smart artificial skins, battery-free wearable sensors and
energy harvesters, and soft robotics. Conventional manufacturing methods for making the
piezoelectric devices such as solution casting, spin-coating, melt-extrusion, electrospinning, limit
the complexity of the fabricated structures. Thus, 3D printing techniques such as direct-ink writing
(DIW), stereolithography (SLA), digital light processing (DLP) and fused filament fabrication

(FFF) have been increasingly used for this purpose.

Additionally, to make the electrical connection between the piezoelectric structures (fabricated
using conventional or 3D printing techniques) and the interfaces, there is usually an additional step
to add electrodes on the piezoelectric structures by painting, sputtering, or attaching conductive
tapes or fabrics. The emergence of multi-material 3D printing technique provides an efficient way
to combine the piezoelectric structure and electrodes fabrication processes. The purpose of this
dissertation is to develop 3D flexible piezoelectric composite devices with electrodes for
piezoelectric sensing and energy harvesting applications based on multi-material 3D printing

technique.

First, to find out the most suitable piezoelectric material for the multi-material 3D printing process,
we printed polyvinylidene fluoride (PVDF) films from the commercially available PVDF filament
using a FFF 3D printer. We found that the as-printed PVDF films have a low electroactive S phase
content (Fp) of 39%, thus it requires post stretching process to increase the Fs. The stretched and
polarized PVDF films with a dimension of 40 x 20 x 0.06 mm? (length x width x thickness) have
a piezoelectric coefficient (dsz) of 7.29 pC/N and a Fz of 65 % at a stretching ratio (R) of 4 after
being polarized under an electric field of 30 V/um. Although the resulting dss of the fabricated
PVDF films has been substantially enhanced by ~10-100 times higher than the related reported

values, the stretching process limits the possibilities of making complex geometries with PVDF.



Subsequently, we incorporated high piezoelectric lead zirconate titanate (PZT) nanoparticles into
flexible thermoplastic polyurethane (TPU) matrix and extruded the composite material into an
FFF-printable filament (~1.75 mm). The developed TPU/30 vol% PZT piezoelectric composite
material has a large elongation at breakage of ~56% and a ds3 value of 6.8 pC/N after being
polarized by the appropriate poling parameters. A multi-material FFF 3D printing technique was
then utilized to fabricate 3D flexible piezoelectric composite lattices with electrodes with our
developed piezoelectric composite filament and a commercially available conductive composite
(TPU/carbon black) filament. Four types of 3D piezoelectric composite lattices: simple cubic (SC),
body-centered cubic (BCC), cuboctahedron (CH) and octet truss (OT) (and one fully dense solid
(FD) used as a benchmark) were designed and fabricated. The piezoelectric performance of the
lattices was compared by means of experimental and finite element analysis (FEA) methods. At
the same maximum compressive force, OT lattice can generate ~two times superior voltage output
than FD sample. As a demonstrator, an original multi-material OT piezoelectric composite shoe
sole can generate a high peak-to-peak voltage (Vpp) ~ 20 V by human stomping.

Further, to fabricate freeform or conformal flexible piezoelectric structures, we conducted a multi-
material DIW 3D printing process in a supporting fluid. The developed mineral 0il/6% (w/v) fumed
silica supporting fluid with appropriate yield stress behaves as a Herschel-Bulkley Fluid. During
the printing process, the crosslinked fumed silica network temporarily flows under the stress
generated by the moving dispensing needle, and then rapidly recover to a solid state to hold the
deposited ink. The compositions of the inks are: polydimethylsiloxane (PDMS)/30 vol% PZT as
the piezoelectric composite ink and PDMS/25 vol% silver (Ag) as the conductive composite ink.
A comprehensive characterization of the inks’ properties (i.e., piezoelectric or conductive
behaviors, rheological and mechanical properties) and the rheological behavior of the supporting
fluid with different compositions were performed. Three demonstrators: a multi-layer planar film,
a conformal non-planar hemisphere and a 3D structure composed of six spirals printed vertically
between two hexagon layers (freeform spiral-hexagon) were fabricated and tested under tension or
compression tests, respectively. For example, by cyclically compressing the freeform spiral-
hexagon structure at 8 Hz for more than 800 cycles, a Vpp of 86.39 + 1.145 mV was obtained,

which shows the good durability of the developed piezoelectric spiral-hexagon sensor and the
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potential of this technique to be used for fabricating compact freeform piezoelectric structures with
electrodes.
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CHAPTER 1 INTRODUCTION

1.1 Background

Having the ability to interconvert electrical and mechanical energy, piezoelectric materials have
been widely used in sensing, energy harvesting, and actuating applications [1]. For the direct
piezoelectric effect (i.e., sensing and energy harvesting applications), electrical power can be
generated from human kinematics, machine operations, environmental energy such as sea waves
and wind. The generated electrical charges can be stored as energy harvesters or be readable as
self-powered sensors. For the converse piezoelectric effect (i.e., actuating applications), based on
the inherent properties of high displacement accuracy and high response speed in the presence of
an applied electric field [2], piezoelectric materials can be made into implantable cardiac

pacemaker, actuation parts for soft robotics, and metrology tools [3], [4].

The conventional piezoelectric materials are polymer polyvinylidene fluoride (PVDF) and its
copolymers such as polyvinylidene fluoride-co-trifluoroethylene (PVDF-TrFE), and ceramics such
as lead zirconate titanate (PZT) and barium titanate (BaTiOs3). Piezoelectric polymers have the
advantages of good flexibility, lightweight, low acoustic impedance compared to the more brittle
piezoelectric ceramics. However, piezoelectric polymers have a lower piezoelectric coefficient
compared to the best piezoelectric ceramics [5]. To improve the shortcomings existing in the
piezoelectric polymers and ceramics, piezoelectric composite materials are increasingly developed

by incorporating high piezoelectric ceramic particles into the flexible polymer matrix [6]-[13].

The advent of three-dimensional printing techniques, such as stereolithography (SLA) [14], digital
light processing (DLP) [1], [15], direct-ink writing (DIW) [16], [17], and fused filament fabrication
(FFF) [18], brought great opportunities to increase the designability of piezoelectric response and
improve the geometrical conformality of the piezoelectric devices by building various complex
architectures. Among them, FFF and DIW 3D printing techniques are the most promising 3D
printing technique for manufacturing piezoelectric composite materials due to the breadth of
available and compatible materials. The mechanism of FFF 3D printing technique is to employ a
heated nozzle to melt the thermoplastic filament, while the one of DIW is to extrude a liquid ink
out of the dispensing nozzle controlled by a pressure system and the shape retention is achieved by

either ultraviolet (UV) curing, volatile solvent evaporation, etc. [19]. Additionally, there is usually



an extra step to add electrodes on the piezoelectric elements for collecting the generated charges.
Multi-material 3D printing technique is an efficient method for producing 3D multi-functional
structures with two or more independent printing heads (DIW or FFF). The flexibility of the multi-
material 3D printing technique can enable also the co-fabrication of electrodes in the same process
of piezoelectric sensing parts. However, the geometries of the existing multi-material 3D printed
piezoelectric structures are limited into one-dimensional (1D) fiber [20], two-dimensional (2D)
film [21] or simple 3D scaffold shape [22]. In this dissertation, we seek to build geometrically more
complex 3D flexible high-performance piezoelectric composite devices with electrodes based on
the multi-material 3D printing technique.

1.2 Dissertation structure

This dissertation includes seven chapters. Chapter 1 introduces the background of the study and
the structure of the dissertation. Chapter 2 provides a literature review of the piezoelectricity, the
commonly used piezoelectric materials and their conventional and state-of-the-art manufacturing
techniques. Chapter 3 presents the research objectives and the coherence of the articles. The main
results of this dissertation are given in the form of three articles submitted to peer-reviewed
scientific journals in Chapters 4 to 6. Chapter 4 presents the FFF printed polyvinylidene fluoride
films with tailored stretching and poling parameters for piezoelectric sensing and energy harvesting
applications. Chapter 5 demonstrates the comparison of the piezoelectric performance of four types
of multi-material FFF 3D printed flexible piezoelectric composite lattices (and one fully dense
solid for benchmark) with electrodes by means of experimental and finite element analysis (FEA)
methods. Chapter 6 illustrates the multi-material freeform direct-ink writing (DIW) 3D printed
flexible piezoelectric composite sensors with electrodes in a mineral oil/fumed silica supporting
fluid. Chapter 7 provides a general discussion of the research. Chapter 8 summarizes the conclusion

of the research and gives several recommendations for future work.



CHAPTER 2 LITERATURE REVIEW

The literature review contains three main sections introducing the piezoelectric effect and the
piezoelectric coefficient, the commonly used piezoelectric materials (e.g., polymers, ceramics),

and their conventional and the state-of-the-art manufacturing techniques.

2.1 Piezoelectricity

2.1.1 Background of piezoelectricity

The term piezoelectric comes from the Greek word piezein, meaning squeeze. Piezoelectricity was
discovered in 1880 by the brothers Jacques Curie and Pierre Curie. They found that upon
mechanical stress (tension or compression), some crystals, such as tourmaline, quartz, topaz, cane
sugar, and Rochelle salt (sodium potassium tartrate tetrahydrate) can generate electric charges
which is proportional to the applied load. This phenomenon was called direct piezoelectric effect
(Figure 2.1a) [23]. Shortly, the converse (indirect) piezoelectric effect (Figure 2.1b) was predicted
by Fabriel Lippman in 1881 via mathematical deduction from fundamental thermodynamic
principles [24] and confirmed by the Curie brothers via experiments [25], in which the mechanical

deformations occur when an electric field is applied to such materials.
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Figure 2.1 Schematic illustrations of two types of piezoelectric effects: (a) direct piezoelectric

effect, and (b) converse piezoelectric effect [26].



Direct piezoelectric effect is widely used to fabricate piezoelectric sensors and energy harvesters
to detect or store the electrical energy induced by the mechanical strain. Converse piezoelectric
effect is the basis for piezoelectric actuators. The mechanism is to apply a sufficiently high drive
voltage on the piezoelectric materials to make them experience a mechanical deformation
(contraction or stretch). The advantages and disadvantages of three types of piezoelectric

applications are summarized in Table 2.1.

Table 2.1 The applications of two types of piezoelectric effects and their pros and cons.

Type Application Advantage Disadvantage Ref

High sensitivity

Sensor Wide frequency response range Not capable of detecting static force [27]
Direct No need of external power source
High voltage output Low current output
Energy harvester [28]
High power density High output impedance

High displacement accuracy
Converse Actuator Small displacement under a high drive voltage  [2]
High response speed

The piezoelectricity originates from the dipole moments of the piezoelectric materials. The dipole
moments arise from differences in electronegativity below a specific transformation temperature
called Curie temperature (T¢) [29]. As shown in Figure 2.2, the aim of the poling process in the
manufacturing of piezoelectric materials is to align the randomly dispersed dipoles moments in the
crystals to generate a net polarization by applying a sufficiently strong electric field at temperature
below T¢ [30]. The direction along which the dipoles align known as the poling direction. Similar
to piezoelectricity, pyroelectricity is the ability of the material to generate electric charges upon
temperature changes. The ferroelectricity refers to the property of certain materials having a
spontaneous electric polarization that can be reversed by the application of an opposite electric
field [31].
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Figure 2.2 Schematic of dipole moments orientation: before, during and after the poling process

(the red arrows represent the dipole moments in the crystals) [32].

2.1.2 Definition of piezoelectric coefficient

The piezoelectric coefficient, dij, also known as piezoelectric constant or piezoelectric modulus, is
the net polarization generated per unit of mechanical stress applied or the induced mechanical strain
per unit of electric field strength. There are two subscripts to dij: one is the direction of generated
polarization or the applied electric field; the other is the direction of the applied mechanical stress
or the induced mechanical strain, respectively [33]. Figure 2.3a presents the direction of the applied
force. We suppose that poling direction is coincide with the Z-axis in a XY Z-axes system. Direction
X, Y, or Zis represented by the number 1, 2, or 3, respectively, and shear to one of these axes by
the number 4, 5, or 6, respectively. Three commonly investigated piezoelectric modes are shown

in Figure 2.3b: longitudinal (ds3), transverse (ds1) and shear (dis) modes.
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Figure 2.3 (a) Piezoelectric mode determined by the direction of applied force [26]. (b) Three

commonly used piezoelectric modes: dss, ds1 and dis [34].



The constitutive relations for direct or converse piezoelectric effects are described based on IEEE
Standard-1987 [35]:

For the direct piezoelectric effect, the electric displacement D (C/m?) can be calculated as:
D =¢°E + d% (2.1)

which can be rewritten in expanded notation as:

_01_
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where £7 is the dielectric permittivity (F/m) at constant stress o (N/m?), E is the electric field (\V/m)
generated by the strain, and d¢ is the direct piezoelectric coefficient (pC/N). Equation 2.2 describes

d® with respect to different types of deformations.

For the converse piezoelectric effect, the strain S generated by the application of electric

displacement can be calculated as:
S=sPo+d°D (2.3)

where d¢ is the converse piezoelectric coefficient (m/V) and sP? is the elastic compliance (m?/N)

at constant electric displacement.
The relationship between the direct and converse piezoelectric coefficients are as below:
d? = g,&,d° (2.4)

where ¢, and &, (8.854 X 1012 F/m) are the relative dielectric permittivity of the piezoelectric

material and the dielectric permittivity of the vacuum, respectively.

2.2 Piezoelectric materials

Piezoelectric materials can be classified into two groups: natural or man-made. The natural
piezoelectric materials include crystal materials: quartz, Rochelle salt, Topaz, Tourmaline-group
minerals and some organic substances: silk, wood, enamel, dentin, bone, and hair. Man-made

piezoelectric materials are crystals that are quartz analogs, ceramics (e.g. lead zirconate titanate



(PZT), barium titanate (BaTiOz3)), polymers (e.g. polyvinylidene fluoride (PVDF) and its

copolymers polyvinylidene fluoride-co-trifluoroethylene (PVDF-TrFE)) and their composites

[36]. Table 2.2 presents the comparison of the commonly used piezoelectric materials. The

advantages and disadvantages of piezoelectric materials are also compared in

Table 2.3. PVDF has the advantages of lightweight, flexibility, biocompatibility, and a low acoustic

impedance close to water — 1.48 MRay!l (i.e., PVDF can be fabricated into underwater sensors).

PZT is brittle in nature and toxic (lead), but it has a high piezoelectric performance and low material

cost compared to PVDF.

Table 2.2 Comparison of properties of the commonly used piezoelectric materials.

Properties PZT BaTiOs PVDF PVDF-TrFE
Density p (g/cm®) 7.6 5.7 1.78 1.82
& 1,900 1,700 12-13 7-8
das (PC/N) 400 191 33 24-30
-da1 (pC/N) 175 78 23 11
dis (pC/N) 590 270 N/A N/A
Electromechanical coupling factor ki3 2% 49% 20% 29%
ka1 (at 1 kHz) 36% 21% 12% 20%
Acoustic impedance (MRayl) 31.5 30 2.7 4.5
Young’s modulus Y (GPa) 60 59.2 2-4 3-5
Tc (°C) 360 130 N/A 115
~193 ~157 ~1,464 ~8,960
Price (CAD/kg) APC 850 #56220N-01 #182702 FC25
APC Int. Ltd. Inframat® Sigma-Aldrich® Piezotech®
Ref [37] [5], [38] [5], [39] [5], [39]




Table 2.3 Comparison between piezoelectric ceramic and piezoelectric polymer [5].

Type Advantages Disadvantages
o Flexibility
e Light weight e Low piezoelectric coefficient
Piezopolymer (PVDF) e Biocompatibility (non-toxic) e Low operating temperature
e Low manufacturing cost e Low electromechanical coupling

e Low acoustic impedance

e Brittleness
e High piezoelectric coefficient
Piezoceramic (PZT) e Toxicity (lead)
e High operating temperature
e Low material cost

2.2.1 Piezoelectric polymer PVDF

Kawai discovered the piezoelectricity of PVDF in 1969 [40]. As a semi-crystalline (crystalline
fraction of 35-70%) fluoropolymer, PVDF exists in five phases (also known as polymorphs): a, 3,
y, 0 and ¢, as reported by Lando et al. [41]. The chemical structure of PVDF has a repeating unit of
— CF2— CH2 — [21]. The phases of PVDF are classified by the relative position of the fluorine and
hydrogen atoms to the C — C backbone.

The most common and stable phase of PVDF is the a phase, which is a nonpolar phase readily
obtained during the process of crystallization from the melt or polymerization [42]. The
conformation of « phase is trans-gauche-trans-gauche' (TGTG"). Under specific processes such as
mechanical stretching, annealing, and electric poling, « phase can be transformed into g, y and J
phases, respectively. Among them, the electroactive (polar) S phase is the most important
polymorph due to its highest spontaneous polarization resulting in higher piezoelectricity and
pyroelectricity in PVDF [43]. The g phase is found in all trans (TTTT) planar zigzag conformation
and has a strong dipole moment (7 x 10°° Cm) due to the fact that fluorine atoms and hydrogen

atoms occupy each side of the S phase molecular chains [44]. The polar y phase can also be obtained



in crystallization from polar solvent such as dimethyl sulfoxide (DMSO), or at high pressures, high
temperatures. It appears ina TTTGTTTG' conformation. As for the polar ¢ phase (TGTG'), it can
be formed by the application of electric field on « phase. The configuration of nonpolar ¢ phase is
similar to y phase ina TTTGTTTG' form [45]. Figure 2.4 a (I-111) shows the molecular structures
of a, p and y phases, respectively. (IV-VI) shows the molecular structures of copolymers: PVDF-
TrFE, polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) and polyvinylidene fluoride-
co-chlorotrifluoroethylene (PVDF-CTFE). As shown in Figure 2.4 b, the morphology of semi-
crystalline PVDF consists of crystalline regions dispersed in amorphous regions. Mechanically
stretching the polymer aligns the amorphous regions along with the stretch direction, and
electrically poling permanently orients the dipole moments in PVDF in a desirable direction.
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i Gamma (y)
phase

poly(vinylidene fluoride-co-hexafluoropropylene)
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Figure 2.4 (a) The molecular structures of I-111: PVDF phases, and IV-VI: PVDF copolymers [46].

(b) Orientation of PVDF molecules by mechanical stretching and electrical poling processes [47].
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Fourier transform infrared spectroscopy (FTIR) technique is used to identify and quantify the
presence of different phases in PVDF. In Figure 2.5, the o phase of PVDF presents a large number
of characteristic peaks at 766, 795, 855 and 976 cm™. However, the 4 and y phase have a similar
number of peaks and these peaks almost appear at similar wavenumber due to the similar polymer
chain conformation. Recently, it has been agreed that the peak at 840 cm™ is common to both
phases, but it is a strong peak for the 4 phase only. In addition, the band at 1279 cm™ is exclusive
for g phase, while 431, 776, 812, 833 and 1233cm™ are exclusive for the y phase [48]. The modified
Beer-Lambert law is utilized to calculate the fraction of g phase (Fs) in PVDF. The equation is
shown below [49]:

Fy () = —— 0 1
P T 1264, + 4y M

where A, and A are the absorbance of o and  phases at 763 and 840 cm™, respectively, and 1.26
is the ratio of absorption coefficient at the corresponding wavenumber of 6.1 x 10% and 7.7 x 10*

cm?mol™? for « and S8 phases, respectively.

i B-PVD
s |
- 279
S 840
[«}]
(8]
c
(1]
=
£ 1234 o-PVDF
c
S
=P\ 97
766

800 1000 1200 1400
Wavenumber (cm™)

Figure 2.5 FTIR spectra of three phases in PVDF: a, f and y phases, respectively [50].
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2.2.2 Piezoelectric ceramic

The discovery of piezoelectric perovskite ceramic crystals BaTiOs and PZT in the 1940s and 1950s
expanded the commercial use of piezoelectric devices benefiting from their excellent dielectric and
piezoelectric properties. The perovskite structure (ABO3) is the arrangement where the corner-
sharing oxygen octahedra are linked together in a cubic array with smaller cations (Ti, Zr, Sn, Nb
etc.) occupying the central octahedral B-site, and larger cations (Pb, Ba, Sr, Ca, Na etc.) filling the
interstices between octahedra in A-sites [51]. As shown in Figure 2.6, above T, perovskite crystal
IS a centrosymmetric structure with no dipole moment, i.e., no piezoelectricity; below T, it is in

non-centrosymmetric tetragonal structure with a dipole moment [52].

g e )

Figure 2.6 Crystal structures of perovskite ceramic: (a) above Tc, and (b) below T¢ [53].

2.2.3 Piezoelectric ceramic composites

In order to overcome the shortcomings of the piezoelectric ceramics i.e., brittleness and complex
manufacturing process, and the shortcomings of the piezoelectric polymers i.e., low piezoelectric
coefficient, simple structures limited by the stretching process, many researchers developed
piezoelectric ceramic based composites by adding the ceramic fillers into various types of polymer
matrix. Although the piezoelectric performance of the piezoelectric ceramic composites is lower
compared to the pure ceramic, it broadens the way of creating flexible and durable piezoelectric

devices. Table 2.4 lists the composition and the piezoelectric performance of the piezoelectric
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ceramic composites developed in some of the related published works. We observe that PVDF and
its copolymers, and flexible polymers such as polyurethane (PU), polydimethylsiloxane (PDMS)
are used as matrix in most of the works. The maximum filler content is up to 50 vol% due to the

increased viscosity of the composite.

Table 2.4 The composition and piezoelectric property of piezoelectric ceramic composites.

Ceramic filler type  Filler content Polymer matrix type Piezoelectric performance Ref

48 vol% PVDF-TrFE ds; = - 56 pm/V [54]

50 vol% PU ds3 =13 pC/N [55]

32 vol% Polydimethylsiloxane (PDMS) d3s = ~95 pC/N [56]

PZT 50 vol% PDMS ds3 =25 pC/N [57]
28 vol% PDMS dss = 78.33 pC/IN [58]

37 vol% PVDF dss = 10.51 pC/N [59]

50 vol% PU dss = ~18 pC/N [60]

50 vol% Epoxy dss = ~3.8 pC/N [61]

5 vol% PVDF-TrFE ~200 mV (finger tap) [62]

BaTiOs 8 vol% PVDF ~6 V (12 N) [63]
8 vol% PDMS ~30 V (0.13 MPa) [64]

10 vol% PVDF-HFP ~75V (0.23 MPa) [65]

2.3 Methods for manufacturing piezoelectric materials

Since the advent of piezoelectric materials, many techniques have been employed to fabricate
piezoelectric structures to meet different shape, function, and material requirements. In this section,
poling process, various types of conventional techniques used to fabricate piezoelectric polymer,

ceramic and their composites will be presented.



13

2.3.1 Poling process

As illustrated in Figure 2.2, the poling process is beneficial in the manufacturing of piezoelectric
materials in order to create a strong net polarization (i.e., piezoelectricity) through the alignment
of dipole moments under a sufficiently high electric field at an elevated temperature. Before the
poling process, electrodes are required on the surfaces of piezoelectric elements by painting [66],
screen printing [12], sputtering [67], or attaching conductive tape or fabrics [68], [69].

Figure 2.7 shows two types of poling methods: contact poling and corona poling processes [70]. In
the contact poling process, a sufficiently high electric field is applied directly on the top and bottom
electrodes of the piezoelectric materials. The electrical breakdown will happen when the poling
voltage exceeds the dielectric strength of the material or when the imperfections exist in the poled
materials [71]. During the electrical breakdown process, the electrical insulating material suddenly
changes to a conductor and electric current flows through it [72]. Once electrical breakdown occurs,
the material is destroyed. Thus, the contact poling process should be performed in a vacuum

chamber or silicone oil insulating bath.

In the corona poling process, air molecules are ionized above the poled material by applying a high
voltage on a needle. The ionized charges are deposited on the top surface of the poled material. A
grid voltage is added to make sure the charges are uniformly distributed on the top surface of the
poled material. The advantage of the corona poling process is that when an electrical breakdown
happens at one point, since there is no need to paint electrode on the top surface of the material in
the corona poling process, the resulted conductive path is limited to this point, the poling process

in other places can continue [73].

Three poling parameters will significantly affect the poling results: poling voltage, time and
temperature. Poling voltage should be sufficiently high and poling time should be long enough to
align the dipole moments. An elevated temperature can increase the mobility of the dipoles [74].
Table 2.5 lists the poling parameters for the commonly used PVDF (and its copolymers), PZT and
their composites in some of the related published works. We summarize the range (minimum-
maximum values) of the poling parameters. For the contact poling of PVDF: 10-125 kV/mm; 60-
360 min; 30-90°C. PZT has a relatively low poling field of 2-20 kV/mm, shorter time ~20 min and

higher temperature ~100°C compared to the contact poling parameters of PVDF. For the corona
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poling, the electric field is higher and the time is shorter for both PVDF and PZT compared to the
contact poling.

Voltage source

a +.1 - b 1
L] | + 9.
Dry air or Corona tip
Heated Vacuum inert gas Grid
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Piezoelectric Material
Piezoelectric Material
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Figure 2.7 Schematic of (a) Contact poling, and (b) Corona poling setups [70].

Table 2.5 Poling parameters for PVDF (and its copolymers), PZT and their composites.

Material Method Time (min) Electric field (kV/mm) Temperature (°C) Ref
Contact 60 125 90 [75]

Contact 120 10 50 [76]

Contact 360 30 30 [77]

PVDF Corona 1 625 60 [75]
Corona 10 180 103 [78]

Corona 30 55 80 [79]

Corona N/A 10 80 [80]

PVDF-TrFE Corona N/A 60 60 [81]
PVDF-HFP Corona N/A 160 65 [82]

PZT/PDMS Contact 40 18 150 [7]
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Contact 20 2 120 [83]
PZT
Corona N/A 2 80 [84]
Contact 0.5 20 20 [85]
PZT/PVDF
Corona 0.5 2 20 [85]

2.3.2 Conventional methods for manufacturing PVDF

The conventional techniques to fabricate PVDF based piezoelectric devices include solution
casting, spin-coating, electrospinning and melt-extrusion [86]. The procedure and the related
published works of each main technique are explained in this section. During or after the PVDF
fiber or film fabrication process, stretching process is usually required to increase the electroactive
Fs by stretching the PVDF fiber or film with an appropriate stretching ratio (R). The R is the ratio
of the final length to the original length. Mechanical stretching of PVDF fiber or film with R of 4.5

to 6 at a suitable temperature are usually used in most of the works [87].

Solution casting and spin-coating (Figure 2.8) are two simple methods to fabricate PVDF films by
dissolving PVDF powder in solvent such as N, N-dimethylacetamide (DMAc) [88],
dimethylformamide (DMF), N-methyl-2-pyrrolidinone (NMP), DMSO [89], and methyl ethyl
ketone (MEK) [85], and spreading the obtained solution on a clean substrate or a rotational plate.
The solution is dried under the fume hood in order for the solvent to evaporate. Then the PVDF
film is peeled off from the substrate. An elevated temperature can be applied to accelerate the

solvent evaporation process [88].

il
) 3h 350rpm, 30min:

\'ncnnm

Figure 2.8 Schematic of the spin-coating of a PVDF film: substrate cleaning, solution mixing
(PVDF/DMF), spin-coating, and oven drying [90].
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Electrospinning, invented by Formhals in 1934 [91], is a process to manufacture one dimensional
(1D) fine piezoelectric fibers, two-dimensional (2D) thin mats and membranes by applying the
electric force to draw the charged threads from the polymer solution or melt. The produced fibers
possess the diameters ranging from tens of nanometers to several micrometers [92]. A typical
electrospinning process to fabricate PVDF membranes is shown in Figure 2.9. The setup consists
of a high voltage power supply, a syringe with a metallic needle, and a grounded collector. The
collector is a stationary or rotational metal plate or cylinder. The mixture of DMF and acetone
solvent is usually used as the solvent system for PVDF. Near-field electrospinning process is
evolved from the conventional electrospinning process to a more efficient in-situ poling assisted
electrospinning process [93]-[100]. Like its name, the distance between the extrusion nozzle and

the collector is reduced, which results in the orientation of the dipole moments in PVDF [93].
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Figure 2.9 (a) Schematic of the electrospinning of PVDF membrane [99]. (b) Scanning electron
microscopy (SEM) image of the electrospun PVDF membrane [100].

Melt-extrusion process is to fabricate piezoelectric PVDF filament (or fiber) or film directly from
the molten state [101], [102]. The PVDF powder or pellets are fed into the inlet hopper and melted
usually at the temperature 10°C above the melting point (melting temperature of PVDF: ~172°C)
(Figure 2.10a) [103]. In addition, a novel multi-material fiber drawing technique was developed by
Lu et al. to fabricate micro- and nanostructured piezoelectric fibers with electrodes from the multi-
layer alternating sheets of the commercial conductive sheets and the fabricated electrospun
PVDF/PZT or PVDF/BaTiOs piezoelectric composite sheets (Figure 2.10b) [11], [104]. The
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piezoelectric fiber with electrodes were further weaved into a cotton textile for sensing and energy
harvesting applications.
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Figure 2.10 (a) Schematic of the piezoelectric PVDF fibers melt-extrusion, stretching and poling

processes [105]. (b) Multi-material melt-drawing of piezoelectric fibers with electrodes: (I)
Schematic of a piezoelectric fiber melt-drawing process. (I11) Schematic of the multilayer structure
with alternating piezoelectric and electrode layers in the preform. (111) Photo of the cross-section
view of a preform. (1V) Photo of the cross-section view of a preform with a diameter of ~900 um
(drawn voltage: 2 kV). Inset: Magnified view of a multilayer structure. (V) Spool of a piezoelectric
fiber with electrodes [11].
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2.3.3 Conventional techniques for manufacturing PZT

The fabrication of PZT piezoelectric devices consists of three steps: the first step is to shape the
PZT powder into the desired shapes such as fiber, disc, ring or cylinder by mixing with a binder -
polyvinyl alcohol (PVA). The second step is to decompose the binder and sinter the PZT structure
by heating the structures at high temperature (~1200°C) in a furnace. The dense PZT structure is
then coated with electrode materials and polarized according to the desired poling time,
temperature and voltage parameters [106]. Although the fabricated PZT devices with high
piezoelectric performance have been widely used in the sensing and actuating applications, they
are brittle and susceptible to cracking during usage [107]. Also, the shapes are mainly in 1D fiber,
2D disc or simple 3D structures (e.g., hollow cylinder).

2.4 3D printing techniques for manufacturing piezoelectric materials

3D printing, also known as additive manufacturing (AM), is a family of processes for the creation
of 3D objects with increasing successive layers of materials based on sliced 3D model files. When
compared to the conventional fabrication techniques, 3D printing technology has many advantages
such as fast design and production, less energy-consumption and the ability to fabricate 3D
structures featuring conformal and complex geometries [108]. As a highly flexible manufacturing
technique, 3D printing techniques can be applied to a diverse range of materials such as plastics,
metals, ceramics, concrete and biomaterials. Over the past decade, several types of 3D printing
techniques have increasingly been utilized to fabricate smart materials [17], [87], [109]-[116]
including piezoelectric materials i.e., direct-ink writing (DIW), stereolithography (SLA), digital
light processing (DLP), and fused filament fabrication (FFF) 3D printing technigues. In addition,
multi-material 3D printing process provides an efficient way to fabricate piezoelectric structures

and electrodes in a single manufacturing process.

3D piezoelectric structures have three main advantages over 1D or 2D piezoelectric structures:
improved electromechanical response and accessible strain extractable from 3D designs, and there
is a coupling effect between the three types of modes (longitudinal, transverse and shear modes) of

piezoelectric coefficients.
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2.4.1 Direct-ink writing

DIW 3D printing technique is a flow-based technique to build 3D structures by extruding the ink
using a pneumatic-driven pressure system mounted on an XYZ-3 axes moving extrusion head.
Bodkhe et al. used a solvent-evaporation assisted DIW method to fabricate piezoelectric film and
3D cylindrical sensors with PVDF/10 wt% BaTiOs nanocomposites dissolved in a mixture of
DMF, acetone and DMSO solvent. The schematic of the solvent-evaporation assisted DIW 3D
printing process and the fabricated sensors are shown in Figure 2.11. The volatile solvent plays an
important role in shape retention. The viscosity of ink is adjusted by changing the concentration of
the polymer composite in the solvent to exhibit a shear-thinning behavior. In addition to the
concentration of the ink, the printing parameters such as the printing speed, applied extrusion
pressure, ambient temperature and humidity, inner diameter of the nozzle have to be properly
adjusted for successful fabrication. The piezoelectric coefficient of the developed sensor in their
work was 18 pC/N, which is close to the value of commercial PVVDF film sensors. But there are
two drawbacks of this technique: short shelf life for the developed ink i.e., the liquid ink dries

quickly in an hour, and the solvent is highly toxic.
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Figure 2.11 (a) Schematic of solvent evaporation-assisted DIW 3D printing of a cylindrical PVDF
piezoelectric sensor. (b) Photo of the finger-tap test on a 3D cylindrical sensor. (¢) The piezoelectric

voltage output upon five consecutive finger-tap test [17].
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2.4.2 Stereolithography and digital light processing

The mechanisms of the SLA and DLP 3D printing techniques are the same: using ultraviolet (UV)
light to selectively cure the UV-curable resin and its composites. The only difference between these
two techniques is the type of light source: SLA has a UV light beam, which cures the resin in a
point-to-line, line-to-layer way; while DLP has a digital projector to cure a layer of resin [117]. Cui
et al. fabricated piezoelectric composite lattices with designed anisotropy and directional response
by DLP 3D printing technique [1]. The ink is composed of UV-curable resin and 50 vol%
functionalized PZT particles using a functionalization agent - trimethoxysilyl propyl methacrylate.
The piezoelectric performance of the fabricated piezoelectric lattices is compared with
experimental and finite element analysis (FEA) methods. The drawbacks of these two techniques
are that the UV-curable inks are sensitive to light, and the material is limited to photosensitive

resins.
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Figure 2.12 Schematic illustrations of (a) Strong bonding between the surface functionalized PZT

particles and the polymer matrix after the UV curing process. (b) Increasing piezoelectric response
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with the increase of functionalization (increasing stress transfer). (c) The DLP manufacturing
process: a piezoelectric metamaterial is printed by being exposed to a near-UV light. (d) SEM

images of the fabricated piezoelectric lattices. Scale bars, 300 pm [1].

2.4.3 Fused filament fabrication

FFF 3D printing, one of the most popular 3D printing technologies, is widely used in scientific and
industrial fields. It is a melt-extrusion based approach to use a heated extrusion head to create 3D
objects layer-by-layer from the thermoplastic filament on a heated build platform [118]. Evolved
from the conventional FFF 3D printing technique, as seen in Figure 2.13, electric poling-assisted
additive manufacturing (EPAM) technique emerged by adding a high poling electric field between
the extrusion nozzle and the conductive printing bed. This electric field achieves in-situ poling of
the extruded PVDF filaments, thus creating a net dipole moment in them [119]. However, a high

voltage of 12 kV used in this process is dangerous for the users of the FFF 3D printers.
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Figure 2.13 Schematic illustrations of the orientation of dipole moments in (a) FFF printed PVDF
filament, and (b) EPAM printed PVDF filament (a high poling electric field is applied between the

extrusion nozzle and the printing bed) [119].

2.4.4 Multi-material 3D printing

Multi-material 3D printing technique provides a useful way to fabricate multi-functional structures

in a single manufacturing process by using either co-extrusion printing head, or two or more
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printing heads (e.g., FFF or DIW). Multi-material 3D printing shows a great potential in the
manufacturing of piezoelectric devices by combining the piezoelectric structures and electrodes
manufacturing processes. To date, only a few studies have been published on the multi-material

3D printed piezoelectric structures with electrodes.

Figure 2.14 shows the work of Bodkhe et al. who developed a co-extrusion solvent evaporation-
assisted DIW 3D printing process by applying two lines of conductive silver inks on the two inner
sides of the syringe, and pouring the PVDF/10 wt% BaTiOs piezoelectric composite inks in-
between [20]. After being extruded out of the nozzle, the filament exhibits the desired
configuration: the silver electrodes are formed on a small region on the outer surface of the

piezoelectric filament.
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Figure 2.14 (a) Schematic of the co-extrusion solvent evaporation-assisted DIW process. (b) SEM,
and (c) Microscopic images of the co-extruded filament. Scale bar, 500 um and 1 mm, respectively
[20].

Zhou et al. used two solvent evaporation-assisted DIW printing heads in their work to fabricate
stretchable piezoelectric strain sensing and energy harvesting devices with electrodes. Figure 2.15
schematically illustrates the printing sequences to fabricate a piezoelectric strain device: print

piezoelectric layer on a conductive indium tin oxide (ITO) coated glass substrate; print the top
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electrode; polarize in the silicone oil bath; flip the direction of the printed part to print the bottom
electrode. The piezoelectric ink was made of PVDF-TrFE/30 wt% BaTiOz composite dissolved in
the DMF solvent, and the conductive ink was made of PVDF-TrFE/66 wt% silver flakes
composites dissolved in the DMF solvent [21]. The fabricated strain gauge can be stressed under
large strain up to 300% without degradation in piezoelectric voltage output. Similar to Bodkhe’s
work, highly toxic solvent DMF was used and the ink has a shelf life. Another drawback of this

technique is that the printed structure needs to be flipped to print the bottom electrode.
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Figure 2.15 Schematic of the multi-material DIW 3D printing of a piezoelectric strain sensor: print
piezoelectric ink on a conductive ITO glass; print the top electrode; poling process; flip the

direction of the printed part to print the bottom electrode. [21].

Yan et al. also used two DIW printing heads in their work to fabricate flexible multi-layer
piezoelectric grid with electrodes. Figure 2.16 schematically illustrates the printing sequences to
fabricate a piezoelectric multi-layer grid [22]: one head was for printing top and bottom silver
electrode layers; the other head was for printing PDMS/10 wt% PZT piezoelectric composite layers.
The process does not require toxic solvent, and this technique could be further employed to

fabricate geometrically more complex piezoelectric structures.
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Ag electrode layer
Composite-grid layer

Figure 2.16 Schematic of the multi-material DIW 3D printing of a multi-layer grid: (a) bottom

silver electrode, (b) middle piezoelectric composite grid, and (c) top silver electrode [22].

2.5 Summary of literature review

Flexible piezoelectric composite devices have emerged during the past decade to overcome the
shortcomings of the piezoelectric polymers and ceramics. The working principle is to use the high
piezoelectric property of the piezoelectric ceramic fillers while preserving the flexibility or
extensibility of the polymer matrix. As reviewed in Section 2.3.2, conventional manufacturing
methods for fabricating PVDF such as: solution casting, spin-coating, melt-extrusion, and
electrospinning are also used with piezoelectric composite materials. However, these techniques
limit the geometries into one-dimensional fiber or two-dimensional film. The advent of additive
manufacturing technology enhances the possibilities of producing piezoelectric devices with

complex geometries and designability as reviewed in Section 2.4.

The electrodes are usually fabricated by painting, sputtering, or attaching conductive tapes or
fabrics on the piezoelectric sensing structures, which is separate from the piezoelectric element
fabrication process. Also, the electrodes of the commonly used commercial PVDF film and PZT
disc sensors tend to crack or wear in a short service time. Multi-material 3D printing technique
shows a great potential to co-fabricate electrodes using the second printing head. So far, three
studies have employed multi-material 3D printing technologies to fabricate piezoelectric composite
devices with co-fabricated electrodes. Nevertheless, the geometries are limited into one-
dimensional co-extruded fiber [20], two-dimensional multi-layer film [21], or simple 3D multi-

layer scaffold [22]. The challenges existing in the manufacturing of piezoelectric devices have led
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to the goal of this dissertation: develop geometrically more complex 3D flexible piezoelectric
composite devices with integrated electrodes through multi-material 3D printing technique.
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CHAPTER 3 RESEARCH OBJECTIVES AND COHERENCE OF
ARTICLES

3.1 Problem identification

Multi-material three-dimensional (3D) printing technique shows a great potential for
manufacturing piezoelectric structures with electrodes into a wide range of sensing and energy

harvesting applications. However, the following issues concerning this approach need to be solved:

e Piezoelectric polymer polyvinylidene fluoride (PVDF) has not been used in the multi-
material fused filament fabrication (FFF) 3D printing process.

e In previous studies, the multi-material 3D printed piezoelectric devices with co-fabricated
electrodes were mainly in 1D fiber, 2D film or simple 3D scaffold shapes.

e Multi-material freeform or conformal 3D printing of piezoelectric devices with electrodes
has not been previously developed, while many of the sensing and energy harvesting

applications could highly benefit from freeform or conformal shapes.

3.2 Research objectives

The main objective of this research is to design and fabricate 3D flexible piezoelectric devices with
co-fabricated electrodes based on a multi-material 3D printing technique. The specific objectives

are presented as the following:

I.  Verify the suitability of piezoelectric polymer PVDF to be used in the multi-material
3D printing process: fabricate PVDF films using a FFF 3D printer; tailor the stretching
parameters to increase electroactive S phase content (Fg) and poling parameters to increase
piezoelectric coefficient ds3; characterize the sensing and energy harvesting behaviors of
the fabricated PVDF films.

Il.  Develop 3D flexible piezoelectric composite lattices based on multi-material FFF 3D
printing technique: develop a flexible piezoelectric composite filament by incorporating
high piezoelectric ceramic lead zirconate titanate (PZT) particles into a flexible polymer
thermoplastic polyurethane (TPU); multi-material 3D printing of different types of

piezoelectric composite lattices made of the developed piezoelectric composite filament
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and the commercial conductive TPU/carbon black composite filament; tailor the poling
parameters to increase piezoelectric coefficient dss; compare the piezoelectric performance
of the 3D piezoelectric composite lattices in two conditions: under the same maximum
applied force and under the same maximum imposed displacement; use finite element
analysis (FEA) method to compare the piezoelectric voltage output of the octet truss and a
fully dense solid sample under the same maximum applied force; fabricate sensing and

energy harvesting demonstrators to prove the concept.

IIl.  Use a supporting fluid-assisted multi-material 3D printing technology to fabricate
flexible conformal and freeform piezoelectric composite sensors: develop a mineral
oil/fumed silica supporting fluid; characterize the rheological and support behaviors of the
supporting fluid; develop thermoset-based piezoelectric and conductive composite inks that
are thermally cured; characterize piezoelectric and conductive, rheological, morphological
and mechanical properties of the ink materials; multi-material direct-ink writing (DIW) 3D
printing of a multi-layer planar film, a conformal non-planar hemisphere and a freeform

spiral-hexagon in the supporting fluid and characterize their piezoelectric performance.

3.3 Coherence of articles

The main results of this research are presented in the form of submitted peer-reviewed journal
articles in Chapter 4, 5, and 6, which achieve the above-mentioned research objectives I, Il, and

I11, respectively.

Chapter 4 presents the article, “Fused filament fabrication of PVDF films for piezoelectric sensing
and energy harvesting applications”, published in Materials Advances on May 2 2022. In this
work, FFF printed PVDF films were stretched at a stretching ratio of 4 and polarized under an
electric field of 30 V/um using a custom-made poling setup. The obtained PVDF films possess a
dss of 7.29 pC/N and a Fz of 65 %, which is ~10 — 100 times higher than the related published
works. The fabricated PVDF films were tested for two sensing applications: cantilever bending and
compression tests, and for one wind energy harvesting application. Mrs. Tao designed and carried
out the experiments, analyzed the data, and drafted the article under the supervision of Prof.
Therriault and Prof. Akbarzadeh. Mr. Shi assisted in the stretching process of the PVDF films with
the help of Mrs. Tao. Mr. Rafiee advised on the experiment and the draft.
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Chapter 5 presents the article, “Multi-material fused filament fabrication of flexible 3D
piezoelectric nanocomposite lattices for pressure sensing and energy harvesting applications”,
submitted to Applied Materials Today on April 19 2022. In this work, four types of 3D piezoelectric
composite lattices: simple cubic (SC), body-centered cubic (BCC), cuboctahedron (CH) and octet
truss (OT) (and one fully dense solid (FD) for benchmark) were designed and fabricated based on
multi-material FFF 3D printing technique. Piezoelectric TPU/30 vol% PZT and a commercial
conductive TPU/carbon black composite filaments were used to fabricate the piezoelectric
structures and electrodes, respectively. The piezoelectric performance of the 3D piezoelectric
composite lattices was compared. The OT lattice and FD sample were compared using both the
experimental and finite element analysis (FEA) methods. The OT lattice shows the highest voltage
output under the same maximum applied force, which is ~ twice the value of the FD sample. A
multi-material OT piezoelectric composite shoe sole was fabricated as a demonstrator, it generates
a high peak-to-peak voltage of ~ 20 V by a single human stomping. Mrs. Tao designed and carried
out the experiments, analyzed the data, and drafted the article under the supervision of Prof.
Therriault and Prof. Akbarzadeh. Mr. Shi designed the four types of lattices and conducted the
FEA. Mrs. Granier assisted Mrs. Tao with the fabrication of piezoelectric composite filament,
samples for mechanical and piezoelectric tests. Mr. Moeini designed the PLA foot replica and

assisted Mrs. Tao with the cyclic compression test on the multi-material OT composition shoe sole.

Chapter 6 presents the article, “Multi-material freeform 3D printing of flexible piezoelectric
composite sensors using a supporting fluid”, submitted to Additive Manufacturing on March 25
2022. In this work, a multi-material freeform 3D printing process was developed for the
manufacturing flexible piezoelectric structures with electrodes. During the printing process, the
developed mineral oil/fumed silica supporting fluid with the appropriate yield strength can support
the deposited filament. We used two DIW printing heads: one is for PDMS/30 vol% PZT composite
ink to fabricate the piezoelectric structures; the other is for PDMS/25 vol% silver (Ag) composite
ink to fabricate the electrodes. Three demonstrators: a multi-layer planar film, a conformal non-
planar hemisphere, and a freeform spiral-hexagon structure were fabricated and tested. Mrs. Tao
designed and carried out the experiments, analyzed the data, and drafted the article under the
supervision of Prof. Therriault. Mrs. Granier assisted Mrs. Tao with the ink development, samples

fabrication and characterization processes, and some of the results analysis.
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CHAPTER 4 ARTICLE 1: FUSED FILAMENT FABRICATION OF
PVDF FILMS FOR PIEZOELECTRIC SENSING AND ENERGY
HARVESTING APPLICATIONS

Rui Tao'? Jiahao Shi*®, Mohammad Rafieel?, Abdolhamid Akbarzadeh?®* and Daniel
Therriault:%*

! Laboratory for Multiscale Mechanics (LM?), Department of Mechanical Engineering,
Polytechnique Montreal, Montreal, QC, H3T 1J4, Canada

2 Research Center for High Performance Polymer and Composite Systems (CREPEC), Montreal,
QC, H3T 1J4, Canada

3 Advanced Multifunctional and Multiphysics Metamaterials Laboratory (AM3L), Department of
Bioresource Engineering, McGill University, Montreal, QC, H9X 3V9, Canada

* Department of Mechanical Engineering, McGill University, Montreal, QC, H3A 0C3, Canada
Published in Materials Advances on May 2"¢, 2022
Abstract

Fused filament fabrication (FFF) of piezoelectric polymer polyvinylidene fluoride (PVDF)
provides a simple manufacturing technique for the creation of lead-free piezoelectric devices
compared to the traditional manufacturing methods, such as large-scale film extrusion and solution
casting. Here, we investigate the effects of the stretching and the poling parameters on the
enhancement of piezoelectric performance of the printed PVDF films. The stretched and polarized
PVDF films with a dimension of 40 x 20 x 0.06 mm (length x width x thickness) possess a
piezoelectric charge coefficient (dss) of 7.29 pC/N and a fraction of  phase (Fg) of 65 % at a
stretching ratio (R) of 4 after being polarized under an electric field of 30 V/um. The resulting ds3
of the fabricated PVDF films has been substantially enhanced by ~ 10-100 times higher than the
related reported values of the FFF printed PVDF films. The fabricated PVDF films are capable of
detecting compression (ds3) and vibration (ds1). By blowing four piezoelectric films connected in
parallel for 3 min, the energy stored in the capacitor can make a red LED blink. Our fabricated
piezoelectric PVDF films could be used in the field of pressure sensing, vibration sensing and

energy harvesting applications.
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4.1 Introduction

Piezoelectric materials are used in various applications such as in pressure sensing,? strain
sensing,®* actuation®® and energy harvesting’® because of their capabilities of converting
mechanical energy to electrical energy and vice versa.®'® Compared to the high piezoelectric
ceramics such as lead zirconate titanate (PZT) and barium titanate (BaTiOs), the piezoelectric
polymer polyvinylidene fluoride (PVDF) has been increasingly used owing to its lightness, high
flexibility, durability and biocompatibility.''? PVDF is a semicrystalline polymer with a repeating
unit of CH,—CF2 monomer.? It has two main phases: non-polar « phase and polar g phase.***® The
dipole moments in PVDF originate from its high electronegativity of fluorine atoms and smaller
electronegativity of hydrogen atoms.'%%” The a phase with a trans-gauche-trans-gauche’ (TGTG’)
conformation is not piezoelectric as a result of the cancellation of the dipole moments, while S
phase with an all trans (TTTT) conformation possesses the largest polarization due to the alignment
of the dipole moments in the same direction.’®> However, PVDF usually crystallizes into the
thermally stable o phase.!®? Several methods have been used to induce the conversion from the a
phase to S phase such as mechanical stretching?-2® and hot-pressing.?#? In addition to the
requirement of high content of g phase (Fs) in PVDF, an electrical poling treatment is often
essential to align the randomly dispersed $ phase in order to obtain a net polarization.?¢-?° Poling
parameters (e.g. time, temperature and poling voltage) have to be properly adjusted in order to
maximize the poling process efficiency.®%3! Piezoelectric strain coefficient (ds1 and dss) with
double subscripts is used to illustrate the piezoelectric performance: the first subscript indicates the
direction of the charge generation, and the second subscript indicates the direction of the applied

mechanical strain.

Over the past decade, additive manufacturing technology (or 3D printing) has increasingly been
utilized to fabricate smart materials including piezoelectric materials.>>323° The traditional
manufacturing methods for the creation of PVDF films such as solution casting®#? and
electrospinning®° require toxic solvent, while extrusion molding*®#? requires careful control on
the melt temperature and the material feeding rate. Thus, fused filament fabrication (FFF) offers a
maneuverable and eco-friendly approach for fabrication of piezoelectric PVDF devices, i.e.,
recyclable and no need of toxic solvent. Several studies demonstrated FFF 3D printing of

piezoelectric PVDF films. Lee et al.*>® and Kim et al.®® integrated FFF 3D printing and electrical
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poling steps to achieve one-step fabrication of piezoelectric PVDF films. Porter et al.®? investigated
the effects of printing parameters on the piezoelectric performance of the PVDF films. However,
the reported piezoelectric coefficient of these works (Kim et al.>3: ds3 =0.048 pC/N; Porter et al.®2:
dz1 =1.19 pC/N) are much lower than the commercial hot-pressed piezoelectric PVDF films, which
is 28-32 pC/N.“® In addition, some researchers incorporated the fillers to induce the creation of
phases in the FFF 3D printed PVDF films. Pei et al.*’ added 5 wt% tetraphenylphosphonium
chloride (TPPC) nano particles to obtain 83.8 % /3 phases, while 28.9% of  phase content for pure
PVDF. Liu et al.*® enhanced the 5 phase content of PVDF filament to 93 % by adding 15 wt% ionic
liquid comparing to only 13.5% of the S phase in pure PVDF.

Our novel strategy in this work is to fabricate piezoelectric PVDF films with highly enhanced dzs
compared to the related reported values®® using the facile FFF 3D printing technique and two
tailored post-treatments: mechanical stretching and electrical poling. Four different stretching
ratios (R = final length/original length, R =1, 2, 3 and 4) are investigated to achieve the high polar
/3 phase content. We then used the polarized printed piezoelectric PVDF films in three applications:
a frequency detector, a pressure sensor and energy harvesters to convert wind energy to electricity.
We believe that FFF 3D printing technology with the proper post-treatments investigated herein is
promising for the construction of flexible PVDF piezoelectric sensors and energy harvesters for

more advanced applications in areas ranging from medical to aerospace and beyond.

4.2 Results and discussion

Figure 4.1a-c schematically shows the fabrication process of a piezoelectric PVDF film based on
FFF printing, stretching (R = 4) and poling processes. The FFF printed one-layer PVDF films are
stretched along the printing direction at R = 4 (i.e., from 4 cm to 16 cm) to induce S phase (Figure
4.1a and 4.1b). Then, the stretched PVDF films are cut to 40 x 20 mm and polarized along the
thickness direction by a contact poling setup to align the randomly oriented dipole moment (Figure
4.1c). Figure 4.1d shows the photo of the printed PVDF films (60 x 40 x 0.15 mm). For an
efficient performance, the FFF printed PVDF films have to be free of porosities or impurities,
otherwise a premature breakage during the mechanical stretching process or a permanent electrical
breakdown during the poling process could happen. In case of an electrical breakdown, the

piezoelectric element could not be further polarized and the piezoelectricity will remain very low.
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Undesired porosities or impurities can be created during the filament preparation and/or the FFF
printing process. First, the as-received printing filament should be with the least content of bubbles
and impurities. Second, the PVDF filaments were dried in the oven to minimize their moisture
content and the pores in the printed parts. Meanwhile, we slightly decrease the extrusion width to
make sure there is no gap between the printed lines (Figure 4.7, Supporting Information). A
fabricated PVDF film with electrical connections is shown in Figure 4.1e. The optical image of the
cross-section of the piezoelectric PVDF film with electrodes shown in Figure 4.1f illustrates that
the average thickness of the piezoelectric PVDF film after being stretched at R = 4 is ~ 60 um and
the average thickness of the painted silver electrodes on each side is ~ 15 um. The photo and the
thickness of the PVDF films stretched at R = 1, 2 and 3 are shown in Figure 4.8 and listed in Table

4.2 in the Supporting Information.

a b . ¢
PVDF filament

/

Y-Axis = X-Axis
"

High voltage power supply =

Figure 4.1 Fabrication of the piezoelectric PVDF films. Schematic of the (a) FFF printing process
of the PVDF films (60 x 40 x 0.15 mm). (b) Stretching process of the printed PVDF films (R =
4). (c) Contact poling process of the stretched PVDF films (40 x 20 x 0.06 mm). Photos of (d)
FFF printed PVDF films. (e) A piezoelectric PVDF film with electrical connections. (f) Optical

image of the cross-section of the piezoelectric PVDF film.
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Poling voltage, time and temperature are the three main poling parameters that influence the
piezoelectric properties of polarized PVDF films. Poling voltage should be sufficiently high to
align the dipole moments, while poling time should be optimized to ensure the complete
polarization in the shortest time. An elevated poling temperature is used to increase the mobility of
the PVDF molecules. Figure 4.2a-c show that the ds3 of the printed PVDF films (R = 4) and the
commercial unpolarized PVDF films with respect to poling voltage, time and temperature,
respectively. In Figure 4.2a, das values of both printed (R = 4) and commercial PVDF films increase
rapidly and then reach a plateau value with the enhancement of poling voltage (poling temperature
= 80°C and poling time = 60 min). For the commercial stretched PVDF films, under the highest
poling voltage value of 6 kV, which is approximately 50 V/um electric field, the maximum ds3
value of 32.41 pC/N is reached, consistent with the reported dss value (32 pC/N) of the commercial
polarized PVDF film measured by a dss meter.*® Electrical breakdown happens at ~ 7 kV as marked
in blue. The printed PVDF films (R = 4) can hold the maximum poling voltage of 2 kV, which is
approximately 30 V/um electric field and leads to a maximum dss value of 7.29 pC/N. Electrical
breakdown of PVDF film happens at 3 kV as marked in red. The maximum poling electric field of
the printed PVDF films (R = 4) is less than the commercial PVDF films due to the fact that the
thinner section between the extruded lines in the printed PVDF films (Figure 4.7, Supporting
Information). In Figure 4.2b, dsz of both printed (R = 4) and commercial PVDF films increase
rapidly and then reach a plateau value with the poling time (poling temperature = 80°C, poling
voltage = 50 V/um (commercial PVDF) and 30 V/um (printed PVDF)). For both commercial and
printed PVDF films, the dss value increases with poling time until 60 min. The dss is almost
constant for poling time beyond 60 min probably due to the completion of the alignment of the
dipole moments in that period. In Figure 4.2c, dsz of both printed (R = 4) and commercial PVDF
films increase until 80°C and then drop down with the increase of poling temperature (poling time
= 60 min, poling voltage = 50 V/um (commercial PVDF) and 30 V/um (printed PVDF)). We
observe that the highest ds3 value is achieved at 80°C. Below 80°C, the PVDF molecules are
inactive, so it could not be reoriented efficiently along with the electric field.*® However, when the
poling temperature is above 80°C, we observed that the PVDF films significantly warp and detach
from the bottom poling plate, so the poling electric field cannot be uniformly applied on the PVDF

films. The investigation on the poling parameters for the commercial PVDF films suggest that the
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optimal poling settings are 80°C, 50 V/um and 60 min. However, the printed PVDF films could
not sustain more than 30 V/pum because of the thinner area between printed lines. Thus, the optimal
poling settings for the printed PVDF films are 80°C, 30 V/um and 60 min. In the dzs measurement,
three specimens are tested and each specimen is measured at three different locations. We found
that the error bar of the specimens polarized at the same conditions is too small to be detected,
which indicates the PVDF films have been uniformly polarized.

We investigate the effect of R on the creation of piezoelectric S phases in the printed PVDF films.
The photos and the dimensions of the printed PVDF films stretched at R=1, 2, 3 and 4 are shown
in Figure 4.8, Supporting Information. The FTIR spectra of the polarized printed PVDF films
stretched at R = 1 to 4 are shown in Figure 4.2d. Herein, 840 cm™ is the characteristic peak of
piezoelectric 5 phase, while 613, 713, 795 and 975 cm™ are the representative peaks of piezoelectric
a phase. With the increase of R, the peaks of o phase decreases, while the peak of  phase increases,
meaning that the printed PVDF films transform from a phase to f phase. For a system containing
a and f phases, the modified Beer-Lambert law is used to calculate Fz (%):

Ap

0, [ —
Fy (%) = 1.264, + Ap

(4-1)

where A, and Ay are the absorbance of « and 8 phases at 763 and 840 cm™, respectively, and 1.26
is the ratio of absorption coefficient at the corresponding wavenumber of 6.1 x 10% and 7.7 x 10*
cm?mol™ for « and S phases, respectively.’®>® Three specimens are prepared for each stretching
condition and Fg (%) and dss of each specimen is measured at three different locations. As shown
in Figure 4.2e, Fs (%) and dsz increase with the value of R. The unprinted PVVDF filament and the
printed PVDF films stretched at R = 1 have a similar low Fz (%) and dss, indicating that 3D printing
process cannot efficiently convert « phase to  phase in PVDF. Both Fs (%) and dss increase with
R, which means that stretching process is necessary for achieving a higher piezoelectric
performance. The polarized printed PVDF films possess a Fs (%) of 65% and a dsz of 7.29 pC/N,
which is ~ 10 - 100 times higher compared to the previously reported FFF 3D printed PVDF films
(Kim et al.*®3; ds3 = 0.048 pC/N; Porter et al.**: d3 = 1.19 pC/N). However, the piezoelectric
performance of the printed PVDF films is still lower than that of the commercial one for the
following two reasons: in the stretching process, when R > 4, our printed PVDF films rupture,

while the commercial films had already been stretched at R = 5. The utilization of a lower R value



35

is due to the relatively weak interface between the printed lines that makes the printed films fail
prematurely. Thus, the fraction of the piezoelectric g phase of our stretched PVDF film is ~10%
lower than the commercial one. Also, the interface between the printed lines, the surface roughness
and the interfilament porosities have an adverse effect during the poling phase. In addition, we
compare Fz (%) of the printed PVDF films and the commercial PVDF films before and after the
poling process with their respective optimal poling parameters (Figure 4.2f). For both PVDF films,
Fs (%) has not been much enhanced by the poling step. The commercial PVDF films have a slightly
higher Fz (%) than the printed PVDF films owing to the hot-pressing process and the higher R (R
= 5) during the stretching process. In conclusion, stretching process creates higher Fz (%) and
poling process aligns g PVDF molecules to achieve a non-zero net polarization. In addition, we
heat the polarized printed PVDF films at 30, 40, 50, 60, 70, 80, 90 until 100°C. Below 60°C, dz3 is
stable. Above 60°C, ds3 decreases with increasing temperature due to the misalignment of the
PVDF molecules, i.e., losing its net polarization. Thus, the maximum allowable operating
temperature for the FFF printed piezoelectric PVDF films developed in this work is 60°C as shown

in Figure 4.9,Supporting Information.
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Figure 4.2 Investigation of the optimal poling and stretching parameters by characterizing and

comparing the piezoelectric behaviors of printed PVDF films fabricated in this work and stretched

commercial hot-pressed PVDF films. (a) dsz of commercial and printed (R = 4) PVDF films

polarized under different poling voltages: 2, 4, 6 and 7 kV (for commercial PVDF); 1, 2 and 3 kV

(for printed PVDF) (red and blue markers represent electrical breakdown). (b) dsz of commercial
and printed (R = 4) PVDF films polarized for different poling time: 30, 60, 90 and 120 min. (c) ds3

of commercial and printed (R = 4) PVDF films polarized at different poling temperature: room

temperature, 50, 80, 110 and 140°C (red and blue markers represent electrical breakdown). (d)
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FTIR spectrum, (e) Fs (%) and dsz of unprinted PVDF filament and polarized printed PVDF films
stretched at R=1, 2, 3 and 4. (poling parameters: 80°C, 30 V/um and 60 min) (f) Comparison of Fg
(%) of printed PVDF films fabricated in this work (R=4) and commercial PVDF films before and
after the poling process.

We chose 40 x 20 x 0.06 mm polarized printed piezoelectric PVDF films (R = 4; polarized at 80°C,
30 V/um for 60 min) for the demonstration of two sensing (cantilever bending - d3; mode and

compression tests - ds3 mode) and one energy harvesting applications:

Application #1: Cantilever for bending frequency sensing application. A cantilever bending test
setup (Figure 4.3a) is designed to evaluate the frequency detection behavior of the printed
piezoelectric PVDF sensor. The shaker and the aluminum beam are fixed on a steel support and
connected to a rod. The screwed rod moves back and forth in the x direction and bends the
aluminum beam. The printed piezoelectric PVDF sensor is attached near the clamped end of the
aluminum beam. The cantilever bending test was also recorded by the high-speed camera as shown
in Supplementary information: Movie S1. The shaker is excited by a function generator (in sine
wave format) at eight frequencies (i.e., 0.1, 0.5, 1, 5, 10, 20, 30 and 40 Hz) and the deflection of
the free end of the aluminum beam is held constant at +5 /0 mm. To validate the durability of the
printed piezoelectric sensor, we performed the cyclic test at 5 Hz for around 8 h and captured the
voltage at the beginning and at the end of the cyclic test for 1200 s, respectively. The printed
piezoelectric PVDF sensor still shows good sensitivity and favorable stability for more than
140,000 cycles (Figure 4.3b). Figure 4.3c shows the voltage generated from the printed
piezoelectric film sensor in a period of 1 s between 0.1 and 40 Hz. The measured peak-to-peak
voltage is ~ 0, 9, 39, 35, 29, 6, 2 and 0 mV. The highest peak-to-peak voltage output of ~ 39 mV
is observed at 1 Hz. The peak-to-peak voltage increases from 9 to 39 mV as the frequency increases
from 0.5 to 10 Hz and then decreases to 2 mV as the frequency increases from 10 to 30 Hz. The
detected frequency by the printed piezoelectric sensor is consistent with the related actuating
frequency between 0.5 to 30 Hz. The output voltage signal is close to zero below 0.5 Hz and above
30 Hz. Below 0.5 Hz, the movement is too slow to be detected. The reason is that the piezoelectric
sensors are good at dynamic force measurement instead of static force measurement due to the fact
that the surface charges are easily neutralized under the static force.* Above 30 Hz (i.e., frequency

=40 Hz), the piezoelectric PVDF sensor do not have enough time to transmit the charges generated
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from the bending movement in the positive x direction (forward); these charges are reversed by the

recovering movement in the negative x direction (back).
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Figure 4.3 Cantilever bending test at different frequencies actuated by a shaker. (a) Schematic of
the cantilever bending test setup. (b) Durability test for a polarized printed PVDF film sensor (R =
4) by continuously bending at 5 Hz for 144,000 cycles. The voltage generated in 1200 s intervals
at the beginning and after 8 h. (c) Voltage generated by a polarized printed piezoelectric PVDF
sensor (R = 4) at different actuating frequencies: 0.1, 0.5, 1, 5, 10, 20, 30 and 40 Hz.

Application #2: Compression sensing application. The schematic of the compression test setup is
shown in Figure 4.4a. During the test, the compression head goes down by 0.033, 0.056, 0.079,
0.101, 0.129, 0.159, 0.206 and 0.234 mm to reach the maximum compressive force: 100, 200, 300,
400, 500, 600, 700 and 800 N, respectively. The voltage curves of the printed piezoelectric PVDF
sensor under the compressive force between 0 to 700 N during a 1 s interval is shown in Figure
4.4b. The PVDF films rupture when the load is equal to or greater than 800 N. As the compressive
force increases, it takes longer time for the voltage signal to go back to zero. Figure 4.4c depicts a

linear response of the PVDF film sensor voltage output for the force range between 0 to ~ 700 N.
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The sensitivity of the sensor is ~ 9.717 mV/N. Then, we reversed the direction of the connection
by switching the positive and negative wires on the piezoelectric sensor, and compressed the
piezoelectric sensor with a load of 500 N. We observe that the direction of the voltage peak has
been reversed, but the amplitude of two peaks is very close with a 0.8% difference, which confirms
that the voltage comes from the piezoelectric sensor and not from the movement of the wires due
to the change of the capacitance (Figure 4.4d).
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Figure 4.4 Compression test. (a) Schematic of the compression test setup. (b) Voltage curves during
a 1 s period, (c) Maximum voltage generated by a 40 x 20 mm printed piezoelectric PVDF sensor
(R = 4) under the maximum compressive force of 100, 200, 300, 400, 500, 600 and 700 N,
respectively. Error bars indicate the standard deviations obtained from three measurements. (d)
Switching-polarity test: voltage generated during a 1 s period under the compression of 500 N using

forward and reverse connections.
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Application #3: “Piezo leaves” for energy harvesting application. As shown in Figure 4.5a, four 40
x 20 x 0.06 mm printed polarized piezoelectric PVDF sensors (R = 4) are connected in parallel
and glued on an FFF 3D printed PLA tree as energy harvesting “piezo leaves”. Figure 4.5b shows
a bridge-rectifier circuit used to convert the AC to DC to charge a 2.2 uF capacitor.®? In the energy
harvesting test, we use a table fan to blow the “piezo leaves” (Figure 4.5c). The distance between
the fan and the PLA tree is 10 cm. As we turn on the table fan to the highest speed (motor speed =
1500 rpm), the “piezo leaves” are bent, thus generating electric current. We record the voltage
reading of the capacitor on the multimeter every 30 sec. During a 3-min period of fan blowing, the
“piezo leaves” are able to charge the capacitor from 0 to ~ 2 V at a charging rate of ~ 667 mV/min.
After we turn off the fan, the voltage drops gradually due to the intrinsic current leakage behavior
of the capacitor (Figure 4.5d). A 2.2 uF capacitor is selected in order to balance the current leakage
rate and the charging rate. Larger capacitors have a higher charging rate but larger current leakage.
The charges stored in the capacitor is further used to make a red LED bulb blink (Supplementary
information: Movie S2). The number of “piezo leaves” and the amplitude of wind power have a
significant effect on the charging rate. By calculation, ~ 720 pieces of “piezo leaves” are required

to light a LED continuously.

As shown in Figure 4.10 (Supporting Information), the calculated power density of the four “piezo
leaves” is ~ 9.38 pWem at a resistance of 1 MQ (although there is a small deformation under the
wind), which is comparable to the power density of the PVDF related energy harvesters from other

works.>3%
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Figure 4.5 “Piezo leaves” energy harvester - Four PVDF films connected in parallel blown by a
fan. (a) Photo of the four 40 x 20 mm printed piezoelectric PVDF sensors (R = 4) glued on an FFF
3D printed PLA tree. (b) Circuit diagram of the energy harvester: four “piezo leaves” connected in
parallel generate AC, which is converted to DC by a bridge rectifier and stored in a capacitor to
light a LED bulb. (c) Photo of the experimental setup: the wind energy from the fan is converted
to electrical energy by four “piezo leaves” and the stored voltage in an energy harvesting circuit is
read by a multimeter. (d) Voltage of a 2.2 uF capacitor charged by the “piezo leaves” after the fan
is turned on (1500 rpm) for 3 min and off.

4.3 Conclusion

In summary, we have successfully optimized the stretching-poling post-treatment parameters to
fabricate FFF printed piezoelectric PVDF films and tested them for frequency sensing, presure
sensing and energy harvesting applications. By tailoring the stretching and poling parameters, a
piezoelectric coefficient of 7.29 pC/N and a fraction of £ phase of 65% were obtained. We find that
the stretching step is necessary for the creation of piezoelectric g phase, while the poling step is

required to align the randomly dispersed dipole moment. The ds3 of the polarized printed PVDF
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films (R = 4; polarized at 80°C, 30 V/um for 60 min) fabricated in this work is ~ 10-100 times
higher than the reported values.®>*® We have successfully demonstrated that the fabricated PVDF
films could be directly used in both ds: and dsz mode sensing applications, including frequency
(0.5to 30 Hz) and compression detection (0 to 700N). Moreover, 2 V voltage generated and stored
ina 2.2 uF capacitor through a 3-min fan blowing of four printed PVDF films connected in parallel
could make a LED bulb blink. In the future work, to further enhance the piezoelectric charge
coefficient of the 3D printed piezoelectric films, high piezoelectric ceramic fillers can be
incorporated into the pure PVDF filament as piezoelectric composite filament. The obtained
piezoelectric coefficient will be the sum of the PVDF polymer matrix and the ceramic fillers. In
addition, the stretching step is essential to enhance the f phase content in PVDF to achieve better
piezoelectric performance, however it limits the complexity of the manufacturable structures. In
our future work, we will show the use of FFF 3D printing technique to fabricate geometrically-
optimized true 3D piezoelectric composite devices. The present work is the foundation of our future
work with the goal of showing the upper limit of piezoelectric performance that we can achieve in
the FFF 3D printed PVDF films. Also, we plan to utilize a multi-material FFF 3D printing
technique for the fabrication of the piezoelectric sensors with electrodes in a single step. This multi-
material 3D printing technique will offer a facile way to create piezoelectric devices without the
need of post metallization. We believe that FFF 3D printed piezoelectric devices would find

enormous applications in sensing and energy harvesting fields.

4.4 Experimental section

4.4.1 Materials

PVDF filaments (1.75 mm in diameter, Fluorinar-H™ Kynar®) were purchased from Nile
Polymers, Inc (USA). Commercially available unpolarized (R=5) and polarized (R=5) hot-pressed
PVDF films with a thickness of ~ 120 um were purchased from PolyK Technologies, LLC (USA).
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4.4.2 FFF printing of PVDF films

PVDF films were fabricated using the commercially available 1.75 mm diameter PVDF filament.
An FFF 3D printer (Raised3D Pro 2) was used to print one-layer film with a dimension of 60 x 40

x 0.15mm. Table 4.1 lists the main printing parameters.

Table 4.1 FFF 3D printing parameters for making the PVDF films.

Parameters Values
Nozzle size 0.4 mm
Bed temperature 100 °C
Extrusion temperature 250 °C
Printing speed 30 mm/s
Infill percentage 100%
Layer height 0.15mm

4.4.3 Stretching process

The stretching process was carried out on the printed PVDF films using the tensile test machine
(eXpert 2600, ADMET). The dimension of the PVDF film between the upper and lower grips was
40 x 40 x 0.15 mm. The stretching condition were at 100°C in an environmental chamber (F-
280DT, ADMET) and at stretching rate of 0.2 mm/s. Using other temperature (80 to 120°C) and
speed (0.1 to 1mm/s) settings, the PVDF films used to crack during the stretching process. The
stretching ratio was varied from 1 to 4. The PVDF films have a great tendency to crack during the

stretching process if we stretch them with R > 4.

4.4.4 Poling process

We built a contact poling setup to align the dipole moments of PVDF films, which consisted of

three parts: an in-house-designed poling chamber, a high voltage power supply (ES60kV negative,
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10 Watt, Gamma High Voltage Research, Inc.) and a hot plate (Thermo Scientific™
SuperNuova+™, Fisher Scientific). (Figure 4.6, Supporting Information) The commercially
available hot-pressed PVDF films were polarized to confirm the functionality of the in-house built

poling setup.

Before the poling process, both the 3D printed and commercial P\VDF films were cut into the same
size 40 x 20 mm and attached with conductive aluminum tape (3M, USA) to both surfaces as
poling electrodes. During the poling process, the specimen was clamped between the copper rod
and the bottom aluminum plate. Then, the specimen was cooled down to room temperature before
removing the electric field to reduce the misalignment of dipole moments. After the poling process,
the aluminum tapes were removed, the films were washed with soap to remove the residue of
silicone oil and dried at room temperature before painting the electrodes on their top and bottom

surfaces.

To evaluate the poling performance of the contact poling setup, the unpolarized commercial
stretched hot-pressed PVDF films are polarized using four poling voltages (2, 4, 6 and 8 kV) at
80°C for 60 min, four poling time (30, 60, 90 and 120 min) at 80°C under 6 kV and five poling
temperature (room temperature, 50, 80, 110 and 140°C) under 6 kV for 60 min, respectively. To
investigate the optimal poling condition for the printed PVDF films stretched at R = 4 (highest Fp),
we further polarized them using three poling voltages (1, 2 and 3 kV) at 80°C for 60 min, four
poling times (30, 60, 90 and 120 min) at 80°C under 2 kV and five poling temperatures (room
temperature, 50, 80, 110 and 140°C) under 2 kV for 60 min, respectively. In addition, the printed
PVDF films stretched at R = 1, 2 and 3 are also polarized with an electric field of 30 VV/um at 80°C

for 60 min.

4.4.5 Electrode fabrication and electrical connection process

A bristle paintbrush was used to paint a thin layer of silver conductive paste (MG Chemicals
842AR, ABRA Electronics Corp.) on the top and bottom surfaces of the printed piezoelectric
PVDF films as electrodes for the electromechanical measurement. We left a gap (~ 2 mm) between
the edge of the silver electrodes and the edge of the PVDF films in order to avoid contact between
the two electrodes. Then, two pieces of aluminum tapes (5 x 10 mm) were used to electrically

connect the silver electrodes and the wires.
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4.4.6 Piezoelectric property characterization

A dzz meter (YE2730, Sinocera Piezotronics, Inc.) was used to characterize the piezoelectric
coefficient dss. The specimens were tested approximately one day after the poling process. Because
the ds3 value measured immediately after the poling process is higher than the real value. In the
cantilever bending and compression tests, open-circuit voltages were collected using a charge
amplifier (Piezo Lab Amplifier, MEAS Specialties) in the voltage mode. The data was acquired
with an N1-9239 data acquisition system attached to a USB carrier NI1-9162 (National Instruments)

and recorded using a custom LabVIEW interface.

4.4.7 Piezoelectric g phase characterization

A Fourier-transform infrared (FTIR) spectrometer (Nicolet 6700, Thermoscientific) was used to
obtain the absorption spectra of different types of PVDF films at 8 cm™ resolution from 550 to
1250 cm™. 128 scans were conducted on each sample and the average values were used to assess

the different phases content.

4.4.8 Optical characterization

A Canon EOS Rebel T4i camera was used for the photography of the samples in this paper. Optical
images of the cross-section of the PVDF sensors were taken using an optical microscope (BX-61,
Olympus). A high-speed camera (MotionBLITZ Cube4, Mikrotron) captured cantilever bending

test at a frame rate of 200 Hz.

4.4.9 Cantilever bending test

An aluminum beam with a dimension of 120 x 40 x 0.5 mm was fixed on a steel support and
actuated in flexion by a shaker (K2004E01, Mode Shop Inc.). The span length is ~ 8 cm. The
printed piezoelectric PVDF film were attached near the clamped end of the aluminum beam in
order to exhibit maximum strain and detect the vibrating frequency. During the cantilever bending
test, the shaker was excited by a function generator (Model 19, Wavetek Corp.) in a sine wave
format at eight different frequencies: 0.1, 0.5, 1, 5, 10, 20, 30 and 40 Hz.
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4.4.10Compression test

Compression test of the printed piezoelectric PVDF films were carried out in an MTS Insight
machine with a 1000 N load cell in compression mode (MTS 569332-01). The crosshead speed
was 1 mm/s. An acrylic disc with a diameter of 10 mm was glued on top of the PVDF film to obtain
the same contact area under compression. The compression head moved down 0.033, 0.056, 0.079,
0.101, 0.129, 0.159, 0.206 and 0.234 mm until the maximum compressive force of 100, 200, 300,
400, 500, 600, 700 and 800 N was reached, respectively. The average voltage output is calculated

from three measurements.

4.4.11Energy harvester

Four FFF printed PVDF films were connected in parallel and glued on a 3D printed PLA tree as
the energy harvesting “leaves” and blowed by a tabletop air circulation fan (PFT30T2ABB-V,
PELONIS) at 1500 rpm. A circuit was built in order to light a red LED using the energy generated
by the “piezo leaves”. In this circuit, a bridge-rectifier consisting of four diodes converted the AC
generated by these four “piezo leaves” to DC, while a 2.2 uF capacitor stored the converted energy.
The stored voltage in the capacitor was displayed by a digital multimeter (HHM11, Omega

Engineering, Inc.).
4.5 Supporting information

4.5.1 In-house-designed contact poling setup

Figure 4.6 shows the contact poling setup which consisted of three parts: an in-house-designed
contact poling setup, a high voltage power supply (max voltage = 60 kV) and a hot plate. In the
poling station, the positive high voltage cable from the high voltage power supply was connected
to a copper rod with a diameter of 3 mm as the top electrode, and an aluminum plate was grounded
as the bottom electrode. A ceramic-insulated resistance temperature detector (956-35110016,
Mouser Electronics, Inc.) was mounted on the aluminum plate and connected to the hot plate to

control the temperature of the silicone oil bath.
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Poling station

High voltage power supply

| Hot plate

Figure 4.6 Photo of an in-house-designed contact poling station: a poling head (-), a silicone oil

bath and an aluminum plate (+) (left) and a high voltage power supply (right).

4.5.2 Surface characterization of the fabricated PVDF films

Defect-free printed PVDF films are important for the post-processing, i.e. stretching and poling
processes. Figure 4.7 shows the optical images of the well-printed (Figure 4.7a) and the printed
PVDF films with defects (Figure 4.7b). As shown in Figure 4.7b, thinner section between the
printed lines and the defects not only result in the failure during the stretching process but also limit
the amplitude of the poling electric field during the poling process. In order to achieve a good
printing without the thinner section between the printed lines, the printing bed should be well

leveled and the extrusion width is decreased from 0.48 mm to 0.40 mm.
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Figure 4.7 Optical images of the top surface of (a) the well-printed PVDF film, and (b) the printed
PVDF film with defects.

4.5.3 Photo and thickness of the printed PVDF films with different R

Figure 4.8 shows the photo of the stretched PVDF films at R = 1, 2, 3 and 4. The thickness of the
films were measured using a digital micrometer. The average thickness of the films and the poling
voltage (i.e. electric field 30 V/um) are listed in Table 4.2. Before the poling process, all types of
PVDF films are cut into 40 x 20 mm from the center of the printed or stretched PVDF films.

Figure 4.8 Photos of the stretched PVDF films at R=1, 2, 3 and 4.
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Table 4.2 Thickness of the stretched PVDF films.

R Average thickness (um) Poling voltage (kV)
1 150 4.5
2 120 3.6
3 90 2.7
4 60 1.8

4.5.4 Maximum operating temperature for the printed polarized PVDF films

To investigate the maximum working temperature of the piezoelectric PVDF films (R = 4; poling
electric field = 30 V/um) fabricated in this work, the polarized printed PVDF films were heated in
the silicone oil bath at 30, 40, 50, 60, 70, 80, 90 and 100°C for 1 hr, respectively, and the
piezoelectric coefficient (dss) were measured by the ds3 meter at three different locations before
and after being heated (Figure 4.9). We find that the PVDF films start to lose its piezoelectric
performance gradually when the temperature is above 60°C, which is consistent with the reported
maximum operating temperature of commercial PVDF piezo sensors.>® The reason is that the
higher mobility of PVDF molecules at an elevated temperature results in the misalignment of the
dipole moments. As a consequence, during the poling process, we need to cool down the piezo
elements below 60°C before removing the poling electric field in order to avoid the misalignment

of the dipole moments.
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Figure 4.9 Piezoelectric coefficient dss3 of printed polarized PVDF films before and after being
heated at 30, 40, 50, 60, 70, 80, 90, and 100°C for 1 hr. Error bars indicate the standard deviations

obtained from three location measurements on three different samples.

4.5.5 Optimal voltage output and power output of the “piezo leaves” energy
harvesters with the external resistance

The effects of external resistance load on the voltage output of the “piezo leaves” are shown in
Figure 4.10a. It can be observed that the voltage output increases with the external resistance.
Figure 4.10b shows the instantaneous output power (P) at different external resistances (1 kQ2, 10
kQ, 100 kQ, 1 MQ and 10 MQ) calculated by:

p="L (4-2)

where U is the output voltage and r is the external resistance as shown in Figure 4.10a. The
maximum power output of the “piezo leaves” is ~ 0.45 W when the optimum resistance is 1 MQ.

The instantaneous power density with the optimum resistance is calculated by:
P
§=2 (4-3)

where S is the power density and V is the volume of the four “piezo leaves”. The calculated S of

the four “piezo leaves” is ~ 9.38 pWcm= at a resistance of 1 MQ.
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Figure 4.10 (a) Output voltage, (Inset: circuit diagram of the energy harvesting behavior test.) (b)
Power of the “piezo leaves” with different resistances (1 kQ, 10 kQ2, 100 kQ2, 1 MQ and 10 MQ)
when the fan is turned on (1500 rpm).
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Abstract

Flexible three-dimensional (3D) piezoelectric sensors and energy harvesters are in great demand
for wireless and low power consumption human health monitors, artificial skins and soft robots. In
this work, a multi-material fused filament fabrication (FFF) 3D printing technique is used to
fabricate 3D piezoelectric and flexible composite structures with integrated electrodes by utilizing
a developed piezoelectric composite filament and a commercially available conductive composite
filament. The developed piezoelectric composite filament consists of flexible polyurethane (TPU)
matrix and 30 vol% of piezoelectric ceramic lead zirconate titanate (PZT) nanoparticle fillers. The
fabricated TPU/30vol%PZT piezoelectric composite has an elongation at break strain of ~56% and
a ds3 value of 6.8 pC/N after being polarized. Four types of 3D piezoelectric composite lattices
including Simple cubic, Body-centered cubic, Cuboctahedron and Octet truss (and one fully dense
solid for counterpart) are fabricated and tested. Under the same maximum applied compressive
force, octet truss piezoelectric composite lattice generates two times higher voltage output than the

fully dense solid counterpart, aligned with our finite element analysis (FEA) predictions. As a
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demonstration for the potential applications, a multi-material 3D printed flexible piezoelectric
composite shoe sole made of the octet truss infill pattern can generate a high peak-to-peak voltage
(Vpp) 0f ~20 V through a typical human stomp. Our approach can open a new avenue for designing
and manufacturing flexible piezoelectric devices for sensing and energy harvesting applications.

5.1 Introduction

Piezoelectric materials find widespread applications in sensing,’ energy harvesting*® and
actuating”® fields owing to their capability for converting mechanical energy into electrical energy
and vice versa.® ! The piezoelectric charge coefficient djj has two subscripts: the first subscript i
indicates the direction of the charge generation, and the second subscript j indicates the direction
of the applied stress.? Compared to the piezoelectric polymer polyvinylidene fluoride (PVDF) and
its copolymers, piezoelectric ceramics such as lead zirconate titanate (PZT) and barium titanate
(BaTiOs) typically have ~10 times higher piezoelectric coefficient (di) and only require a low
poling electric field.*>* The piezoelectricity of the piezoelectric ceramic originates from the dipole
moments between the tetravalent metal ion, titanium Ti** or zirconium Zr** and the diatomic
oxygen ions O when temperature is below the Curie temperature (Tc).*> Above T, crystalline
structure of the ceramic changes from tetragonal system (polar) to cubic system (symmetric, non-
polar), thus loses its piezoelectric behavior.*5” Traditionally, to fabricate a piezoelectric PZT
product, PZT particles are mixed with a binder (Polyvinyl alcohol (PVA)) and the resulting mixture
is formed into a desired shape. The PZT parts are heat treated at high temperatures in a furnace
during which the binder is removed and the piezo particles are sintered. The dense crystalline
structure is then polarized according to the desired poling time, temperature and voltage
parameters.’® Although the fabricated devices possess high piezoelectric properties, this
manufacturing process is delicate and time-consuming. Another disadvantage is that the fabricated

piezoelectric ceramic devices are brittle in nature and susceptible to cracking during service.*®

In order to overcome the shortcomings of the piezoelectric ceramic devices, researchers
incorporated piezoelectric ceramic particles into the polymer matrix to fabricate piezoelectric
composite materials. However, most of the reported fabricated piezoelectric composites are in
simple fiber (1D)?%% or film (2D)??23 shapes. Additive manufacturing (AM), also referred as three-

dimensional (3D) printing, is a family of several processes that enables the fabrication of a 3D
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shape in a layer-by-layer approach. Several 3D printing techniques such as direct ink writing
(DIW),2+27 digital light processing (DLP)?%% and fused filament fabrication (FFF) have been used
to fabricate 3D smart composite structures.?-3’ On account of the ready-to-use thermoplastic
filament, FFF 3D printing technique is widely used without the impact of the limited shelf-life for
the raw material compared to other techniques (i.e., change of material properties by time in
solvent-based inks, the thermoset-based inks (DIW) or photocurable resin (DLP)). Another issue
related to the piezoelectric composite materials is that most polymer matrix (e.g., PVDF®40) used
for developing piezoelectric composites are not stretchable. Thus, the produced piezoelectric
devices cannot be conformally applied to soft and irregularly shaped surfaces for use in wearable

SENsors.

On the manufacturing side, an extra step is usually required to add electrodes on the top and bottom
surfaces of the piezoelectric element by painting,** screen printing,*? sputtering®® or attaching
conductive tape or fabrics.*+* The electrode layers tend to wear or rupture after a period of usage.
Multi-material 3D printing technology used for the fabrication of multi-color or multifunctional
composites,?” 4647 has a great potential to co-fabricate electrodes and the piezoelectric element in a

single manufacturing process.

The goal of the present work is to develop a 3D-printable, flexible and high-performance
piezoelectric composite filament by incorporating piezoelectric ceramic PZT particles into a
flexible thermoplastic polyurethane (TPU) matrix. We designed and fabricated four types of 3D
piezoelectric composite lattices (and one fully dense solid for counterpart) using a multi-material
FFF 3D printing method. The voltage output of the piezoelectric lattices under the same maximum
applied force and imposed displacement are investigated. The normalized voltage of the fully dense
sample and the octet truss lattice under the same maximum applied force are simulated by a finite
element analysis (FEA) to compare with the experimental results. Additionally, we evaluated the
sensing and energy harvesting performance of a multi-material piezoelectric composite shoe sole

consisting of periodic octet truss.

5.2 Results and discussion
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The scanning electron microscopy (SEM) images of the transverse cross-section and the outer
surface of the developed TPU/30vol% PZT filament are shown in Figure 5.1a. The absence of any
significant polymer-rich regions and agglomerations in Figure 5.1a(l-11) confirm the homogeneous
distribution of the PZT particles within the TPU matrix. The diameter of the filament is also
relatively uniform (1.74 + 0.7%) as shown in Figure 5.1a(l1l). Figure 5.1b shows the SEM image
of the strong bonding between the electrode and the piezoelectric layers of the multi-material 3D
printed piezoelectric devices after being bent a few times. Figure 5.1c shows 3D models of four
types of 3D piezoelectric composite lattices designed for the current investigation: SC, BCC, CH
and OT, respectively. Figure 5.1d shows the images and the close-up front and top views of the
multi-material 3D printed piezoelectric composite lattices presented in Figure 5.1e. The
manufacturing defects are mainly due to the imperfections of the extruded piezoelectric composite
filaments from the twin-screw micro-compounder (e.g., surface roughness and diameter variation)
and the difficulties in 3D printing stretchable filaments (e.g., filaments buckle between the feeding
screws and the nozzle of the FFF 3D printer; the shear force between the two feeding screws are
hard to control). In Figure 5.8 and Table 5.3 (Section S3, Supporting Information), we observed
that the dimension of the 3D printed piezoelectric composite lattices well matches the as-designed
samples with a maximum error of 7%, demonstrating the 3D printability of the developed
piezoelectric composite filament and the feasibility of the multi-material 3D printing technique
used for the fabrication of piezoelectric devices. The weight of the 3D printed lattices is also listed

in Table 5.4 (Section S4, Supporting Information).
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Figure 5.1 Characterization of the developed piezoelectric composite filament and the multi-
material 3D printed flexible piezoelectric composite lattices with integrated electrodes: (a) SEM
(1-11) cross-section and (I11) surface images of piezoelectric composite filaments extruded by a
twin-screw micro-compounder. (b) SEM images of bonding between the electrode and
piezoelectric layers of the multi-material 3D printed sample. (c) 3D models of multi-material
piezoelectric composite lattices investigated (I: one unit cell; 11: isometric view; and I11: top view)
and (d) Images (I: isometric view; Il: front view; and I11: top view) of multi-material 3D printed
piezoelectric composite lattices investigated. (e) Close-up views (I: front view and I1: top view) of

multi-material 3D printed piezoelectric composite lattices.

The main poling parameters were investigated to tailor the piezoelectric performance of the
polarized 3D piezoelectric composite lattices. Figure 5.2a-c show the variation of dss of the 3D
printed TPU/30vol%PZT piezoelectric composite films (10 x 10 x1 mm; 5 layers) with respect to
poling electric field, time and temperature, respectively. In Figure 5.2a, the dss values of the
TPU/30vol%PZT piezoelectric composite films increase rapidly and then reach a plateau value
with the increase of the poling electric field while the poling temperature and poling time are

remained unchanged (poling temperature = 80°C and poling time = 60 min). Under the poling
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electric field of 5 kV/mm, the dss value of 5.52 pC/N is reached. Above 5 kV/mm, dzs does not
significantly increase because of the complete alignment of the piezoelectric domains. In Figure
5.2b, the ds3 values increase with poling temperature until ~80°C while the poling electric field and
poling time are remained unchanged (poling electric field = 5 kV/mm and poling time = 60 min).
Below 80°C, the PZT crystals could not be reoriented efficiently along with the electric field.
However, when the poling temperature is above 140°C, the electrical breakdown happens (as
marked in red “x”). In Figure 5.2c, the ds3 values increase with poling time until 60 min while the
poling temperature and poling electric field are remained unchanged (poling temperature = 80°C,
poling electric field = 5 kV/mm). The dss is almost constant for poling time beyond 60 min probably
due to the complete polarization. Based on these results, the poling parameters selected in this work
are 80°C, 5 kvV/mm and 60 min. Figure 5.2d shows the piezoelectric performance of the TPU/PZT
composites for different PZT contents (15 to 35 vol%). We observed that the dsz values increase
from 1.45 to 6.10 pC/N with the augmentation of the PZT loading whereas the viscosity of the
melted filament during the 3D printing process also increases significantly. The TPU/35vol%PZT
piezoelectric composite has the highest dzs, but it frequently blocks the 3D printer nozzle (nozzle
size = 0.6 mm). Hence, TPU/30vol% PZT composite is selected to fabricate the 3D piezoelectric
composite structures in this work. As shown in Figure 5.9 (Section S5, Supporting Information),
we also investigated the effect of the thickness of the piezoelectric films on the value of dzz. We
3D printed and polarized TPU/30vol%PZT piezoelectric composite films with different
thicknesses (10 x 10 mm, thickness =1, 2, 3, 4 and 5 mm, three replicates for each thickness type).
We found that when the poling voltage is higher than 15 kV, there was a combination of contact
and corona poling effect. In the contact poling process, a sufficiently high electric field is applied
directly on the top and bottom electrodes of the piezoelectric materials, while corona poling is to
create an electric field by depositing ionized charges on the top surface of the poled sample.*°
Therefore, the dss value of the 3D printed piezoelectric composite lattices is 6.80 pC/N (thickness
=5 mm) instead of 5.52 pC/N (thickness = 1 mm). To observe the thermal stability of the polarized
piezoelectric devices, we heated the polarized TPU/30vol%PZT piezoelectric composite films (10
x 10 x 1 mm, three replicates for each heating condition) at 30, 40, 50, 60, 70, 80, 90 and 100°C,
respectively. As shown in Figure 5.10 (Section S6, Supporting Information), below 80°C, the ds3

values are stable, but above 80°C, the dzs values decrease by increasing temperature due to the
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misalignment of the piezoelectric domains. Thus, the maximum allowable operating temperature

for the 3D printed piezoelectric composites developed in this work is 80°C.
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Figure 5.2 Tailoring of the poling parameters (poling electric field, temperature and time) and the

PZT content in the TPU/PZT composite filament: dss of TPU/30vol%PZT piezoelectric composite

as a function of (a) Different poling electric fields at 80°C for 60 min, (b) Different poling

temperature at 5 k\V/mm for 60 min, (c) Different poling time at 80°C under an electric field of 5

kV/mm and (d) ds3 of piezoelectric composite for different PZT volume fractions. Error bars

indicate 95% confidence interval of the mean obtained from three location measurements on three

different replicates.

Next step is to confirm that the TPU/30vol%PZT composite formulation shows the best

compromise between being highly piezoelectric while remaining 3D printable and mechanically

flexible. We investigated the mechanical behaviors of the 3D printed specimens of the pure TPU,

the commercially available conductive composite and the

developed piezoelectric
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TPU/30vol%PZT composite. Figure 5.3a shows the optical images of the 3D printed tensile
dogbone samples. The representative optical images of the side view and SEM transverse cross-
section and surface images of the tensile dogbone samples are shown in Figure 5.3b(I-111). The
layer height and extrusion width of these specimens are relatively uniform, and there is no
delamination between the 3D printed layers. Figure 5.3c presents the average tensile stress—strain
curves. The Young's modulus and the elongation at break (%) are shown in Figure 5.3d. The pure
TPU used as the matrix of the conductive and piezoelectric composite exhibits the highest
elongation at break (622.4% =+ 27.29%) and the lowest Young’s modulus (11.9 + 0.6 MPa)
compared to the conductive TPU/carbon black (128.2% + 10.98%; 28.6 + 0.46 MPa) and the
piezoelectric TPU/30vol%PZT composites (56.3% + 9.61%; 22.1 + 1.27 MPa). The addition of
the particles in the TPU matrix leads to the increase of the Young’s modulus and the decrease of
elongation at break (%) for both conductive and piezoelectric composites. The elongation at beak
strain of the TPU/30vol%PZT composite is ~56%, showing its great potential to be fabricated into

flexible or stretchable piezoelectric composite devices.
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Figure 5.3 Mechanical characterization of the pure TPU, commercial TPU/carbon black conductive
composite and the developed TPU/30vol%PZT piezoelectric composite: (a) A representative

optical image of the printed tensile dogbone samples (printing orientation: 0°/90°). (b) Optical
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images, SEM transverse cross-section and surface images of the tensile dogbone samples 3D
printed out of (1) pure TPU, (I1) commercial TPU/carbon black conductive composite and (l11)
TPU/30vol%PZT piezoelectric composite, respectively. (c) Average tensile stress-strain curves
from five tested replicates. (d) Young’s modulus and elongation at break (%) of the 3D printed
tensile dogbone samples.

To compare the piezoelectric performance of the FD sample and four other types of lattices
designed in this work, we conducted compression tests under two conditions: (1) under the same
maximum applied force of 300 N and (2) under the same maximum imposed displacement of 2
mm. Figure 5.4a shows representative output voltage curves as a function of time under the same
maximum force cycle, and Movie S1 (Supporting Information) shows the corresponding curves
under the same imposed displacement testing conditions. The peak-to-peak voltage (Vyp) generated
from the lattices along with the maximum displacement of the compressive head under the same
peak compression force of 300 N are compared in Figure 5.4b. The four types of multi-material
3D printed piezoelectric composite lattices investigated generate higher voltage output compared
to the FD sample. The OT piezoelectric composite lattice shows the highest Vp, 0f 0.273 V, almost
twice the value of the FD sample (0.140 V). Figure 5.4c presents Vpp, and peak compression force
under the same imposed displacement of 2 mm. The OT lattice has also the highest voltage output
among the four types of piezoelectric composite lattices under the same maximum imposed
displacement of 2 mm. When we divide V, by weight for FD sample and OT lattice, the FD sample
is 376 mV/g, and the OT lattice is 306 mV/g, demonstrating that OT is still showing much better
results under the displacement control condition. The FD sample (5.949) is not efficient due to the

heavier weight compared to OT lattice (4.3g).

The normalized voltage distribution in the FD sample and OT piezoelectric composite lattice are
simulated in ANSYS APDL. Figure 5.4d shows the normalized voltage distribution in the FD
sample and the OT lattice. As presented in Figure 5.4e, the normalized peak voltage of the FD
sample is 0.32 and the OT is 1. By comparing the experimental and simulation results, we observed
that the ratio of the Vpp between the OT lattice and the FD sample is ~ 2 for the experimental results
and ~ 3 for the simulation. The difference of the V,p between the prediction from the model and
the measured performance of the OT lattice and the FD sample probably stems from the following

three reasons: (1) 3D printing defects; (2) measurement errors for the material properties used in
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the simulation; (3) the electrodes are not simulated in the FEA, while in the experiment, the
electrodes are stiffer than the piezoelectric composite material, and the thickness of the electrodes

are not negligible compared to the thickness of the whole piezoelectric composite lattices.
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Figure 5.4 Piezoelectric characterization of the multi-material 3D printed piezoelectric composite
lattices: (a) Voltage curves of the FD sample and four other types of 3D piezoelectric composite
lattices under the same maximum applied force of 300 N. (b) Vpp of the lattices and displacement
of the compressive head under the same maximum applied force of 300 N. (c) Vpp of the lattices
and peak compressive force under the same maximum imposed displacement of 2 mm. (d)
Simulation results show the normalized voltage distribution in the FD sample and OT lattice (one

unit cell). (e) Comparison of the experimental and simulation results for Vpp found in FD sample
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and OT lattice. Error bars indicate 95% confidence interval of the mean obtained from three tested
replicates.

To demonstrate the piezoelectric performance of the OT lattice, a multi-material OT piezoelectric
composite shoe sole was designed and fabricated. The shoe sole size is Woman US 7. Figure 5.5a
shows the front view (I) and side view (11) images of the fabricated multi-material OT piezoelectric
composite shoe sole. To validate the durability of the shoe sole, we conducted the cyclic
compression test on the shoe sole at the human walking frequency of 2 Hz. The test setup is shown
in Figure 5.5b, in which a 3D printed PLA foot replica clamped on the upper compressive head
compressed the shoe sole with a displacement of 2 mm (F ~ 600 N, to simulate a 60 kg human
walking condition); the pressure distribution on the piezoelectric shoe sole was recorded
simultaneously by a commercial pressure map placed on the top of the multi-material OT
piezoelectric composite shoe sole. The measured Vpp is 313 + 0.37 mV, which indicates that the
piezoelectric composite shoe sole demonstrates a favorable stability for more than 200 cycles
(Figure 5.5¢ and 5.5d). In addition, we investigated the energy harvesting behavior by conducting
a human stomp test. By one stomp, ~20 V voltage was generated from the multi-material OT
piezoelectric composite shoe sole. As shown in Figure 5.5e inset, a white LED blinks by stomping
on the piezoelectric composite shoe sole. The effects of external resistance load on the voltage
output and generated power of the multi-material OT piezoelectric composite shoe sole are shown
in Figure 5.5f. The measured voltage output increases with the resistance of the external resistors
(1, 10, 20, 30, 40 and 50 MQ). The instantaneous output power (P) at different external resistances

is calculated by:

p=Y (5-1)

r

where V is the output voltage and r is the external resistance. The maximum power output of the
multi-material OT piezoelectric composite shoe sole is ~ 28.8 uW when using an external
resistance of 20 MQ by one stomp. The energy harvesting behavior test results demonstrate the
high piezoelectric performance of our multi-material 3D printed piezoelectric composite lattices
and their great potential to be used in the energy harvesting field. In Movie S2 (Supporting
Information), the human stomp test and cyclic compression test on the multi-material OT

piezoelectric composite shoe sole are shown.
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Figure 5.5 Piezoelectric characterization of the multi-material octet tress (OT) piezoelectric
composite shoe sole: (a) I: top view and IlI: front view and enlarged views of the multi-material OT
piezoelectric composite shoe sole. (b) Image of the cyclic compression test setup: a 3D printed foot
replica is clamped on the upper compressive head, the multi-material OT piezoelectric composite
shoe sole is placed on the bottom plate and a pressure map is placed between the foot replica and
the multi-material OT piezoelectric composite shoe sole to capture the pressure distribution during
the cyclic compression test. (c) Piezoelectric voltage output of the multi-material OT piezoelectric

composite shoe sole at a frequency of 2 Hz for 200 cycles and (d) for 4 cycles. (¢) Human stomp
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test (Inset: a white LED blinks at every stomp of foot). (f) Vpp and power of the multi-material OT
piezoelectric composite shoe sole by one stomp for different resistances (Inset: circuit diagram of

the energy harvesting behavior test).

5.3 Conclusion

The multi-material 3D printed flexible piezoelectric composite lattices with integrated electrodes
developed in this work show higher piezoelectric performance compared to the fully dense
counterpart under the same maximum applied force, broadening the possibilities of manufacturing
lightweight, high voltage output and flexible 3D piezoelectric devices. Among the investigated
configurations, the multi-material octet truss piezoelectric composite lattice generates twice as
much voltage as the fully dense counterpart under the same maximum compressive force cycle.
The prediction from the model is a little off most probably due to the manufacturing defects. The
printing quality can be further improved by both precisely controlling the diameter uniformity of
the extruded filament during the filament manufacturing process and enhancing the capability of
the commercial FFF 3D printers to print flexible materials (e.g., adding force sensor on the feeding
screws to control the clamping force; adding proper heat-resistant guide tubes from the feeding
screws to the nozzle to avoid the buckling of the flexible filament). A 3D printed flexible multi-
material OT piezoelectric composite shoe sole demonstrator could generate ~ 20 V by one human
stomp, showing a stable performance during a 200 cycles compression test. The topology lattice
architecture can also be optimized to find lightweight designs with a potentially higher
piezoelectric performance. Finally, the developed piezoelectric composite filament in this work
shows a great potential to replace the commonly-used brittle and much harder to print piezoelectric
ceramic materials. The multi-material 3D printing technique will be employed to fabricate
wearable and flexible piezoelectric sensors or energy harvesters such as smart artificial skins and

battery-free wireless energy harvesters.

5.4 Experimental section

5.4.1 Materials

PZT powder (~500 nm, sphere, APC 850) was purchased from APC International, Ltd (USA). The
flexible TPU filament (1.75 mm in diameter, NinjaFlex™) was purchased from NinjaTek (USA)
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as the matrix of the piezoelectric composite filament. The conductive TPU/carbon black composite
filament (1.75 mm in diameter, 1,500 ohms-cm, Eel™) was also purchased from NinjaTek (USA).

5.4.2 Manufacturing process

Piezoelectric composite filament fabrication process

The commercially available TPU filament was cut into small pellets with a length of ~5 mm using
a filament pelletizer machine (BT 25, Scheer Bay Co.). Both the TPU pellets and PZT powder were
dried at least one day at 60°C in a vacuum oven before the composite filament extrusion process.
As shown in Figure 5.6a, 30 vol% PZT powder (as fillers) and TPU pellets (as matrix) are melt-
extruded in the form of a piezoelectric composite filament (~1.75 mm in diameter) using a 5 cc
twin-screw micro-compounder (DSM Xplore) at 220°C with a mixing speed of 50 rpm for 10 min.
Figure 5.7 (Section S1, Supporting Information) describes the recyclability of the developed
piezoelectric composite material. The scrap materials or the printed parts can be re-extruded to

form filaments.
FFF 3D printing of piezoelectric multi-material composite structures

A fully dense sample (FD), four types of 3D piezoelectric composite lattices® i.e. Simple cubic
(SC), Body-centered cubic (BCC), Cuboctahedron (CH) and Octet truss (OT), and a piezoelectric
shoe sole (infill pattern: OT) were fabricated using the developed piezoelectric composite filament
and the commercially available conductive composite filament (as electrodes). The lattices are
made of 4 x 4 x 1 unit cells; lattice dimension is 20 x 20 x 5.4 mm (length X width x thickness).
Both the piezoelectric and the conductive composite filaments were dried at 60°C in a vacuum
oven for at least one day before the printing process. The piezoelectric and conductive composite
filaments were printed in the form of SC lattice using a commercial FFF 3D printer (Makerbot
replicator 2, MakerBot Industries, LLC) as shown in Figure 5.6b. FFF 3D printing parameters for
making the multi-material piezoelectric composite structures (for both filaments) are: nozzle size
= 0.6 mm, extrusion temperature = 230°C, printing speed = 20 mm/s, layer height = 0.2 mm and

the printing bed is not heated.

Poling process
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To align the dipole moments in the PZT nanoparticles, we built a contact poling setup (Figure
5.6¢), which consists of four parts: a poling bath filled with silicone oil (Thermo Scientific), a
poling copper rod (~3 mm in diameter), a high voltage power supply (ES60kV negative, 10 Watt,
Gamma High Voltage Research, Inc.) and a hot plate (Thermo Scientific™ SuperNuova+™, Fisher
Scientific). During the poling process, we put an aluminum plate (20 x 20 X 2 mm) between the
copper rod of the poling head and the top surface of the element to ensure a more uniform
distribution of the electric field throughout the piezoelectric composite lattices. After the poling
process, the silicone oil bath was cooled down to room temperature before removing the electric
field to reduce the misalignment of dipole moments. The polarized structures were then washed

with soap to remove the residue of silicone oil and dried at room temperature.

Herein, three poling parameters have significant effects on the piezoelectric performance: poling
voltage, time and temperature. A sufficiently high poling voltage is crucial to align the randomly
oriented dipole moments. Poling time could be tailored to ensure the complete polarization. An
elevated poling temperature (<T¢) is used to increase the mobility of the crystals. To tailor the
poling parameters, we fabricated TPU/30vol%PZT piezoelectric composite films (10 x 10 x 1
mm, 5 layers, 3 replicates for each test condition) and polarized them using five poling voltages (1,
3,5, 7 and 9 kV) at 80°C for 60 min, five poling temperatures (room temperature ~23, 50, 80, 110
and 140°C) under 5 kV/mm for 60 min and four poling time (30, 60, 90 and 120 min) under 5
kV/mm at 80°C, respectively. After the poling process, the silicone oil bath was cooled down to
room temperature before removing the electric field to reduce the misalignment of dipole moments.
To investigate the composition of the piezoelectric composite (i.e., PZT volume fraction), we
fabricated and polarized piezoelectric composite films with five PZT volume fractions: 15%, 20%,
25%, 30% and 35% (i.e., 53%, 61%, 68%, 73% and 77 % in weight fraction) using the poling
parameters 5 k\VV/mm, 80°C and 60 min. Then we used the poling parameters to polarize the multi-
material 3D printed piezoelectric lattices and the multi-material OT piezoelectric composite shoe
sole. We built a larger silicone oil poling bath with a dimension of 39.6 x 24.6 x 7.6 cm for the

poling process of the multi-material OT piezoelectric composite shoe sole.
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Figure 5.6 Schematic of the fabrication process of a multi-material 3D printed flexible piezoelectric

Build platform

composite lattice (SC lattice is shown): (a) Piezoelectric composite filament fabrication process
(matrix: TPU and filler: PZT nanoparticles). (b) Multi-material 3D printing process (yellow
filament: the developed TPU/PZT piezoelectric composite filament; black filament: the
commercially available TPU/carbon black conductive composite filament). (c) Poling process

using a custom-made poling station.

5.4.3 Scanning electron microscopy (SEM) and optical characterization

The microstructure of the TPU/30vol%PZT piezoelectric composite filament extruded from the
twin-screw micro-compounder and the bonding between the electrode and the piezoelectric layers
of the multi-material 3D printed devices were investigated using SEM observations (TM3030,
Hitachi, USA). Samples were coated with a 10 nm layer of chrome before the imaging analysis.
The imaging analyses were performed at a 5 kV voltage supply. Filler dispersion was analysed

based on the cross-sectional view of extruded filament fractured manually in the liquid nitrogen.

Optical images of the close-up front view and top views of the multi-material 3D printed
piezoelectric composite lattices and shoe sole were taken by an optical BX-61, Olympus

microscope.

5.4.4 Piezoelectric property characterization

A dzz meter (YE2730, Sinocera Piezotronics, Inc.) was used to characterize three piezoelectric
coefficients: dss, ds1 and dis. The open-circuit piezoelectric voltages were collected using a charge

amplifier (Piezo Lab Amplifier, MEAS Specialties) in a voltage mode. The data was acquired with
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an NI-9239 data acquisition system attached to a USB carrier N1-9162 (National Instruments) and
recorded using a custom LabVIEW interface. The average values were calculated from three

measurements conducted on three replicates.

5.4.5 Capacitance measurement

The capacitance (C) of the TPU/30vol%PZT composite films was measured using an LCR
(inductance, capacitance and resistance) meter (3522-50 LCR Hitester, Hioki). The
TPU/30vol%PZT composite films with a dimension of 10 x 10 x 1 mm were tested. The average
value was calculated from three replicates.

5.4.6 Mechanical characterization

Tensile stiffness and elongation at breakage (%) characterization of the tensile dogbones 3D printed
out of pure TPU, piezoelectric TPU/PZT composite (~1.75 mm in diameter) and conductive
TPU/carbon black composite filaments were carried out using an MTS Insight™ machine with a
1000 N load cell at a crosshead speed of 50 mm/min and using digital image correlation (DIC)
technique. The tensile tests were performed according to ASTM D638 - 14.8 The tensile dogbones
were made into type IV (thickness = 3 mm). To prepare the samples for DIC measurement, a thin
layer of white acrylic spray paint (Ultra 2X spray paint, Painter’s Touch®) was applied on the
surface of each specimen. The speckle pattern with a diameter of ~0.4 mm was then painted with
a roller brush to track the speckle pattern displacement during the tensile test. Two long-range
focus stereo microscopes were used for the image acquisition at a frequency of 5 Hz. The strain
was computed from the displacement of the speckle pattern using the VIC3D micro software

(Correlated solutions, version 7.2.4). Five replicates were tested for repetition.

5.4.7 Compression test on the multi-material 3D printed flexible piezoelectric
composite lattices with integrated electrodes
The compression tests were carried out on the FD sample and four other types of 3D piezoelectric

composite lattices using an MTS Insight™ machine with a 1000 N load cell at a crosshead speed

of 500 mm/min. We conducted the compression tests for two conditions: under the same maximum
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applied force of 300 N and under the same maximum imposed displacement of 2 mm, respectively.
The average of piezoelectric voltage output was calculated from three replicates.

5.4.8 Cyclic compression test and human stomp test on the multi-material OT

piezoelectric composite shoe sole

The cyclic compression test was carried out using an MTS Bionix™ test system with a 25 kN load
cell with an amplitude of 3 mm at 2 Hz; the 2 Hz frequency was selected to mimic the frequency
of human walking. The plantar pressure distribution of the foot on the multi-material OT
piezoelectric composite shoe sole was measured using a Medilogic Flex-Sole plantar pressure
system (T&T Medilogic Medizintechnik GmbH, Germany) at 400 Hz. The plantar pressure map
was placed between the 3D printed PLA foot replica and the multi-material OT piezoelectric
composite shoe sole. The human stomp test was simply performed by stomping on the multi-
material OT piezoelectric composite shoe sole. The pressure map was placed in the shoe of the
tester. The voltage output was recorded and a white LED (3 V, 20 mA) blinked at every stomp of

foot.

5.4.9 Finite element analysis

ANSYS APDL was used to conduct the finite element analysis (FEA). One unit cell of the FD
sample and the OT lattice were investigated. The boundary condition was that the bottom surfaces
of the structures were fixed, and a uniform stress was applied on the top surfaces to obtain the
normalized voltage. Table 5.1 lists the input parameters taken from experimentally obtained
properties of the bulk TPU/30vol%PZT piezoelectric composite. The element type is Solid 227,
which is a 3D quadratic tetrahedral element and has 10 nodes. Table 5.2 (Section S2, Supporting
Information) shows the convergence analysis. The number of elements is 39304 for FD and 49801
for OT.

Table 5.1 The input parameters of the bulk TPU/30vol%PZT piezoelectric composite.

Elastic property
Density (kg/m?3) Dielectric permittivity (F/m) Piezoelectric coefficient (pC/N)
(Modulus and Poisson’s ratio)
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dis=du=45

Y =22 MPa a1=e2=2.0x10710

p =297 x10° ds1=d=-2.1
v=043 e3=159%x1010

dsz=6.8

5.5 Supporting information

5.5.1 Eco-friendly recyclable reusable piezoelectric composite material

- Cm -mm v -

Figure 5.7 FFF 3D printed TPU/PZT composite structures and scrap materials can be recycled to
generate new FFF 3D-printable piezoelectric composite filament. They are cut into small pellets
and then re-extruded into filaments using the twin-screw micro-compounder. New structures can
be FFF 3D printed out of the recycled piezoelectric composite filament. To recycle the piezoelectric
composite structures printed with integrated electrodes, we should first peel off the electrode layers

on the top and bottom surfaces of the 3D printed piezoelectric structures.

5.5.2 Convergence analysis

Table 5.2 Convergence analysis.

FD oT
Element number Voltage result Element number Voltage result
1000 0.32 3805 0.97
2197 0.32 4024 0.97
4913 0.32 8271 0.99
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15625 0.32 14653 1.00

39304 0.32 49801 1.00

5.5.3 Dimension of the four types of multi-material 3D printed piezoelectric

composite lattices

CH OoT

@ SC BCC
CER] BN EED T
H - P Unit: mm

Side length

Figure 5.8 Dimension of the as-designed lattices.

Table 5.3 Dimension of the fabricated lattices (Unit: mm). Error bars indicate 95% confidence

interval of the mean obtained from three location measurements on three different specimens.

Type SC BCC CH oT
Measurement 5.43 £0.021 5.42 £ 0.012 543 £0.011 5.41 £ 0.048
Thickness Model 5.4 5.4 54 54
Relative error (%) 0.6 0.4 0.6 0.2
Measurement 20.22+0.080  20.19 + 0.093 20.28 £ 0.060 20.26 £ 0.074
Side length Model 20 20 20 20
Relative error (%) 1.1 1.0 1.4 1.3
Measurement 2.01£0.014 1.54 £ 0.011 1.07 £ 0.024 0.93 £0.031
Pillar width
Model 2 1.5 1 1
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Relative error (%) 0.5 2.7 7 7
Measurement 2.96 £ 0.013 3.53 £ 0.022 3.48 £ 0.019 3.41 4 0.026
Pore size Model 3 35 3.5 3.5
Relative error (%) 13 0.9 0.6 2.6

5.5.4 Weight of the FD sample and four types of 3D piezoelectric composite

lattices with integrated electrodes

Table 5.4 Weight of the FD and four types of 3D piezoelectric composite lattices with electrodes.

Type FD sC BCC CH oT

Weight (g) 5.94 2.97 3.59 2.87 4.3

5.5.5 Effect of high poling voltage (E > 15 kV) on the ds3 value of FFF 3D
printed piezoelectric TPU/30vol%PZT composites

8
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Figure 5.9 The ds3 values of FFF 3D printed piezoelectric composite films with different thickness

(length x width = 10 x 10 mm, thickness =1, 2, 3, 4, 5 mm) polarized under the electric field of 5
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kV/mm. When E > 15 kV, there is an increase ~ 1.3 pC/N of ds3 observed due to the combination
effect of contact poling and corona poling on the piezoelectric performance. Corona discharge
happens due to the strength of the poling electric field exceeds the dielectric strength of the air.>°

5.5.6 Maximum allowable operating temperature for the FFF 3D printed

piezoelectric TPU/30vol%PZT composite

The piezoelectric composite filament developed in this work consists of TPU and 30 vol% PZT.
The pure PZT powder has a Curie temperature 360°C. It is suggested that the maximum operating
temperature to be half of the Curie temperature, i.e., 180°C. TPU matrix has a melting temperature
of 216°C. To investigate the maximum working temperature of the piezoelectric composites, the
polarized 3D printed TPU/30vol%PZT composite films (10 x 10 x 5 mm, three tested replicates)
were heated in the silicone oil bath at 30, 40, 50, 60, 70, 80, 90 and 100°C for one hour,
respectively, and the piezoelectric coefficient (ds3) were measured using a dss meter at three
different locations before and after being heated (Figure 5.10). We found that the piezoelectric
composite films start to lose its piezoelectric performance gradually when the temperature is above
80°C, probably due to the misalignment of the domains. As a consequence, during the poling
process, we need to cool down the piezo elements below 80°C before removing the poling electric

field in order to avoid the misalignment of the domains.

7 é"%=-i-==§’<:?7:i\—‘éh‘@
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Figure 5.10 Piezoelectric coefficient dss of printed polarized composite films before and after being
heated at 30, 40, 50, 60, 70, 80, 90, and 100°C for one hour.
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Abstract

Three-dimensional (3D) printed flexible piezoelectric devices featuring conformal or freeform
geometries show great potential for being fabricated into wireless sensors and energy harvesters
with tailorable mechanical stiffness and piezoelectric response. In our work, supporting fluid-
assisted multi-material direct-ink writing (DIW) 3D printing technology has been successfully
utilized to fabricate flexible conformal or freeform piezoelectric composite sensors with integrated
electrodes. The printing technique relies on the DIW of two paste-like materials: piezoelectric and
conductive composite inks. A comprehensive characterization of the inks (i.e., piezoelectric or
conductive behaviors, rheological and mechanical properties) and the rheological behavior of the
supporting fluid are performed. Polydimethylsiloxane (PDMS)/30vol% lead zirconate titanate
(PZT), PDMS/25v01% silver (Ag) and mineral 0il/6% (w/v) fumed silica are the formulations for
piezoelectric ink, conductive ink and supporting fluid, respectively. Three types of piezoelectric
composite demonstrators which are a multi-layer planar film, a conformal non-planar hemisphere
and a 3D structure composed of six spirals printed vertically between two hexagon layers (freeform
spiral-hexagon), are fabricated and tested under tension or compression tests. The piezoelectric
performance is consistent with the applied stress in all the tests. For example, the freeform spiral-
hexagon piezoelectric sensor has a peak-to-peak voltage output of 86.39 + 1.145 mV when it is
subjected to a cyclic compression force at 8 Hz for more than 800 cycles. The dimensional
accuracy measurements using an optical microscope and the microstructure images taken using a

scanning electron microscope (SEM) show that the fabricated 3D structures have good shape
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fidelity (with a maximum relative error of ~3.5%) when compared to the designed models. Our
fabrication approach opens a new way to fabricate conformal and freeform piezoelectric structures
with integrated electrodes from flexible composites for sensing and energy harvesting applications.

6.1 Introduction

Recent interests in wireless wearable piezoelectric sensors, flexible energy harvesters, and smart
artificial skins have led to scores of investigations on stretchable piezoelectric materials.’” These
devices seek for new fabrication schemes that enable the fabrication of conformal and freeform
complex geometries.®** Conformal geometries feature uneven or curved surfaces.’? Freeform
geometries are more complex than conformal 3D geometries, which represent freedom design
structures.® The freeform geometries have the advantages of being more compact (i.e.,
lightweight) and having greater design feasibility.

Additive manufacturing, also referred as three-dimensional (3D) printing, is a family of several
processes that enables the fabrication of a 3D shape usually in a layer-by-layer approach.
Traditionally, extrusion-based 3D printing methods such as direct-ink writing (DIW) technique
are used to print freeform structures. As first, the inks should possess a shear-thinning behavior,
which can benefit the flowability through the dispensing needle.*!® After the ink was extruded
out of the needle, the shear stress is relieved and the ink viscosity increases again, which helps to
retain its shape. Also, the functional ink materials must exhibit rapid solidification properties to
retain the shape as extruded. There are usually two ways to enable rapid solidification: one way is
to use fast-evaporation solvents'® that are usually toxic; another way is to use ultraviolet (UV)-
assisted DIW 3D printing technique, but this significantly limits the choice of printable
materials.”8 To address these challenges, embedded 3D printing (e-3DP)!*-% or DIW 3D printing
in the supporting fluid®* techniques have been developed to fabricate soft tissues or strain sensors
for biomedical applications. The supporting fluid behaves as a Herschel-Bulkley fluid. The
deposited filament is physically entrapped in the space between the crosslinked microgels, which
temporarily flow under the stress generated by a moving dispensing needle and then rapidly
recover to a jammed solid state to support the deposited filaments.?>2® In addition, optically
transparent, non-toxic and easy to clean properties are also the requirements for the supporting

fluids. A variety of supporting fluid materials such as mineral oil/fumed silica,?’ deionized water
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(DW)/dry Laponite,?8?° DW/Carbopol,>*** DW/pluronic F-127,%3 DW/low acyl Gellan
Gum,*%%"  DWi/alginate,®®*°  Ultrez ~ 30/Carbopol,*®  PF-CaCl,/Laponite,’***  and
DW/poloxamer/poly(ethylene glycol)*? have been investigated.

An issue related to the manufacturing of piezoelectric devices is that an extra step is usually
required to add electrodes on the piezoelectric elements for collecting the generated charges. The
commonly used techniques to create the electrodes are painting,*® screen printing,** sputtering® or
attaching conductive tape or fabrics.*®’ Several researchers have fabricated piezoelectric elements
and electrodes in a single manufacturing process. Lu et al. developed thermal-mechanically drawn
piezoelectric fibers consisting of alternating layers of piezoelectric electrospun nanocomposites
(polyvinylidene fluoride enhanced with barium titanate, PZT or carbon nanotubes) and
commercially available conductive composites (i.e., carbon black filled polyethylene).*34° Bodkhe
et al. co-extruded piezoelectric filament with integrated electrodes using DIW technique.*® Also,
several researchers used a multi-material 3D printing technology® >3 to co-fabricate electrodes
with 3D piezoelectric structure in a single manufacturing process.>* However, the fabricated

structures are limited to one-dimensional fiber, two dimensional film or simple 3D scaffold shapes.

This work presents a fabrication approach based on multi-material DIW 3D printing in a
supporting fluid bath to fabricate multi-layer, conformal and freeform flexible piezoelectric
sensors with integrated electrodes in a single manufacturing process. Various concentrations of
fumed silica nanoparticles were added into the mineral oil to find the best supporting behavior of
the mineral oil/fumed silica supporting fluid with the proper yield stress. We also developed
flexible piezoelectric polydimethylsiloxane (PDMS)/PZT and conductive PDMS/Ag composite
materials as printing inks. The piezoelectric and conductive, rheological, and mechanical
properties of the inks were investigated. The dimensional accuracy and piezoelectric performance
of the three types of multi-material piezoelectric composite demonstrators prove that the developed
composite materials and manufacturing technique could be further employed for the production of

various freeform and conformal piezoelectric sensing and energy harvesting applications.

6.2 Results and discussion

Figure 6.1 presents the supporting performance of the supporting fluid with different compositions,

the mechanism and the required rheological behavior. Figure 6.1a schematically illustrates a single



89

filament deposited in the supporting fluid with different fumed silica concentrations, the images
are shown in Figure 6.7 (Section S1, Supporting Information). The deposited filament is
discontinuous and dragged by the dispensing needle in the 5% (w/v) supporting fluid (Figure
6.1al). When the concentration of fumed silica is too high, i.e., above 7% (w/v), the crevasse can
be seen along the movement of the dispensing needle (Figure 6.1alll). The crevasse adversely
affects the following support performance of the supporting fluid. In the 6% (w/v) supporting fluid,
the deposited filament is well supported without the introduction of any crevasse (Figure 6.1all).%

The mechanism of the supporting performance of mineral oil/fumed silica is illustrated in Figure
6.10b.2” When the dispensing needle moves in the mineral 0il/6%(w/v) fumed silica supporting
fluid, the shear stress induced by the dispensing needle is higher than the yield stress of the
supporting fluid. Thus, the fumed silica aggregates are disrupted and flow like fluid to fill out the
crevasse induced by the needle movement. Conversely, the scattered fumed silica aggregates
recover to the stable 3D network when the dispensing needle leaves. Therefore, the fumed silica

aggregates are stable like solid to support the deposited filaments.

The yield stress is the transition threshold between solid and fluid states of the mineral oil/fumed
silica supporting fluid. The supporting fluid having a yield stress behaves like solid when the
applied stress is lower than the yield stress, while it flows like fluid when the applied stress is
higher than the yield stress.?”?® To obtain the yield stress, the mineral oil/fumed silica nanoparticle
suspensions with different compositions were tested in a rheometer in a steady sweep mode at
different shear rates and the corresponding shear stresses were recorded. As illustrated in Figure
6.1c, we observed that for suspensions with different nanoparticle concentrations, shear stress
increases with the increase of shear rate. The yield stress also increases with the addition of the
fumed silica concentration. The yield stresses of the fumed silica nanoparticle suspensions are

calculated by fitting the shear stress t and shear rate y data in the Herschel-Bulkley model®®:

T=1y+Ky" (6-1)

where 1, is the yield stress (Pa), n is the flow index, and K is the consistency index (Pa-s"). The
respective fitted Herschel-Bulkley parameters 7, n and K are listed in Table 6.1. The model shows
good agreement with the rheometry data in both low and high y regions, confirming the choice of

the Herschel-Bulkley model to calculate the yield stress of the developed supporting fluids. The
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calculated yield stresses of the fumed silica nanoparticle suspensions at the concentrations of 5, 6,
and 7% (w/v) are 34.41, 86.73 and 105.72 Pa, respectively. The mineral 0il/6%(w/v) fumed silica
supporting fluid with a yield stress of 86.73 Pa shows a good supporting behavior.

Table 6.1 Parameters of the Herschel-Bulkley fits for the mineral oil/fumed silica supporting fluids

with different fumed silica concentrations (data from Figure 6.1c).

Fluid type Yield stress, 7, (Pa) Flow index, n Consistency index, K (Pa-s")
5% (wWiv) 34.41 + 1.420 0.48 + 0.016 7.67 £ 0.243
6% (wi/v) 86.73 + 2.410 0.39 + 0.006 26.06 + 1.041
7% (WiV) 105.72 + 1.626 0.37 £ 0.002 36.56 + 1.546

Results are mean + 95% confidence interval obtained from three replicates.
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Figure 6.1 Characterization of the supporting fluid with different fumed silica concentrations: (a)
Schematic of the supporting behavior of the supporting fluids with different fumed silica
concentrations (5%, 6% and 7% (w/v)). (b) The mechanism of the fumed silica supporting network
in unstressed and stressed conditions during the printing process. (c) Shear stress with respect to
shear rate of the supporting fluids with different fumed silica concentrations (dashed lines are fitted

Herschel-Bulkley models).

Upon the supporting behavior test and the yield stress characterization of the supporting fluid with
different fumed silica concentrations, we chose to use mineral 0il/6%(w/v) fumed silica supporting
fluid in this work. The next step is to find out the piezoelectric and conductive ink compositions.
Figure 6.2a shows the piezoelectric behavior of the PDMS/PZT composites with different PZT
volume fractions: 10, 20, 30 and 40 vol%. Although the PDMS/40vol%PZT composite exhibits
the highest ds3 value of 6.30 pC/N, it usually blocks the nozzle (diameter = 0.6 mm). Thus, we
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decided to use the PDMS/30vol%PZT composite having a dss value of 4.43 pC/N and exhibiting
stable flow through the nozzle as the piezoelectric ink formulation. Figure 6.2b depicts the
conductive behavior of the PDMS/Ag composites with different Ag volume fractions: 20, 25 and
30 vol%. The PDMS/20vol%Ag composite is not conductive as marked in red. The
PDMS/30vol%Ag composite shows the highest conductivity of 17.6 S/m. However, we chose to
use the PDMS/25vol%Ag composite because of the high price of Ag nanoflakes.

Figure 6.2c and 6.2d report the effect of shear rates on the viscoelastic properties of the PDMS/PZT
and PDMS/Ag with different compositions using data from rotational rheometer (at low shear
rates) and capillary flow test (at high shear rates). The open symbols in Figure 6.2c and 6.2d present
the viscosity of the composites with different filler concentrations obtained through rotational
rheometry with respect to the shear rate. The process-related apparent viscosities of the composites
with different filler concentrations are presented by solid symbols in Figure 6.2c and 6.2d. All inks
exhibit a pronounced shear-thinning response as evidenced by an important decrease in viscosity
as the share rate increases. For example, the apparent viscosity of the PDMS/30vol%PZT
piezoelectric composite ink at a shear rate of around 28 st is ~204 Pa-s and nearly 4 orders of
magnitude smaller than the viscosity of ~1.8 x 108 Pa-s measured by rotational rheometer at low
shear rates. The viscosity of the inks increases with filler content at all shear rates, which will
affect 3D printability. The data points gap observed in the shear rate range of 10° < y < 10'sis
due to measurement instabilities in the rotational rheometer caused by material yielding and
separating from the parallel plates. Neither was it possible with the capillary flow method, because
higher extrusion pressure for the material to flow through the nozzle is required. A power-law
(Ostwald de Waele) model is commonly used to assume the shear-thinning behaviour of composite

materials.>*-®! The power-law model relates shear viscosity 7 to shear rate y as:

n =Ky (2)

where n is the flow index (0 < n < 1), and K is the consistency index (Pa-s"). The respective fitted
power-law parameters n and K for each ink formulation are listed in Table 6.2. Flow index values
n < 1 depict the shear-thinning nature of the inks. The model shows good agreement with the
rheometry and capillary data in both low and high y regions, confirming the choice of the power-

law viscosity model to describe the shear-thinning behavior of the developed inks.



93

Table 6.2 Parameters of the power-law fits for the piezoelectric and conductive composite inks
with different filler contents (data from Figure 6.2c and 6.2d).

Ink type Flow index, n Consistency index, k (Pa-s")
PDMS/10vol%PZT 0.274 £+ 0.0082 128 £ 0.9
PDMS/20vol%PZT 0.201 + 0.0091 530+£0.8
PDMS/30vol%PZT 0.159 + 0.0103 3,692+ 1.6
PDMS/25vol%Ag 0.268 + 0.0176 3,986 + 1.2
PDMS/30vol%Ag 0.248 + 0.0102 10,206 + 6.8

Results are mean + 95% confidence interval obtained from three replicates.

Mechanical tensile tests were carried out to investigate the mechanical behavior (i.e., mechanical
stretchability) of the selected formulations i.e., the PDMS/30vol%PZT piezoelectric composite
and PDMS/25vol%Ag conductive composite compositions as they show the highest piezoelectric
or conductive properties while being printable (shear-thinning behavior, n < 1). Figures 6.2e and
6.2f show the average stress-strain curves of the three tested replicates. All types of piezoelectric
and conductive composite films show a relatively long linear regime. The ultimate stress at failure
and stiffness are improving with filler concentration. We found that both the PDMS/30voI%PZT
piezoelectric composite (ultimate stress at failure = 2.86 + 0.067 MPa; Young’s modulus = 9.7 +
0.020 MPa) and PDMS/25vo1%Ag conductive composite (ultimate stress at failure = 1.59 + 0.076
MPa; Young’s modulus = 8.2 + 0.046 MPa) exhibit an elongation at break of up to 30%, making

them well suited for flexible or soft piezoelectric sensing devices.
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Figure 6.2 Characterization of the developed flexible piezoelectric PDMS/PZT and conductive
PDMS/Ag composite materials: (a) dss of piezoelectric composites with different PZT volume
fractions. (b) Conductivity of conductive composites with different Ag volume fractions (dashed
lines are trend lines). (c-d) Viscoelastic (dashed lines are fitted shear-thinning power-law models),

and (e-f) mechanical properties of the piezoelectric and conductive composites with different filler
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concentrations. Error bars indicate 95% confidence interval of the mean obtained from three

replicates.

Three types of piezoelectric composite structures as demonstrators were designed and fabricated:
a multi-layer planar film, a conformal non-planar hemisphere and a freeform spiral-hexagon
(Figure 6.3a). The dimensions of the fabricated structures are listed in Table 6.4 (Section S2,
Supporting Information). The maximum geometrical error compared to the designed model is
~3.5%, which indicates that the dimensional accuracy of this printing technique is acceptable. The
images of the printed structures within or out of the supporting bath indicate that the patterned

features do retain their shape after the printing and curing processes (Figure 6.3b).

a Multi-layer planar film Conformal non-planar hemisphere = Freeform spiral-hexagon

1

|

20 mm

=2

20.35 mm

Fluid level

5 mm

Figure 6.3 Design of the multi-material 3D printed flexible piezoelectric composite sensors with

integrated electrodes: (a) 3D models (I: front view; Il: top view), (b) Images of the cured structures
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taken out of the supporting fluid, and (c) Images of the uncured structures in the supporting fluid
after the printing process of the three types of multi-material 3D printed flexible piezoelectric
composite structures with integrated electrodes: a multi-layer planar film, a conformal non-planar

hemisphere and a freeform spiral-hexagon.

Figure 6.4a shows the locations of the samples cut from the three types of multi-material 3D
printed piezoelectric composite sensors with integrated electrodes for SEM observations. We
observed that the SEM images in Figure 6.4b show no significant oil trapped between the electrode
and piezoelectric layers, demonstrating the good bonding between the layers of the multi-material
3D printed piezoelectric sensors. Figure 6.4cl and 6.4dl show the SEM images taken from the
piezoelectric and conductive layers of the conformal non-planar hemisphere. The printed filaments
are uniform (width = ~0.495 mm) and no significant porosities between filaments is observed.
Figure 6.4cll and 6.4dll show the transverse cross-section view and Figure 6.4clll and 6.4dll11
show the enlarged view of the deposited filaments. For both composites, the PZT or Ag fillers are
well-dispersed in the PDMS matrix without any significant agglomerations. Figure 6.4e shows the
piezoelectric composite spiral cut from the freeform spiral-hexagon. We observed that the diameter

of the spiral is uniform (~2.58 mm) and the pitches (~1.91 mm) between the turns are identical.
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Figure 6.4 SEM images of the multi-material 3D printed flexible piezoelectric composite sensors
with integrated electrodes: (a) The locations of the samples cut from the three types of piezoelectric
sensors. (b) SEM images of the bonding between the conductive and piezoelectric layers of the
multi-layer planar film (Il: enlarged view). (c) PDMS/30vol%PZT piezoelectric composite: (1)
surface view of the sample cut from the piezoelectric layer of the conformal non-planar
hemisphere, (1) transverse cross-section view of the deposited filaments (111: enlarged view). (d)
PDMS/25vol%Ag conductive composite: (1) surface view of the sample cut from the conductive
layer of the conformal non-planar hemisphere, (I1) transverse cross-section view of the deposited
filaments (I11: enlarged view). () A PDMS/30vol%PZT composite spiral cut from the freeform

spiral-hexagon.
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As listed in Table 6.3, we conducted the stretching or compression tests to evaluate the
piezoelectric performance of the three demonstrators. The piezoelectric performance as a function
of cyclic axial elongation was investigated by extending the multi-layer planar film to 10% strain
at a crosshead speed of 1 mm/s and relaxing it back to a zero-strain condition at the same rate. This
stretching-relaxation cycle was repeated three times. The obtained peak-to-peak voltage (Vpp) IS
41.14 + 0.316 mV (Figure 6.5a). The piezoelectric signal is consistent with the applied strain with
negligible variation. For the conformal non-planar hemisphere (Figure 6.5b), we pressed it with a
finger three times. The Vp, is 152.43 + 4.624 mV. We observed that during the press-release cycle,
the upper part of the hemisphere is dented inside but it will bounce out automatically, which shows
its great potential to be used as a battery-free flexible button. To validate the durability of the
freeform spiral-hexagon, we compressed it with a displacement of 2 mm at 8 Hz for 800 cycles
using a shaker (Figure 6.5c). The Vpp of the early cycles is 88.53 + 1.224 mV and the Vj, of the
late cycles is 86.39 + 1.145 mV, which indicates that the freeform spiral-hexagon still shows

favorable stability for more than 800 cycles without much degradation.

Table 6.3 Comparison of the developed three demonstrators.

Type Multi-layer planar film Conformal non-planar hemisphere Freeform spiral-hexagon
Mode Tension Bending Compression and shearing
86.39 £ 1.145
41.14 + 0.316 152.43 + 4.624
Vpp (MV) Displacement =2 mm
Strain = 10% Under three finger taps

8 Hz for 800 cycles

Weight (g) 3.52 +0.079 3.69 + 0.069 0.45 + 0.060

More complex shape
More flexible
Spring back behavior
Advantages Extensible Spring back behavior
Freedom in design
More compact than planar design
Easily tailor the stiffness

Results are mean + 95% confidence interval obtained from three replicates.
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Figure 6.5 Piezoelectric characterizations of the multi-material 3D printed flexible piezoelectric

composite sensors with integrated electrodes: (a) Stretching-relaxation test on the multi-layer
planar film (50 x 20 x 1.5 mm?®) with a strain up to 10% for 3 cycles. (b) Finger tapping test on
the conformal non-planar hemisphere for 3 cycles. (c) Cyclic compression test on the freeform

spiral-hexagon with a displacement of 2 mm at 8 Hz for 800 cycles (Inset figures I: for the early 8

cycles; I1: for the late 8 cycles.).
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6.3 Conclusion

We have successfully implemented a multi-material DIW layer-by-layer, conformal (non-planar)
and freeform 3D printing technique to fabricate flexible piezoelectric composite sensors with
integrated electrodes inside a supporting fluid. The characterization on the tailored piezoelectric
PDMS/30vol%PZT and conductive PDMS/25vol%Ag composite inks show that the inks meet the
functional requirements to be used as the piezoelectric sensing element and the electrodes while
being 3D printable (e.g., shear-thinning behavior) and mechanically flexible (up to 30% elongation
at break for both composites). The mineral 0il/6%(w/v) fumed silica nanoparticle suspension with
the proper yield stress is found to successfully facilitate freeform 3D printing of the developed
piezoelectric and conductive inks. For demonstration, three types of multi-material 3D printed
piezoelectric composite structures are fabricated and tested to assess their piezoelectric
performance. For example, under cyclic compression test at 8 Hz, the Vp, of a freeform spiral-
hexagon is 86.39 £+ 1.145 mV for more than 800 cycles. The novel approach presented here
provides new opportunities to fabricate flexible piezoelectric devices with integrated electrodes in
other complex freeform geometries, using a clean (i.e., without the need of toxic solvents) and eco-
friendly (i.e., the supporting fluid is reusable) fabrication process, with high shape fidelity, easy

operational mode (i.e., multi-material DIW 3D printing in a single manufacturing process).

6.4 Experimental section

6.4.1 Materials

Inks: A mixture of two different types of PDMS was used as the matrix for both piezoelectric and
conductive composite inks. The low viscosity PDMS (SYLGARD™ 184) and high viscosity
PDMS (DOWSIL™ SE 1700) were purchased from DOW Chemical (USA). The weight ratio of
the high to low viscosity PDMS is 7:3, as recommended by the relevant works>*®® and the base to
curing agent is 10:1, as recommended by the supplier. The addition of low viscosity PDMS acted
on the dilution of high viscosity PDMS for desired rheological properties. The PZT powder (APC
850: ~500 nm, spherical particles) was purchased from APC International, Ltd (USA) as the filler
for piezoelectric composite ink. The silver flake powder (47MR-10F: purity = 99.95%, 2-5 um)
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was purchased from Inframat Advanced Materials (USA) as the filler for the conductive composite
ink.

Supporting fluid: The fumed silica powder (AEROSIL® R805: 200 m?/g) was purchased from
Evonik Industries (USA) and the mineral oil (CAS: 8042-47-5) from VWR (Canada).

6.4.2 Manufacturing process

Inks and supporting fluid preparation process

Piezoelectric ink: 30 vol% PZT powder was added into the PDMS system and blended in a mixer
(DAC 515-200 SE, FlackTeck SpeedMixer®) at 2750 rpm for 1 min.

Conductive ink: 25 vol% Ag flakes was added into the mixture of PDMS and blended in the mixer
at 2750 rpm for 1 min. Then the two types of inks were loaded into two syringe barrels (3 mL,

Nordson EFD), respectively.

Supporting fluid: 6% (w/v) fumed silica was blended with mineral oil in a 60 ml mixer container
at 2750 rpm for 1 min. Then, the supporting fluid rested for 10 min and was remixed for 1 min to

remove the bubbles (Figure 6.6a).
Multi-material DIW 3D printing of piezoelectric composite structures with integrated electrodes

Multi-material 3D printing process was carried out using a three-axis motion-controlled gantry
system (Aerotech, USA) equipped with two independent DIW printing heads: one DIW head was
assigned for the piezoelectric ink and the other DIW head was assigned for the conductive ink
(Figure 6.6b). A custom-made pneumatic-driven controller (Mékanic, Canada) was used to apply
the pressure on the piston of dispensing apparatus (EFD 7x, Nordson) to push the ink inside the
syringe out of the nozzle along the print paths. In the case of multi-layer planar films and conformal
non-planar hemispheres, print paths were initially generated with Simplify3D slicing software and
then translated to the Aerobasic language (i.e., the language of Aerotech) using a robotic
simulation software, RoboDK 4.2.4 (RoboDK Inc.). In the case of the freeform spiral-hexagon
structure, the print paths were generated using a custom-made MATLAB program and then
translated to Aerobasic language using RoboDK. The printing speed was 5 mm/s. The applied
pressure was 210 kPa for the conductive ink and 280 kPa for the piezoelectric ink, respectively.

The dispensing needle of the nozzle had a 38 mm-long stainless steel tip (Nordson EFD) and an
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inner diameter of 0.6 mm. The fairly long nozzle was selected to ensure that the nozzle can reach
the bottom section of the supporting fluid. The layer height was 0.5 mm.

Post-curing process

The fabricated piezoelectric structures were cured in an oven at 80°C for 24 h (Figure 6.6c). We
selected 80°C because the boiling point of the mineral oil is 100°C. Then the cured structures were
taken out of the supporting fluid and washed with soap and water to remove the residue of mineral
oil and fumed silica and dried at ambient temperature. The supporting fluid can be reused multiple

times.
Poling process

To orient the dipole moments of the fabricated piezoelectric composite structures in the desired
direction, a contact poling setup was built (Figure 6.6d). The setup consists of three parts: a
custom-made poling station, a high voltage power supply (ES60kV negative, 10 Watt, Gamma
High Voltage Research, Inc.) and a hot plate (Thermo Scientific™ SuperNuova+™, Fisher
Scientific). In the poling station, an aluminum plate was grounded, and a negative high voltage
cable from the high voltage power supply was connected to a copper rod (~3 mm in diameter) as
the poling head. An aluminum plate (20 x 20 x 2 mm®) was inserted between the copper rod of
the poling head and top surface of the element to achieve a good distribution of electric field.
During the poling process, we put the piezoelectric structure between the poling head and bottom
aluminum plate, and polarized it under an electric field of 5 kV/mm at 80°C for 60 min. After the
poling process, the piezoelectric structure was cooled down to room temperature before removing
the electric field to reduce the misalignment of dipole moments. The piezoelectric structure was
finally washed with soap and water to remove the residue of silicone oil and dried at ambient

temperature.
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Figure 6.6 Fabrication of multi-material freeform 3D printed flexible piezoelectric composite
sensors with integrated electrodes in the mineral oil/fumed silica supporting fluid: (a) Inks and
supporting fluid preparation process using a mixer (piezoelectric composite ink:
PDMS/30vol%PZT; conductive composite ink: PDMS/25vol%Ag; supporting fluid: mineral
0il/6%(w/v) fumed silica). (b) Multi-material freeform 3D printing process in the supporting fluid
(freeform spiral-hexagon is shown). (c) Curing process in an oven. (d) Poling process using a

custom-made poling station.

6.4.3 Scanning electron microscopy (SEM) and optical characterization

The SEM observations (TM3030, Hitachi, USA) were used to investigate the microstructures of
the following samples: (1) the bonding section of the printed piezoelectric and electrode layers cut
from the multi-layer planar film; (2) printed layers, and (3) printed filaments cut from the
conformal non-planar hemisphere structure (PDMS/30vol%PZT and PDMS/25vol%Ag
composites); (4) a PDMS/30vol%PZT composite spiral cut from the freeform spiral-hexagon. A
razor blade was used to cut all these samples. Samples were then sputtered with a 10 nm layer of
chrome before the imaging analysis. The imaging analyses were performed at a 5kV voltage
supply. Filler dispersion was analysed based on the cross-sectional view of the sample (3) which
were fractured manually in the liquid nitrogen. The dimensions of the three types of piezoelectric
composite structures were measured using an optical microscope (BX-61, Olympus) and software
ImagelJ (version 1.8.0_172).
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6.4.4 Piezoelectric coefficient characterization

A dzz meter (YE2730, Sinocera Piezotronics, Inc.) was used to characterize the piezoelectric
coefficient - dsz of the PDMS/PZT composite films (50 x 10 x 0.5 mm®) made of different PZT
volume fractions (10, 20, 30 and 40 vol%). Five specimens of each type were tested approximately

one day after the poling process to measure a stabilized value.

6.4.5 Piezoelectric test on the multi-material 3D printed structures

The piezoelectric performances of the three types of piezoelectric composite structures with
integrated electrodes were evaluated through the following three tests: (1) stretching-relaxation
test (axial strain = 10%, 3 cycles) of the multi-layer planar film (50 x 20 x 1.5 mm?®) was carried
out using an MTS Insight machine at a crosshead speed of 1 mm/s. The gage length is 20 mm; (2)
finger tapping test was conducted on the conformal non-planar hemisphere by three gentle finger
taps; (3) cyclic compression tests (displacement = 2 mm, f = 8 Hz, 800 cycles) of the freeform

spiral-hexagon using a shaker (2060E, Mode Shop Inc.).

The open-circuit piezoelectric voltages were collected using a charge amplifier (Piezo Lab
Amplifier, MEAS Specialties) in a voltage mode. The voltage data was acquired with an NI1-9239
data acquisition system attached to a USB carrier NI-9162 (National Instruments) and recorded

using a custom LabVIEW interface.

6.4.6 Conductivity measurement on the conductive composite films

The electrical resistance (R) was measured using a four-point resistance measuring card (PCI-4070
card, National 312 Instruments). The R of the printed PDMS/Ag composite films (50 x 10 x 0.5
mm?®) with different Ag volume fractions (20, 25 and 30 vol%) were measured. Five specimens of

each volume fraction were tested.

6.4.7 Rheological characterization

Shear viscosities of PDMS/PZT, PDMS/Ag composite inks and mineral oil/fumed silica
supporting fluid with different filler concentrations were measured using a controlled stress

rheometer (MCR 502, Anton Paar) equipped with parallel plates at shear rates between 0.001 to
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100 s! at ambient temperature. Also, the process-related viscosity measurements on the
PDMS/PZT and PDMS/Ag inks were conducted by capillary flow analysis following the
procedure described in [57]. Different concentrations of PDMS/PZT (10, 20 and 30 vol%) and
PDMS/Ag inks (25 and 30 vol%) were extruded on glass substrates under five different applied
pressures at a print head motion velocity of 0.5 mm/s. The extruded filaments (~60 mm long) were
weighed using a high-precision balance (GH-202, A&D Engineering Inc.). Their weight was used
to obtain the volumetric flow rates for calculating the process-related apparent viscosity of the

various inks. Three specimens of each type were tested.

6.4.8 Mechanical characterization

The tensile stiffness and elongation at break (%) characterization of the one-layer piezoelectric
PDMS/PZT composite rectangular films (50 x 10 x 0.5 mm?®) with three PZT volume fractions
(10, 20 and 30 vol%), and the one-layer conductive PDMS/Ag composite rectangular films (50 x
10 x 0.5 mm?®) with two Ag volume fractions (25 and 30 vol%) were carried out using an MTS
Insight electromechanical testing system (820-050-EL) with a 100 N load cell at a crosshead speed
of 50 mm/min. The gauge length was 25 mm. The test was carried out based on ASTM Standard

D882 - 12. Five specimens of each type were tested.

6.5 Supporting information

6.5.1 Images of the supporting behavior of the supporting fluid with different

fumed silica concentrations

Figure 6.7 shows the images of a single filament printed in the supporting fluid with three different
fumed silica concentrations: 5%, 6% and 7% (w/v). The printed filament in the 5% (w/v)
supporting fluid were dragged along the movement of the dispensing needle. The printed filament
was well-supported in the 6% (w/v) supporting fluid. There was crevasse in the 7% (w/v)

supporting fluid caused by the movement of the needle.
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a Side view 5% (w/v) b 6% (W/V) c 7% (W/v)

| Qrint direction —
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10 mm

Figure 6.7 Images (I: side view and I1: inclined top view) of a single PDMS/25vol%Ag conductive
composite filament printed in the supporting fluid with different fumed silica concentrations: (a)

5, (b) 6 and (c) 7% (w/v), respectively.

6.5.2 Dimension measurement of the three piezoelectric composite structures

Table 6.4 Dimension measurement of the printed structures (Unit: mm). Error bars indicate 95%

confidence interval of the mean obtained from three replicates.

Type Multi-layer film Hemisphere Spiral-hexagon
Measurement 48.93 £ 0.086 20.26 £ 0.094 4.86 £+ 0.089
Length
Model 50 20 5

(or diameter or side length)

Relative error (%) 2.1 13 2.8
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Measurement 20.35 £ 0.062 _ _
Width Model 20 _ _
Relative error (%) 1.8 _ _

Measurement 1.55 + 0.023 10.11+0.034  10.35+ 0.043
Height Model 15 10 10
Relative error (%) 3.3 11 3.5
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CHAPTER 7 GENERAL DISCUSSION

As discussed in Chapter 4, the piezoelectric Fz of the as-printed PVDF films is pretty low (~39%).
The stretching process increases the Fz to 65% (R=4), while it limits the possibilities of 3D printing
PVDF-based piezoelectric devices with complex 3D shapes. PVDF can be indirectly used in two
ways: one way is to print a multi-layer film with alternating piezoelectric PVDF layers and
conductive composite layers, followed by stretching the precursor to a thinner multi-layer PVDF
film with electrodes. The other way is to be used as the flexible matrix of the piezoceramic
composite materials, the resulting piezoelectric performance of the composite will be the sum of
PVDF and high piezoelectric ceramic fillers. PVDF is a common choice for fabricating flexible
piezoelectric devices but has limited stretchability. Flexible and stretchable piezoelectric devices
are in great demand for wearable sensors and energy harvesters, soft robots and smart artificial
skins. Therefore, in Chapter 5 and 6, we developed flexible polymer-based piezoceramic
composites (TPU/PZT and PDMS/PZT) and fabricated them into 3D piezoelectric devices with
integrated electrodes through multi-material 3D printing technology.

In Chapter 5, we designed and fabricated four types of 3D flexible piezoelectric composite lattices
with integrated electrodes (and one fully dense solid for benchmark) using the developed
piezoelectric composite filament and the commercial conductive composite filament through a
multi-material FFF 3D printing technique. The piezoelectric voltage output of the OT lattice and
FD sample under the same maximum applied force were compared by experimental and FEA
methods. The simulation results are a little different from the experimental results most probably
due to the manufacturing defects arises from the additive manufacturing process. The print quality
could be improved in two ways: one way is to improve the diameter uniformity of the developed
piezoelectric composite filament by in-situ monitoring the filament fabrication process using a
triple-axis laser scanner. Another way is to improve the capability of the FFF 3D printer to print
flexible and stretchable filament. For example, we can add force sensors to control the clamping
force of the two filament feeding screws on the FFF 3D printer. Adding filament guide tubes
between the feeding screws to the FFF nozzle can also reduce the possibilities of the flexible
filament being bent in the loading process. In addition, OT lattice has twice higher voltage output
than FD sample. Other possible piezoelectric lattice structures could be investigated and compared

with the high-performance OT lattice. The size of the designed lattices is 4 x 4 x 1 unit cell in this
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work. We could further stack them in the vertical direction to make thicker lattices with potentially
higher piezoelectric performance. The OT multi-material piezoelectric composite shoe sole
developed in this work have the advantages of high flexibility, high voltage output and durability.
This concept can be applied to other piezoelectric sensing and energy harvesting applications such
as energy harvesting mattresses and keyboards, robot hands with the function of force detection. A
proper energy harvesting circuit can be built to enhance the energy harvesting efficiency of the
shoe sole. The energy harvesting efficiency of the shoe sole can be then evaluated by charging
batteries or powering wearable devices using the collected energy. However, the multi-material
FFF 3D printing technique finds difficulties in fabricating conformal or freeform piezoelectric
structures, which have led to the supporting fluid-assisted multi-material freeform DIW 3D printing

technology as discussed in Chapter 6.

The multi-layer planar, conformal non-planar and freeform flexible piezoelectric composite
sensors with integrated electrodes developed in Chapter 6 are a first proof-of-concept of
introducing multi-material freeform and conformal 3D printing technique using a supporting fluid
to fabricate piezoelectric materials. The freeform spiral-hexagon was tested in compression mode,
other operating modes (shearing and tension) can be investigated. Geometrically more complex
freeform structures should be designed to optimize the piezoelectric performance while being
lightweight. Supporting fluid-assisted 3D printing technique has been widely used in biomedical
fields to fabricate complex-shaped human tissues and organs. There is a great potential to add a
third printing head for printing biomaterials in our method to achieve embedded 3D printing of
piezoelectric sensors in human tissues. In addition, supporting fluid-assisted multi-material 3D
printing technique could be extended to fabricate other smart materials such as triboelectric
materials and shape memory alloys along with piezoelectric materials to achieve
multifunctionalities. There are also some limitations of this technique: (1) The thermoset-based
PDMS composite inks need to be heated in the oven for 24 hours for curing. The curing process is
time-consuming. (2) The silver flakes for making the conductive ink are expensive. Other cheaper
conductive particles can be incorporated into polymer such as carbon-based conductive fillers (e.g.,
carbon black and multi-walled carbon nanotubes). (3) The size of the structures is limited by the

size of the supporting fluid container and the volume of the syringe (3 ml).



117

CHAPTER 8 CONCLUSION AND RECOMMANDATIONS

8.1 Conclusion

In this dissertation, the 3D flexible piezoelectric composite devices with co-fabricated electrodes
were successfully fabricated through multi-material 3D printing technology. The following

conclusions are drawn from this work:

e In Chapter 4, the piezoelectric coefficient dss of the FFF printed PVDF films has been
enhanced to ~10-100 times higher than the reported values [80], [119] by means of the
proper stretching and poling processes. The good piezoelectric performance (dss = 7.29
pC/N) of the fabricated PVDF films were demonstrated in two sensing applications
(cantilever bending and compression test), and one energy harvesting application.
However, the stretching process limits the possibilities of using PVDF to fabricate 3D
piezoelectric devices with complex geometries through multi-material 3D printing

technique.

e In Chapter 5, four types of 3D piezoelectric composite lattices (and one fully dense solid
used as a benchmark) with electrodes were designed and fabricated with the developed
TPU/30vol%PZT composite filament and the commercial conductive TPU/carbon black
composite filament based on multi-material FFF 3D printing technique. The piezoelectric
voltage output of the lattices was compared by means of experimental and FEA results.
Under the same maximum applied force, OT lattice generated twice as much voltage as the
FD sample. As a demonstrator, an original multi-material OT piezoelectric composite shoe
sole was fabricated and tested by human stomping test and the cyclic compression test. The
test results show that the multi-material OT piezoelectric composite shoe sole has a high

voltage output, flexibility and durability.

e In Chapter 6, a multi-layer planar film, a conformal non-planar hemisphere, and a freeform
spiral-hexagon piezoelectric composite structures with electrodes were fabricated through
the multi-material DIW freeform 3D printing process in a supporting fluid. The
PDMS/30vol%PZT and PDMS/25vol%Ag composite inks with the appropriate
rheological, mechanical, piezoelectric or conductive properties were developed. The

developed mineral oil/fumed silica microgel supporting fluid with the proper yield stress
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stably supported the printed filaments. The piezoelectric performance of the three

demonstrators were consistent with the applied stress under tension or compression tests.

8.2 Recommendations

Future research is recommended in the following aspects:

Although the geometry of the FFF printed PVDF is limited to 2D film as a result of the
stretching step in Chapter 4, we could further print multi-layer film with alternating
piezoelectric PVDF layers and conductive composite layers using the multi-material FFF
3D printing technique and then stretch it to a thinner piezoelectric multi-layer film with
electrodes. To solve the problem that the electrodes of the commercial PVDF films tend to
wear or detach from the PVDF films with time.

The filament quality of the developed piezoelectric TPU/PZT composite filament in
Chapter 5 could be further improved by controlling the diameter uniformity of the filament

in the filament extrusion process using a triple-axis laser micrometer.

The FFF 3D printer should be improved for printing flexible or stretchable filaments, for
example, by adding force sensor to control the shear force between the two filament feeding

gears.

Other potential lattice configurations could be designed by simulation and fabricated to be
compared with the four types of 3D piezoelectric composite lattices discussed in Chapter
5.

Finite element analysis (FEA) method using tools such as ANSYS should be developed in
which users can design, amplify, or suppress any piezoelectric coefficient modes of 3D
piezoelectric structures for specific application, not only in compression or tension modes,

could also in shear or bending modes.

The multi-material freeform 3D printing technique developed in Chapter 6 could be further
used to achieve embedded 3D printing of piezoelectric devices with electrodes in the

components as assembled structures.
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The developed stretchable piezoelectric composite materials can be fabricated into other
functional structures. For example, to be used as the material of the microstructured fibers
with sacrificial bonds and coiling loops in the “spider web” developed by Zou et al. So the
piezoelectric composite-based microstructured fibers can not only dissipate the impact
energy, but also generate a real-time piezoelectric signal to indicate the locations of the
impact without the need of external power source [120].

The developed multi-material 3D printing technique could be further used to fabricate other
smart materials along with the piezoelectric materials, for example, shape memory
materials, triboelectric materials to achieve multifunctional properties in the future

advanced materials.
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