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Abstract: This paper investigates energy harvesting performances of porous piezoelectric polymer
films to collect electrical energy from vibrations and power various sensors. The influence of void
content on the elastic matrix, dielectric, electrical, and mechanical properties of porous piezoelectric
polymer films produced from available commercial poly(ethylene-co-vinyl acetate) using an indus-
trially applicable melt-state extrusion method (EVA) were examined and discussed. Electrical and
mechanical characterization showed an increase in the harvested current and a decrease in Young’s
modulus with the increasing ratio of voids. Thermal analysis revealed a decrease in piezoelectric
constant of the porous materials. The authors present a mathematical model that is able to predict
harvested current as a function of matrix characteristics, mechanical excitation and porosity percent-
age. The output current is directly proportional to the porosity percentage. The harvested power
significantly increases with increasing strain or porosity, achieving a power value up to 0.23, 1.55,
and 3.87 mW /m? for three EVA compositions: EVA 0%, EVA 37% and EVA 65%, respectively. In
conclusion, porous piezoelectric EVA films has great potential from an energy density viewpoint and
could represent interesting candidates for energy harvesting applications. Our work contributes to
the development of smart materials, with potential uses as innovative harvester systems of energy
generated by different vibration sources such as roads, machines and oceans.

Keywords: porous polymers; piezoelectric effect; poly(ethylene-co-vinyl acetate); mechanical
energy harvesting

1. Introduction

Piezoelectric materials are optimized for special applications ranging from mechani-
cal structures to electronic devices, from applications in structural health monitoring and
aerospace to active vibration damping and the automotive industry [1-4]. Today, piezoelectric
polymers have been considered for energy harvesting applications [5-8]. The material has
remarkable fatigue resistance and environmental stability [9], but it has not been recognized
as a promising energy harvesting material because of its low piezoelectric constants when
compared to PZT ceramics [10-12]. Recently, researchers investigated porous piezoelectric
polymers consisting of an ionized cellular polypropylene film made by a chemical elaboration
method using nitrogen gas [13]. Excellent piezoelectric coefficients up to 2000 pC/N for
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specific morphologies and mechanical conditions comparably higher than those of piezo-
ceramics were identified [14,15]. In order to demonstrate the ability of the porous piezoelectric
polymers in a harsh environment, Zhong et al. [16] fabricated PET/EVA/PET laminated films
and ionized them by a corona charging method. The longitudinal piezoelectric coefficient of
the developed generator reached ~6300 pC/N. Zhang et al. [15] showed energy harvesting
applications with this type of cellular material based on piezoelectret fluorocarbon polymers
with a power collected value up to 109 W [16]. Kachroudi et al. [17] examined air-spaced
cantilevers elaborated from a PDMS porous piezoelectric material for energy harvesting
applications. For frequencies ranging from 5 Hz to 200 Hz, the output power reached a
maximum of 136 nW and remained stable at 103 nW.

Different procedures, techniques and methods have been developed and used in
order to prepare the porous polymers, e.g., compression molding [18], extrusion [19,20],
injection [21], solvent casting [22], tape casting [23], and spin coating [24]. Void content
creation techniques provide opportunities to fabricate advanced polymers with greater
physical proprieties and controlled volume as a function of porosity fraction [25]. The
porous piezoelectric ceramics mainly suffer from low mechanical proprieties, high cost
for preparation and limited application fields [26]. Porous piezoelectric polymers can be
described as particles that contain void or gas by a coating or shell and have diameters in
the 1-1000 um range [27]. Commercial uses for this type of material include functional
textiles, adhesives, cosmetics, medicines, and other medical applications [28,29]. Physical
methods, chemical methods, and physico-chemical methods are the three strategies used
to create porous polymers [30-32]. The physical methods contain techniques such as spray
cooling, spray drying and fluidized bed processes, and the chemical methods contain in
situ polymerization and the solvent extraction/evaporation method. The physico-chemical
methods contain simple and complex methods as well as sol gel technology. After the
elaboration step of polymer foams, gas ionization is an important step to create the pseudo
piezoelectric effect [33-37]. Starting with a polymer film with embedded air cells, internal
charging of air can be carried out through electrical ionization [38]. When a large electric
field is applied across the film, gas molecules in the cells become ionized and opposite
charges are accelerated and implanted on each side of the cells, depending on the applied
electric field direction [39-41]. Such artificially embedded dipoles respond externally
to an applied electrical field or mechanical force similar to piezoelectric material [42].
Porous piezoelectric polymers are also extremely flexible, making them ideal candidates
for mechanical energy harvesters [43]. In this field, commercially available poly(ethylene-
co-vinyl acetate) (EVA) could be of great interest, with an intrinsic low modulus and high
flexibility similar to elastomeric materials [44]. The EVA matrix shows a high compatibility
with pores, making them an excellent candidate for incorporation of electrical macro-
dipoles [45].

In order to achieve the above-mentioned purpose, our prior studies have been per-
formed on EVA porous piezoelectric polymers [46]. SEM analysis has been realized to
determine the homogeneity of gas cells” distribution in the EVA matrix. A good distribu-
tion of cells/voids in the EVA matrix has been obtained for all fabricated films. Various
means of increasing the intrinsic characteristics of the copolymers were also studied and
demonstrated the simplicity and advantage of working in the pseudo-piezoelectric effect.

To continue in the same research area, the objective of this study is to evaluate the
energy harvesting by EVA porous polymers in order to increase the conversion abilities of
porous piezoelectric polymers. The goals of the next sections are to: (i) characterize mechan-
ical and piezoelectric proprieties of these materials with their mechanical/thermal stability,
and (ii) use a theoretical model and experimental setup to demonstrate the possibility of
using the cellular EVA piezoelectric for mechanical energy harvesting applications.
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2. Materials, Process, and Characterizations
2.1. Materials Preparation

The matrix material used in this study was a poly(ethylene-co-vinyl acetate) random
copolymer (EVA, Greenflex® FC45F) supplied by ENI Versalis Spa (Milan, Italy). The EVA
used has a vinyl acetate content of 14 wt.%. The cellular EVA films were produced by
a melt-state coextrusion process using 0%, 1%, and 2% of Hydrocerol® ITP848 (Clariant,
Muttenz, Switzerland) as a chemical foaming agent (CFA). The as-produced films had
a thickness of around between 160 and 310 um. You can find more information on film
elaboration and morphological analysis in our previous work [46].

2.2. Electrical Charging/lonization Process

To create piezoelectric properties in our porous polymer films, a high voltage was
applied perpendicular to the material surface to charge the encapsulated gas in the foams
(air) and create electrical macro-dipoles. To charge the porous copolymer samples, a high-
resolution sputter coater coats the film with a silver electrode on both surfaces (12 nm thick)
under high vacuum, and then subjects it to DC electric fields E of 10 kV/mm.

High voltage was delivered by a voltage amplifier of gain 1000 (TREK10/10 B, Trek
Inc., Lisses, France). Input was controlled by a function generator (Agilent 33220A, Santa
Clara, CA, USA). The sample had a surface area of 400 mm?, and the electrical charges were
injected for a duration of 15 min. Figure 1 gives a schematic representation of the electrical
ionization process. The electrical charging process was performed in silicone oil. The
silicone oil used in the experiment is a dielectric liquid consisting of polydimethylsiloxane
with a purity specially controlled for use in electrical engineering.

<
— -1
= KV/mm \.: = KkV/mm

e . B e e e e e e T .

Figure 1. Illustration of electrical ionization process using DC generator.

2.3. Physical Characterizations

The porosity, foam, or void content of porous polymer materials is an important pa-
rameter that must be measured with a high precision balance (OHAUS® ADVENTURER™,
NJ, USA) (m = 10~ g). The porous films’ Young’s modulus was determined using a
computer-controlled EM MODEL 00 UNIVERSAL testing machine (ERM-automatismes,
Carpentras, France) with a 20 kN load cell [47].

The longitudinal piezoelectric coefficient of electrically ionized cellular EVA film is
determined using a piezometer (model YE2730). A HP 4284A LCR meter was used to do
the dielectric measurements (Agilent Technologies, Santa Clara, CA, USA).

2.4. Experimental Harvesting Energy Test

For the active energy harvesting system investigated within the scope of this study,
electric energy parameters were performed. The setup for characterizing the current
and voltage collected by flexible materials is shown schematically in Figure 2. These
measurements were made with a one-degree-of-freedom table. The material is held in
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place by two jaws, one of which is movable and attached to the table through a degree of
freedom, while the other is immovable and connected to the force sensor.

Direction of displacement

Motorized Linear Stages
(NewPort)

Figure 2. Schematic illustration of the experimental setup for the energy harvesting measurements.

The NewPort table was controlled using a computing process. It is possible to obtain
a wide range of strain over a wide frequency band. At f,, = 4 Hz, the film was stretched
with maximum transverse strain amplitudes of 0.25%, 0.50%, and 0.75%. The output from
the current and voltage harvested by the piezoelectric materials were monitored using
Stanford Model SR 570 (Stanford Research Systems Inc., Sunnyvale, CA, USA) and Scope
Gw INSTEK GDS-2074A (INSTEK, New Taipei City, Taiwan), respectively.

3. Results and Discussions
3.1. Mechanical Characterization

The material used in this work is a thin film flexible multilayer structural device with
an EVA film between 160 and 320 um. The device is then encapsulated in between two thin
EVA protective layers without pores. The multilayer material is sandwiched in between

two 12 nm thin film metal electrodes (Figure 3). The film compositions are summarized in
Table 1.

Porous EVA

EVA

. Silver electrodes

Figure 3. Description of the composition of pseudo-piezoelectric cellular EVA films. The mechanical tests” objective is to

describe the macroscopic behavior of the three compositions studied in the static and dynamic case, then establish the

relationship between this macroscopic and the microscopic material characteristics.
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Table 1. Film compositions before and after extrusion operation.

Before Extrusion After Extrusion
Samples -co-Vi
P Ethylene (%) Vinyl Acetate (%) Hydrocerol (%) POly(itL?éﬁIel)e (4(:)/0)V1ny1 Porosity (%)
EVAO 86 14 0 100 0
EVA 1 85 14 1 63 37
EVA 2 84 14 2 35 65

Force (N)

1000

800

600+

400

2004

The objective of the mechanical tests is to describe the macroscopic behavior of the
three compositions studied in the static and dynamic case, then establish a relationship
between these macroscopic and the microscopic material characteristics.

The Young’s modulus according to the pourcentage of porosity was evaluated. The
results presented in Figure 4 show that Young’s modulus of the material decreases in
the presence of porosity, as a typical result obtained with porous materials. The test
was performed on four rectangular samples with a crosshead speed of 10 mm/min at
room temperature.

30

——65%
——37%
—— 0% 28
=
o “-é' 26+
»n
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\g 224
~
20
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Machine displacement (mm) % Porosity
(a) (b)

Figure 4. (a) Applied force as a function of machine displacement of EVA 0%, EVA 37% and EVA 65%. (b) Young’s modulus
as a function of porosity percentage.

Figure 4 reports the mechanical properties as a function of cellular morphology. It
is clear that for EVA compositions, the values decrease linearly with pore content (about
29, 25 and 20 MPa for 0%, 37% and 65% of pores, respectively). For the same condition
to each film, EVA 65% generates bigger strains than EVA 37% and EVA 0%. Raising the
percentage of gas cells raises the quantity of mechanical energy absorbed by the materials,
thus increasing the material flexibility. This flexibility is due to the shape and the gas cell
number, which create sensitivity to the mechanical stress.

The cyclic mechanical loading at various frequencies is measured using the dynamic
mechanical analysis technique (DMA). For testing, a porous EVA is placed into the DMA'’s
tensile grips. The sample is then subjected to a predefined maximum tensile stress, which
elongates the material. The material is returned to zero force at the end of one cycle. All of
the experiments were carried out at room temperature (25 °C).

Figure 5a,b represent the stress—strain hysteretic response of porous EVA when ex-
posed to frequencies of 4 and 20 Hz, respectively. Each frequency was subjected to six
separate tests. The average of the six experiments is shown in Figure 5. When porous
piezoelectric EVA is exposed to cyclic mechanical stress, it develops hysteretic behavior.
Microstructural changes such as cell morphology, matrix mechanical proprieties, and other
potential permanent microstructural changes such as cracking cause the hysteretic response
under the mentioned loading conditions.
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Figure 5. Stress—strain hysteretic response of EVA 0% (Black curve), EVA 37% (Red curve) and EVA 65% (Blue curve) with
various cycles. (a) 4 Hz and (b) 20 Hz.

3.2. Influence of Environment Temperature and Time on the Piezoelectric Properties

The goal of this subsection is to test the piezoelectric properties’ stability of the cellular
EVA. The first experiment consists of measuring the piezoelectric constant as a function
of the environmental temperature. The purpose of this experiment is to show the effect
of temperature on the material. The first phase in the experiment was to apply a gradual
temperature rise while maintaining constant pressure (5 MPa). The temperature was
gradually raised from 0 to 180 °C, with a 20 °C increment every 10 min. The second
experiment is to measure the piezoelectric constant as a function of time. The objective
of this experiment is to show the capacity of the material to store electrical charges. An
experimental measurement of the ds3 piezoelectric coefficient as a function of time and
temperature is shown in Figures 6 and 7. Figure 6 presents the changing of the piezoelectric
constant with de-poling temperature for several silicone oil-ionized samples.

—EVA 0%
——EVA37%
——EVA 65%

I I
0 20 40 60 80 100 120 140 160 180 200
T(°C)

Figure 6. Piezoelectric coefficient as a function of depolarization temperatures charged in the silicone
oil at room temperature.



Appl. Syst. Innov. 2021, 4, 57

7 of 14

6.0
5.5
5.0
45
4.0
3.5
3.0
2.5
2.0
154
1.0

—EVA 0%
—EVA 37%
—EVA 65%

&

d33 ([JC/N)

T T T T T T T T T T T T T T
0 40 80 120 160 200 240 280
Time (h)
Figure 7. Piezoelectric coefficient as a function of time after ionization process charged in the silicone
oil at room temperature.

The principal experimental results demonstrate that when temperature rises, the
piezoelectric coefficient remains stable until it reaches a critical limit, at which point the
piezoelectric constant reduces. The pores consolidate beyond this point, and the film loses
its cells, as well as the local dipoles that provide the pseudo piezoelectric effect. The phase
transition solid-liquid temperature is observed when the piezoelectric constant begins to
decrease. Thermal depolarization shows a remarkable difference between a sample which
contains charges in the defaults without pores (EVA 0%) and a sample which contains ionic
dipoles with porous structure (EVA 37% and EVA 65%).

Figure 7 illustrates the temporal evolution of the piezoelectric coefficient, which was
measured outside of the laboratory. After the relaxation period, the measurements were
collected at room temperature. The ds3 piezoelectric coefficient value for EVA 65% reduced
from 5.1 to 4.5 pC/N from 0 to 65 h, after which it stabilized at 4.5 pC/N. However, these
piezoelectric activities were unstable, and a reduction was observed 65 h after the ionization
step. Moreover, the charge in cellular EVA remained constant after this time.

3.3. Energy Harvesting Study
3.3.1. Piezoelectric Harvested Current Model

The goal of modeling is to express the current harvested by a piezoelectric material
in temporal domain. Modeling the effect of piezoelectric materials is written in the form

of the following two fundamental equations. The piezoelectric constitutive equations of
direct and converse effects are given below [14]:

S=sExT+d; xE 1)

D=dixT+e' xE 2)

where S, T, D, E, T, d and s are, respectively, the strain, the stress, the electric displacement,
the electric field, the dielectric permittivity, the piezoelectric coefficient and the compliance.
It is possible to express the T stress as a function of strain S using Equation (1), given by:

T= S_dil’;XE (3)
s
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By substituting the expression of Equation (3) into Equation (2), the electrical displace-
ment can be expressed as follows:

S*thE T

D =d; x £ +¢& XE 4)
S

It is known that the expression of current harvested and electrical displacement is:

aD

I=Ax o

©)
A is the metalized surface of the polymer. Substituting Equations (4) into (5) gives:

d?\ oE dy 9S
_ T Yt t
I-Ax(s sE> at+AXsE o5 (6)
oF s

5¢ and 37 are the time variation of the electrical field and strain as a function of time
variation, respectively.
The electrical field output of the polymer across the load resistance is defined by

the term: Rl
X
Egr = — Y )

where R the electrical resistance and / is the thickness of the polymer film.

The relation between Y material Young’s modulus and the complianceis Y = S%, SO
11

substituting Equation (7) into (6) gives:

R 9dl aS

AT _ya2
I(t) = A(s Ydt)h xat+A><Ydt>< 5 8)
Transforming Equation (8) into frequency domain, we can obtain the current I as:

_ AxYdixp
1+ AT -Yd) R xp

I(p) S(p) 9

Applying the transformation of inverse Laplace to Equation (9), we obtain the current
harvested expression:

hYyd; h h
FHI(p)} = 1(t) = (8TYWZ%)R (7(0 - W”P(—tw>> 5(t) (10)

with the governing equation of mechanical motion being:
S(t) = Syrsin(27far X t) (11)

where Sy and fjs are maximum transverse strain and mechanical excitation frequency,
respectively.

Substituting Equation (11) into (10), the current expression as a function of time and
mechanical cycle excitation is expressed in the form:

 hYdiSw h B i -
=T —var (7“) AT - mgm”’”( AT wgm)) Sin(2rfm x 1) (12

This harvested current depends on the level of mechanical strain, excitation frequency,
material dimensions, electrical load and material proprieties. To validate this principle, an
experimental study was performed. In order to predict output performances for charged
porous films, the physical parameters of Equation (12) are presented in Table 2.
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Table 2. Synthesis of materials’” physical properties.

Material Proprieties EVA 0% EVA 37% EVA 65%
Young Modulus (MPa) 29 25 20
Depolarization Temperature (°C) 74 67 61
Strain limit (%) 24 27 31
Piezoelectric Coefficient d33 (pC/N) 22 42 5.1

Time after deionization 30h 33 days 59 days

Relative Permittivity 3.6 51 5.7

3.3.2. Energy Harvesting Results

During the energy harvesting studies, experimental measurements are taken to determine
the electrical properties of porous EVA. To validate the proposed modeling approach provided
in the preceding part, the three compositions are examined in order. More examples are
provided to demonstrate the feasibility and usefulness of EVA porous piezoelectric polymers
in the situation of complex mechanical conditions and realistic energy harvesting devices.

Figures 8-10 present the evolution of the electrical parameters (current and voltage
harvested) as a function of time according to the applied strain using the three compositions
of EVA. After analyzing the figures, it is clear that the electrical parameter increases by
increasing the rate of deformation. For example, to obtain a value of the recovered current
of 371 pA, it is necessary to apply a deformation of 0.75% in the case of EVA 0%; on the
other hand, for porous structures (EVA 37%), it suffices to apply only 0.25%. For a strain of
0.75%, we can obtain a current of 320 pA by the EVA 0% instead of 1027 pA by the EVA
37% or 1692 pA by the EVA 65%. These results clearly show that increasing the porosity
represents one of the best solutions for improving the electromechanical conversion of
polymers in the pseudo piezoelectric mode.

a C (3
00
120 - 2
200 240
90 4
150 180
60
2 2 100 1204
g 3 2 s E_; 604
0 g Y g 0
< < <
= 30 £ 50 = 60+
§ S S
0] O 100+ o 120
-150 -180
90 1
-200 240
T T T T T =300 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s) Time (s) Time (s)
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20 20
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g ) o
- 0 o0 0 S 0
& s £
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S 104
-20 20
2204 -30 4 30
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Figure 8. Electrical characteristics harvested by EVA 0% as a function of time under a transverse displacement with various
values of strain Sy;. (a) current harvested with Sys: 0.25%, (b) voltage harvested with Sps: 0.25%, (c) current harvested with Sy
0.50%, (d) voltage harvested with Sy: 0.50%, (e) current harvested with Sy;: 0.75%, (f) voltage harvested with Sy;: 0.75%.
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Figure 9. Electrical characteristics harvested by EVA 37% as a function of time under a transverse displacement with various
values of strain Sy;. (a) current harvested with Sys: 0.25%, (b) voltage harvested with Sps: 0.25%, (c) current harvested with Sy
0.50%, (d) voltage harvested with Sy: 0.50%, (e) current harvested with Sy;: 0.75%, (f) voltage harvested with Sy: 0.75%.
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Figure 10. Electrical characteristics harvested by EVA 65% as a function of time under a transverse displacement with
various values of strain Sys. (a) current harvested with Sp;: 0.25%, (b) voltage harvested with Sy: 0.25%, (c) current
harvested with Sys: 0.50%, (d) voltage harvested with Sps: 0.50%, (e) current harvested with Sps: 0.75%, (f) voltage harvested

with Spg: 0.75%.

In the case of EVA 65%, the current delivered is well multiplied by a factor of
8 compared to EVA 0%. This suggests that the higher the porosity, the greater the current
that can be harvested. The results obtained clearly show that increased strain has a remark-
able influence on the voltage and current in the case of porous piezoelectric materials. The
properties of the internal gas of porous films directly influence the electrical properties.

Figure 11 illustrates the dependence of current and voltage harvested using three
compositions of porous EVA. The simulation behavior predicted by the proposed model
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Equation (12) has been compared with the experimental setup of the power harvested by
cellular polymers. In this figure, the points present the experimental results, and the curve
presents the developed theoretical model.

a b
—1—8=025% 1800 1 —m—5$=025%
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Figure 11. Porosity content

influence on the electrical characteristics harvested by cellular EVA with three values of strain

Syt 0.25%, 0.50% and 0.75%. (a) Voltage harvested; (b) current harvested.

The values of 123, 241, and 320 pA were obtained, respectively, with 0.25%, 0.50%, and
0.75% of strain using EVA 0% at 4 Hz. In the case of EVA 37%, harvested current values
at 4 Hz of 371, 620 and 1027 pA were obtained, respectively, with 0.25%, 0.50% and 0.75%
of strain. For EVA 65%, harvested current values at 4 Hz of 497, 938 and 1692 pA were
obtained, respectively, with 0.25%, 0.50% and 0.75% of strain.

Figure 11 shows a linear relationship between electrical properties and porosity. At
the microscopic level, each cell is regarded as a generator containing a number of macro-
dipoles. EVA 65% composition has more gas foams than EVA 37% composition. As a result,
raising the proportion of space content in gas cells increases the number of macro-dipoles.
For that, EVA 65% is a more sensible mechanical force compared to EVA 37% and EVA
0%. However, the increase in harvested current of the copolymer with an increase in the
porosity that could be captured could be confirmed by the theoretical model with an error
range between 0.3% and 5%. The harvested current significantly increases with increasing
strain or porosity, achieving a high current value up to 1627 pA for EVA 65%. The same
dependence is observed for the voltage harvested. These results demonstrate that porous
materials are electrically and mechanically stable. As a result, it is evident that these porous
polymers will be used in mechanical applications, particularly in the manufacture of energy
harvesters and smart sensors based on vibration effect.

The results’ analysis makes it possible to study the influence of the pores created in the
polymer matrix. It also makes it possible to examine the dependence of these parameters
on the mechanical applied stress and frequency range. This analysis was carried out with
the aim of optimizing the operating interval for a better application in the field of sensor,
actuation or vibratory energy harvesting.

4. Conclusions

This work presented the mechanical, physical, and morphological Poly(ethylene-co-
vinyl acetate) (EVA) properties for different void concentrations. Additionally, the effect
of porosity on the Young’s modulus, piezoelectric coefficient, and the impact of physical
properties of the co-polymer were analyzed.

Three different percentages of porosity were used to create and test porous piezoelec-
tric polymers for energy harvesting. The theoretical model and experimental results were
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found to be in good agreement. Various methods of improving the inherent properties
of the polymers were also investigated, demonstrating the simplicity and usefulness of
operating using pseudo-piezoelectric behavior. Porous piezoelectric polymers have been
shown to possess significant mechanical energy that can be harvested. It can be concluded
that the porosity has a significant effect on the mechanical proprieties of the piezoelectric
porous polymers, and on the current, voltage and power in turn. Future research will focus
on developing new systems and combining hybridization with other materials to improve
the performance of harvested energy.
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