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Abstract
Polyvinyl alcohol fiber reinforced engineered cementitious composite (ECC) using piezoelectric
polymer film has attracted significant interest due to its energy harvesting potential. This work
provides a theoretical model for evaluating the energy harvesting of bendable ECC using
surface-mounted polyvinylidene fluoride (PVDF). In the mechanical part, concrete damage
plasticity model based on the explicit dynamic analysis was utilized to simulate the dynamic
flexural behavior of ECC beam under different dynamic loading rates. The mechanism of force
transfer through the bond layer between the PVDF film and ECC specimen was simulated by a
surface-surface sliding friction model wherein the PVDF film was simplified as shell element to
reduce computational cost. Then, the electromechanical behavior of the piezoelectric film was
simulated by a piezoelectric finite element model. A simplified model was also given for a quick
calculation. The theoretical model was verified with the experimentally measured mechanical
and electrical results from the literature. Finally, a parametric analysis of the effects of
electromechanical parameters on the efficiency of energy harvesting was performed. The
verified theoretical model can provide a useful tool for design and optimization of cementitious
composite systems for energy harvesting application.

Keywords: energy harvesting, ECC, concrete damage plasticity, PVDF, piezoelectric model

1. Introduction

Energy harvesting is a process of extracting energy from
ambient resources (e.g. light, temperature, and mechanical

∗
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ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

force) and converting into electrical energy. Many mater-
ials and devices with different properties have been used
to harvest energy, such as piezoelectric [1, 2], triboelectric
[3], thermoelectric [4], electromagnetic [5], photovoltaic [6],
or hybrid functional [7] properties. Among them, piezoelec-
tric materials are the most widely implemented because they
can harvest abundant energy from mechanical vibrations or
deformation. In particular, energy-harvesting from concrete
structures has gained a lot of attention in the recent years, as
it introduces a powerful, renewable and sustainable way for
harvesting mechanical energy in our environment. The har-
vested energy can be used to effectively power civil structures

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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with energy self-sufficiency, which promotes a sustainable and
smart infrastructure development.

Piezoelectric transformation occurs when mechanical
action (stress and strain) is applied to a polarized piezoelectric
material; then, opposite bound charges occur on the surfaces
of both ends of the material that are connected to electrodes.
When the two electrodes are connected to an electrical power
management circuit, the output voltage can be stored as elec-
trical energy for electric power supply. In the past few decades,
lead zirconate titanate (PZT) has been the most widely-used
piezoelectric ceramic material in many designs of energy har-
vesters for civil infrastructure and buildings. Many researchers
have used PZT piezoceramic disks embedded into pavements
to collect the electrical energy from vibration induced by mov-
ing vehicle on public roadways [8–11], thereby creating so-
called piezoelectric energy harvester (PEH). These PZT-based
PEHs have also been further optimized for a power-intensive
design, so as to better collect road energy by efficiently util-
izing the vehicle load [12]. However, the intrinsic brittleness
of the piezoceramic material (PZT) limits its application on
curved surfaces and high strain conditions as in the case of
civil infrastructure and buildings. Polyvinylidene difluoride
(PVDF) is the most popular commercial flexible piezoelectric
polymer because it can be easily fabricated as a thin film with
large compliance, high ductility, and excellent piezoelectric
performance [13]. Considerable research has been dedicated
to extracting vibration energy from PVDF transducers using
piezoelectric cantilever beam configurations, such as unim-
orph (a substrate beam with a bonded piezoelectric layer) and
bimorph (a substrate beam with two symmetric piezoelec-
tric layers bonded to both sides) devices [14, 15]. Moreover,
PVDF shows a strong ability to generate electricity under
low-frequency stimuli due to its flexural behavior, which can
be flexibly installed in the structure for energy harvesting. In
practical applications, PVDF has been widely used in struc-
tures exposed to a variety of dynamic loads, e.g. passing
vehicles [13], human motions [16–19], sound pressure [20],
rain drops and wind [21]. Multiple PVDF films can also
be arranged to enhance energy harvesting. Jung et al [13]
developed a PVDF energy harvester for roadways, rivaling
piezoelectric ceramic-based systems. The device, comprising
six pre-curved bimorph units aligned vertically, generated
200 mW across a 40 kΩ load resistor in modeled roadway
testing in the laboratory.

Application of piezoelectric films for harvesting energy
from mechanical deformation of cementitious materials
provides a promising approach for civil infrastructure energy
self-sufficiency. Cementitious materials are the most widely
used construction materials in the world due to their excel-
lent properties and relatively low cost [22]. Moreover, civil
structures based on cementitious materials are exposed to a
wide range of dynamic loads from vehicles, waves, winds,
and human motion, which provides structural deformation
or vibrations for energy harvesting through surface-mounted
piezoelectric films. Cahill et al [23] used PZT and PVDF to
harvest energy from train-induced response in RC bridges,
which was found to be adequate for powering small wireless

devices for structural health monitoring (SHM). The brittle
nature of PZT results in potential reliability risks, and thus
flexible PVDF may be a better option for stable energy har-
vesting. However, the use of PVDF for better energy harvest-
ing requires the host structure to have large deformability and
energy dissipation capability. In terms of concrete-like mater-
ials, engineered cementitious composite (ECC) is well known
for its pseudo strain-hardening behavior and excellent crack
control capacity, which can provide high strain energy through
large deflections to flexible piezoelectric materials for energy
conversion [24]. Su et al [25] conducted flexural tests for ECC
with surface-mounted PVDF, and its voltage output gener-
ated by the PVDF film was synchronously recorded. Their
experiments indicate the feasibility and potential of the highly
flexible ECC materials attached piezoelectric films for energy
harvesting.

Many numerical piezoelectric models have been estab-
lished for stress and strain monitoring and real-time damage
assessment using PZT sensors, which is generally called the
electromechanical impedance method [26] for SHM of vari-
ous civil structures. Simplified piezoelectric models are com-
monly used to calculate output voltage from PZT patches or
PVDF film [17, 27–29]. These simplified formulas regarding
piezoelectric effects have been used to calculate the harvest-
ing energy in concrete [23]. However, no known piezoelectric
model for energy harvesting was associated with ECC mater-
ial with surface-mounted piezoelectric films. Some research-
ers have conducted energy harvesting experiments of cementi-
tious materials by using piezoelectric generator, which is time-
consuming and therefore expensive. Numerical modeling can
help analyze themechanical and electrical mechanisms behind
experimental observations, and provide a theoretical predic-
tion of energy harvesting potential from cementitious materi-
als in complicated cases. Also, a model-based parametric ana-
lysis allows studying the effects of mechanical and electrical
parameters on energy harvesting, so as to provide assessment
of performances or optimization design for further application.

In this paper, an energy harvesting model was developed
to evaluate the electrical energy as a result of the conver-
sion of the mechanical energy of ECC subjected to bending
using a surface mounted PVDF film. The flexural behavior of
ECC beams under different dynamic loading rates was sim-
ulated by concrete damage plasticity (CDP) model. Then, a
finite element model (FEM)-based piezoelectric model was
proposed to calculated the output voltage generated by the
PVDF film. Meanwhile, a simplified piezoelectric model was
also given to calculate the output voltage. The simulated res-
ults agree well with the experimental measurements in liter-
ature regarding mechanical and electrical results. Finally, the
effects of electromechanical parameters on the output voltage
were examined. The energy harvesting model established in
this study is applicable for practical construction applications.
This includes the extraction of energy from induced structural
deformations or vibrations caused by passing trains in long-
span bridges, as well as the harvesting of vibration energy from
tuned mass dampers in tall buildings and earthquake-resistant
structures.
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2. Theoretical modeling

2.1. CDP model

The CDP model [30–32] was adopted for simulating the
nonlinear behavior of ECC due to plasticity and damage,
which is:

σ = (1− d)E0
(
ε− εpl

)
(1)

where σ is the stress; ε,εpl are the total strain and plastic
strain, respectively. E0 represents the initial Young’s modulus
of ECC. d represents the damage factor used for quantifying
stiffness degradation, in a range of 0–1. And it requires that the
d increases monotonically with strain. Here, as fiber reinforced
cementitious material was used, the stress does not decrease
monotonically with strain when the material was loaded in
tension. Hence, stiffness degradation was not able to be con-
sidered in this chapter.

The following yield criterion in the CDP model is used to
describe the initiation of plastic strain

F=
1

1−α

(
q̄− 3αp̄+β

(
εpl

)
⟨̂̄σmax⟩− γ⟨−̂̄σmax⟩

)
− ̂̄σc (εplc )

(2)

where

α=
(σb0/σc0)− 1
2(σb0/σc0)− 1

(3)

β =
σc

(
εplc

)
σt

(
εplt

)
− 1

(1−α)− (1+α) (4)

γ =
3(1−Kc)
2Kc− 1

(5)

where p̄ represents the effective hydrostatic pressure. q̄ repres-
ents the von Mises equivalent effective stress. The subscripts
‘t’ and ‘c’ represent tension and compression, respectively.̂̄σmax refers to the maximum principal effective stress. σb0/σc0
refers to the ratio of initial equi-biaxial and initial uniaxial
compressive yield stress, which takes a default value of 1.16
in ABAQUS. Kc describes the ratio of second stress invariants
on tensile and compressive meridians for a given invariant p̄,
which takes a default value of 1.16 in ABAQUS.

Assuming non-associated potential plastic flow in the CDP
model, the flow potential G based on the Drucker–Prager
hyperbolic function takes the form

G=

√
(εecσt0 tanψ )

2
+ q̄2 − p̄ tanψ (6)

where ψ is the dilation angle. σt0 is the uniaxial tensile stress
at failure. εec is the eccentricity that defines the rate at which
the function approaches the asymptote, which generally takes
a value of 0.1 in ABAQUS.

According to Zhou et al [33], the constitutive relation-
ship of ECC can be simplified, as shown in figure 1. Herein,

its compressive model (figure 1(a)) can be represented by
equation (7)

σc =


E0ε

E0ε(1−α)
m(ε− ε0)+ f ′cr
n(ε− ε0)+σl

0< ε⩽ ε0.4
ε0.4 < ε⩽ ε0
ε0 < ε⩽ εl
εl < ε⩽ εmax

(7)

where ε0 refers to the strain at the peak load. ε0.4 refers to
the strain at 40% of the peak load. f ′cr represents the stress at
the peak load. m,n determine the slope of the bilinear curve,
which can be calibrated by experiments. σl, εl represent the
stress and strain at the inflection point, respectively. α refers
to the reduction factor for elastic modulus, which is calculated
as follows

α= a
E0ε

f ′cr
− b (8)

where a and b can be obtained according to the slope of the
equivalent hardening line.

As indicated in figure 1(b), the tensile behavior of ECC can
be simplified by a trilinear curve, which can be described by
equation (9) [34]. Herein, the second part of the curve (εt0 <
ε⩽ εtp) is employed to model the tension stiffening character-
istics of ECC. σt0, σtp, εt0, εtp can be used to modify the ten-
sion stiffening behavior of ECC according to the experimental
tensile data

σt =


E0ε 0< ε⩽ εt0

σt0 +(σtp−σt0)
(

ε−ε0
εtp−εt0

)
εt0 < ε⩽ εtp

σtp

(
1− ε−εtp

εtu−εtp

)
εtp < ε⩽ εtu

0 0

. (9)

2.2. Interaction between ECC and piezoelectric polymer

In general, piezoelectric patches or polymers wrapped with a
protective cover are surface bonded to the host structure by
using adhesives. Previous studies have indicated that a surface-
mounted piezoelectric patch is not perfectly bonded with the
host structure during its deformation process (including patch
debonding, patch breakage/scratch, and patch detaching [35,
36]), which has significant impacts on the output voltage [37].
Figure 2 presents the mechanism for the interaction between
the host structure and the piezoelectric polymer. Herein, ‘1′

represents the axial direction, ‘3′ represents the vertical direc-
tion. As indicated in figure 2(a), there is a bond layer between
the host structure and the piezoelectric polymer, which limits
the separation of the two in the normal direction. In the tangen-
tial direction, the relative movement of the two is limited by
corresponding adhesive friction (τ ) that occurs at the interface
between the host structure and the bond layer, as well as the
interface between the bond layer and the piezoelectric poly-
mer. However, it should be noted that the bond layer deforms
unevenly due to the shear lag effect [38, 39], which results in
relative slip between the host structure and the piezoelectric
polymer, as shown in figure 2(b). Herein, up is the deformed
position of the interface between the bond layer and the host

3
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Figure 1. Constitution of the CDP model for ECC: (a) compression; (b) tension.

Figure 2. Interaction between the host structure and the piezoelectric polymer using adhesive bond layer.

structure. ub is the deformed position of the interface between
the bond layer and the piezoelectric polymer. Generally, if
debonding occurs on these interfaces during the deformation
process (especially in the bending case), up will reduce to u ′

p,
ub will reduce to u ′

b, as shown in figure 2(c). These effects inev-
itably cause a difference in deformation between the piezo-
electric polymer and the associated host structure surface.

Compared to the host structure, the adhesive layer has a
negligible mass and stiffness, and is thus omitted from the
mechanical simulation [39]. Then, for the force transmission

of the adhesive layer, the piezoelectric polymer and the host
structure are exposed to the adhesive friction from the bond
layer, which can be simplified by a surface-surface friction
model. To be specific, the bottom surface of the host structure
is the master surface, and the top surface of the piezoelectric
polymer is the slave surface. A sliding friction model with a
friction coefficient is considered for the two surfaces in the
tangential direction. In the normal direction, the slave surface
is not allowed to detach from the master surface, and there is
also no overclosure between the two surfaces, which means

4
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the slave surface does not penetrate the master surface. In this
way, the strain difference between the piezoelectric polymer
and the associated host structure surface induced by the bond-
ing condition can be reflected in the model.

2.3. Piezoelectric model for piezoelectric polymer

2.3.1. FE model for a piezoelectric element. The con-
stitutive equations for the mechanical–electric field coupling
effect in a piezoelectric material can be formulated as [27]:

Sij = sEijkl ·Tkl+ dkij ·Ek
Dj = djkl ·Tkl+ eTjk ·Ek

(10)

whereDj is the electric displacement. Ek is the electric field. Sij
is the mechanical strain. Tkl is the mechanical stress. dkij and
djkl refer to the piezoelectric strain coefficients. sEijkl represents
the mechanical compliance measured at constant electric field.
eTjk refers to the dielectric permittivity measured at constant
stress. The superscripts ‘E’ and ‘T’ represent that this quant-
ity is measured at constant electric field and constant mech-
anical stress, respectively. For dkij and djkl, the first subscript
indicates the direction of the electric field, and the second and
third subscripts together indicate the direction of the associ-
ated mechanical stress.

The tensor form of equation (10) can be written as:[
S
D

]
=

[
sE −dt
d eT

] [
T
Eel

]
(11)

where S is the strain tensor. D is the electrical displacement
vector. T is the stress tensor. Eel is the electrical field vec-
tor. The superscripts ‘E’ and ‘T’ represent that this quant-
ity is measured at constant electric field and constant mech-
anical stress respectively. sE is the compliance tensor meas-
ured at constant electric field. eT is the dielectric permittiv-
ity tensor measured at constant stress. d is piezoelectric strain
tensor. The superscript ‘t’ represents the transpose matrix of
this quantity. dt is the transpose matrix of d.

Similarly, equation (10) can be applied to a PVDF film
under identical stress conditions. However, in scenarios
involving uneven stress, such as in the bending case discussed
in this paper, the PVDF filmmust be subdivided into numerous
small rectangular elements. Each rectangular element can then
utilize equation (10) as its constitutive equation. A piezoelec-
tric element has both the mechanical degrees of freedom (the
displacement vector δ) and the electrical degrees of freedom
(the electric potential array ϕ), which can be used to calculate
S and Eel: [

S
E

el

]
=

[
Bu 0
0 Bϕ

] [
δ
ϕ

]
(12)

Bu = ∇Nu (13)

Bϕ =∇Nϕ (14)

where Nu, Nφ are shape functions in terms of displace-
ment and electric potential, respectively. Bu is the strain-
displacementmatrix containing the derivatives ofNu;Bϕ is the

electrical field-electric potential matrix containing the derivat-
ives of Nϕ .

Based on Hamilton’s principle, the governing FE dynamic
equations for a piezoelectric finite element can be derived as

[
muu 0
0 0

] {
ˆ̈u
ˆ̈φ

}
e

+

[
cuu 0
0 0

] {
ˆ̇u
ˆ̇φ

}
e

+

[
kuu kuφ
ktuφ kφφ

] {
û
φ̂

}
e

=

{
f ext

qext

}
e

(15)

where the subscript ‘e’ indicates element quantities. û, ˆ̇u, ˆ̈u
represent vectors of nodal displacement, velocity, and acceler-
ation, respectively. φ̂, ˆ̇φ, ˆ̈φ represent the electric potential, the
first derivative of the electric potential, and the second deriv-
ative of the electric potential, respectively. f ext is the external
force. qext is the external point charge.

Mechanical stiffness matrix of an element e (dV represents
the differential volume) is given as:

kuu =
˚

Btuc
EBudV. (16)

Mass matrix of an element e is:

muu =

˚
ρNt

uNudV. (17)

Mechanical damping matrix of an element e is:

cuu = α

˚
ρNt

uNudV+β

˚
Btuc

EBudV. (18)

Dielectric stiffness matrix of an element e is given as:

kφφ =

˚
Bφ

tεSBφ dV. (19)

Piezoelectric coupling matrix of an element e is:

kuφ =

˚
Btue

tBφ dV. (20)

The global governing equation for all piezoelectric ele-
ments can be assembled as:

Muuü+Duuu̇+Kuuu+Kuφφ = F (21)

Ktuφu+Kφφφ = Q (22)

where ü, u̇, u, φ are the global degrees of freedom at nodes.
Muu, Duu, Kuu, Kuφ , Kφφ , F, Q are the globally assembled
quantities for the mechanical mass matrix, the mechanical
damping matrix, the mechanical stiffness matrix, the piezo-
electric coupling matrix, the dielectric stiffness matrix, the
external force, and the external point charge, respectively.
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Figure 3. Schematic representation of a piezoelectric film with a d31-coupling mode.

2.3.2. Simplified model. In general, there exist difficult
interactions between the ECC specimen and the piezoelectric
polymer with complex boundary conditions, making it dif-
ficult to model. Therefore, a simplified method needs to be
developed for calculating the output voltage. The electrodes
of a piezoelectric film are only installed in the plane perpen-
dicular to the direction 3 (figure 3), thus D1 = D2 = 0. When
the piezoelectric film is used as a sensor to measure the mech-
anical strain for the output voltage, no external electric field is
applied. Hence, the electric displacement D3 in equation (10)
can be simply obtained as

D3 = d31σ1 + d32σ2 + d33σ3. (23)

For the PVDF film, d32 is 10 times smaller than d31 or
d33, which can be discarded in equation (23) for calculating
D3 generated in the direction 3 [17]. Combined with geo-
metric parameters of the piezoelectric film, equation (23) can
be rewritten in equation (24) as the superposition of the two
charge generation modes: mode 31 and mode 33 [40, 41].

q3 = d31F1lp/tp + d33F3 (24)

where q3 is the generated charge in the direction 3. F1 is the
axial force (i.e. in the direction (1) applied in the PVDF film.
F3 is the longitudinal force (i.e. in the direction 3) applied in
the PVDF film. lp, wp, tp are the length, width and thickness of
the piezoelectric film, respectively.

As indicated in figure 3, when an axial force is applied on
the piezoelectric film along the direction 1, the voltage occurs
in the two electrodes (i.e. the direction 3), which is gener-
ally called d31-coupling mode (mode 31) for voltage genera-
tion. Similarly, d33-couplingmode (mode 33) indicates that the
voltage generated in the direction 3 is from the force applied
in the direction 3.

Generally, a thin PVDF film has a very small thickness
(micrometer range), and thus the ratio of lp/tp is on the order of
1000. Assuming the same mechanical energy input (F1 = F3),

the charge generated in mode 31 is about 700 times greater
than that in mode 33 (see equation (24)) [17]. For simplicity,
the charge generated can be calculated with a d31-coupling
mode based on the axial strain of the piezoelectric film

q3 = d31F1lp/tp. (25)

As illustrated in figure 3, the top and bottom surfaces of
a piezoelectric film are electrodes with a vertical poling dir-
ection (i.e. direction 3). The electrode makes the correspond-
ing surface of the piezoelectric film become an equipotential
surface, which indicates that all nodes in the surface have the
same electric potential. For the entire piezoelectric film, the
FE-based piezoelectric model can be simplified to calculate
its average strain. The average strain of the piezoelectric film
can be calculated as [28]:

εave =
1
Vtol

Nel∑
j=1

[
1
Nno

Nno∑
i=1

ε ji

]
∆Vj (26)

where ε ji is the strain at node i belonging to the volume of
element j located on a subvolume of the piezoelectric film.
Nno is the number of nodes which belong to the related ele-
ment volume.∆Vj is the volume of element j located on a sub-
volume of the piezoelectric film. Nel is the number of elements
which belongs to the piezoelectric film. Vtol is the total volume
of the piezoelectric film.

The voltage generated in d31-coupling mode can be calcu-
lated by the piezoelectric strain constant d31 as indicated in
equations (27) and (28) [29]. Herein, the capacitance Cp of
the piezoelectric film can be obtained as:

Cp =
e33lpwp

tp
(27)

where e33 is the 3rd-directional dielectric constant of the piezo-
electric film.

6
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Figure 4. Flowchart of the energy harvesting model of ECC using surface-mounted PVDF.

Then, based on equation (25), the voltage generated can be
determined as follows

Vp =
d31Eplpwp

Cp
εave (28)

where Ep is the Young’s modulus of the piezoelectric film.

2.4. Overview

The output voltage was used as an indicator of the harvesting
energy from fiber reinforced cementitious materials. Figure 4
shows the schematical representation and flowchart of an
energy harvesting model for evaluating the output voltage
of polyvinyl alcohol fiber reinforced ECC (PVA-ECC) with
surface-mounted PVDF, which includes the CDP model for
mechanical analysis, the interaction between PVA-ECC speci-
men and PVDF, and the piezoelectric model of PVDF (includ-
ing FEM and a simplified formula) for calculating the output
voltage.

3. Model validation

3.1. Experiment setup

The experimental data from the literature [25] was used to val-
idate the model in this study. In the experiment, a four-point
bending test was implemented to study the dynamic flexural
behavior of the ECC, as indicated in figure 5. The ECC speci-
men has a load span of 50 mm (one third of the support span
150 mm). A PVDF film was externally bonded to the under-
side surface of the ECC specimen at themid-span. Lead attach-
ment of the PVDF film was accomplished using riveted lugs

connected with 28 AWG wire. The PVDF film has an area of
73 mm × 16 mm with a thickness of 40 µm. As indicated by
the manufacturer, the PVDF film is generally laminated to a
0.125 mm polyester substrate as a protective layer. This pro-
tective layer made of thin polyurethane can prevent surface
oxidation of the silver ink electrode area [25, 42]. Thus, the
total thickness of the PVDF film in the mechanical model is
taken as 0.165 mm. Displacement control was adopted for the
ECC specimen with three different loading rates of 0.5, 1.0,
2.0 mm s−1. During the flexural test, a voltage data logger with
the terminal board was used to simultaneously record the out-
put voltage from the PVDF film per millisecond.

Table 1 gives the mixture proportions of ECC by relative
weight in terms of cement. Herein Type I Ordinary Portland
cement, class C fly ash, silica sand with the maximum particle
size of 0.2 mm were used for ECC. PVA fiber has a diameter
of 39 µm and a length of 8 mm. The complete mix design is
given in table 2.

3.2. Mechanical model based on CDPM

The ABAQUS/explicit module was used for the bending
analysis of three-dimensional (3D) ECC with a surface-
mounted PVDF film during the dynamic loading process.
As shown in figure 6(a), the ECC specimen has a size of
210 mm × 60 mm × 25.4 mm based on the actual geometry
of the experimental setup. Dynamic velocity was applied on
the top surfaces of the two steel bars located on the top sur-
face of the specimen. Simply supported boundary conditions
were adopted for the two steel bars located on the bottom sur-
face of the specimen. To ensure continuous force transmission,
tied constraints were used in the interactions between steel bar
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Figure 5. Experiment setup for 4-point bending test (unit: mm).

Table 1. Mixture proportions (by relative weight in terms of cement) [25].

Type Cement Fly ash Silica sand water Superplasticizer PVA fiber (by volume)

PVA-ECC 1.0 1.2 0.8 0.5 0.008 2.0%

Table 2. Material properties of PVA fiber [25].

Type Diameter (µm) Length (mm) Tensile strength (MPa) Elastic modulus (GPa) Specific gravity

RECS-15 39 8 1600 41 1.3

and ECC. The ECC specimen and steel bars are all meshed
by C3D8R (the eight-node linear hexahedral solid element
with reduced integration) in Abaqus. The CDP model para-
meters for ECC [24, 25, 34] are listed in table 3. ρECC refers
to the density of ECC. νECC refers to Poisson’s ratio of ECC.
For small strains, however, the material of the PVDF film is
considered mechanically isotropic [29]. The elastic modulus,
Poisson’s ratio of steel are 198.0 GPa, 0.3, respectively. The
steel density is 7900 kg m−3.

The stress-strain relationship of the ECC under compres-
sion and tension in CDP model were taken based on its exper-
imental results of uniaxial compression and tension tests from
the literature [33, 34, 43]. In figure 7 and table 5, Case 1 cor-
responds to a loading rate of 0.5 mm s−1, Case 2–1.0 mm s−1,
and Case 3–2.0 mm s−1. As known, the 4-point bending test
of ECC is mainly determined by the tensile behavior of the
material model. Thus, the compressive behavior parameters
are taken based on the experimental values for all cases. The
tensile behavior parameters are obtained by several iterations
to get a best fitting of the experimental stress–displacement
curve using a numerical model. The energy harvesting model
specifically targets the pre-peak stress-displacement curve,
excluding the portion after the peak stress where failure

occurs, as this segment is crucial for practical engineering
applications. This is because that the damage generally occurs
after the peak point of the flexural stress (i.e. the softening
range) [44, 45], leading to subsequent failure and rendering
energy harvesting unsustainable. For the material parameters
of CDP model in ECC, compressive behavior parameters are
listed in table 4, and tensile behavior parameters in table 5. In
the CDP model, the cracking strain is employed to character-
ize the tensile behavior of ECC after the yield strain occurs.
During a tensile test, it is calculated by subtracting the elastic
strain corresponding to the undamaged material from the total
strain. In plain concrete, cracking usually occurs after the first
inflection point, indicating the completion of the elastic phase
and the transition into the softening phase accompanied by
damage. In ECC, the second part of the curve (εt0 < ε⩽ εtp)
in figure 1(b) is employed to model its tension stiffening char-
acteristics. Therefore, the cracking strain associated with this
segment reflects tension stiffening along with the occurrence
of multiple cracking hardening. Following this segment, the
third part of the curve in figure 1(c) signifies the transition
into the softening phase, and the cracking strain in this region
is utilized to characterize the softening phase with subsequent
failure. The damping effect has not been considered since the
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Figure 6. Mechanical model of bendable PVA-ECC with surface-mounted PVDF, (a) model configuration (unit: mm), (b) model meshing,
(c) location of the PVDF film attached, (d) shell element for PVDF film.

Table 3. CDP model parameters for PVA-ECC.

ρECC (kg m−3) E0(GPa) νECC σb0/σc0 Kc ψ εec Viscosity parameter

1870 28 0.2 1.16 0.667 35 0.1 0.001

Figure 7. Stress-strain relationship of the ECC, (a) under uniaxial compression, (b) under uniaxial tension.

loading rates are low. Mesh size dependence analysis has been
performed to determine the optimized mesh (see appendix A),
which ensures the accuracy and reliability of the model while
reducing computational cost. Due to complex links of con-
straints and interactions in the model, double-precision ana-
lysis for Abaqus/Explicit was adopted to ensure the desired
accuracy of the solution.

3.3. Interaction between PVDF and ECC specimen

As displayed in figure 6(c), PVDF is surface-mounted on the
bottom surface of the specimen at the mid-span. Generally,
the thickness of a PVDF film is a range of 20–40 µm, which
is much thinner than its length and width. If the PVDF film is
modeled by solid elements with a very small size to consider
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Table 4. Compressive behavior parameters.

Yield stress (MPa) Inelastic strain (%)

16.92 0
37.6 0.23

Table 5. Tensile behavior parameters.

Case 1 Case 2 Case 3

Yield stress (MPa) Cracking strain (%) Yield stress (MPa) Cracking strain (%) Yield stress (MPa) Cracking strain (%)

1.9 0 1.6 0 0.9 0
2.3 3.0 1.9 4.0 1.6 1.1
0.023 3.5 0.019 4.5 0.016 2.5

its thickness, it enforces the entire simulation to run using a
very small integration time increment, which inevitably results
in very fine meshes and correspondingly prohibitive analysis
time. Instead, the PVDF film can be assumed by using shell
elements due to its tiny thickness and linear-elastic deform-
ation. The use of shell elements for PVDF in this study can
greatly reduce the computational cost while keeping the model
fidelity (see figure 6(d)). The shell element in Abaqus adop-
ted the local coordinate system with two tangential directions
of t1, t2 (corresponding to positive x, z direction in the global
coordinate system) and the normal direction of n3 (correspond-
ing to negative y direction in the global coordinate system).
SNEG refers to the face of the PVDFfilm that is in contact with
the ECC specimen. SPOS refers to the other side of the PVDF
film that is not in contact with the ECC specimen. The strain
in these two faces was included to calculate the average strain
of the PVDF film since the shell element has several integra-
tion points along the thickness. Surface interaction was used
between PVDF and the bottom surface of the ECC specimen.
In Abaqus, hard contact is used to minimize the penetration
of the slave surface into the master surface at the constraint
locations. Herein, hard contact was adopted to minimize the
overclosure of PVDF and the bottom surface of the ECC spe-
cimen. Moreover, no separation relationship was used to pre-
vent the two surfaces from separating in the normal direction
after contact. In the tangential direction, sliding friction with
a friction coefficient was adopted for simulating the relative
slip behavior of the ECC specimen and the PVDF film. The
value of the tangential sliding friction coefficient was influ-
enced by factors such as the contact materials (specifically,
PVDF film and ECC), their bonding conditions and contact
pressure under different loading rates. The tangential sliding
friction coefficient in the energy harvestingmodel was determ-
ined by comparison with experiment results regarding the out-
put voltage. In the simulation, the sliding friction coefficients
between the PVDF film and the specimen under loading rates
of 0.5 mm s−1, 1.0 mm s−1 and 2.0 mm s−1 are 0.005, 0.0063,
0.065, respectively.

3.4. Piezoelectric model for the PVDF film

Figure 8(a) gives the configuration of a PVDF film with a
length of lp, a width of wp and a height of hp. The piezoelectric

film is bonded to the underside surface of the ECC specimen
at pure moment segment. Thus, the small bending behavior of
the piezoelectric film is mainly controlled by the axial strain
in the length direction (the direction 1), especially when the
deflection at the mid-point is not so much. The average axial
strain of the PVDF film obtained from the mechanical model
was imposed on one end of the film by an average axial dis-
placement loading, which can be obtained by the product of
the length and the axial strain of the film (equation (29)). The
other end of the film is fixed

uave (t) = lpεave (t) (29)

An eight-node linear piezoelectric brick element C3D8E in
ABAQUS was adopted to simulate the piezoelectric effect of
the PVDF film induced by the bending ECC. The element has
both the mechanical degree of freedom (displacements) and
electrical degree of freedom (electric potential), which can be
calculated simultaneously. As shown in figure 8(b), the three-
axis (i.e. the thickness direction) was set as the poling direction
in the FE model for piezoelectric simulation. The bottom sur-
face of the PVDF filmwas set as the ground electrode (i.e. zero
potential). The top surface of the PVDF film was set as an
equipotential surface, which indicates that all nodes in this
surface have the same electric potential of V top. Herein, con-
straint equations were used to ensure that all nodes in a surface
have the same electric potential. An implicit dynamic analysis
was utilized to calculate the real-time voltage output gener-
ated from the PVDF film due to the piezoelectric effects. In
experiments in literature [25], the Voltage data logger (ADC-
20) was used to record open circuit voltage. Correspondingly,
the piezoelectric model was utilized for calculating the open
circuit voltage.

In the piezoelectric FE model, the PVDF film has an area
of 73 mm × 16 mm (lp × wp) with a thickness of 40 µm (hp).
Herein, only the thickness of 40 µm can generate an electrical
potential. The PVDF film was assigned with typical piezo-
electric and mechanical properties of PVDF obtained from the
literature [14, 25, 42, 46], as outlined in table 6. Wherein ρe
is the density of PVDF. g31, g33 are the piezoelectric voltage
constants of PVDF. feu is the yield strength of PVDF. k31 is the
electromechanical coupling factor of PVDF. Pe is the pyro-
electric coefficient. vp is the Poisson’s ratio. For small strains,
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Figure 8. Piezoelectric model for the PVDF film, (a) the PVDF film applied by the average axial displacement, (b) FEM model based on
piezoelectric elements.

Table 6. Piezoelectric and mechanical properties of PVDF.

Material
properties Value Units

Material
properties Value Units

ρe 1780 kg m−3 Ee 2 GPa
νp 0.34 — feu 45–55 MPa
d31 23 pC/N d32 1.476 pC/N
d33 −33.8 pC/N d15 20 pC/N
e33 1.15 × 10−10 F m−1 g31 216 × 10−3 m2/C
g33 −330 × 10−3 m2/C k31 12% —
Pe 30 C/m2 ·K

however, the material of the PVDF film is considered mech-
anically isotropic [29]. In appendix B, further verification of
the piezoelectric model was done by using experimental data
in literature [47].

3.5. Results and discussion

As shown in figure 9, the simulated results from the simplified
method are in good agreement with experimental data [25].
The flexural stress–displacement curve refers to the left y-axis,
and the output voltage-displacement curve refers to the right

y-axis. Herein, the midpoint displacement of the bottom sur-
face of the specimen was considered. It is found that, under
different loading rates, the flexural stress increases quickly
with the increase of the mid-point displacement in the ini-
tial stage. Correspondingly, the output voltage also shows a
rapid increase with the increase of the displacement during
the initial stage. This is because that the specimen is initially
located in the elastic and rapid strain-hardening range, which
provides a rapid strain increment to generate a higher voltage
increment. Then, when it enters the later plastic stage with
a slow strain-hardening, the stress shows a relatively slow
increase with the displacement increase. Accordingly, the out-
put voltage slowly increases with the displacement increase
during the later plastic stage.

As seen in figure 9, it is found that the output voltage
increases as the loading rate increases. The simulated and
experimental results for average output voltages at loading
rates of 0.5 mm s−1, 1.0 mm s−1, and 2.0 mm s−1 are close.
The simulated values are around 5.69 mV, 8.05 mV, and
19.58 mV, respectively, while the experimental values are
6.01 mV, 10.59 mV, and 21.24 mV. This agreement between
the simulated voltage and experimented data indicates that the
developed model is able to calculate the effects of dynamic
loading rates on the flexural stress and corresponding output
voltage.
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Figure 9. Comparisons of the flexural stress and output voltage
versus mid-point displacement between experimental data [25] and
simulated results under different loading rates.

Figure 10 gives the strain distribution of the ECC specimen
and the PVDFfilm under different loading rates of 0.5mm s−1,
1.0 mm s−1, 2.0 mm s−1, when the corresponding mid-point
displacements reach 2.0 mm, 2.0 mm, 1.0 mm, respectively.
PE33 for the ECC specimen is the z-direction plain strain in
the global coordinate system. LE22 for the PVDF film is the
t2-direction tangential strain in the local coordinate system of
the shell element (parallel to the z-axis in the global coordin-
ate system). It can be found that the ECC specimen exhibits a
strong strain-hardening behavior, and the strain of the PVDF
film is much lower than that of the ECC due to the sliding fric-
tion between the two.

As indicated in equation (28), the output voltage generated
by the PVDF film is linearly associated with the axial strain
applied on the film. According to the manufacturer, more than
10 mV can be generated by the PVDF per micro strain [25].
In the model, the axial strain of the PVDF film is extracted
under different loading rates, as shown in figure 11. Wherein
the displacement also indicates the mid-point displacement as
in figure 9 for different loading rates. εave refers to the axial
average strain of the PVDF film. It can be found that the axial
average strain of the PVDF film exhibits a comparable rela-
tionship to the output voltage concerning mid-point displace-
ment. Similar to the output voltage, the axial strain of the
film was higher under 2.0 mm s−1 loading rate, and decreases
with the decrease of the loading rate. The axial strain of the
film under 1.0 mm s−1 loading rate is relatively close to that
under 0.5 mm s−1 loading rate since the low loading rates of
0.5 mm s−1 and 1.0 mm s−1 are close to quasi-static load-
ing. As indicated in this model, the axial strain of the film
is significantly influenced by the sliding friction coefficient
between the film and the specimen. Accordingly, the sliding
friction coefficient under 1.0 mm s−1 loading rate is 0.0063,
which is slightly larger than 0.005 under 0.5 mm s−1 load-
ing rate. The sliding friction coefficient under 2.0 mm s−1

loading rate is 0.065, which is ten times higher than that
under 1.0 mm s−1 loading rate or 0.05 mm s−1 loading
rate. This friction-induced voltage mechanism in this model
reveals that a higher loading rate causes more frictional con-
tact between the PVDF film and the ECC specimen, which res-
ults in a higher axial strain of the film to generate more output
voltage.

In the experiment, the fluctuations for the voltage measure-
ment are mainly from environmental influences (e.g. external
current frequency of the data recorder). The CDP model con-
siders the ECC specimen as a homogeneous solid, which can-
not reflect the heterogeneity of the specimen. This leads to
some differences in the flexural stress-midpoint displacement
curves between the simulation and experiment. The voltage
differences between the simulated results and measured data
may arise from these factors: The simulated flexural stress-
midpoint displacement curve is not completely matched with
the experimental one; the soldering point on the PVDF film
has not been considered in the model; due to deterioration, the
piezoelectric coefficient could decrease up to 5% according
to the literature [48]; There may be some difference between
the actual piezoelectric properties and the values provided
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Figure 10. Strain distribution of the PVA-ECC specimen and PVDF film under 0.5 mm/s loading rate (a), 1.0 mm s−1 loading rate (b), and
2.0 mm s−1 loading rate (c).

by the manufacturer; the internal impedance of the electrical
measurement instrument has an electrical loading effect and
reduction of output open circuit voltage.

In the FEM-based piezoelectric model, the axial strain of
the film is applied to the film as the time-history loading. In
the FEM, the dielectric constants and the mechanical proper-
ties of the PVDF film are considered to be isotropic. Damping
was not considered since loading rates were low. Dielectric
loss was not considered due to the very short loading time and
constant loading rates without frequency [49]. Compared to
the simplified method, the FEM considers the inertia force due
to mass, and d32, d33 during the dynamic analysis. Figure 12
gives a comparison of the simulated voltage results between
FEM and simplified method under different loading rates.

As shown in figure 12, there is a good agreement between
the FEM and simplified method. Nonetheless, there remains a
very small difference between the two results when the load-
ing rate increases from 0.5 mm s−1 to 2.0 mm s−1. This is
because the FEM takes into account the mass of the PVDF
film to consider inertial force, and the kinetic energy also
increases with the increase of loading rate, both of which are
not considered by the simplified method. The small difference
reveals that the PVDF film mass is very small, which has a
minor influence on its output voltage in the FEM. The out-
put voltage is mainly from the strain energy of the film dur-
ing its mechanical deformation. Although damping effects on
the piezoelectric simulation are not considered since loading
rates were low, the FE model is able to consider it, while the
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Figure 11. Comparisons of the axial average strain versus mid-point
displacement under different loading rates.

simplified method is not. Figure 13 also gives voltage distribu-
tions of the PVDF film in FEM under different loading rates of
0.5 mm s−1, 1.0 mm s−1, 2.0 mm s−1, when the correspond-
ing mid-point displacements reach 2.0 mm, 2.0 mm, 1.0 mm,
respectively. The unit in the legend of figure 13 is volt. As the
ground electrode, the electric potential on the bottom surface
was 0 volt. It can be found that the voltages distribute along
the film thickness direction with an electric field strength. The
electric potential on the top surface increases as the loading
rate increases. They are 13.20 mV, 19.10 mV, 28.77 mV under
different loading rates of 0.5mm s−1, 1.0mm s−1, 2.0mm s−1,
respectively, when corresponding ECC specimens reach near
their peak stresses.

4. Parametric studies

As indicated in equations (11)–(28), the compliance tensor
sE, the piezoelectric strain tensor d, the dielectric permittivity
tensor eT, and the PVDF film thickness tp are important para-
meters for calculating the output voltage. Hence, this section
focuses on parametric studies to examine the effects of PVDF
film thickness, elastic modulus of PVDF film, piezoelectric
constants and dielectric constants of PVDF film on the output
voltage by a combination of mechanical and electrical models.
The following parametric analyses were based on the validated
model under 2.0 mm s−1 loading rate presented in section 3.

4.1. PVDF film thickness

As mentioned before, the PVDF film is generally laminated
to a polyester substrate of a certain thickness as a protective
layer. In the mechanical model, the PVDF film is considered
with its total thickness including the protective layer. In the
electrical model, the PVDF film is only modeled with its thick-
ness to generate voltage. In practical applications, the total

thickness of PVDF films is different, and its effects on the
mechanical and electrical results need to be studied. Herein,
three PVDF films with a total thickness of 0.1 mm, 0.165 mm,
0.2 mm were chosen based on the literature [20, 21, 50]. All
PVDF films have the same thickness of 40 µm. As displayed
in figure 14, the PVDF film thickness has no effect on the
flexural stress-mid-point displacement curve in the mechan-
ical model. However, it has a great influence on the output
voltage in the electrical model. In general, the output voltage
increases as the increase of the PVDF film thickness. The aver-
age output voltages for the PVDF film thickness of 0.1 mm,
0.165 mm, 0.2 mm are 11.28 mV, 17.43 mV, 26.21 mV,
respectively.

4.2. Elastic modulus of PVDF film

Generally, the elastic modulus of PVDF films is 2–4 GPa
according to the literature [25, 47, 51]. In the mechanical
model, the mechanical behavior of PVDF filmmainly depends
its elastic modulus; in electrical model, its elastic modulus has
a profound effect on the generated voltage due to piezoelec-
tric effect. The effects of elastic modulus of PVDF films on
the mechanical and electrical results were quantified in this
section, wherein PVDF films with 2 GPa, 3 GPa, 4 GPa were
chosen for the parametric analysis. As shown in figure 15, the
PVDF elastic modulus has a negligible effect on the flexural
stress-mid-point displacement curve in the mechanical model.
Nevertheless, it presents a certain effect on the output voltage
wherein the PVDF filmwith a larger elastic modulus generates
relatively more output voltage. The average output voltages
for PVDF films with 2 GPa, 3 GPa, 4 GPa are 19.58 mV,
20.46 mV, 21.39 mV, respectively.

4.3. Piezoelectric constants

In piezoelectric effect, piezoelectric constants present the
magnitude of electromechanical coupling, which determines
the conversion degree of strain energy to electrical energy.
The inverse piezoelectric effect of PVDF is very small, and
its influence on the mechanical model is not considered. As
indicated in equation (25), d31 is of great importance for the
output voltage, and was chosen for parametric study with three
values of 13.58 pC/N, 18 pC/N, 23 pC/N based on literatures
[14, 25, 46]. As indicated in figure 16, a higher piezoelectric
constant of the PVDF film results in more output voltage, but
the piezoelectric constant will not change the trend of output
voltage-displacement curve.

4.4. Dielectric constants

As indicated in equation (27), the dielectric constant e33 is
used to calculate the electric capacity of the PVDF film, and
thus has a great influence on the output voltage. In general,
the dielectric constant e33 of the PVDF film takes a value
from 1.06 × 10−10 F m −1 to 1.15 × 10−10 F m−1, which
corresponds to a relative dielectric constant of 12 F m−1 to
13 F m−1 [25]. Similarly, the inverse piezoelectric effect due
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Figure 12. Comparisons of the output voltage versus mid-point displacement between FEM and simplified method under different loading
rates.

to the dielectric constant is very small in terms of PVDF, and
has no effect on the mechanical model. Herein, three dielec-
tric constants of 1.06 × 10−10, 1.11 × 10−10, 1.15 × 10−10

(corresponding to relative dielectric constants of 12, 12.5, 13)
were chosen for a parametric analysis regarding their effects
on the output voltage in the electrical model. As indicated in
figure 17, as the dielectric constant of the PVDF film increases,
there is a slight decrease in the output voltage. Still, the dielec-
tric constant has no effect on the trend of output voltage-
displacement curve.

5. Conclusions

In this work, an energy harvesting model has been developed
for calculating the output voltage of ECC specimen incor-
porating flexible PVDF. Several important conclusions can be
drawn as follows

(1) In the mechanical model, the dynamic flexural behavior
of ECC was simulated by the CDP model. The surface-
mounted PVDF film was simplified as a shell element to
reduce computation cost while keep calculation accuracy.
The force transfer between ECC and PVDF due to the
bond layer was simulated by a sliding friction model. The
good agreement between simulation results and experi-
mental data in literature proves the accuracy and reliability
of the proposed model.

(2) In the piezoelectric simulation, both FEM and simplified
formulas were used to calculate the output voltage from
the PVDF film, and the two results correspond to each
other. Compared to simplified formulas, FEM can be used
in complex stress states with consideration of mass, damp-
ing, and material heterogeneity for mechanical and piezo-
electric parameters.

(3) In the PVDF-ECC energy harvesting system, the out-
put voltage generated increases with the increase of the
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Figure 13. Voltage distribution of the PVDF film under 0.5 mm s−1 loading rate (a), 1.0 mm s−1 loading rate (b), and 2.0 mm s−1 loading
rate (c).

Figure 14. Flexural stress and output voltage versus mid-point
displacement for different thicknesses.

dynamic loading rate. This is because a greater dynamic
loading rate enhances the interaction between the PVDF
and the ECC specimen, which results in a higher friction
coefficient between the two. Thus, a higher axial strain is
transferred to the PVDF film to generate a higher output
voltage.

Figure 15. Flexural stress and output voltage versus mid-point
displacement for different elastic modulus.

(4) The parametric analysis results show that the output
voltage increases as the increase of the PVDF film thick-
ness. The PVDF film with a higher elastic modulus gener-
ates relatively more output voltage. A higher piezoelectric
constant of the PVDF film results in more output voltage.
As the dielectric constant of the PVDF film decreases,

16



Smart Mater. Struct. 33 (2024) 085008 J Xie et al

Figure 16. Flexural stress and output voltage versus mid-point
displacement for different piezoelectric constants.

Figure 17. Flexural stress and output voltage versus mid-point
displacement for different dielectric constants.

there is a slight increase in the output voltage. However,
these four parameters have no effect on the mechanical
model. In future research, an optimal analysis needs to be
conducted on the output voltage of the PVDF-ECC energy
harvesting system, taking into account these parameters.

(5) This newly proposed model considers a series of energy
harvesting parameters, including dynamic loading rates,
PVA-ECC mechanical properties, interaction between
PVA-ECC and PVDF, geometry and material properties of
PVDF. The theoretical model developed in this study can
be of great use in the design and optimization for harvest-
ing energy from engineering cementitious materials incor-
porating flexible piezoelectric films.

This study introduced an energy harvesting model designed
for the PVDF film, which is surface-mounted on the underside
of the ECC beam at the mid-span during a flexural test. The
segment of the PVDF film bonded in the pure bending region

leverages the film’s flexural capability to produce voltage. In
practical applications, the model is applicable for situations
where the PVDF film is surface-mounted in structural loca-
tions primarily subjected to flexural stress. Energy harvest-
ing experiments in the literature [25] are often brief, lasting
only seconds per sample, allowing assumptions about constant
temperature, humidity, and aging. However, the current model
does not account for their potential influence on the voltage
output of the PVDF film. In prolonged use for energy har-
vesting, investigations should explore variables like temper-
ature, humidity, and aging to thoroughly grasp their impact
on the voltage output of the PVDF film in future studies.
Specifically, it is important to consider the pyroelectric effect
of the PVDF film due to its sensitivity to ambient temperature
changes.
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Xu and Branko Šavija acknowledge the financial support of
the European Research Council (ERC) within the framework
of the ERC Starting Grant Project ‘Auxetic Cementitious
Composites by 3D printing (ACC-3D)’, Grant Agreement
Number 101041342. Views and opinions expressed are how-
ever those of the author(s) only and do not necessarily reflect
those of the European Union or the European Research
Council. Neither the European Union nor the granting author-
ity can be held responsible for them.

Conflict of interests

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Appendix A. Mesh dependence analysis

An analysis of mesh dependence was conducted to identify
the optimal mesh, as depicted in figure A1(a). The same
model with a refined mesh was established in figure A1(b).
Figure A1(c) presents a comparison of the flexural stress-
midpoint displacement curves between the two mesh con-
figurations under 2.0 mm s−1 loading rates. It is observed
that the simulated results obtained with the current mesh
remain in agreement with those obtained using a refined mesh,
demonstrating the robustness, reliability, and accuracy of the
model.
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Figure A1. Mesh dependence analysis, (a) current mesh, (b) refined mesh, (c) comparison of the results of the two mesh cases.

Figure B1. FE model validation of the mechanical behavior (a) and piezoelectric behavior (b) for PVDF film.

Appendix B. Verification of the piezoelectric model

Another experimental data in literature [47] was used to val-
idate the FEM-based piezoelectric model. In their experi-
ments setup [47], two PMMA clamps were used to hold a
piezo film sensor subjected to stretching forces applied by
a smart shaker (TMS K2007E1). To simultaneously meas-
ure force and acceleration, a force sensor (Kistler 9301B)
was mounted on one holder, while an accelerometer (Kistler
8714B100M5) was placed on the other holder. Additionally,
the piezo film (Measurement Specialties DT1-52kK/L w/riv-
ets) was connected to a charge amplifier (Kistler 5165A4K)
and measured as well. The smart shaker signal was sub-
jected to AD conversion and signal driving using National
Instrument hardware (cDAQ9178, 9234, 9239, 9263), con-
trolled by a PC through MATLAB. The PVDF film is sized
at 41 mm × 16 mm × 0.9 mm. The PVDF film was charac-
terized with conventional piezoelectric and mechanical prop-
erties sourced from literature [14, 25, 42, 46], as detailed in
table 6. The piezoelectric model applied to the PVDF film in
section 3.4 was similarly utilized for this validation, employ-
ing identical element type, boundary conditions, and solv-
ing techniques. One end of the PVDF film was applied by a
displacement loading with a sine wave at 1 kHz. Figure B1
presents a comparison between the simulated results and

measurements reported in the literature [47], providing addi-
tional validation for the piezoelectric model employed in this
study.
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Cementitious cellular composites with auxetic behavior
Cem. Concr. Compos. 111 103624

[23] Cahill P, Nuallain Nora Aine N, Jackson N, Mathewson A,
Karoumi R and Pakrashi V 2014 Energy harvesting from

train-induced response in bridges J. Bridge Eng.
19 04014034

[24] Xu Y, Schlangen E, Luković M and Šavija B 2021 Tunable
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