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The high deformation capacity of auxetic cementitious cellular composites (ACCCs) makes them promising for
strain-based energy harvesting applications in infrastructure. In this study, a novel piezoelectric energy harvester
(PEH) with ACCCs and surface-mounted PVDF film based on strain-induced piezoelectric mechanisms has been
designed, fabricated, and experimentally tested. Furthermore, a numerical model for simulating the energy
harvesting of ACCC-PVDF system undergoing repeated mechanical loading has been established and validated
against the experimental data. The mechanical behavior of ACCCs was simulated by the concrete damage
plasticity model during the preloading stage, which was converted to the second-elasticity model during cyclic
loading stage. Based on the mechanical responses, analytical formulas for piezoelectric effects were developed to
calculate the output voltage of the PVDF film. The output voltages of the ACCCs-PVDF system under different
loading amplitudes and loading frequencies were assessed. The experimental results and models of the ACCCs-
PVDF energy harvester lay a solid foundation for utilizing architected cementitious composites in energy har-

vesting applications to supply self-power electronics in infrastructure.

1. Introduction

Energy harvesting is a process by which the ambient energy is
captured and converted into usable electrical energy for self-powered
devices, such as small-sized, portable, low-power, and remote elec-
tronics that do not require replacement or maintenance. The most
common energy harvesting materials and devices include piezoelectrics
[1,2], thermoelectrics [3], photovoltaics [4], triboelectrics [5], elec-
tromagnetics [6], etc. Among them, piezoelectric energy harvesters are
especially effective given that they produce a wide range of voltage and
power density regardless of weather conditions. Furthermore, they are
small and easy for installation and processing with a low price. Recently,
use of energy-harvesting systems in civil structures has aroused great
interest, as it could potentially power infrastructures (e.g., buildings,
railways, highways, bridges) with energy self-sufficiency. Civil struc-
tures are generally subjected to a wide range of reciprocating dynamic
loads from railway, vehicles, pedestrians, waves, rain, and winds. These
mechanical energy sources can be harvested and reused through
appropriate piezoelectric energy conversion to generate considerable
electrical energy. As a result, this self-powered mode based on the
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widespread natural energy could effectively promote the development
of sustainable and smart infrastructure.

When subjected to mechanical stress or strain, piezoelectric mate-
rials generate charges that can be harnessed and stored using an energy
harvesting circuit. For piezoelectric ceramic materials, lead zirconate
titanate (PZT) has been widely used to harvest energy under compres-
sion or axial applied stress by utilizing its high axial piezoelectric co-
efficient. Embedded PZT piezoceramic disks into pavements as
piezoelectric energy harvesters (PEHs) have been used for road infra-
structure energy collection, by which mechanical energy from pavement
deformation under moving vehicles can be converted to electrical en-
ergy [7-10]. However, the intrinsic brittleness of piezoelectric ceramics
has been a consistent issue with PZT, limiting its application on curved
surfaces and high strain conditions for energy harvesting. On the con-
trary, Polyvinylidene Difluoride (PVDF) has the advantage of large
compliance, high flexibility, excellent piezoelectric performance, and
good fatigue resistance and durability [11], which makes it the most
popular commercial flexible piezoelectric polymer for energy harvest-
ing. Significant research has been conducted to harvest vibration energy
of PVDF transducer through piezoelectric cantilever beam
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Fig. 1. Schematic of the energy harvesting design of ACCCs.

configurations, including unimorph (a substrate beam with a bonded
piezoelectric layer) and bimorph (a substrate beam with two symmetric
piezoelectric layers bonded to both sides) devices [12]. A major barrier
correlated with vibration-based piezoelectric energy harvesters in civil
engineering is that these devices tend to exhibit weak power output
since excited frequencies from environmental vibrations are usually
away from the resonant frequency of those harvesters. Nevertheless, due
to their flexural behaviour, PVDF strain-based energy harvesters have
the potential to generate higher voltage. Moreover, thin PVDF films can
be flexibly installed in many locations of infrastructures to collect
abundant strain energy under a wide range of dynamic loads (e.g.,
passing vehicles [11], human movements [13-16], rain and wind [17],
sound pressure [18]), which can be converted into electrical energy.

Recently, the use of piezoelectric materials for energy harvesting
from the mechanical deformation of cementitious materials has gained
significant attention due to the widespread availability, exceptional
performance, and comparatively low cost of cementitious materials,
making them a highly attractive source of energy. Cahill et al. [19]
utilized PZT and PVDF to collect mechanical energy from trains passing
over a reinforced concrete (RC) bridge at different speeds. The train-
induced energy is sufficient to power small wireless sensors used for
structural health monitoring (SHM). As for cement-based materials,
fiber-reinforced cementitious materials (e.g., strain hardening cemen-
titious composite (SHCC)) are known for tensile strain hardening
behavior and excellent crack control capacity [20]. By using fiber-
reinforced cementitious materials, a structure can have large deform-
ability and high ductility, which improves the energy harvesting effi-
ciency of using flexible PVDF. Su et al. [21] studied the energy
harvesting potential of flexible SHCC incorporating surface-mounted
PVDF subjected to four-point bending tests. The maximum cumulative
output voltage was reported to reach 17218 mV under a loading rate of
2.0 mm/s. This was attributed to the high strain capacity of SHCC, which
allows significant straining (and consequent charging) of the surface
mounted PVDF film. Therefore, cementitious composites with high
deformation capacity could potentially allow highly efficient energy
harvesting with surface mounted PVDF.

Recently it has been shown that fiber-reinforced cementitious ma-
terials, such as SHCC, can serve as a ductile matrix for designing ma-
terials and structures with unique geometries [22,23] (e.g.,
metamaterials and metastructures [24]), which offer enhanced defor-
mation and energy dissipation capabilities. This is achieved by making
use of additive manufacturing (AM). Additive manufacturing allows for
engineering and fabrication of cement-based materials into sophisti-
cated solid and cellular structures with extraordinary properties, known
as Architected Cement-based Materials (ACMs). Using additive
manufacturing, ACMs with enhanced mechanical properties can be

fabricated by tailoring their internal shape, size, and geometry. Moini
et al. [25] used 3D printing of hardened cement paste (hcp) elements to
design bioinspired Bouligand architectures with high ductility and
enhanced work of failure. Sajadi et al. [26] employed cementitious
materials to design schwarzite structures that exhibit exceptional resil-
ience and deformation characteristics, thereby improving the ductility,
toughness, and energy absorption capacity of cement-based structures.

In our previous study on ACMs, a fiber-reinforced cementitious
composite was used as base material to architect mesoscale cellular
structures with auxetic behavior, called auxetic cementitious cellular
composites (ACCCs). Auxetics are materials that have a negative Pois-
son’s ratio [27]. Auxetic materials exhibit extraordinary mechanical
properties, such as high shear resistance [28,29], high indentation
resistance [30-32], high energy absorption [12,28,33-35], and high
damping capability [36]. Auxetic behavior of the concrete is enabled by
controlling the internal cellular structure at millimeter scale, which can
be tunably programmed by 3D printing technique [22,37]. When sub-
jected to cyclic loading, the architected ACCCs shows compliant
behavior, and a quasi-elastic response which is highly resistant to fa-
tigue. This flexible behavior of ACCCs presents a large deformation with
much strain energy, which can be converted into electrical energy via
surface-mounted piezoelectric films.

Herein, a novel piezoelectric energy harvester (PEH) design con-
sisting of ACCCs and surface-mounted PVDF was proposed to convert
strain-based energy to useable electrical energy, as illustrated in Fig. 1.
The ACCCs-PVDF energy harvesting system was first compressed to a
certain displacement, and then was subjected to cyclic loading to
consistently generate voltage for energy harvesting. A theoretical energy
harvesting model regarding this novel design has been established by
considering the mechanical-electric coupling in piezoelectric material.
The model was validated using experimental data under different
loading amplitudes and frequencies.

By integrating fiber-reinforced cementitious materials with auxetic
structures via additive manufacturing techniques, ACCCs exhibit a
unique second-elasticity behavior characterized by significant defor-
mation capacity. This study introduces an innovative energy harvesting
strategy through the incorporation of PVDF films into ACCCs. The en-
ergy harvester harnesses the distinctive second-elasticity behavior of
ACCGCs, offering a new way to convert mechanical energy from signifi-
cant deformations into practical electrical power. Presumably, the pro-
posed ACCCs-PVDF energy harvesting system can be deployed in coastal
areas to harvest kinetic energy from ocean waves. Furthermore, it can be
utilized to develop a new generation of shock-absorbing engineered
materials arresting systems (EMAS) [38], mitigating the consequences of
aircraft landing overruns. This system can also be efficiently employed
to absorb impact energy in shock-absorbent bike lane pavements [39].
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Fig. 2. Schematics of (a) designed dimension, (b) 3D printed ABS unit cell, (c) silicone rubber mold, (d) casted specimen and specimen glued with PVDF film.

Table 1
Mixture proportions of ACCCs (kg/m®) adopted from [40].

CEM I Fly Sand Water  Superplasticizer =~ VA PVA

425N ash (0.125 to (Glenium 51) Fiber
0.250 mm)

471 556 385 428 0.86 0.3 25.6

Note: VA is viscosity modifying agent used for optimizing PVA fiber distribution.

Table 2
Material properties of PVA fibers used in the cementitious matrix (kg/m?’).
Diameter Length Tensile Young’s modulus Density (g/
(um) (mm) strength (GPa) cm®)
(GPa)
15 6 1.6 34 1.28

The renewable energy harvested from these applications can be used to
power electronics in infrastructure, contributing to the development of
various sustainable and smart infrastructure systems.

2. Experiments
2.1. Sample preparation

A unit cell of the ACCCs was chosen for energy harvesting experi-
ments. The design parameters of the unit cell are shown in Fig. 2. The
specimens were created following the so-called “indirect printing” pro-
cess reported in [22,40]. The procedures are described as follows:

o First, the designed unit cell (shown in Fig. 2a) was 3D printed with a
FDM (fused deposition modeling) 3D printer Ultimaker 2+, and ABS
(acrylonitrile butadiene styrene) was used as printing material.

e Then printed unit cell (shown in Fig. 2b) is glued in a card box.
Subsequently, a two-component silicone rubber (Poly-Sil PS 8510) is
mixed (1:1 by mass) and poured in the box.

e After storing in room temperature for two hours, the silicone rubbers
solidified. Then the hardened silicone rubber was detached from the
box such that a silicone mold was obtained (Fig. 2c).

e Cementitious mixture was casted in the silicone rubber mold. The
mixture proportion (listed in Table 1) and mixing procedure of was
the same as in our previous work [40]. The properties of PVA fiber
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Fig. 3. Geometric measurement for LDT0-028 K PVDF film.
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Fig. 4. Loading scheme for energy harvesting experiments.

used in this work were shown Table 2. After curing under room
temperature for two days, the specimen (shown in Fig. 2d) was
demolded from the silicone mold and stored in the curing chamber
(20°C, 96 %RH) until the age of 28 days.

e Two hours before testing, the specimens were taken out of the curing
chamber. One PVDF film was wrapped with fabric tape glued by
silicone rubber (same as the Poly-Sil PS8510) on the central elliptical
hole of each specimen (Fig. 2d) and left for hardening for two hours.
As shown in Fig. 3, the LDT0-028 K PVDF film has an area of 24.81
mm x 13.21 mm (I, x wp) with a thickness of 0.2 mm (h;) (including
the protective layer against surface oxidation of the silver ink

Loading plate
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electrode area [21,41,42]). Herein, the piezoelectric layer in the
PVDF film has a thickness of 28 pm (t).

2.2. Mechanical-electrical tests

The specimens were tested by a hydraulic press INSTRON 8872, with
compressive cyclic loadings. Fig. 4 gives the loading scheme for the
compressive cyclic tests, which includes two parts of preloading and
cyclic loading. During the preloading phase, the unit cell specimen will
be first compressed by a displacement loading from zero to Dcm (5.0
mm); then, based on displacement control, cyclic loading with a con-
stant loading amplitude A will be applied to the unit cell specimen with a
frequency f or a period of T by a sinusoidal wave. To investigate the
effects of loading amplitude and loading frequency, the amplitudes of
1.0 mm and 2.0 mm, the frequencies of 0.3 Hz, 1.0 Hz and 2.0 Hz were
considered in energy harvesting experiments. The open voltage
outputted during the cyclic loading test can be used to characterize the
energy harvesting capacity of the ACCCs-PVDF system. During the
compressive cyclic tests, the digital multimeter was used to simulta-
neously record the output voltage from the PVDF film. Fig. 5 shows the
experimental setup for recording the voltage generated by the ACCCs-
PVDF system.

2.3. Experimental results

Fig. 6 shows energy harvesting experiment results of the ACCCs-
PVDF system regarding different loading frequencies and loading am-
plitudes, over a duration of 10 s. In each loading cycle, the output
voltage increases as the displacement increases. When reaching the
maximum displacement, the ACCC specimen experiences its maximum
strain, resulting in the corresponding peak point of the generated output
voltage. The output voltage is directly proportional to the applied
displacement. Then, when the loading plate slowly moves away from the
ACCCGs, its strain gradually decreases toward an almost negligible level,
mirroring the gradual decrease in the output voltage to nearly zero.
Fig. 6 also shows the effects of loading frequency and loading amplitude
on the output voltage of the ACCCs-PVDF system. The output voltage
decreases with the increase of loading frequency under the same loading
amplitude. Further, the voltage increases when the loading amplitude
increases from 1.0 mm to 2.0 mm. Comparatively, the effects of loading
amplitude on the output voltage are greater than those of loading fre-
quency. At the loading amplitude of 1.0 mm, the maximum output
voltages under loading frequencies of 0.3 Hz, 1.0 Hz, and 2.0 Hz were
found tobe 2.6 V, 2.4V, and 1.8 V, respectively. Similarly, at the loading
amplitude of 2.0 mm, the maximum output voltages under the same
loading frequencies were 6.4 V, 5.7 V, and 4.2 V, respectively.

In Fig. 6¢, a smooth sinusoidal curve emerges with a loading
amplitude of 1.0 mm and a frequency of 0.3 Hz. In contrast, Fig. 6f re-
veals a nearly sinusoidal voltage pattern under a loading amplitude of
2.0 mm and a frequency of 0.3 Hz, yet it exhibits fluctuations in its
peaks. This phenomenon can be attributed to the dynamic interaction

Digital multimeter

Electrical wire

Fig. 5. Schematic of the energy harvesting test for the ACCCs-PVDF system.
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Fig. 6. Energy harvesting experiment results of the ACCCs-PVDF system regarding different loading frequencies and loading amplitudes.

between ACCCs and the PVDF film, leading to localized sliding effects
and subsequent peak fluctuations. Therefore, the generated voltage ex-
periences variations in its peak values. This sliding-induced effect on the
observed output voltage becomes more pronounced with higher loading

amplitudes.

3. Numerical modeling

3.1. Overview

Fig. 7 gives a flowchart of the energy harvesting model for the
ACCCs-PVDF system. The mechanical model of ACCCs consists of two
parts, preloading and cyclic loading. During the preloading phase,
concrete damage plasticity (CDP) model was used to quantify the me-
chanical behavior of ACCCs. Due to its limitations, the CDP model was
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PVDF film
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Fig. 7. Flowchart of the energy harvesting model for ACCCs-PVDF system. The blue box consists of the steps for the mechanical modeling. The green box consists of
the steps to consider the interaction between PVDF and ACCCs. The red box consists of the steps to conduct the piezoelectric modeling. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Loading plans for energy harvesting models, (a) amplitude 1.0 mm, (b) amplitude 2.0 mm.

unable to simulate the second-elasticity behavior of the ACCCs during
cyclic loading (see Appendix A). Instead, the second-elasticity model
was used to characterize the elastic behavior. To enable the conversion
between the CDP and second-elasticity models, the deformed shape of
the ACCCs at a specific loading displacement calculated by the CDP
model was reconstructed as the initial geometry for the second-elasticity
model. Afterwards, the interaction between PVDF and ACCCs was

considered for the strain transfer, as shown in the green box of Fig. 7.
Then, the mechanical response of the PVDF film was extracted to
calculate the output voltage, based on the analytical piezoelectric model
of PVDF film (the red box of the Fig. 7).

Compared with the experimental loading plan in Fig. 4, corre-
sponding loading plans for energy harvesting with different amplitudes
have been adopted in models, as shown in Fig. 8. In the energy
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Fig. 9. Modelling of energy harvesting with ACCCs and surface-mounted PVDF, (a) initial shape before preloading, (b) deformed shape at the displacement of 4.0
mm, (c) reconstructed shape for cyclic loading, (d) finite meshing and PVDF film configuration for cyclic loading, (e) normal pressure applied on PVDF film for

simulating normal inseparability, (f) interaction between PVDF film and ACCCs.

Table 3
CDP model parameters for ACCCs.
pkg/ Ey(MPa) v 6b0/06c0 K. W Eec Viscosity
m®) Parameter
1870 8230 0.2 1.16 0.667 35 0.1 0.001
Table 4

Tensile behavior parameters for ACCCs.

Yield Stress (MPa)

Cracking Strain (%)

1.74
0.50
1.08
1.08
0.85
0.49
0.10

0
0.05
0.26
0.48
0.73
1.17
2.00

Table 5
Compressive behavior parameters for ACCCs.

Yield Stress (MPa) Inelastic Strain (%)

12.16 0

20.53 1.49
15.06 6.39
14.08 13.13
14.46 18.21
14.47 24.56

harvesting experiments, the specimens were first pre-compressed during
the uniaxial compression test until the displacement reaches 5.0 mm.
For convenience, the deformed geometry of the specimen at the
displacement of 4.0 mm was reconstructed as the initial shape for cyclic
loading, since the range from the displacement of 4.0 mm to 5.0 mm
belongs to the second-elasticity range. Furthermore, during the cyclic
loading test with a 1.0 mm amplitude, the specimen becomes stress-free
at a displacement of 4.0 mm because of the loading plate detaching from
the specimen. Correspondingly, the reconstructed model has no initial
stress before cyclic loading. Similarly, for the cyclic loading test with an
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Fig. 10. Topological reconstruction of geometric shapes based on node-order-track algorithm.
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Fig. 12. The centroid strain of each rectangular block by an averaging method.
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Fig. 13. Comparisons of the output voltage between simulated results and experimental data under different loading frequencies and different loading amplitudes,
(@AA=1.0mm,f=2Hz, (b)A=1.0mm,f=1Hz, (c) A=1.0mm, f=0.3 Hz, (d) A=2.0 mm, f =2 Hz, (¢) A =2.0 mm, f =1 Hz, (f) A= 2.0 mm, f = 0.3 Hz.

amplitude of 2.0 mm, the deformed geometry of the specimen at the as a benchmark.
displacement of 3.0 mm was chosen as the initial shape for cyclic
loading. While the first cycle is somewhat influenced by the boundary
conditions, the stable voltage magnitudes of energy harvesting results
from the second cycle onwards were extracted for analysis with zero volt
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Table 7

Friction coefficients under different loading amplitudes and loading frequencies.
Loading amplitude 1.0 mm 2.0 mm
Loading frequency 0.3 Hz 1.0 Hz 2.0 Hz 0.3 Hz 1.0 Hz 2.0 Hz
Friction coefficients 0.146 0.135 0.080 0.500 0.452 0.300

3.2. Mechanical model

3.2.1. CDP model for preloading

The elastic-plastic behavior of cementitious composites reinforced
by PVA (Polyvinyl alcohol) fibers can be simulated by CDP model. The
theory of using CDP model for simulating the mechanical behavior of
ACCCs has been presented in our previous work [37]. As seen in Fig. 9a,
b, during the preloading stage, the mechanical behavior of ACCCs is
modeled based on CDP model from zero to a certain loading displace-
ment. The deformed specimen with strain (LE) distribution at the
displacement of 4.0 mm was displayed in Fig. 9b when the loading
amplitude is 1.0 mm.

The CDP model parameters for the ACCCs were listed in Table 3.
There, p refers to the density of the ACCCs. E, is the initial elastic
modulus of the ACCCs. v is the Poisson’s ratio of the ACCCs. op0 /00 is
the ratio between the initial yield stress in equi-biaxial compression and
uniaxial compression. K, represents the ratio of the second stress in-
variants on the tensile and compressive meridians. y refers to the dila-
tion angle. & is the flow potential eccentricity. For the material
parameters of CDP model, tensile behavior parameters and compressive
behavior parameters for the ACCCs were listed in Table 4, Table 5,
respectively. The CDP model parameters for the ACCCs under tension
and compression have been calibrated by using experimental results of
uniaxial tension and compression tests in our previous study [22,37].
The loading plate is made of steel with the elastic modulus of 198.0 GPa,
the Poisson’s ratio of 0.3 and the density of 7900 kg/m>.

The CDP model of ACCCs under quasi-compression was simulated
using the ABAQUS/explicit module. The meshing of the ACCCs spec-
imen was achieved using CPS3, a 3-node linear plane stress triangular
element without hourglass effect. An analysis of mesh size dependence
was conducted to ascertain the optimal mesh configuration. A quasi-
static displacement was imposed on the top plate in the direction of
compression. The bottom plate remained fixed. In our previous
compression experiments for ACCCs [37], we employed plastic films to
minimize friction between the ACCCs specimen and the loading plates.
Consequently, a low friction coefficient of 0.105 was adopted to simu-
late the slight friction between the specimen and the loading plates. To
minimize the overclosure between the specimen and the loading plates,
a hard contact approach was implemented.

3.2.2. Reconstruction of ACCCs

As displayed in Fig. 7c, the deformed shape of ACCCs at a certain
loading displacement will be reconstructed by topological information
as the initial geometry for the cyclic loading. As shown in Fig. 10, a new
algorithm called node-order-track algorithm was developed to conduct
topological reconstruction of geometric shapes at a specific time of
loading process. The algorithm reconstructs the geometric shape based
on topological information (i.e., node order recorded) and node co-
ordinates at the current moment. The current node coordinates are ob-
tained by adding the corresponding displacements to the original
coordinates. The node-order-track algorithm is used to extract the
deformed geometric profile of ACCCs at a certain loading displacement
by Python-based programming in ABAQUS. As displayed in Fig. 9c,
when the displacement reached 4.0 mm, the deformed shape at this
moment was reconstructed as the initial shape for cyclic loading with
the loading amplitude of 1.0 mm. Similarly, the deformed shape at the
displacement of 3.0 mm was reconstructed as the initial shape for cyclic
loading with the loading amplitude of 2.0 mm. The geometric entity
enclosed by the extracted profile is then generated and meshed with the
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same element type but different element distribution or topology in-
formation (see Fig. 9d).

3.2.3. Second-elasticity model of ACCCs

During the uniaxial compression test, the second-elasticity phe-
nomenon of ACCCs can be observed from the stress—strain curve in our
previous study [22,43], as shown in Appendix A. The range of second-
elasticity in ACCCs was utilized for energy harvesting via cyclic loading.
Here, the ACCCs will be considered as a second-elasticity model with an
equivalent structural elastic modulus of the whole unit cell during the
cyclic loading stage, as elucidated in Figs. 7, 9c. To this end, the
reconstructed geometric shape of ACCCs at a certain loading displace-
ment (i.e., the end of preloading stage) is used as the initial shape for
second-elasticity model during cyclic loading. For the material proper-
ties, the elastic modulus of the based material of the ACCCs in the
second-elasticity model was taken as 1825 MPa, as indicated in Ap-
pendix A. The Poisson’s ratio of the base material is 0.2. During cyclic
loading simulation, a sinusoidal displacement consistent with the
loading scheme employed in cyclic tests was applied to the top plate,
while the bottom plate remained fixed. The interaction between the
specimen and the loading plates was maintained as established in the
compression model.

3.2.4. Parametric modeling of PVDF film

The energy harvesting is only considered in the second-elasticity
phase. Thus, the modeling of the PVDF film for energy harvesting is
only considered in the second-elasticity stage, as illustrated in the blue
box of Fig. 7. The PVDF film undergoes a small strain with a large
displacement due to its flexural behavior. Therefore, the size of the
curved PVDF film attached on the central elliptical hole of ACCC spec-
imen remains consistent with its original size. As the PVDF film is an
elastic material, its output voltage is governed by the extent of strain
variation, which remains independent of its strain history. This strain
variation is determined by how the film deviates from its original cur-
vature during deformation. Thus, the initial curvature of the PVDF film
will affect the output voltage. The parametric modeling of the PVDF film
was based on the reconstructed shape of the ACCCs (Appendix B). The
internal profile of the deformed ACCCs in Fig. 9c was chosen and
translated inward by a thickness of PVDF film (0.2 mm) to obtain the
whole PVDF film, which can be tailored according to the length of PVDF
film and the bonded position of PVDF film. Then, the flat middle part of
the PVDF film was modified to a transition arc by smoothing with the 5,
of 0.025 (the shape parameter defined in Appendix B). The PVDF film
configuration via parametric construction above can be seen in Fig. 9d.
In the mechanical model, the PVDF film is considered isotropic due to
small strain.

3.2.5. Interaction between ACCCs and PVDF

In FEM, the general method considering normal inseparability of
contact elements mainly constrains their relative normal displacement
by penalty function. This is efficient when the contact surface is close to
the plane wherein contact elements do not have significant relative
movement differences along their normal direction. However, this
method is limited when the surface has a greater curvature, which was
presented in Appendix C. To ensure that the PVDF film maintains
normal contact with the ACCCs, a new modeling approach was devel-
oped that considers the consistent normal inseparability of contact ele-
ments along the curved surface. By applying a certain pressure in the
normal direction of contact elements, the PVDF film and ACCCs will not
be separated in the normal direction, as illustrated in Fig. 9e. Simulta-
neously, the PVDF film is able to maintain a certain level of sliding along
the curved surface of the ACCCs. The application of pressure to various
positions (i.e., contact elements) can also be utilized to consider
different de-bonding conditions. Furthermore, within the elastic range
of the ACCCs-PVDF system, the applied pressure does not result in a
change in the amplitude of strain. Consider the bonding condition
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during cyclic loading, the pressure of 0.035 MPa was applied to prevent
the separation of PVDF film and ACCCs. As seen in Fig. 9e, the transition
arc in the middle of the PVDF film was not applied pressure due to the
presence of cracks in the middle region of the ACCCs. The tangential
sliding friction coefficient in the energy harvesting model was deter-
mined by comparison with experiment results regarding the output
voltage. Fig. 9f displayed the contact surface of the ACCCs and contact
surface of PVDF film for considering their mechanical interaction. The
mesh in the region where the interaction occurs is refined to ensure the
computational accuracy, as indicated in Fig. 9d. Geometric nonlinearity
was not considered since the elastic analysis during cyclic loading has no
residual effect on subsequent steps. The interaction between the PVDF
film and ACCCs was simulated using the surface-to-surface interaction in
ABAQUS. To ensure result accuracy, the ABAQUS/explicit module with
double-precision analysis was employed.

3.3. Analytical formulas for piezoelectric model

The mechanical response of the bonded PVDF film can be obtained
from the mechanical model of the ACCCs-PVDF system presented above.
On this basis, analytical formulas for piezoelectric model have been
developed for calculating the output voltage due to piezoelectric effects
of the PVDF film, as seen in the red box of Fig. 7. The PVDF film used in
the study has a curved shape, which makes it challenging to apply
piezoelectric formulas. To overcome this challenge, the film needs to be
divided into straight rectangular segments, which allows for easier
application of the piezoelectric formulas. This is schematically

14

illustrated in Fig. 11. Herein, each rectangular segment consists of two
triangular elements (the element type for meshing) with four nodes. As
shown in Fig. 11, four nodes of each rectangular segment have time-
dependent displacements as uf, uf, u, uf attime t; and u§", ui", ui",
uf{“ at time ;1. In Fig. 11, the piezoelectric strain coefficient ds; relates
the generated electric charge in the thickness direction to the applied
stress along the length direction (piezoelectric mode 31). The piezo-
electric strain coefficient ds3 relates the generated electric charge in the
thickness direction to the applied stress along the thickness direction
(piezoelectric mode 33). For most rectangular segments, their local co-
ordinate systems are different from the global coordinate system, and
change over time. The directions of the local coordinate system of each
rectangular segment can be calculated by the displacements of the four
nodes for later coordinates conversion. The PVDF film was meshed by
triangular elements, and thus each rectangular segment is comprised of
two triangular elements. The centroid strain of the rectangular segment
is an average value of the four node strains of the two triangular ele-
ments, as indicated in Fig. 12. Then, the centroid strain of each rect-
angular segment in the global coordinate system should be converted to
the strain in its local coordinate system, as shown in Fig. 11.

The strain ¢, in the local coordinate system can be obtained via the
strain &, in the global coordinate system. Detailed derivation of for-
mulas can be found in Appendix D.
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where superscript ' indicates variables in the local coordinate system.
6 is the angle between the two coordinate systems.

Then the mechanical responses of the PVDF film need to be inputted
into the piezoelectric model for calculating the output voltage. In gen-
eral, the constitutive equations for the mechanical-electric field
coupling effect in a piezoelectric material can be formulated as

S,'j = Sgka]d + dk,j'Ek

(2)
Dj = dj Ty + eka'Ek

sgkl is the mechanical compliance

measured at constant electric field (superscript E). Ty, refers to the stress.

where S; refers to the strain.
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Ey refers to the electric field. D; refers to the electric displacement. e} is
the dielectric permittivity measured at constant stress (superscript T).
dy;j, djs are the piezoelectric strain coefficients wherein the first subscript
represents the direction of the electric field, and the second and third
subscripts together represent the stress direction.

For rectangular segment i, the piezoelectric film’s electrodes are
located exclusively in the plane that is perpendicular to the thickness
direction, thus D} = D), = 0. When the piezoelectric film is used as a
sensor to measure the mechanical strain for the output voltage, no
external electric field is applied. Hence, the electric displacement D due
to the stresses 6} , 6}, 6 in three directions of local coordinate system can

be simply obtained as
Dg = d310'ti +d330'; +d326§ (3)

The ACCCs is loaded in the plane stress state, thus the out-of-plane
stress is
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4

Afterwards, the generated charge on the piezoelectric film can be
obtained as the superposition of the two charge generation modes: mode
31 and mode 33, as indicated in Eq. (5).

i
0;=0

)

where [;, w; are the length and width of each rectangular segment,
respectively. l,, w,, t, are the length, width, and thickness of the PVDF
film. The piezoelectric film is divided into n rectangular segments of
equal size along both its length and width dimensions (i.e., [, = nl;,
w, = nw;). The directions of length, width, and thickness of the PVDF
film correspond to direction 1, direction 3, and direction 2 in the local
coordinate system, respectively.

The constitution in the plane stress state can be described as

ql3 = l,‘W,-(dglt)'i -+ d330';)

. 1 vy, 0 .

o E £

oy p=—"— | ! & (6)
; 1-2) a-v)| |,

T2 0 0 T” 712

where E,, v, refer to the elastic modulus and Poisson’s ratio of the
PVDF film, respectively. 7}, is in-plane shear stress in local coordinate
system. ¢, ¢, are the in-plane strains in the two direction of local co-
ordinate system. ., is in-plane shear strain in local coordinate system.
Thus, with the combination of Eq. (6), Eq. (5) can be formulated as

= liw;(ds @]

(e} + Z/FEZ) +ds (’/pé + &)

E, E,
(1- 1/,,) (1- l/,,)

The capacitance C; of each rectangular segment can be calculated as

exsliw;

Ip

Ci = (8

where t, is the thickness of the piezoelectric layer in the PVDF film.
ess refers to the dielectric constant in the 2 direction of the PVDF film.
Correspondingly, the capacitance C, of the PVDF film can be represented
as

Z? p
C, = 633t/ Wo _ n2C, 9)
P
The charges g, on the electrodes of the PVDF film can be obtained by

summing up the charges for each segment using Eq. (10).

n

~Su- At

where V,, is the total voltage of the PVDF film, which consistent
across all segments.

Therefore, V, can be expressed as the sum of two voltage components
due to mode 31 and mode 33, respectively.

(10)

V, =V, +V,, an
Lywyds I;W;dﬂ 1 ' Lwyds—
A i ) pWpést _ "
Pl G n(l - 1’2 ; &t ue C, n ;61 P o1
(12)
1w d33 E}. - l;W,d33 1 ' l,W d33ﬁ
V=222 F PP PP
P2 ¢, n(l- Vﬁ) 2 (vpe) + &) = C, n ;‘72 02
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wherein ;1 is defined as the equivalent ds3;-directional stress for the
PVDF film. ¢ is the equivalent dss-directional stress for the PVDF film.
V,, is defined as the cumulative voltage induced by o1 V,, is the cu-

mulative voltage induced by .
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Therefore, the mechanical responses calculated in the local coordi-
nate system were inputted into the analytical formulas of the piezo-
electric model to obtain the output voltage. It is noteworthy that the
analytical formulas for piezoelectric model can calculate the voltage
components and corresponding stress components under two charge
generation modes of d3; and dss. Table 6 gives the piezoelectric prop-
erties and mechanical properties of the PVDF film used in the piezo-
electric model. Wherein p, refers to the density of the PVDF film. f, is
the yield strength of the PVDF film. ks3; is the electromechanical
coupling factor of the PVDF film.

4. Modelling results and discussion

As displayed in Fig. 13, the simulated results based on the energy
harvesting model of the ACCCs-PVDF system presented a great agree-
ment with the experimental measurements regarding four loading cy-
cles, confirming the validity of our model. The oscillations in the model
results occurred due to the detachment between the loading plate and
ACCCs per loading cycle. Fig. 13 also shows that the energy harvesting
model can account for the effects of loading amplitude and frequency on
the output voltage. When subjected to the same loading amplitude, the
output voltage reduces as the loading frequency increases. This is
because the increase of loading frequency causes a higher acceleration
for the movement of the ACCCs relative to the PVDF film, which results
in reduced contact between the PVDF film and the auxetic specimen
surface. Hence, less friction from the greater loading frequency leads to a
lower voltage, which was reflected in the energy harvesting model with
a lower friction coefficient along the tangential direction regarding the
interaction between the PVDF film and ACCCs surface, as listed in
Table 7.

Furthermore, as the loading amplitude increases, the harvested
voltage increases accordingly. In comparison, the effects of loading
amplitude on the output voltage are more significant than those of
loading frequency. The reason is that the ACCCs-PVDF system exhibits
increased strain energy and greater flexural deformation in response to a
higher loading amplitude. In addition, the increased flexural deforma-
tion of the ACCCs-PVDF system results in a more curved contact surface
between the two. This curved surface significantly impedes the sliding of
the PVDF film, leading to an increase in frictional forces, as explained in
Appendix C. Correspondingly, the models subjected to a larger loading
amplitude exhibit higher friction coefficients, as demonstrated in
Table 7

The energy harvesting model allows for the calculation of voltage
components induced by the two charge generation modes of d3; and ds3,
as well as their corresponding stresses under varying loading amplitudes
and frequencies. Figs. 14 and 15 display these results. The total voltage
of the PVDF film is the algebraic sum of the voltage components
generated by d3; and dss. Since the signs of d3; and dsg in a PVDF film
are opposite, the voltages generated by d3; and ds3 will be of opposite
polarity in the stress scenario being studied here. o1 (ds; ) represents the

equivalent d3;-directional stress ;1 (i.e., the equivalent tangential
stress) for the PVDF film; o2(ds3) represents the equivalent dss-direc-
tional stress ;2 (i.e., the equivalent normal stress) for the PVDF film. The
equivalent d3;-directional stress ;1 is larger than the dzs-directional
stress 0’2 during per cycle for energy harvesting. Correspondingly, the
output voltage V,; generated by d3;-coupling mode is greater than the
output voltage V,, » generated by d33-coupling mode. This is because the
flexural behavior of the PVDF film enables it to utilize the d3;-coupling
mode, which results in a strong voltage generation.

The results presented in Figs. 14, 15 also illustrate the effects of
loading amplitude and loading frequency on the output voltage
regarding the stress components and corresponding voltage compo-
nents. It can be found that 61, ¢ under the loading amplitude of 2.0
mm are greater than those under the loading amplitude of 1.0 mm.
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Correspondingly, V1, V2 become greater when the loading amplitude
increases from 1.0 mm to 2.0 mm. However, with a constant loading

amplitude, 61 decreases as the loading frequency increases from 0.3 Hz
to 2.0 Hz. In contrast, ¢ increases within the same frequency range.

Consistent with ;1, gz, Vp,1 experiences a decrease with increasing
loading frequency, while V,, demonstrates an increase with the
increasing loading frequency under a constant loading amplitude.

5. Conclusions

A novel piezoelectric energy harvester (PEH) has been designed with
ACCCs and flexible PVDF. This ACCCs-PVDF system utilizes the surface-
mounted PVDF film to harvest strain energy from the second-elasticity
behavior of ACCCs during cyclic loading, which was systematically
and comprehensively investigated by experiments and simulations. The
main conclusions can be presented as follows:

(1) The results of the energy harvesting experiments demonstrate
that the ACCCs-PVDF system generates a sinusoidal output voltage with
a peak voltage of several volts within each cycle of cyclic loading. At a
loading frequency of 0.3 Hz and with a loading amplitude of 2.0 mm, the
system can achieve a maximum output voltage of 6.4 V, indicating
promising potential for supplying self-power electronics in
infrastructure.

(2) The energy harvesting experiments revealed that the output
voltage of the ACCCs-PVDF system increases with the loading amplitude
but decreases with the loading frequency. Numerical simulations
confirmed that the energy harvesting model can account for the effects
of loading amplitude and frequency on the output voltage. Specifically, a
higher loading frequency reduces friction between PVDF and ACCCs,
resulting in lower strain transfer and voltage output. Conversely, a
greater loading amplitude increases the flexural deformation of the
PVDF film and friction between PVDF and ACCCs, leading to a higher
output voltage.

(3) In terms of the ACCCs-PVDF system, the model results reveal its
energy harvesting mechanisms with mechanical energy conversion
based on two charge generation modes of d3; and ds3. The equivalent
ds;-directional stress (i.e., the equivalent tangential stress) of the PVDF
film is greater than its equivalent dss-directional stress (i.e., the equiv-
alent normal stress) during each cycle for energy harvesting. Corre-
spondingly, the output voltage by d3;-coupling mode is higher than that
by dss-coupling mode per cycle for energy harvesting, which reflects
strong energy output by d3;-coupling mode due to the flexural behavior
of the PVDF film. As the loading amplitude increases, the stress com-

ponents 61 and ¢, as well as the corresponding voltage components Vj, 1
and V., all increase. However, while o1 and Vp1 decrease with

increasing loading frequency, 65 and Vp2 increase with increasing
loading frequency.
(4) The energy harvesting model can reveal electromechanical

Appendix A

Determination of Second-elasticity model parameters for ACCCs
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mechanisms of the ACCCs-PVDF system, considering various energy
harvesting parameters such as the mechanical behavior of the ACCCs,
the interaction between PVDF and ACCCs, and the analytical piezo-
electric model of the PVDF film. This model was validated by the
measured output voltages in experiments, which can provide valuable
insights for the design and optimization of architected cementitious
composites that incorporate flexible piezoelectric polymers for energy
harvesting applications.
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As demonstrated in our previous study [22,43], the unit cell specimen of ACCCs was first applied by a displacement loading from 0 % strain to
12.5% strain (the ratio of the loading displacement to the size of the specimen) during preloading; then, cyclic loading (within the range of strain from
11.25% to 13.75%, see Fig. Ala)) with a constant amplitude of 1.25% strain was applied to the unit cell specimen with frequency of 1 Hz by a sine
wave. Under the loading regime above, the unit cell of ACCCs in the study [22,43] has a sample length of 20 mm with a major axis of 10 mm and a
minor axis of 6 mm, which was used as the geometric entity for elucidating the second-elasticity modeling mechanism (see Fig. A2). During the cyclic
loading range, the equivalent structural elastic modulus of the ACCCs is taken as 23.51 MPa by fitting our previous experimental data of stress—strain
curve [22] during the strain range of cyclic loading, as shown in Fig. A1b. Based on the reconstructed model for the cyclic loading, the elastic modulus
of the base material of the ACCCs in second-elasticity model is obtained as 1825 MPa through trials and errors to get a best fitting of the experimental
stress—strain curve [22], as displayed in Fig. Alc. At this stage, the CDP model is unable to accurately replicate the second-elastic behavior due to the
significant plastic strain experienced by the joints in the unit cell. As a result, only a minimal amount of elastic recovery strain is observed upon
unloading, as dictated by the tensile constitution inputted in the CDP model. Instead, the second-elasticity during the cyclic loading test can be
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simulated by second-elasticity model, which agrees well with the experimental data measured in the study [22].
Appendix B

Parametric modeling of PVDF film based on deformed ACCCs

The reconstructed ACCCs specimen for second-elasticity has been re-meshed, which induced the internal profile with a different topology in-
formation compared with the initial one. Thus, the node-order-track algorithm was used again for recoding the new topology information of the
internal profile (including node coordinates and node order), as illustrated in Fig. Bla. Then, the internal profile was used to build one edge of the
whole PVDF film. This edge was translated by a distance of the PVDF film thickness to obtain another edge of the PVDF film (see Fig. B1d). Fig. B1d
also shows that how one segment of the PVDF film was constructed. First, the local coordinates x,, of one edge of the segment with two points were
calculated as

x,=p x (B1)

where superscript ' indicates variables in the local coordinate system. x; is the coordinates in the global coordinate system. f., is the Jacobian
matrix for coordinates conversion, which can be written as

. ox cosf  sind
P = oxn {7sin9 cos&} (B2)
Thus, Eq. (B1) can be rewritten as
X/l | cos@ sinf || x;
L2:| - {7sin9 cose] |:x2} (B3)

Then, another edge of the segment with two points (coordinates x,,x,) can be easily obtained by translating a distance of the thickness h, in the
local coordinate system.

Xy

Finally, the global coordinates of another edge with two points are calculated as

X
,

X

0
I

x=p, = (4,75, (B5)

Meanwhile, the inverse matrix of ﬂﬁn can be calculated as

;1-1 _ | cos# —sinf

A {sinﬁ cosd } (B6)
Hence, the global coordinates x;, x, of another edge with two points are obtained by

X/5 | cos@  sinf x;

L’G n { —sind cos@] L’4 :| (B7)

Using the same procedure, each segment was treated in a similar manner and then connected to a film loop (as shown in Fig. B1d), which covered
the entire internal profile. In fact, only a portion of the film loop is used to model the PVDF film, taking into account the actual sizes of the PVDF film
and the bonding area between the PVDF film and the ACCCs, as illustrated in Fig. B1b.

In experiments, the internal profile of the ACCCs cracks in the middle part [22,37]. In CDP model, correspondingly, elements in the crack area have
a large deformation due to large plastic strain. According to experimental observations, the middle part of PVDF film presents a circular arc above the
crack area. Hence, the flatten middle part of the PVDF film needs to be modified to a transition arc by smoothing, as shown in Fig. Blc, e. Find two end
points Pq, P, in the middle flat part, and their midpoint P3. Then, P4 is determined by the distance of &,, which is determined by experiments. The
coordinates of Py can be calculated as the center of the circle through three points of Py, Py, P4. Finally, the arc connecting P, P, can be constructed to
serve as the central axis of the PVDF film along the thickness direction. The parametric construction of the PVDF film enables it to be accurately fitted
to the bonding area of the ACCCs, while also facilitating easy tailoring for parametric analysis and optimization design based on factors such as the
practical bonding area, as well as the dimensions of the PVDF film and ACCCs.

Appendix C

Limitations for displacement penalty method

As shown in Fig. Cla, the greater relative movement differences of the surface elements in their normal direction significantly precludes the sliding
of the PVDF film along the curved specimen surface. Fig. C1b gives an explanation for this phenomenon via theoretical mechanism. Take one element
as an example, when this element moves from the original position (dash box) with the normal direction of n; to the current position (solid box) with
the normal direction of ny. The 0, indicates the degree of surface curvature, which represents the angle change of the normal directions after
movement. [}, [, are geometric dimensions of the element. d; is the sliding distance, which can be calculated by Eq. (C1) based on formula derivation.
Fig. Clc reveals the variation of d; versus 6, when 6; takes a value of 1° for sliding forward. This gives a clear indication that the d; decreases
significantly with the increase of 02, which elucidates the significant limitation for sliding distance when displacement penalty method is adopted.

1 sind,

d, =1, (1 — cosf,) + (cn

tand,
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Appendix D

Conversions of displacement and strain between coordinate systems
The displacement conversion (see Fig. D1a) between coordinate systems can be formulated as

u =p (D1)

m muj

where superscript ' indicates variables in the local coordinate system. u; is the displacement vector in the global coordinate system. u,, is the
displacement vector in the local coordinate system.
Further, Eq. (D1) can be rewritten as

M’] _ { cosf sina} {ul} (D2)
us

" —sinf cosf
2

As schematically displayed in Fig. D1b, the strain of each rectangular segment in the global coordinate system can be converted into its equivalent
strain in the local coordinate system by Eq. (D3).

Pap— (% + a”n)
mn ()x)’l axm
1, . 0u; 0x Ou; Ox'
=_(f — p—
5 B oo TPyt o
=_(f —p +pf—p
5 B3+ BB
L Ou | Ouy
- 2 (axJ + axi)/}mﬁn
=B.Bei
Compared with /1/""[, /},’n can be expressed as
S0 cosf —sind
b= o {sim‘) cosf } (D4)
As indicated in Eq. (D4), the inverse matrix of £, is equal to f.
g=1p1" (DS)
Hence, the matrix form of Eq. (D3) can be expressed as
e 1=181e;]1p
[ mn} [ [/m][ ‘7} [fln] (D6)
= (Bl [ea] 1]
Therefore, Eq. (D6) can be rewritten as
g’“ 5/12 _ { cosf sinﬂ} |:€11 812:| {cos@ 7sin6]
5'21 5’22 T | —sin@ cosO] | ey €xn]|sind cosd
(D7)
B £11€08%0 + £x8in*0  cosOsind(ey; — &)
cosOsind(e1; — £5,)  €15in°0 + £5,c05%0
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