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Propositions

Accompanying the dissertation

Auxetic Cementitious Composites for Energy Harvesting

by
Jinbao Xie

1. The ubiquity of cementitious materials makes cementitious energy harvesters a
promising technology. [This proposition pertains to this dissertation]

2. Optimization in one performance metric often necessitates trade-offs that compromise
other performance attributes. [This proposition pertains to this dissertation]

3. Guiding a numerical model with machine learning to perform optimization is more
efficient than generating a dataset from model outputs and then training a separate
machine learning model for optimization. [ This proposition pertains to this dissertation]

4. Waiting with intention is not the same as waiting without direction — one empowers,
the other drains.

5. The impact of results in exploratory experiment is strongly influenced by the number
of trial-and-error iterations experienced during the experimental process.

6. Robust engineering modeling should be grounded in experimental investigation, as
empirical observations are fundamental to the development of theoretical models and
critical for their validation.

7. Reflective thinking during fragmented or leisure time is the most effective strategy for
overcoming bottlenecks in research.

8. Although often considered undesirable, certain defects arranged in regular patterns may
enhance the material’s deformability and toughness.

9. The final turns hiding the finish line in marathons creates a mental barrier, making the
last stretch feel harder despite being close to the goal.

10. The best way to reduce anxiety about a distant future is to focus on the present and
embrace each step of the journey.

These propositions are regarded as opposable and defendable, and have been approved as such
by the promoters Dr. B. Savija and Prof.dr.ir. E. Schlangen.
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SUMMARY V

SUMMARY

Auxetic cementitious composites (ACCCs), composed of fiber-reinforced cementitious
materials, exhibit notable deformability and structural resilience due to their auxetic
characteristics. These properties make them excellent candidates for efficient energy harvesting,
especially when integrated with surface-mounted piezoelectric elements. Moreover, ACCCs
demonstrate reversible deformation under cyclic loading and maintain their quasi-elastic
behavior over extended use, which underscores their promise for long-term energy harvesting
applications. Despite growing interest in energy harvesting, most existing research has
concentrated on auxetic materials derived from metals and polymers, while auxetic
cementitious composites remain largely underexplored. Current investigations into ACCCs
have predominantly focused on their mechanical properties, with limited emphasis on their
potential for multifunctional applications such as energy harvesting. Given the abundance and
low cost of cementitious materials, ACCCs offer a promising and sustainable avenue for the
development of cost-effective energy harvesting systems. In this thesis, the feasibility of
utilizing ACCCs for energy harvesting was systematically investigated.

First, a novel piezoelectric energy harvester (PEH) integrating ACCCs with surface-mounted
polyvinylidene fluoride (PVDF) films is proposed to convert strain energy into usable electrical
power. In this configuration, the ACCC-PVDF system is initially compressed to a prescribed
displacement and subsequently subjected to cyclic loading, thereby enabling continuous
voltage generation for energy harvesting. The influence of loading amplitude and frequency on
the output voltage response of the harvester is further investigated.

Then, this study employs numerical modeling to quantitatively analyze the piezoelectric
mechanisms governing the ACCC-based energy harvester. A general theoretical framework
was first developed to evaluate the energy harvesting performance of fiber-reinforced
cementitious materials with surface-mounted PVDEF. Building on this computational
framework, a specialized computational model was formulated to capture both the mechanical
deformation and electrical response of the ACCC harvester. The mechanical behavior of
ACCCs was represented using the concrete damage plasticity (CDP) model during the
preloading stage, which was subsequently transitioned to an elastic model for cyclic loading.
Analytical expressions describing the piezoelectric effect were then derived from the simulated
mechanical responses to predict the PVDF output voltage. Modelling results showed good
agreement with experimental data.

The final stage of this work focuses on optimizing the ACCC-based energy harvester. At the
material level, a strain-hardening cementitious composite (SHCC) mixture with enhanced
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softening behavior was developed to enhance fiber-bridging performance at ACCC joints,
thereby enabling stable auxetic behavior across diverse geometries. This advancement permits
systematic evaluation of geometric configurations to identify designs with superior energy
harvesting performance. Nevertheless, the inherent brittleness of cementitious materials
remains a critical challenge, as geometric modifications can induce splitting and compromise
auxetic behavior. To overcome the limitations of labor-intensive experiments, the previously
developed energy harvesting models were employed to generate simulation datasets; however,
large-scale simulations proved computationally demanding. To address this issue, a machine
learning—assisted framework integrating the energy harvesting model with Bayesian
Optimization (BO) was implemented, enabling efficient identification of high-performance
ACCC geometries for energy harvesting while using constraints to prevent splitting failure and
non-auxetic behavior of ACCCs under compression. The optimal configuration derived from
this framework was fabricated using additive manufacturing—assisted casting and
experimentally validated, confirming its enhanced energy harvesting capability. Furthermore,
the machine learning—driven design was extended by assembling the optimized single-cell
ACCC into a 2x2 multi-cell configuration, demonstrating the scalability and practicality of the
approach for real-world energy harvesting applications.

This PhD study proposed a strain-based ACCC energy harvester that leverages the recoverable
deformation within the auxetic behavior range of ACCC structures. Combining experimental
evaluation, numerical modeling, and machine learning, the research enhances the recoverable
deformation capacity of ACCCs, thereby increasing the energy output of the harvester. The
recoverable deformation of ACCC:s is identified as the governing mechanism, as the harvested
energy is determined by the mechanical energy generated during deformation and its
subsequent conversion. Therefore, these findings also provide broader insights for future
studies on other energy harvesting strategies employing auxetic cementitious composites as
substrates.
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SAMENVATTING

Auxetische cementgebonden composieten (ACCC’s), bestaande uit vezelversterkte
cementhoudende materialen, vertonen opmerkelijke vervormbaarheid en structurele veerkracht
dankzij hun auxetische eigenschappen. Deze eigenschappen maken ze uitstekende kandidaten
voor efficiénte energieopwekking, vooral wanneer ze worden gecombineerd met op het
oppervlak gemonteerde pi€zo-elektrische elementen. Bovendien vertonen ACCC’s omkeerbare
vervorming onder cyclische belasting en behouden ze hun quasi-elastisch gedrag bij langdurig
gebruik, wat hun potentieel voor duurzame energieopwekking benadrukt. Ondanks de
groeiende belangstelling voor energiecopwekking, heeft het merendeel van het bestaande
onderzoek zich geconcentreerd op auxetische materialen op basis van metalen en polymeren,
terwijl auxetische cementgebonden composieten grotendeels onontgonnen blijven. Huidige
studies naar ACCC’s hebben zich voornamelijk gericht op hun mechanische eigenschappen,
met beperkte aandacht voor multifunctionele toepassingen zoals energicopwekking. Gezien de
overvloed en lage kosten van cementgebonden materialen, bieden ACCC’s een veelbelovende
en duurzame mogelijkheid voor de ontwikkeling van kosteneffectieve systemen voor
energieopwekking. In dit proefschrift is de haalbaarheid van het gebruik van ACCC’s voor
energieopwekking systematisch onderzocht.

Allereerst wordt een nieuw pi€zo-elektrisch energicopwekkingssysteem (PEH) voorgesteld,
waarbij ACCC’s worden geintegreerd met op het oppervlak gemonteerde
polyvinylideenfluoride (PVDF)-folies om vervormingsenergie om te zetten in bruikbare
elektrische energie. In deze configuratie wordt het ACCC—PVDF-systeem eerst samengedrukt
tot een voorgeschreven verplaatsing en vervolgens onderworpen aan cyclische belasting,
waardoor continue spanningsgeneratie voor energieopwekking mogelijk wordt. Het effect van
belastingsamplitude en frequentie op de uitgangsspanning van de harvester wordt verder
onderzocht.

Vervolgens maakt deze studie gebruik van numerieke modellering om de piézo-elektrische
mechanismen van de ACCC-gebaseerde energicopwekker kwantitatief te analyseren. Eerst is
een algemeen theoretisch kader ontwikkeld om de energieopwekkingsprestaties van
vezelversterkte cementgebonden materialen met op het oppervlak gemonteerde PVDF te
evalueren. Gebaseerd op dit theoretische kader is een gespecialiseerd computationeel model
geformuleerd om zowel de mechanische vervorming als de elektrische respons van de ACCC-
harvester te beschrijven. Het mechanische gedrag van ACCC’s werd tijdens de
voorbelastingfase weergegeven met het “concrete damage plasticity” (CDP)-model, dat
vervolgens werd omgewerkt naar een elastisch model voor cyclische belasting. Analytische
uitdrukkingen voor het pi€zo-elektrische effect werden afgeleid uit de gesimuleerde
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mechanische respons om de PVDF-uitgangsspanning te voorspellen. De modelleerresultaten
vertoonden goede overeenstemming met experimentele gegevens.

Het laatste stadium van dit werk richt zich op het optimaliseren van de ACCC-gebaseerde
energicopwekker. Op materiaalkundig niveau werd een “strain-hardening cementitious
composite” (SHCC)-mengsel ontwikkeld met verbeterd softening-gedrag om de scheur
overbruggende prestaties van de vezels bij ACCC-verbindingen te versterken, waardoor stabiel
auxetisch gedrag over diverse geometrieén mogelijk werd. Deze vooruitgang maakt
systematische evaluatie van geometrische configuraties mogelijk om ontwerpen met superieure
energieopwekkingsprestaties te identificeren. Desondanks blijft de inherente brosheid van
cementhoudende materialen een kritische uitdaging, aangezien geometrische aanpassingen
scheurvorming kunnen veroorzaken en het auxetische gedrag kunnen aantasten. Om de
beperkingen van arbeidsintensieve experimenten te overwinnen, werden de eerder ontwikkelde
energieopwekkingsmodellen gebruikt om simulatiegegevens te genereren; echter bleken
grootschalige simulaties computationeel veeleisend. Om dit probleem aan te pakken, werd een
door machine learning ondersteund kader geimplementeerd, dat het energieopwekkingsmodel
integreert met Bayesian Optimization (BO), waardoor efficiént de ACCC-geometrieén met
hoge prestaties voor energicopwekking konden worden geidentificeerd, met beperkingen om
scheurvorming en verlies van auxetisch gedrag onder compressie te voorkomen. De optimale
configuratie die uit dit kader werd afgeleid, werd vervaardigd met behulp van giettechnieken
die ondersteund werden door 3D-printen. De configuratie werd experimenteel gevalideerd,
waarmee de verbeterde energieopwekkingscapaciteit werd bevestigd. Verder werd het door
machine learning gestuurde ontwerp uitgebreid door de geoptimaliseerde enkelvoudige ACCC-
cel samen te stellen in een 2x2 multi-celconfiguratie, waarmee de schaalbaarheid en praktische
toepasbaarheid voor energieopwekking in de praktijk werd aangetoond.

Deze promotieonderzoek stelt een op vervorming gebaseerde ACCC-energicopwekker voor,
die gebruikmaakt van de terugwinbare vervorming binnen het auxetische gedragsbereik van
ACCC-structuren. Door experimentele evaluatie, numerieke modellering en machinelearning
te combineren, wordt de terugwinbare vervormingscapaciteit van ACCC’s verbeterd, waardoor
de energie-output van de harvester toeneemt. De terugwinbare vervorming van ACCC’s wordt
geidentificeerd als het bepalende mechanisme, aangezien de opgewekte energie wordt bepaald
door de mechanische energie die tijdens vervorming wordt gegenereerd en de daaropvolgende
omzetting. Deze bevindingen bieden daarom ook bredere inzichten voor toekomstige studies
naar andere energieopwekkingsstrategieén met auxetische cementgebonden composieten als
substraat.
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GENERAL INTRODUCTION

This chapter provides a general introduction to the research background. It then outlines the
research goals and scope. Next, the approaches used to achieve the research objectives are

briefly discussed. Finally, the chapter concludes with an outline of the thesis.
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1.1 RESEARCH BACKGROUND

1.1.1 Architected cementitious cellular composites (ACCCs)

Auxetic materials, which exhibit negative Poisson’s ratios, have emerged as a growing area of
research interest. Conventional materials typically expand laterally when compressed,
exhibiting a positive Poisson’s ratio. In contrast, auxetic materials contract in the transverse
direction under compression and expand laterally when stretched. This counterintuitive
mechanical response stems from specialized internal architectures and often results in enhanced
properties such as greater fracture resistance, improved energy dissipation, and superior impact
absorption. In most cases, the auxetic effect in metamaterials is driven by localized buckling
mechanisms [ 1-3].

Xu et al. [4] developed a cellular structure using a fiber-reinforced cementitious composite,
incorporating periodic elliptical perforations as the base design. Under uniaxial compression,
this structure exhibited a unique auxetic behavior, characterized by a negative Poisson’s ratio.
The auxetic behavior of ACCCs arises from the rotation of sections around hinge-like joints
facilitated by fiber bridging, along with the inward folding of the hollow regions [4, 5]. After
being pre-compressed to a specified displacement, the elliptical-shaped ACCCs displayed
compliant behavior and a quasi-elastic response under cyclic loading. This remarkable
deformation resilience allows for the effective conversion of mechanical energy into other
forms, such as electricity.

However, the exploration of architected cementitious materials for energy harvesting has
remained relatively underexplored. To the best of the author’s knowledge, no studies had been
reported in this area at the beginning of this PhD project in 2021. By the completion of this
thesis in 2025, only one study [6] had investigated the use of architected cellular structures in
cementitious materials for energy harvesting. Considering the widespread availability and low
cost of cementitious materials, energy harvesters developed from ACCCs exhibit great
potential for powering electronic devices within infrastructure, supporting the advancement of
sustainable and smart infrastructure systems.

1.1.2 Considerations for ACCC energy harvester

Energy harvesting is the process of capturing ambient energy and converting it into usable
electrical power to support self-powered devices. This approach is particularly suited for
compact, portable, low-power, and remote electronics that require minimal or no maintenance.
Common energy harvesting technologies include piezoelectric, thermoelectric, photovoltaic,
triboelectric, and electromagnetic systems [7-12]. Among these, piezoelectric energy
harvesters stand out due to their ability to generate a broad range of voltages and high power
densities, independent of environmental conditions.

Recently, the integration of piezoelectric materials for harvesting energy from the mechanical
deformation of cementitious materials has attracted considerable interest. This is largely due to
the widespread availability and excellent mechanical properties of cement-based materials.
Additionally, their relatively low cost makes them a promising energy source. Among these,
fiber-reinforced cementitious composites—such as strain-hardening cementitious composites
(SHCC)—are particularly notable for their tensile strain-hardening behavior and superior crack
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control. These characteristics enable structures to exhibit enhanced deformability and ductility,
which in turn increases the capacity of energy harvesting. Nevertheless, the deformability and
recoverable deformation capacity of SHCC remain limited.

Recently, ACCCs fabricated from fiber-reinforced cementitious materials have demonstrated
remarkable deformability and structural integrity due to their auxetic behavior. These
properties make them highly promising for efficient energy harvesting using surface-mounted
piezoelectric materials. Furthermore, ACCCs show recoverable deformation under cyclic
loading and can consistently maintain this quasi-elastic behavior throughout 25000 loading
cycles [4], further emphasizing their potential for energy harvesting applications. Therefore,
this study will focus on a novel piezoelectric energy harvester (PEH) that incorporates ACCCs
and surface-mounted piezoelectric materials, based on strain-induced piezoelectric
mechanisms. The energy harvester will be systematically designed, fabricated, and tested to
evaluate its electrical energy output. Figure 1-1 illustrates possible applications of ACCC
energy harvesters in powering smart infrastructure systems. These harvesters could be
integrated into speed bumps to collect energy generated by vehicle traffic. Additionally, they
may be installed in coastal regions to harness kinetic energy from ocean wave activity.

Embankment

Figure 1-1 Potential applications of ACCC energy harvester.

1.2. RESEARCH OBJECTIVES AND SCOPE

1.2.1. RESEARCH OBJECTIVES

The primary objective of this research is to harness the recoverable deformation of ACCCs
within the auxetic behavior range to develop an energy harvester integrated with piezoelectric
materials. To accomplish this goal, the following research questions are explored:

e How can piezoelectric materials be integrated into ACCCs to effectively harness the
recoverable strain for energy harvesting?

» How can the mechanical—electrical interaction of the ACCC energy harvester be simulated
using a combination of mechanical model and piezoelectric model?
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» How can the shape configurations of the ACCC energy harvester be optimized under specific
constraints, such as maintaining auxetic behavior?

1.2.2. RESEARCH SCOPE

In this study, the ACCCs were fabricated through an additive manufacturing (AM)-assisted
casting approach. The AM process involved the use of a 3D printer (Ultimaker S5) with Fused
Deposition Modeling (FDM) to print ACCC-shaped templates using acrylonitrile butadiene
styrene (ABS) plastic. These printed templates were subsequently used to produce silicone
rubber molds, which acted as the casting formwork for the cementitious composites. A polymer
fiber-reinforced cementitious material was used as the matrix to enable fiber-bridging effects,
which contribute to the auxetic behavior of the ACCCs. A piezoelectric film, Polyvinylidene
Difluoride (PVDF), was bonded around the ligament region of the central elliptical hole in the
specimen using silicone rubber adhesive and left to cure for several hours until fully hardened.
Through this configuration, the recoverable deformation strain energy of the ACCCs could be
effectively transferred to the bonded PVDF film, thereby generating electrical energy.

1.3 RESEARCH APPROACH

To achieve the research objective, the following three steps are undertaken:

Step 1: Experimental investigation of the energy harvesting potential of ACCCs
integrated with piezoelectric material.

e The ACCCs are initially pre-compressed to the strain range where auxetic behavior
occurs and then subjected to cyclic loading. The recoverable strain exhibited by the
ACCCs during these cycles generates significant mechanical energy, which is
harnessed and converted into electrical energy through the integration of piezoelectric
materials.

e In the energy harvesting tests, the output voltages of the ACCC-based harvester are
evaluated under different loading amplitudes and loading frequencies.

Step 2: Numerical simulation of the mechanical-electrical interaction in the ACCC energy
harvester.

e The energy harvesting model of ACCCs was developed, which comprises two phases:
preloading and cyclic loading. The mechanical behavior of ACCCs during the
preloading stage is simulated using the concrete damage plasticity model, which is then
transitioned to a second-elasticity model for the cyclic loading stage. Based on the
simulated mechanical responses, analytical formulas for the piezoelectric effect were
developed to calculate the output voltage generated by the piezoelectric materials.

Step 3: Optimization of the ACCC energy harvester with machine learning (ML).

e The energy harvesting model is first validated against experimental results. It is then
utilized to generate a dataset for machine learning applications. Finally, the optimized
ACCC energy harvester is tested to demonstrate performance improvements.
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1.4 THESIS OUTLINE

As seen in Figure 1-2, this thesis is organized into five parts. The chapters are structured as
follows:

Part I: Provides a general introduction and a review of the relevant literature.

Chapter 1 introduces the research background, outlines the research objectives, and provides
an overview of the thesis structure.

Chapter 2 offers a literature review focusing on the unique characteristics and potential
applications of ACCC energy harvester.

Part II: Deals with the experimental fabrication and testing of the ACCC energy
harvester.

Chapter 3 presents an experimental study on the energy harvesting potential of ACCCs
integrated with piezoelectric materials.

Part II1: Proposes an energy harvesting model to simulate the mechanical—piezoelectric
interaction within the ACCC energy harvester

Chapter 4 presents a benchmark energy harvesting model for fiber-reinforced cementitious
composites utilizing surface-mounted piezoelectric materials.

Chapter S develops an energy harvesting model for the ACCC energy harvester incorporating
surface-mounted piezoelectric materials.

Part IV: Optimization of the ACCC energy harvester with machine learning.

Chapter 6 integrates strain-hardening cementitious composites into the ACCC energy
harvester to enhance its elastomer-like behavior.

Chapter 7 proposes a learning-driven framework that integrates the energy harvesting model
with Bayesian Optimization (BO) to modulate hinge-like recoverable strain capacity of ACCCs
for Optimal Energy Harvesters.

Chapter 8 performs cyclic testing on the optimized ACCC energy harvester with multiple cells.
Part V: Presents the thesis conclusions and indicates outlook for future research.

Chapter 9 summarizes the key findings of this thesis and offers recommendations for future
investigations.
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LITERATURE REVIEW

The recoverable deformation of ACCCs during the auxetic behavior range provides abundant
mechanical energy, which can be transferred into electrical energy using surface-mounted
piezoelectric patches. Accordingly, this chapter presents a comprehensive literature review on
piezoelectric energy harvesting, energy harvesting utilizing cementitious materials, and auxetic
cementitious materials. It begins with a brief introduction to the piezoelectric effect, followed
by an overview of recent advancements in energy harvesting applications using two widely
adopted piezoelectric materials: lead zirconate titanate (PZT) and polyvinylidene fluoride
(PVDF). Subsequently, the chapter reviews studies on energy harvesting from cementitious
materials, including piezoelectric and triboelectric mechanisms. Finally, it presents an
overview of the mechanical properties and multifunctional investigations of auxetic

cementitious composites, with particular emphasis on their energy harvesting potential.
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2.1 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 electronics 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], electromagnetics [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 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 structures are commonly exposed to a variety of reciprocating dynamic loads, including
those generated by railways, vehicles, pedestrians, waves, rain, and wind. As most of these
structures are constructed from cementitious materials, their mechanical deformation under
such loading conditions presents a substantial source of mechanical energy. This energy can be
effectively harvested and converted into significant electrical output through suitable
piezoelectric mechanisms. Consequently, this self-powered approach, which leverages widely
available ambient energy, holds great potential for advancing the development of sustainable
and intelligent infrastructure systems. However, the inherent brittleness and limited
deformability of cementitious materials present significant challenges, limiting their
widespread adoption in practical engineering applications.

ACCCs made from fiber-reinforced cementitious materials typically demonstrate high
deformability and robust structural integrity, attributed to their auxetic behavior. These features
make them particularly suitable for efficient energy harvesting when paired with surface-
mounted piezoelectric materials. Additionally, ACCCs exhibit recoverable deformation under
cyclic loading and reliably sustain this quasi-elastic performance through 25,000 loading cycles
[7], highlighting their strong potential for energy harvesting applications. However, most
existing energy harvesting research has focused on auxetic materials derived from polymers
and metals, and the exploration of auxetic cementitious materials for this purpose remains
largely unexplored.

2.2 ENERGY HARVESTING USING PIEZOELECTRIC MATERIALS

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, as shown in Figure 2-1 [8]. When the two
electrodes are connected to an electrical power management circuit, the output voltage can be
stored as electrical energy for electric power supply. In the past few decades, PZT has been the
most widely used piezoelectric ceramic material in many designs of energy harvesters for civil
infrastructure and buildings. Many researchers have used PZT piezoceramic disks embedded
into pavements to collect the electrical energy from vibration induced by moving vehicles on
public roadways [9-12], thereby creating so-called piezoelectric energy harvester (PEH)
(Figure 2-2). These PZT-based piezoelectric energy harvesters have also been further optimized
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for a power-intensive design, so as to better collect road energy by efficiently utilizing the
vehicle load [13]. 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.

33 Mode 31 Mode
3 F

Figure 2-1 Schematic representation of 33 mode and 31 mode for piezoelectric materials (adapted from [8])

-

Figure 2-2 PEH without (a) and with cover (b) for harvest pavement deformation energy. (adapted from [9])

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 [14]. Considerable research has been dedicated to extracting vibration energy
from PVDF transducers using piezoelectric cantilever beam configurations, such as unimorph
(a substrate beam with a bonded piezoelectric layer) and bimorph (a substrate beam with two
symmetric piezoelectric layers bonded to both sides) devices [15, 16]. 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 behavior, PVDF strain-based energy harvesters have the potential to generate
high 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 [14] , human movements [17-20], rain and wind [21], sound pressure [22]),
which can be converted into electrical energy. Multiple PVDF films can also be arranged to
enhance energy harvesting. Jung et al. [ 14] developed a PVDF energy harvester for roadways,
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rivaling piezoelectric ceramic-based systems. The device, comprising six pre-curved bimorph
units aligned vertically, generated 200 mW across a 40 kQ load resistor in modeled roadway
testing in the laboratory.

PVDF thin film

il

Conductive tapes Polyimide substrate

(@)

Applied Pressure

6 sets of harvesters (60 ea)

_

90 mm

(b)

Figure 2-3 Single energy harvester device utilizing a PVDF thin film. (a) Schematic and photograph of the bi-
morph structured energy harvester. (b) the internal and external structure of the assembled energy harvester
module. (adapted from [14])

2.3. ENERGY HARVESTING USING CEMENTITIOUS MATERIALS

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. As shown in Figure 2-4, Cahill et al. [23]
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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). For cement-based materials,
fiber-reinforced cementitious composites—such as strain-hardening cementitious
composites—are well recognized for their tensile strain-hardening behavior and superior crack
control performance [24-31]. By using fiber-reinforced cementitious materials, a structure can
have large deformability and high ductility, which improves the energy harvesting efficiency
of using flexible PVDF. As shown in Figure 2-5, Su et al. [32] 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 of the surface mounted PVDF film. Therefore, cementitious
composites with high deformation capacity could potentially allow highly efficient energy
harvesting with surface mounted PVDF. The addition of short fibers has transformed the
properties of cementitious materials, which also facilitates the creation of cementitious
materials with complex internal structures, known as architected cement-based materials
(ACMs) [33-39]. These ACMs demonstrate significant potential due to their superior
deformation capacity, which notably enhances energy harvesting capabilities.

Figure 2-4 Energy harvesting from train-Induced response in bridges: in situ experiments and modelling. (adapted
from [23]).
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Figure 2-5 Energy harvesting performance of ECC under bending tests (adapted from [32])

Recently, carbon-based conductive fillers have been integrated into cementitious composites
to enable energy harvesting through triboelectric mechanisms. Kuntharin et al. [40]
demonstrated the harvesting of mechanical energy from human footsteps using a triboelectric
nanogenerator (TENG) constructed from cementitious materials enhanced with highly
conductive Super P carbon black nanoparticles. Ra et al. [41] utilized cementitious materials
with carbon fiber fillers to fabricate triboelectric nanogenerators for contact electrification
driven energy harvesting and storage. As shown in Figure 2-6, Dong et al. [42, 43| incorporated
carbon-based conductive fillers (such as graphene, recycled carbon fiber (rCF)) into
cementitious composites as cement-based triboelectric nanogenerators (CBTENGS) for energy
harvesting in building and civil infrastructure systems. However, the inherent brittleness and
limited deformability of cementitious materials remain significant limitations, restricting their
broader implementation in practical energy harvesting applications. Additionally, the
incorporation of conductive fillers may compromise the mechanical performance of
cementitious materials, potentially preventing ACCCs from exhibiting the desired negative
Poisson’s ratio behavior.

Open-circuit
voltage (V)
i

0o 2 4 6 8 10
Time (s)

Figure 2-6 Laboratory-scale test of the interaction between a CBTENG and a PTFE-covered wheel (adapted from
[43])
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2.4 AUXETIC CEMENTITIOUS COMPOSITES

Auxetic materials, which exhibit negative Poisson’s ratios, have emerged as a growing area of
research interest. Conventional materials typically expand laterally when compressed,
exhibiting a positive Poisson’s ratio. In contrast, auxetic materials contract in the transverse
direction under compression and expand laterally when stretched. This counterintuitive
mechanical response stems from specialized internal architectures and often results in enhanced
properties such as greater fracture resistance, improved energy dissipation, and superior impact
absorption. In most cases, the auxetic effect in metamaterials is driven by localized buckling
mechanisms [44-46]. Xu et al. [7] developed a cellular structure using a fiber-reinforced
cementitious composite, incorporating periodic elliptical perforations as the base design, as
shown in Figure 2-7. Under uniaxial compression, this structure exhibited a unique auxetic
behavior, characterized by a negative Poisson’s ratio. The auxetic behavior of ACCCs arises
from the rotation of sections around hinge-like joints facilitated by fiber bridging, along with
the inward folding of the hollow regions [7, 47]. After being pre-compressed to a specified
displacement, the elliptical-shaped ACCCs displayed compliant behavior and a quasi-elastic
response under cyclic loading. This remarkable deformation resilience allows for the effective
conversion of mechanical energy into other forms, such as electricity.
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Figure 2-7 Deformation behavior of ACCCs (adapted from [47])

Xu et al. [48] developed a 3D auxetic cementitious-polymeric composite structure (3D-ACPC)
comprising a 3D printed polymeric shell and cementitious mortar. This composite exhibits
compressive strain-hardening behavior, ensuring a high capacity for energy absorption. Chen
et al. [49] fabricated 2D re-entrant, cross-chiral, and buckling-induced auxetic structures using
engineered cementitious composites (ECC) and investigated their mechanical response through
uniaxial compressive and flexural testing, as shown in Figure 2-8. Xu et al. [50, 51] created
auxetic cementitious composites by embedding 3D printed polymeric auxetic reinforcement
structures within cementitious mortar. These composites demonstrated notable compressive
ductility, high recoverable deformability, and superior energy dissipation capability through the
reciprocal integration of auxetic structures and cementitious mortar. Nguyen-Van et al. [52]
utilized the Primitive minimal surface, one type of the triply periodic minimal surface (TPMS)
structure, to reinforce cement-based beams. This configuration demonstrated significant
resilience in bearing loads during impact testing. Chen et al. [53] conducted an experimental
investigation into the static and dynamic compressive behavior of various structures, including
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3D octet, re-entrant honeycomb, and triangular lattice, reinforced with ultra-high performance
concrete (UHPC), as well as steel fiber-reinforced UHPC.
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Figure 2-8 Fracture patterns of flexural ECC specimens at different deflections (3 represents mid-span deflection).
(adapted from [49])

Typically, ACCCs exhibit two distinct stages with two peak stress points under uniaxial
compression, marked by the strain at which self-contact occurs within the central hole between
the top and bottom ends (i.e., the self-contact point). ACCCs begin to display a higher
magnitude of negative Poisson’s ratio (high auxetic behavior) after the first peak stress. Upon
reaching the self-contact point, the magnitude of the negative Poisson’s ratio starts to decrease
until it reaches zero and then becomes a positive Poisson’s ratio. The range from the first peak
stress point to the self-contact point represents a compressive strain range characterized by high
auxetic behavior. Within this range, ACCCs demonstrate significant deformation capacity and
a certain level of recoverable elastic deformation—a pseudo-elastic characteristic not typically
found in traditional cementitious materials. The remarkable recoverable deformation behavior
of ACCCs, akin to elastomers, broadens the potential applications of elastomer-like
cementitious materials. They can be employed to create advanced multifunctional cementitious
composites, incorporating features such as mechanical tunability, energy harvesting, and
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sensing capabilities. Barri et al. [54] integrated concrete mixture with graphite powder and
auxetic polymer structures, resulting in a concrete material system that exhibits unprecedented
mechanical and electrical tunability due to snap-through buckling behavior. As shown in Figure
2-8, Valverde-Burneo [55] has developed a multifunctional cementitious material with an
addition of recycled carbon fibers. This material exhibits both conductive and auxetic
properties, making it a promising candidate for self-sensing concrete applications.
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Figure 2-9 Electronic conduction test of ACCC incorporating carbon fiber (adapted from [55])

Recently, machine learning has been increasingly applied to predict the mechanical properties
of ACCCs, offering a promising approach for further optimization and tailoring performance
for specific engineering scenarios. Ohno et al. [56] proposed a novel framework for the
simulation and reinforcement learning-driven design of truss-type ACMs, enabling the efficient
identification of high-performance configurations. Lyngdoh et al. [57] integrated finite element
model (FEM) with machine learning (ML) to predict Poisson’s ratios in cementitious cellular
composites. Their focus was on evaluating a negative Poisson’s ratio by strategically
positioning elliptical voids, without considering plasticity or post-crack behavior.

ACCC:s, fabricated from fiber-reinforced cementitious materials, exhibit high deformability
and superior structural integrity, primarily attributed to their auxetic behavior. These
characteristics render ACCCs particularly promising for efficient energy harvesting when
integrated with surface-mounted piezoelectric elements. Moreover, ACCCs display
recoverable deformation under cyclic loading while maintaining stable quasi-elastic behavior.
Xu et al. [7] reported that ACCCs achieved a reversible deformation of 2.5%, substantially
exceeding that of conventional cementitious materials and sustained over 25,000 loading cycles,
further highlighting their potential for energy harvesting applications. Despite these advantages,
current research on vibration-based energy harvesting has predominantly focused on auxetic
materials derived from metals and polymers [15, 58-65]. For instance, Bolat et al. [58]
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conducted both experimental and numerical investigations to evaluate the electrical power
output of auxetic aluminum beams with piezoelectric elements (PZT) attached to the auxetic
region, as illustrated in Figure 2-10. Similarly, Chowdhury et al. [15] proposed optimal design
configurations for a bimorph piezoelectric energy harvester utilizing an auxetic brass substrate
beam with symmetrically bonded piezoelectric layers, demonstrating enhanced power output
compared to conventional systems. As shown in Figure 2-11, Zhou et al. [60] employed 3D
printing to fabricate an auxetic structure onto a polymer film-based piezoelectric nanogenerator
(PENG), enabling the conversion of bending deformation into in-plane stretching. This
transformation activates the 3-1-direction piezoelectric effect. By leveraging the anticlastic
behavior of the auxetic design, the previously underutilized bending deformation of the film is
effectively harnessed for energy harvesting. As a result, the bending-induced output voltage of
the PENG was enhanced by a factor of 8.3. In contrast, the application of auxetic cementitious
materials for energy harvesting remains largely unexplored. Given the abundance and low cost
of cementitious materials, ACCCs offer significant potential for sustainable and cost-effective
energy harvesting solutions.
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Figure 2-10 Vibrational response of auxetic aluminum beams with PZT integrated into the auxetic region. (adapted

from [58])
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Figure 2-11 The structure of the auxetic-piezoelectric nanogenerator. (adapted from [60])

2.5 FINAL REMARKS

The utilization of piezoelectric materials for energy harvesting from the mechanical
deformation of cementitious materials has recently obtained considerable attention, owing to
the widespread availability, excellent performance, and relatively low cost of these materials.
Such attributes render cementitious materials a promising candidate for sustainable energy
harvesting applications. However, the intrinsic brittleness and limited deformability of
conventional cementitious materials pose significant challenges, thereby constraining their
broader practical implementation in energy harvesting systems. The introduction of fiber
reinforcement into cementitious composites has been demonstrated to improve ductility,
thereby enhancing the deformation capacity and mechanical energy that can be harvested.
Moreover, the development of architected cement-based materials enables the fabrication of
complex cementitious structures, further augmenting deformability and mechanical energy
absorption. These improvements, when combined with the piezoelectric effect, contribute to
enhanced energy harvesting capabilities. Among ACMs, ACCCs exhibit greater deformation
under compressive loads and recoverable deformation under cyclic loading, highlighting their
strong potential for energy harvesting applications. However, most existing research on energy
harvesting has focused on auxetic materials made from metals and polymers, leaving the use
of auxetic cementitious materials largely unexplored. Current research on ACCCs is primarily
focused on their mechanical behavior, with limited attention given to multifunctional
applications such as energy harvesting. Considering the widespread availability and low cost
of cementitious materials, ACCCs present a promising pathway for developing sustainable and
cost-effective energy harvesting systems. The subsequent chapters will address these research
gaps and challenges.
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ELLIPTICAL-SHAPED ACCC ENERGY HARVESTER
——EXPERIMENTS

Auxetic cementitious cellular composites exhibit extraordinary mechanical properties, such as
high deformability, high energy absorption, and high indentation resistance. When subjected
to cyclic loading, the architected ACCCs show compliant behavior, and a quasi-elastic
response which is highly resistant to fatigue. 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. In this chapter, a novel piezoelectric energy harvester
design consisting of ACCCs and surface-mounted PVDF was proposed to convert strain-based
energy to useable electrical energy. The ACCC-PVDF energy harvesting system was first
compressed to a certain displacement and then subjected to cyclic loading to consistently

generate voltage for energy harvesting.

Part of this chapter have been published as Xie, Jinbao, et al. "Auxetic cementitious cellular composite (ACCC)
PVDF-based energy harvester", Energy and Buildings, 298 (2023): 113582.
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3.1 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 electronics 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], electromagnetics [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.

Due to their auxetic behavior, auxetic cementitious cellular composites possess exceptional
mechanical properties, including high deformability, excellent energy absorption, and strong
resistance to indentation [7, 8]. When compressed within the auxetic behavior range and
subjected to cyclic loading, these architected materials demonstrate a compliant response
characterized by recoverable deformation. This response, referred to as a second elastic
behavior, occurs after the initial elastic phase and exhibits secondary quasi-elastic
characteristics. The flexible nature of ACCCs allows for large deformations and significant
strain energy storage, making them highly suitable for strain-driven piezoelectric energy
harvesting in infrastructure applications.

In this chapter, a novel piezoelectric energy harvester with ACCCs and surface-mounted PVDF
films based on strain-induced piezoelectric mechanisms (Figure 3-1) has been designed,
fabricated, and experimentally tested. The ACCC-PVDF energy harvesting system was first
compressed to a predetermined displacement and then subjected to cyclic loading for
generating voltage. The output voltage of the energy harvester under different loading
amplitudes and frequencies are further investigated. Presumably, the proposed ACCC-PVDF
energy harvesting system can be deployed in coastal areas to harvest kinetic energy from ocean
waves. Furthermore, it can also be efficiently employed to absorb impact energy in speed
bumps on vehicle roads or bike lane pavements. The energy harvested from these applications
can be used to power electronics in infrastructure, contributing to the development of various
smart infrastructure systems.
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Figure 3-1 Schematic of the energy harvesting design of ACCCs

3.2 MATERIALS AND METHODS

3.2.1 Specimen preparation

A unit cell of the ACCCs was chosen for energy harvesting experiments. The design parameters
of the unit cell are shown in Figure 3-2. The specimens were created using the so-called
“indirect printing” process reported in [7, 8], as follows:

First, the designed unit cell is 3D printed with a FDM 3D printer Ultimaker 2+, and ABS
is used as printing material.

Then, the printed unit cell 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.

After storing in room temperature for two hours, the silicone rubbers solidifies. Then the
hardened silicone rubber was detached from the box such that a silicone mold was obtained.

Cementitious mixture was casted in the silicone rubber mold. After curing under room
temperature for two days, the specimen was demolded from the silicone mold and stored
in the curing chamber (20°C, 96%RH) until the age of 28 days.

Two hours before testing, the specimens were taken out of the curing chamber. One PVDF
film is glued by silicone rubber (same as the Poly-Sil PS8510) on the central elliptical hole
of each specimen and left for hardening for two hours. As shown in Figure 3-3, the LDTO-
028K PVDF film has an area of 24.81 mm x 13.21 mm (lp x wp) with a thickness of 0.2

mm (hp) (including the protective layer against surface oxidation of the silver ink electrode

area [9-11]). Herein, the piezoelectric layer in the PVDF film has a thickness of 28 um (tp ).
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The mortar mixture of ACCCs contained CEM [ 42.5 N, fly ash, sand with a grain size ranging
from 125 to 250 um, water, polycarboxylate superplasticizer, viscosity modifying agent (VMA),
and fiber. Table 3-1 provides the mixture compositions of ACCCs, which was tailored based
on a previously used ACCC mix [7, 8]. For the ACCCs, a fine-grained fiber reinforced mortar
was employed as the constituent material. The Polyvinyl Alcohol (PVA) fiber produced by
Changzhou TianYi Engineering Fiber was used as the reinforcement at a volume fraction of
2%. The physical and mechanical properties of the PVA fiber are presented in Table 3-2. To
improve the fiber distribution, VMA in the form of methylcellulose powder from Shanghai
Ying Jia Industrial Development Co. Ltd. was utilized. To achieve the desired workability,
MasterGlenium 51, a polycarboxylate-based superplasticizer manufactured by BASF
(Germany), was utilized. To ensure thorough casting of the cement materials within the small
mold, a higher water-to-binder ratio of 0.46 was chosen to facilitate good fluidity.

Dimensions of
ACC?S specimen

Demolding silicone
rubber mold

3D printing of
negative mold

i v s e e i s 5 8 A i e S e o et

Casting and demolding
specimens
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Figure 3-2 Specimen preparation

The dry ingredients including CEM 142.5, fly ash, sand and VMA were mixed for four minutes
using a Hobart machine. Water and superplasticizer were then added into the dry mixture,
followed by an additional 2 minutes of mixing. Afterwards, the fibers were incorporated into
the mortar slowly and mixed for additional 2 minutes. To ensure an even distribution of fibers
within the matrix, high-speed rotation was further employed to mix the fibers for another
5 minutes. Afterwards, the mixed fresh paste was cast into the silicone molds. Each specimen
was filled into the mold in two layers, and each layer underwent 20 seconds of vibration to
ensure thorough consolidation. Finally, they were covered with plastic films to prevent
evaporation. Following a three-day curing period at room temperature, the specimens were
removed from the molds and subsequently placed in a curing chamber (20°C, 96%RH) until
the age of 28 days.

Table 3-1 Mix ratios of ACCCs (kg/m?®)

Sand Superplasticizer .
Cement Fly ash (125um to 250um) Water (Glenium 51) VMA PVA Fiber
453 535 370 450 1.58 0.29 25.6

Table 3-2 Material properties of PVA fiber

Diameter Tensile strength .
Length (mm Young’s modulus (GPa) Density (g/cm?
(um) gth (mm) (GPa) g (GPa) y (g/cm”)
15 6 1.6 34 1.28

= I13.21 mm
>

Figure 3-3 Geometric measurement for LDT(0-028 K PVDF film.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polymeric-films
https://www.sciencedirect.com/topics/engineering/curing-chamber
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3.2.2 Experimental test

Figure 3-4 illustrates the energy harvesting test setup and loading scheme for the ACCC energy
harvester. The cyclic tests were performed using an MTS fatigue machine with a 10 kN capacity.
The Direct Current (DC) output voltage of the harvester was measured using a Keysight
34461A digital multimeter (DMM). Due to the high internal impedance of LDTO PVDF
(approximately 11.2 MQ based on pure capacitance estimation [11]), the multimeter's input
impedance was set to a mode over 10 G2 to ensure accurate open-circuit voltage measurements.
The PVDF was connected to the multimeter using two wires, and a plastic film was placed
between the loading plate and the specimen to minimize friction. To address minor horizontal
movement caused by uneven deformation or asymmetrical cracking in the cementitious
materials during cyclic loading, tape was used to stabilize the bottom loading plate. As shown
in Figure 3-5, the Pla-shaped specimen was initially compressed by displacement loading,
starting at zero and increasing to U (5.0 mm), reducing the specimen's height to 58 mm. This
was followed by cyclic displacement loading in the form of a sinusoidal wave with a constant
amplitude (4 = 1 mm) and frequency (f= 1 Hz). Each test was performed with three replicates.
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.

Loading B
plate

Electrical
wire

Digital multimeter |

Figure 3-4 Experimental setup for energy harvesting test
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Figure 3-5 Loading scheme for energy harvesting test

3.3 RESULTS AND DISCUSSION

Figure 3-6 and Table 3-3 present the results of energy harvesting experiments for the ACCC-
PVDF system under various loading frequencies and amplitudes over a 10-second period.
During each loading cycle, the output voltage increases as the compressive displacement grows.
When the maximum displacement is applied, the output voltage reaches its peak. Conversely,
as the loading plate moves away from the ACCCs, the output voltage decreases to zero.
Additionally, Figure 3-6 highlights the influence of loading frequency and amplitude on the
output voltage of the ACCC-PVDF system. At a constant loading amplitude, the output voltage
rises with increasing loading frequency. Similarly, increasing the loading amplitude from 1.0
mm to 2.0 mm results in higher output voltages. Notably, the effect of loading amplitude on
the output voltage is more pronounced than that of loading frequency. For instance, at a loading
amplitude of 1.0 mm, the maximum output voltages were 4.7 V, 5.2V, and 5.6 V for loading
frequencies of 0.3 Hz, 1.0 Hz, and 2.0 Hz, respectively. At a higher loading amplitude of 2.0
mm, the corresponding maximum output voltages increased to 10.5 V, 11.5 V, and 11.8 V,
respectively.



34 CHAPTER 3

15 T i T T 15 T }
A=1mm. F=0.3Hz —— A=2mm, F=0.3Hz
> 10} > 101
(0] (0]
()] ()]
S S
S 5t S 5t
0 L L L 1 0 1 1 L
0 2 4 6 8 10 0 2 4 6 8 10
Time/s Time/s
15 T T T T 15 T ;
——A=1mm, F=1Hz ——A=2mm, F=1Hz
> 10} =10
(0] ()
()] (o))
8 8
8 /V\M/\A/\ | g
0 0
0 2 4 6 8 10 0 2 4 6 8 10
Time/s Time/s
15 T T T T 15 . )
— A=2mm, F=2Hz
——A=1mm, F=2Hz|
> 10} > 101
(0] (0]
()] [®)]
g g
S s S 5l
0 0
0 2 4 6 8 10 0 2 4 6 8 10
Time/s Time/s

Figure 3-6 Energy harvesting test results of the ACCC-PVDF system

Table 3-3 Output voltage under different amplitudes and frequencies

F=0.3Hz F=1Hz F=2Hz
A=Imm 4.7V 5.2V 5.6V
A=2mm 10.5V 11.5V 11.8V

Figure 3-7, Figure 3-8, and Table 3-4 display the dynamic stress-strain curves obtained during
energy harvesting tests under various loading frequencies and amplitudes over a 10-second
duration. Within each loading cycle, the stress increases with growing compressive strain and
reaches its peak at the maximum compressive strain. As the loading plate moves away from
the ACCCs, the stress gradually decreases to zero. Figure 3-7 and Figure 3-8 also demonstrate
the effects of loading frequency and amplitude on the dynamic stress-strain curves of the
ACCC-PVDF system. At a constant loading amplitude, the stress tends to decrease
approximately as the loading frequency increases. Similarly, an increase in the loading
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amplitude from 1.0 mm to 2.0 mm results in a reduction in stress. Notably, the effect of loading
amplitude on stress is more significant than that of loading frequency. For example, at a loading
amplitude of 1.0 mm, the maximum stresses observed were 0.0096 MPa, 0.0092 MPa, and
0.0092 MPa for loading frequencies of 0.3 Hz, 1.0 Hz, and 2.0 Hz, respectively. When the
loading amplitude increased to 2.0 mm, the corresponding maximum stresses decreased to
0.0067 MPa, 0.0059 MPa, and 0.0049 MPa, respectively. Since the stress generated by the
energy harvester during the cyclic test is very low compared with the stiffness of the testing
machine in the compression cyclic setup, the machine-recorded displacement accurately
reflects the actual applied loading displacement.

Table 3-4 Peak stresses under different amplitudes and frequencies

F=0.3Hz F=1Hz F=2Hz
A=Imm 0.0096MPa 0.0092MPa 0.0092MPa
A=2mm 0.0067MPa 0.0059MPa 0.0049MPa
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Figure 3-7 Dynamic stress-strain curves during energy harvesting tests under a loading amplitude of 1.0 mm

with different loading frequencies.
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Figure 3-8 Dynamic stress-strain curves during energy harvesting tests under a loading amplitude of 2.0 mm

with different loading frequencies.

Under cyclic loading, the dynamic strain at the joint of the ACCCs is transferred to the PVDF
film through the bonding material. Therefore, the integrity of the bonding interface plays a
critical role in effective strain transfer. In the absence of debonding, an increase in loading
frequency—corresponding to greater acceleration and inertial force—typically leads to a
higher dynamic strain transferred to the PVDF, resulting in increased voltage output. However,
at higher frequencies, partial debonding of the bonding layer may occur due to increased
dynamic shear forces, thereby reducing the efficiency of strain transfer to the piezoelectric film.
Consequently, although the voltage output still exhibits a certain degree of increase with

frequency, the increase is not proportional and becomes progressively limited.
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3.4 CONCLUSIONS

Leveraging the compliant behavior and high deformability of ACCCs, this chapter
presents a novel piezoelectric energy harvester integrating ACCCs with surface-mounted
PVDF film. The harvester, based on strain-induced piezoelectric mechanisms, has been
designed, fabricated, and experimentally tested for energy harvesting applications. The main
conclusions are as follows:

* The energy harvesting experiments reveal that the ACCC-PVDF system produces a
sinusoidal output voltage, reaching a peak of several volts during each cycle of cyclic
loading. At a loading frequency of 2 Hz and a loading amplitude of 2.0 mm, the system
achieves a maximum output voltage of 11.8 V, demonstrating significant potential for
supplying self-power electronics in infrastructure applications.

* The energy harvesting experiments revealed that the output voltage of the ACCC-PVDF
system increases with the loading amplitude and loading frequency. Notably, the effect
of loading amplitude on the output voltage is more pronounced than that of loading
frequency.

* The ACCC-PVDF energy harvester exhibits a pseudo-elastic stress-strain behavior
during dynamic cyclic loading for energy harvesting. The results indicate that the peak
stress of the harvester generally decreases with both loading amplitude and loading
frequency. However, the influence of loading amplitude on peak stress is significantly
greater than that of loading frequency.

In this chapter, the potential of the ACCC-PVDF energy harvester to generate output
voltages has been demonstrated during energy harvesting experiments. However, the
underlying mechanical and electrical mechanisms behind these observations require further
investigation. Numerical modeling offers a valuable tool to analyze and theoretically predict
the energy harvesting potential of cementitious materials in complex scenarios. Moreover, a
model-based approach enables the exploration of how mechanical and electrical parameters
influence energy harvesting, facilitating performance assessment and optimization for future
applications. This will be further discussed in chapters 4 and 5.
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BENCHMARK ENERGY HARVESTING MODEL FOR
FIBER-REINFORCED CEMENTITIOUS COMPOSITES
UTILIZING SURFACE-MOUNTED PIEZOELECTRIC
MATERIALS

In the auxetic cementitious cellular composites energy harvester (developed in Chapter 3),
elastic strain energy mainly concentrated around the hinge-like joints is then converted into
electrical energy via surface-mounted piezoelectric films. This conversion process involves a
complex electromechanical interaction between the ACCCs and the bonded PVDF film. To
understand these piezoelectric mechanisms, a general theoretical model was developed to
evaluate the energy harvesting performance of fiber-reinforced cementitious materials
incorporating surface-mounted PVDF. In the mechanical part, concrete damage plasticity
(CDP) model based on the explicit dynamic analysis was utilized to simulate the dynamic
flexural behavior of fiber-reinforced cementitious beam under four-point bending. The
mechanism of force transfer through the bond layer between the PVDF film and the beam was
simulated by a surface-surface sliding friction model. Then, the electromechanical behavior of
the piezoelectric film was simulated by a piezoelectric finite element model. The theoretical
model was validated against experimentally measured mechanical and electrical data reported

in the literature.

Part of this chapter have been published as Xie, Jinbao, et al. "Modelling of energy harvesting with bendable
concrete and surface-mounted PVDF", Smart Materials and Structures, 33 (2024): 085008.
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4.1. INTRODUCTION

In Chapter 3, a novel piezoelectric energy harvester with ACCCs and surface-mounted PVDF
film based on strain-induced piezoelectric mechanisms has been designed, fabricated, and
experimentally tested. The energy harvester was first compressed to a predetermined
displacement and then subjected to cyclic loading for generating voltage. Herein, the energy
harvesting mechanism converts mechanical energy into electrical energy through the
piezoelectric effect. This mechanical energy originates from the recoverable strain energy of
ACCCs within the auxetic deformation range and is transferred to the PVDF via the bonding
material. The PVDF then utilizes this transferred strain to generate output voltage. The
recoverable strain primarily arises from the hinge-like joints with rough and cracked surfaces,
which transmit strain to the surface-mounted PVDF through complex interactions. Therefore,
understanding the interaction mechanisms between the cracked, rough cementitious surface
and the PVDF is essential. However, no known piezoelectric model for energy harvesting was
associated with fiber-reinforced cementitious material with surface-mounted piezoelectric
films.

This chapter presents a theoretical model for evaluating the energy harvesting performance of
fiber-reinforced cementitious materials incorporating surface-mounted PVDF. In the
mechanical part, CDP model based on the explicit dynamic analysis was utilized to simulate
the dynamic flexural behavior of fiber-reinforced cementitious beam under different dynamic
loading rates. The mechanism of force transfer through the bond layer between the PVDF film
and fiber-reinforced cementitious beam 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.

4.2. THEORETICAL MODELING

4.2.1. Concrete damage plasticity model

The CDP model [1-3] was adopted for simulating the nonlinear behavior of fiber-reinforced
cementitious material due to plasticity and damage, which is:
c=(01-d)E,(e—&") (1)
where O is the stress; &, &/ are the total strain and plastic strain, respectively. Eo represents
the initial Young’s modulus of fiber-reinforced cementitious material. d represents the damage
factor used for quantifying stiffness degradation, in a range of 0 to 1. And it requires that the d
increases monotonically with strain. Here, as fiber reinforced cementitious material was used,
the stress doesn’t decrease monotonically with strain when the material is loaded in tension.
Hence, stiffness degradation was not considered.
The following yield criterion in the CDP model is used to describe the initiation of plastic strain.
F= %(5—3@ +p’(gﬂ)<5max > —y<—5max >)—o_'c(8f’) )

-
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where p represents the effective hydrostatic pressure. ¢ represents the von Mises equivalent
effective stress. The subscripts ‘¢’ and ‘c’ represent tension and compression, respectively. G max
refers to the maximum principal effective stress. o,,/ o, refers to the ratio of initial equi-

biaxial and initial uniaxial compressive yield stress, which takes a default value of 1.16 in
ABAQUS. K, describes the ratio of second stress invariants on tensile and compressive

meridians for a given invariant p , 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 \/ ec tOtanl// +q ptan‘// (6)

where y is the dilation angle. o,, is the uniaxial tensile stress at failure. &£ . 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. [4], the constitutive relationship of a typical fiber reinforced
cementitious material (ECC) can be simplified as shown in Figure 4-1. Herein, its compressive
model (Figure 4-1(a)) can be represented as

E.e 0<e<g,),

| Eell-a) ¢g,<e<¢,
O = / (7
m(e—¢g))+f., & <L
nle—¢g))+o, §<e<se,,
where &, refers to the strain at the peak load. &, refers to the strain at 40% of the peak load.

/.| represents the stress at the peak load. 772, determine the slope of the bilinear curve,

which can be calibrated by experiments. 0;, & represent the stress and strain at the inflection

point, respectively. & refers to the reduction factor for elastic modulus, which is calculated as
follows

a=atf p (8)

where a and b can be obtained according to the slope of the equivalent hardening line.
As indicated in Figure 4-1(b), the tensile behavior of ECC can be represented by a trilinear

curve, which can be described by Eq. (9) [S]. Herein, the second part of the curve (&, <& <¢,))

is employed to model the tension stiffening characteristics of ECC. o0, 0,,, &), €,, can be used

to modify the tension stiffening behavior of ECC according to the experimental tensile data.
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Figure 4-1 Constitutive relations of the CDP model for ECC: (a) Compression; (b) Tension.

4.2.2. 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 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
[6, 7]), which has significant impacts on the output voltage [8]. Figure 4-2 presents the
mechanism for the interaction between the host structure and the piezoelectric polymer. Herein,
‘1’ represents the axial direction, ‘3’ represents the vertical direction. As indicated in Figure 4-
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 tangential direction, the relative
movement of the two is limited by corresponding adhesive friction ( 7 ) 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 polymer. However, it should be noted that the bond layer
deforms unevenly due to the shear lag effect [9, 10], which results in relative slip between the



CHAPTER 4 45

host structure and the piezoelectric polymer, as shown in Figure 4-2(b). Herein, u, is the

deformed position of the interface between the bond layer and the host structure. ¢, 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), u,, will reduce to up’ , U, will reduce to u,,' , as shown in Figure 4-

2(c). These effects inevitably cause a difference in deformation between the piezoelectric
polymer and the associated host structure surface.
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w

v
o

(c) Deformation of bond layer with debonding

Figure 4-2 Interaction between the host structure and the piezoelectric polymer using adhesive bond layer

Compared to the host structure, the adhesive layer has a negligible mass and stiffness, and is
thus omitted from the mechanical simulation [10]. 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 the slave surface can not penetrate the
master surface. In this way, the strain difference between the piezoelectric polymer and the
associated host structure surface induced by the bonding condition can be reflected in the model.
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4.2.3. Piezoelectric model for piezoelectric polymer

4.2.3.1. FE model for a piezoelectric element

The constitutive equations for the mechanical—electric field coupling effect in a piezoelectric
material can be formulated as [11]:

_ JE
A = Su T +d,q./. -E,

y
T
-1, +ey -E,

D -d (10)

ki
where D, is the electric displacement. £ is the electric field. S, is the mechanical strain.
T}, is the mechanical stress. d,; and d , refer to the piezoelectric strain coefficients. ka,

represents the mechanical compliance measured at constant electric field. efk refers to the

dielectric permittivity measured at constant stress. The superscripts ‘£’ and ‘7" represent that
this quantity is measured at constant electric field and constant mechanical stress, respectively.

For d,; and d ,, the first subscript indicates the direction of the electric field, and the second

and third subscripts together indicate the direction of the associated mechanical stress.
The tensor form of Eq. (10) can be written as:

E t
ol 7l w
D d ¢ || E,

where S is the strain tensor. D is the electrical displacement vector. T is the stress tensor. Ee is
the electrical field vector. The superscripts ‘£’ and ‘7" represent that this quantity is measured
at constant electric field and constant mechanical stress respectively. sf is the compliance
tensor measured at constant electric field. €’ is the dielectric permittivity tensor measured at
constant stress. d is piezoelectric strain tensor. The superscript ‘¢’ represents the transpose
matrix of this quantity. d" is the transpose matrix of d.
Similarly, Eq. (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 Chapter, the
PVDF film must be subdivided into numerous small rectangular elements. Each rectangular
element can then utilize Eq. (10) as its constitutive equation. A piezoelectric element has both
the mechanical degrees of freedom (the displacement vector & ) and the electrical degrees of
freedom (the electric potential array ¢ ), which can be used to calculate § and E.r:

P H
E,| |0 B¢
B,=VN, (13)
B,=VN, (14)

where N,, N, are shape functions in terms of displacement and electric potential, respectively.

B, is the strain-displacement matrix containing the derivatives of N,; B ,» 1s the electrical

field-electric potential matrix containing the derivatives of N, .

Based on Hamilton’s principle, the governing FE dynamic equations for a piezoelectric finite
element can be derived as
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where the subscript ‘e’ indicates element quantities. @, 1, ¢ represent vectors of nodal

displacement, velocity, and acceleration, respectively. @, qTD, gz) represent the electric potential,
the first derivative of the electric potential, and the second derivative of the electric potential,
respectively. /" is the external force. ¢ is the external point charge.

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

k= ||| Bic"B,dv (16)
Mass matrix of an element e is:
m, = [[[ PN.N,dV (17)
Mechanical damping matrix of an element e is:
cu=a|[[ PN.N,aV + ||| Bic" B,dV (18)
Dielectric stiffness matrix of an element e is given as:
k,, = || B,z B,dv (19)
Piezoelectric coupling matrix of an element e is:
k, =[] Bie'B,av (20)
The global governing equation for all piezoelectric elements can be assembled as:
M{uii—l—Duuil—l—Kuuu—l_Ku(p(o:F (21)
K, u+K, o=0 (22)
where #, , u, ¢ are the global degrees of freedom at nodes. M,,,D,,,K,,,K,,,K,,.F,0Q

are the globally assembled quantities for the mechanical mass matrix, the mechanical damping
matrix, the mechanical stiffness matrix, the piezoelectric coupling matrix, the dielectric
stiffness matrix, the external force, and the external point charge, respectively.

4.2.3.2. Simplified model

In general, complex interactions exist between the ECC specimen and the piezoelectric
polymer with complex boundary conditions, making it difficult 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 perpendicular to the direction 3 (Figure 4-3),
thus p, = 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 D5 in Eq. (10) can be simply obtained as
D, =d; 0, +dy,0, +d;50; (23)

For the PVDF film, «,, is 10 times smaller than 4., or «,,, which can be discarded in Eq.

(23) for calculating D3 generated in the direction 3 [12]. Combined with geometric parameters
of the piezoelectric film, Eq. (23) can be rewritten in Eq. (24) as the superposition of the two
charge generation modes: mode 31 and mode 33 [13, 14].

q; = dSIElp /tp +d,,F, (24)
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where g3 is the generated charge in the direction 3. F 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. / po W,, L, are the length, width and thickness of the piezoelectric film,

P
respectively.

As indicated in Figure 4-3, 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 generally
called d31-coupling mode (mode 31) for voltage generation. Similarly, d33-coupling mode
(mode 33) indicates that the voltage generated in the direction 3 is from the force applied in
the direction 3.

Poling
direction

Electrode

I 3 Piezoelectric polymer
1 2 -

Figure 4-3 Schematic representation of a piezoelectric film with a d3;-coupling mode

Generally, a PVDF film has a very small thickness (micrometer range), and thus the ratio of
[ ) / t, is on the order of 1000. Assuming the same mechanical energy input (F =F,), the

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

q,=d,Fl It (25)
As illustrated in Figure 4-3, the top and bottom surfaces of a piezoelectric film are electrodes
with a vertical poling direction (i.e., direction 3). The electrode makes the corresponding
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 [15]:

1 N
Eve = V—Z

tol Jj=1 no i=l

{NLNZM:QJ}AVJ (26)

where gl.j is the strain at node i belonging to the volume of element j located on a subvolume
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of the piezoelectric film. N, is the number of nodes which belong to the related element

no

volume. AV is the volume of element j located on a subvolume of the piezoelectric film. N,

is the number of elements which belongs to the piezoelectric film. V,, is the total volume of
the piezoelectric film.

The voltage generated in dsi1-coupling mode can be calculated by the piezoelectric strain
constant d31 as indicated in Eqgs. (27)-(28) [16]. Herein, the capacitance C , of the piezoelectric

film can be obtained as:
e w

C, = REEW M2 27)
tP

Where €5, is the 3™-directional dielectric constant of the piezoelectric film.

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

d,E |l w
4 = é — gave (28)

P

where £, is the Young’s modulus of the piezoelectric film.

4.2.4. Flowchart of the energy harvesting model

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



50 CHAPTER 4

Mechanical model: CDP model for ECC »| Stress-displacement curve

A
Sliding friction model between Surface-mounted
PVDF and ECC

A 4

Strain time-history for PVDF

A 4

Piezoelectric model for PVDF

A
A

FEM

Simplified formula

y

A

Voltage output for energy harvesting

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

4.3. Model validation

4.3.1. Experiment setup

The energy harvesting model of fiber-reinforced cementitious materials with surface-mounted
PVDF was further validated by using an energy harvesting results from the literature [17]. In
the experiment, a four-point bending test was implemented to study the dynamic flexural
behavior of ECC, as indicated in Figure 4-5. The ECC specimen has a load span of 50 mm (one
third of the support span 150 mm). A PVDF film was externally bonded to the underside surface
of the ECC specimen at the mid-span. Lead attachment of the PVDF film was accomplished
using riveted lugs connected with 28 AWG wire. The PVDF film has an area of 73 mm x 16
mm with a thickness of 40 um. As indicated by the manufacturer, the PVDF film is generally
laminated to a 0.125 mm polyester substrate as a protective layer. This protective layer made
of thin polyurethane can prevent surface oxidation of the silver ink electrode area [17, 18].
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. During the flexural test, a voltage data logger with the terminal board was
used to simultaneously record the output voltage from the PVDF film per millisecond.

Table 4-1 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 um and a length of 8§ mm. The
complete mix design is given in Table 4-2.
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Figure 4-5 Experiment setup for 4-point bending test used for model validation (unit: mm)

4.3.2. Energy harvesting modelling

As shown in Figure 4-6(a), the ECC specimen has a size of 210 mm x 60 mm x 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 surface of the specimen. Simply supported
boundary conditions were adopted for the two steel bars located on the bottom surface of the
specimen. To ensure continuous force transmission, tied constraints were used in the
interactions between steel bar and ECC. The ECC specimen and steel bars are all meshed by
C3DS8R (the eight-node linear hexahedral solid element with reduced integration) in Abaqus.

The CDP model parameters for ECC [5, 17, 19] are listed in Table 4-3. pp refers to the

density of ECC. V. refers to Poisson’s ratio of ECC. For small strains, however, the material

of the PVDF film is considered mechanically isotropic [16]. The elastic modulus, Poisson’s
ratio of steel are 198.0 GPa and 0.3, respectively. The steel density is taken as 7900 kg/m>
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v

i
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Figure 4-6 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 4-1 Mixture proportions (by relative weight in terms of cement) [17].

o . PVA Fiber
Type Cement Flyash Silicasand water Superplasticizer (by volume)
PVA-ECC 1.0 1.2 0.8 0.5 0.008 2.0%
Table 4-2 Material properties of PVA fiber [17].
Type Dl(a;;e)t e Length (mm) Tensile Strength (MPa) Elastic Modulus (GPa) Specific Gravity
RECS-15 39 8 1600 41 1.3
Table 4-3 CDP model parameters for PVA-ECC.
Prcc E, Vice . K w - Viscosity
(kg/m>) (GPa) ¢ ¢ « Parameter
1870 28 0.2 1.16 0.667 35 0.1 0.001

The stress-strain relationship of the ECC under compression and tension in CDP model were
taken based on its experimental results of uniaxial compression and tension tests from the
literature [4, 5, 20]. In Figure 4-7 and Table 4-5, Case 1 corresponds to a loading rate of 0.5
mm/s, Case 2 to 1.0 mm/s, and Case 3 to 2.0 mm/s. As known, the 4-point bending test of ECC
is mainly governed 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
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behavior parameters are obtained by several iterations to get a best fitting of the experimental
stress—displacement curve using the 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) [21, 22], 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 4-4, and tensile behavior parameters in Table 4-5. 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. The damping effect has not been considered since the loading rates
are low. Mesh size dependence analysis has been performed to determine the optimized mesh,
which ensures the accuracy and reliability of the model while reducing computational cost.
Due to complex links of constraints and interactions in the model, double-precision analysis
for Abaqus/Explicit was adopted to ensure the desired accuracy of the solution.
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Figure 4-7 Stress-strain relationship of the ECC, (a) under uniaxial compression, (b) under uniaxial tension.

Table 4-4 Compressive behavior parameters

Yield stress (MPa) Inelastic strain (%)
16.92 0
37.6 0.23

Table 4-5 Tensile behavior parameters

Case 1 Case 2 Case 3
Yield stress Cracking strain Yield stress Cracking strain Yield stress Cracking strain
(MPa) (%) (MPa) (%) (MPa) (%)
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
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Generally, the thickness of a PVDF film is a range of 20-40 um, 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 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 simulated by using shell elements due to its small
thickness and linear-elastic deformation (see Figure 4-6(d)). The shell element in Abaqus
adopted the local coordinate system with two tangential directions of ¢, # (corresponding to
positive x, z direction in the global coordinate system) and the normal direction of n3
(corresponding to negative y direction in the global coordinate system). SNEG refers to the
face of the PVDF film 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 integration points along the thickness. Surface interaction was used between PVDF and
the bottom surface of the ECC specimen. Hard contact was adopted to minimize the
overclosure of PVDF and the bottom surface of the ECC specimen. Moreover, no separation
relationship was used to prevent 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 influenced 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 harvesting model
was determined by comparison with experiment results regarding the output voltage. In the
simulation, the sliding friction coefficients between the PVDF film and the specimen under
loading rates of 0.5 mm/s, 1.0 mm/s and 2.0 mm/s are 0.005, 0.0063, 0.065, respectively.
Figure 4-8(a) gives the configuration of a PVDF film with a length of /,, a width of w;, and a
height of 4. The piezoelectric film is bonded to the bottom surface of the ECC specimen in the
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
displacement loading, which can be obtained by the product of the length and the axial strain
of the film (Eq. (29)). The other end of the film is fixed.

U (1) = 1,8, (1) (29)

An 8-node linear piezoelectric brick element C3DSE in ABAQUS was adopted to simulate the
piezoelectric effect of the PVDF film induced by the bending ECC. The element has both the
mechanical degrees of freedom (displacements) and electrical degrees of freedom (electric
potential), which can be calculated simultaneously. As shown in Figure 4-8(b), the 3-axis (i.e.,
the thickness direction) was set as the poling direction in the finite element (FE) model for
piezoelectric simulation. The bottom surface of the PVDF film was 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.. Herein,
constraint 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
generated from the PVDF film due to the piezoelectric effects. In experiments in literature [17],
the Voltage data logger (ADC-20) was used to record open circuit voltage. Correspondingly,
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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 x 16 mm (/, x wp) with a
thickness of 40 um (%,). Herein, only the thickness of 40 um can generate an electrical potential.
The PVDF film was assigned with typical piezoelectric and mechanical properties of PVDF

obtained from the literature [17, 18, 23, 24], as outlined in Table 4-6. Wherein 0, isthe density
of PVDF. g;,, g, are the piezoelectric voltage constants of PVDF. f,, is the yield strength of

PVDF. k;, is the electromechanical coupling factor of PVDF. P, is the pyroelectric coefficient.
vp is the Poisson’s ratio. For small strains, however, the material of the PVDF film is considered

mechanically isotropic [16].

Table 4-6 Piezoelectric and mechanical properties of PVDF

Material properties Value Units Material properties  Value Units
P, 1780 kg/m? E, 2 GPa
v, 0.34 - f.. 45-55 MPa
d;, 23 pC/N d,, 1.476 pC/N
ds, -33.8 pC/N ds 20 pC/N
e, 1.15¢1° F/m g3 216 ¢ m’/C
g5 -330e” m?/C ks, 12% -

P 30 C/m*-K
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Figure 4-8 Piezoelectric model for the PVDF film, (a) the PVDF film applied by the average axial displacement,
(b) FEM model based on piezoelectric elements.

4.3.3. Results and discussion

As shown in Figure 4-9, the simulated results from the simplified method are in good
agreement with experimental data [17]. 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 surface 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 initial 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 loaded 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 output voltage slowly increases with the displacement
increase during the later plastic stage.
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Figure 4-9 Comparisons of the flexural stress and output voltage versus mid-point displacement between

experimental data [ 17] and simulated results under different loading rates.

As seen in Figure 4-9, 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,
1.0 mm/s, and 2.0 mm/s 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. The slight discrepancies observed at the initial loading stage
are likely due to surface irregularities and microcracks that formed on the bottom surface of
the experimental specimens, leading to a faster initial voltage response. In contrast, the
numerical model assumes a smooth, crack-free surface and no crack formation within the
elastic stage, resulting in a more gradual increase in simulated voltage at the onset of loading.
As indicated in Eq. (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 [17]. In the model, the axial strain of the PVDF
film is extracted under different loading rates, as shown in Figure 4-10. Wherein the
displacement also indicates the mid-point displacement as in Figure 4-9 for different loading

rates. €,,, 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 relationship to the output voltage
concerning mid-point displacement. Similar to the output voltage, the axial strain of the film
was higher under 2.0 mm/s loading rate and decreases with the decrease of the loading rate.
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The axial strain of the film under 1.0 mm/s loading rate is relatively close to that under 0.5
mm/s loading rate since the low loading rates of 0.5 mm/s and 1.0 mm/s are close to quasi-
static loading. 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 loading rate is 0.0063, which is slightly larger than 0.005
under 0.5 mm/s loading rate. The sliding friction coefficient under 2.0 mm/s loading rate is
0.065, which is ten times higher than that under 1.0 mm/s loading rate or 0.05 mm/s loading
rate. This friction-induced voltage mechanism in this model reveals that a higher loading rate
causes more frictional contact between the PVDF film and the ECC specimen due to inertia
forces arising from dynamic effects, which results in a higher axial strain of the film to generate
more output voltage.
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Figure 4-10 Comparisons of the axial average strain versus mid-point displacement under different loading rates.

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 properties 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 [25]. Compared to the simplified method, the FEM considers
the inertia force due to mass, and d32, d33 during the dynamic analysis. Figure 4-11 gives a
comparison of the simulated voltage results between FEM and simplified method under
different loading rates.
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Figure 4-11 Comparisons of the output voltage versus mid-point displacement between FEM and simplified
method under different loading rates.

As shown in Figure 4-11, there is a good agreement between the FEM and simplified method.
Nonetheless, there remains a very small difference between the two results when the loading
rate increases from 0.5 mm/s to 2.0 mm/s. This is because the FEM considers 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 output voltage is mainly from the strain energy of the film during 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 simplified
method is not. Figure 4-12 also gives voltage distributions of the PVDF film in FEM under
different loading rates of 0.5 mm/s, 1.0 mm/s, 2.0 mm/s, when the corresponding mid-point
displacements reach 2.0 mm, 2.0 mm, 1.0 mm, respectively. The unit in the legend of Figure
4-12 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, 28.77mV under different loading rates of 0.5 mm/s, 1.0 mm/s, 2.0
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mm/s, respectively, when corresponding ECC specimens reach near their peak stresses.

(a) (b)
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Figure 4-12 Voltage distribution of the PVDF film under 0.5 mm/s loading rate (a), 1.0 mm/s loading rate (b), and
2.0 mm/s loading rate (c).

4.4. CONCLUSIONS

In this chapter, a theoretical energy harvesting model has been developed for calculating
the output voltage of fiber-reinforced cementitious materials incorporating surface-mounted
piezoelectric films. Several important conclusions can be drawn as follows

* 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 experimental data in literature proves
the accuracy and reliability of the proposed model.

* 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, damping, and material heterogeneity for mechanical and
piezoelectric parameters.

* In the PVDF-ECC energy harvesting system, the output voltage generated increases
with the increase of the dynamic loading rate. This is because a greater dynamic loading
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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.

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 for harvesting energy from fiber-reinforced
cementitious materials incorporating surface-mounted piezoelectric films. This theoretical
model can be also considered as a benchmark model to simulate the energy harvesting process
of ACCCs in the following chapters.
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ELLIPTICAL-SHAPED ACCC ENERGY HARVESTER
——MODELLING

The auxetic cementitious cellular composites energy harvester demonstrated its ability to
generate electrical energy during energy harvesting experiments. However, this process
involves a complex electromechanical interaction between the ACCCs and the surface-
mounted PVDF. After pre-compression, ACCCs exhibit elastomer-like behavior, showing
recoverable deformation during cyclic loading. The hinge-like strain in the ligament of ACCCs
can be transferred to the bonded PVDEF, producing a voltage output for energy harvesting. This
hinge-like strain is influenced by the geometry of the pre-compressed ACCCs, which includes
elastic-plastic deformation and the pre-compression damage evolution of fiber-reinforced
cementitious materials. The deformed ACCCs after pre-compression further display second
elasticity behavior due to fiber bridging. In this chapter, an energy harvesting model was
developed to simulate the energy harvesting process of the ACCC energy harvester,
incorporating both the mechanical and electrical aspects. This model extends the general
computational framework established in Chapter 4 for cementitious materials with surface-
mounted PVDF by integrating the specific mechanical deformation behavior of ACCCs and
the corresponding electrical response of the PVDF film. Model validation was carried out
using experimental results previously presented in Chapter 3, demonstrating good agreement

between the simulated and measured outputs.

Part of this chapter have been published as Xie, Jinbao, et al. "Auxetic cementitious cellular composite (ACCC)
PVDF-based energy harvester", Energy and Buildings, 298 (2023): 113582.



66 CHAPTER 5

5.1 INTRODUCTION

In Chapter 3, a novel piezoelectric energy harvester with ACCCs and surface-mounted PVDF
film based on strain-induced piezoelectric mechanisms has been designed, fabricated, and
experimentally tested. The ACCC-PVDF energy harvesting system was first compressed to a
predetermined displacement and then subjected to cyclic loading for generating voltage. The
output voltages of the energy harvester under different loading amplitudes and frequencies
were further investigated. This chapter develops a numerical model to simulate the energy
harvesting process of the ACCC energy harvester, providing insights into the mechanical and
electrical mechanisms behind experimental observations. It also provides a numerical
prediction of the energy harvesting potential of cementitious materials with complex
geometries. Additionally, the model can capture the effects of mechanical and electrical
parameters on energy harvesting, enabling optimization of the design for future applications.
The model builds upon the general framework introduced in Chapter 4 for cementitious
materials with surface-mounted PVDF. It is further refined by incorporating the distinct
mechanical deformation characteristics of ACCCs and the resulting electrical response of the
PVDF film.

: DP model for A :
; Mechanical model for ACCCs »|  CDPmodel for ACCCs ;
: (preloading stage) :
: At a specified displacement :
: Y :
; Second-elasticity model for ACCCs | _ Reconstructed deformed shape .| Parametric modeling of | }
: (cyclic loading stage) B for ACCCs B PVDF film :

I Interaction between PVDF and ACCCs .
(Surface bonded) |

| Normal 1.nseparat10n Tangential sliding friction .
by applying pressure |

| »| Extract displacement and strain history for PVDF [

Displacement and Strain conversion
between coordinate systems

Y

Analytical piezoelectric model for PVDF

Y

Voltage output for energy harvesting

Figure 5-1 Flowchart of the energy harvesting model for ACCC-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.
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Figure 5-1 gives a flowchart of the energy harvesting model for the ACCC-PVDF system. The
mechanical model of ACCCs consists of two parts, preloading and cyclic loading. During the
preloading phase, CDP model was used to quantify the mechanical behavior of ACCCs. Due
to its limitations, the CDP model was unable to simulate the second-elasticity behavior of the
ACCCs during cyclic loading. 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 Figure 5-1. 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 Figure 5-1).

- | .
g Preloading : Cyclic loading |
| @ € >
E Preloading | Cyclic loading -2 :
.'.% e a | 2mm
& I I
a = — & = - e ¥
| 11 mm :
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R e e
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| |
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g ] > . | >
|
| Time : Time
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Figure 5-2 Loading plans for energy harvesting models, (a) amplitude 1.0 mm, (b) amplitude 2.0 mm.

Compared with the experimental loading plan in Chapter 3, corresponding loading plans for
energy harvesting with different amplitudes have been adopted in models, as shown in Figure
5-2. In the energy 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 amplitude of
2.0 mm, the deformed geometry of the specimen at the 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 as a benchmark.
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5.2 MECHANICAL MODEL

5.2.1 CDP model for preloading

The elastic-plastic behavior of cementitious composites reinforced by PVA fibers can be
simulated by CDP model. The theory of using CDP model for simulating the mechanical
behavior of ACCCs has been presented in previous research [1]. As seen in Figure 5-3a, b,
during the preloading stage, the mechanical behavior of ACCCs is modeled based on CDP
model from zero to a certain loading displacement. The deformed specimen with plastic strain
distribution at the displacement of 4.0 mm was displayed in Figure 5-3b when the loading

amplitude 1s 1.0 mm.

Loading plate

Plastic strain
0.745

Loading plate

Loading plate

T-ACCCs

| b 4 1

' PVDFfim )|
B 7 y |

/
ACCCs

PVDF film
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\ PVDF film and ACCCs

Pressure

Contact surface of ACCCs Contact surface of PVI%F film

Figure 5-3 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



CHAPTER 5 69

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

The CDP model parameters for the ACCCs are listed in Table 5-1. There, p refers to the density
of the ACCCs. E, is the initial elastic modulus of the ACCCs. , is the Poisson’s ratio of the
ACCGs. o,,/0,, 1s the ratio between the initial yield stress in equi-biaxial compression and

uniaxial compression. x_ represents the ratio of the second stress invariants on the tensile and

compressive meridians. |/ refers to the dilation angle. €,. is the flow potential eccentricity. For

the material parameters of CDP model, tensile behavior parameters and compressive behavior
parameters for the ACCCs are listed in Table 5-2, Table 5-3, 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 by Xu et al. [1, 2]. 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 wusing the
ABAQUS/explicit module. The meshing of the ACCC specimen was achieved using CPS3, a
3-node linear plane stress triangular element without hourglass eftfect. 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 [1], plastic films were
employed to minimize friction between the ACCC specimen and the loading plates.
Consequently, a low friction coefficient of 0.105 was adopted to simulate 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.

Table 5-1 CDP model parameters for ACCCs.

p (kg/m?) E, v 4/ O K, 174 e, Viscosity
(MPa) Parameter
1870 3997 0.2 1.16 0.667 35 0.1 0.001

Table 5-2 Tensile behavior parameters for ACCCs

Yield Stress (MPa) Cracking Strain (%)

2.358 0

1.283 0.0519
1.671 0.180
1.477 0.265
1.235 0.505
0.959 0.669
0.641 0.962
0.334 1.551
0.193 1.995

Table 5-3 Compressive behavior parameters for ACCCs

Yield Stress (MPa) Inelastic Strain (%)
8.376 0




70 CHAPTER 5

12.273 0.0158
12.027 0.0367
10.984 0.0765
10.586 0.0889
10.060 0.1264
9.948 0.1557
10.720 0.2030
11.333 0.2312

5.2.2 Reconstruction of ACCCs

As displayed in Figure 5-3b, 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 Figure 5-4, 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 coordinates at the current moment. The current node coordinates are
obtained 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 Figure 5-
3¢, 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 same element type but different
element distribution or topology information (see Figure 5-3d).
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Figure 5-4 Topological reconstruction of geometric shapes based on node-order-track algorithm

5.2.3 Second-elasticity model of ACCCs

The second-elasticity phenomenon of ACCCs can be observed from the stress-strain curve in
previous studies [2-4]. 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 Figure 5-3d. To this end, the reconstructed geometric shape of ACCCs
at a certain loading displacement (i.e., the end of preloading stage) is used as the initial shape
for second-elasticity model during cyclic loading. For the material properties, the elastic
modulus of the based material of the ACCCs in the second-elasticity model was taken as 1825
MPa by fitting previous experimental data [2-4] of stress—strain curve during the strain range
of cyclic loading. 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.
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5.2.4 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 Figure 5-1. 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 specimen 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 curvature 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 (see Section A.1 in Appendix
A). The internal profile of the deformed ACCCs in Figure 5-3c 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

5p of 0.025 (the shape parameter defined in Section A.1 in Appendix A). The PVDF film

configuration via parametric construction above can be seen in Figure 5-3d. In the mechanical
model, the PVDF film is considered isotropic due to small strain.

5.2.5 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 Section A.2 in Appendix A. To ensure
that the PVDF film maintains normal contact with the ACCCs, a new modeling approach was
developed that considers the consistent normal inseparability of contact elements 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 Figure 5-
3e. Simultaneously, 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 ACCC-PVDF system, the applied pressure does not result in a change in the
amplitude of strain. Consider the bonding condition during cyclic loading, the pressure of 0.35
MPa was applied to prevent the separation of PVDF film and ACCCs. As seen in Figure 5-3e,
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 calibrated by comparison with experiment results regarding the
output voltage. Figure 5-3f 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 Figure 5-3d.
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.
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5.3 ANALYTICAL FORMULAS FOR PIEZOELECTRIC MODEL

The mechanical response of the bonded PVDF film can be obtained from the mechanical model
of the ACCC-PVDF system presented above. On this basis, analytical formulas for the
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 Figure 5-1. 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 illustrated in Figure
5-5. Herein, each rectangular segment consists of two triangular elements (the element type for
meshing) with four nodes. As shown in Figure 5-5, four nodes of each rectangular segment

. . t t t; t . t; t; t; t; .
have time-dependent displacements as u,,u,,u;, u, at time f; and u", ;" ,u;", u," at time

t.;. In Figure 5-5, the piezoelectric strain coefficient d31 relates the generated electric charge
in the thickness direction to the applied stress along the length direction (piezoelectric mode
31). The piezoelectric strain coefficient dy; 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 coordinate 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 elements,
as indicated in Figure 5-6. Then, the centroid strain of each rectangular segment in the global
coordinate system should be converted to the strain in its local coordinate system, as shown in
Figure 5-6.
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Figure 5-6 The centroid strain of each rectangular block by an averaging method

The strain & ,;, in the local coordinate system can be obtained via the strain &€,, in the global

coordinate system. Detailed derivation of formulas can be found in Section A.3 in Appendix A.
g, &,] [cos® sinflle, ¢,]|[cosd -sind
& &, | |-sin@ cos@| &, &, | sind cosd

B 2 .2 . (30)
| &,c08" O+é&y,sin” 0 cos@sm@(g“—gzz)}

| cos@sinb(g, —¢,) &, sin’ @+¢,,cos’ 0

where superscript - indicates variables in the local coordinate system. , 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 general, the constitutive equations for the
mechanical—electric field coupling effect in a piezoelectric material can be formulated as

E
Sy = STy +dy; - E, G31)
T
D, =d, T, +e; E,
where S ; refers to the strain. Sl.fk, is the mechanical compliance measured at constant electric

field (superscript E). 1}, refers to the stress. £, refers to the electric field. D ' refers to the
electric displacement. efk is the dielectric permittivity measured at constant stress

(superscript 7). d kij > d s 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 Dli =D§ =0 . When the

piezoelectric film is used as a sensor to measure the mechanical strain for the output voltage,
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no external electric field is applied. Hence, the electric displacement D3i due to the stresses

o, o', o' inthree directions of local coordinate system can be simply obtained as
2 3

1

D; = d310‘f' + d330'i' + d320_§’ (32)
The ACCCs are loaded in the plane stress state, thus the out-of-plane stress is
c'=0 (33)

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. (34).

q :llm(a’3,o-f' +a’330'i') (34)

> W,, 1, are the
length, width, and thickness of the PVDF film. The piezoelectric film is divided into »
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

where /i, w; are the length and width of each rectangular segment, respectively. /

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

o, 1 v 0 £
O'; = (]—Vz) v, 1 0 g; (35)
Tz 4 r 0 (I_Vp) 71' 4

12 B 2 | 12

where Ep , Vv, refer to the elastic modulus and Poisson’s ratio of the PVDF film, respectively.

"' is in-plane shear stress in local coordinate system. gl’" gi' are the in-plane strains in the
12

5

two directions of local coordinate system. 7/"2' is in-plane shear strain in local coordinate
1

system.
Thus, with the combination of Eq. (34), Eq. (35) can be formulated as
=Llw(d L (" +v e Y+rdy,—L—(v " +&"
q; i 1( 31 (I—V;)( 1 P 2) 33 (1—1/127)( < 2)) (36)
The capacitance C; of each rectangular segment can be calculated as
essliw;
C=—" (37)

t[)

where [, is the thickness of the piezoelectric layer in the PVDF film. e33 refers to the dielectric

constant in the direction 2 of the PVDF film. Correspondingly, the capacitance C, of the PVDF
film can be represented as
el w
C== =G (39)

p
The charges ¢, on the electrodes of the PVDF film can be obtained by summing up the charges

for each segment using Eq. (39).
v.C,

n

(39)

q, 22%' =
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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.

V,=V,,+V,, (40)
I w. d,, FE n ) ) I wd, 1 w. d
V —__p P P 8’, +v 8’, “p P31 — p p 31 5_;
Pl Cp (1 _V2 2( 1 P2 ) n z Cp 1 (41)
I wd E, l w, d 1 [l wd
1% —_p P33 v g " = —_ =_£ 733 o)
O AT d XS po3 P @)

P 1’ P

wherein 51' is defined as the equivalent d3;-directional stress for the PVDF film. 52’ is the

equivalent ds;-directional stress for the PVDF film. V,, is defined as the cumulative voltage

induced by 0, 1' .V, is the cumulative voltage induced by 0, ).

p,2
Therefore, the mechanical responses calculated in the local coordinate system were inputted
into the analytical formulas of the piezoelectric 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 d31
and ds3. Table 5-4 gives the piezoelectric properties and mechanical properties of the PVDF

film used in the piezoelectric model. Wherein p, refers to the density of the PVDF film. feu is

the yield strength of the PVDF film. k31 is the electromechanical coupling factor of the PVDF
film.

Table 5-4 Piezoelectric properties and mechanical properties of PVDF

Material properties ~ Value  Units Material properties  Value  Units

P, 1780  kg/m? E, 2 GPa
v, 0.34 - o 45-55 Mpa
d,, 23 pCN d, 1476 pC/IN
dy, -33.8  pC/N d,s 20 pC/N
e 1.15¢'  F/m ks, 12% -

5.4 MODELLING RESULTS AND DISCUSSION

As displayed in Figure 5-7, the simulated results based on the energy harvesting model of the
ACCC-PVDF system presented a great agreement with the experimental measurements,
confirming the validity of our model. Figure 5-7 also shows that the energy harvesting model
can account for the effects of loading amplitude and loading frequency on the output voltage.
It can be found that, 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 deformation of the ACCC-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 Section
A.2 in Appendix A. Correspondingly, the models subjected to a larger loading amplitude



CHAPTER 5 77

exhibit higher friction coefficients, as demonstrated in Table 5-5.

Table 5-5 Friction coefficients under different loading amplitudes and loading frequencies

Loading amplitude 1.0 mm 2.0 mm
Loading frequency 0.3 Hz 1.0Hz 20Hz 03Hz 1.0Hz 20Hz
Friction coefficients 0.028 0.032  0.035 0.08 0.085 0.09

As demonstrated by the experimental results in Chapter 3, the output voltage increases with
loading frequency when subjected to the same loading amplitude. When the PVDF film is
firmly bonded to the surface of the ACCCs, the dynamic principal stress induced during cyclic
loading develops along its tangential direction (i.e., the direction of its length). This stress
increases with loading frequency due to inertial effects. The tangential stress is primarily
influenced by the frictional force between the PVDF film and the ACCCs surface. This
relationship is captured in the calibrated energy harvesting model, which incorporates varying
friction coefficients along the tangential direction, as shown in Table 5-5. The model
demonstrates that, at a constant loading amplitude, higher loading frequencies correspond to
increased friction coefficients, leading to greater output voltage in the simulated results.
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Figure 5-7 Comparisons of the output voltage between simulated results and experimental data under different

loading frequencies and different loading amplitudes.

The energy harvesting model allows for the calculation of voltage components induced by the
two charge generation modes of d31 and ds3, as well as their corresponding stresses under
varying loading amplitudes and frequencies. Figure 5-8 and Figure 5-9 display these results.
The total voltage of the PVDF film (V(total) in Figure 5-8 and Figure 5-9) is the algebraic sum

of the voltage components generated by d31 and d33. 0, (d31) represents the equivalent ds;-

directional stress 51' (i.e., the equivalent tangential stress) for the PVDF film; 02(d33)
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represents the equivalent d33-directional stress o é (i.e., the equivalent normal stress) for the
PVDF film. The equivalent d3;-directional stress 51, is significantly larger than the dj33-

directional stress 5; during per cycle for energy harvesting. Correspondingly, the output

voltage V,, generated by d3i-coupling mode (V1(d31) in Figure 5-8 and Figure 5-9) is greater

than the output voltage ¥, , generated by d33-coupling mode (V2(d32) in Figure 5-8 and Figure

5-9). This is because the flexural behavior of the PVDF film enables it to utilize the d3i-
coupling mode, which results in a strong voltage generation.

The results presented in Figure 5-8 and Figure 5-9 also illustrate the effects of loading
amplitude and loading frequency on the output voltage regarding the stress components and

corresponding voltage components. It can be found that the magnitude of 51', 5; under the
loading amplitude of 2.0 mm are greater than those under the loading amplitude of 1.0 mm.

Correspondingly, V,

1> V,, become greater when the loading amplitude increases from 1.0 mm

to 2.0 mm. Under a constant loading amplitude, the magnitude of 0, 1' demonstrates a significant
increase as the loading frequency is elevated from 0.3 Hz to 2.0 Hz. In contrast, the magnitude

=~ o : .
of 0, exhibits only a marginal rise over the same frequency range. These trends are further

reflected in the behavior of V,, and V,,: V,, increases notably with loading frequency,

while V,, shows a slight incremental response to the frequency increase under consistent

loading amplitude conditions.

It should be noted that the model suppresses normal separation between the bonded PVDF and
ACCCs by applying a certain pressure in the normal direction of the contact elements. However,
this pressure is not sufficient to completely restrict the relative normal displacement between
the two components. As a result, the principal stress directions within individual elements of
the PVDF film do not consistently align with their tangential directions. This misalignment
contributes to the oscillations observed in the simulation outcomes. Additionally, the central
region of the PVDF is positioned above the crack and lacks direct contact with the ACCCs,
which also contributes to the vibrations in the model results.
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Figure 5-8 Voltage components and stress components generated by 31 and ds3 under different frequencies with
the loading amplitude of 1.0 mm, (a) A=1.0 mm, f=0.3 Hz, (b)) A=1.0 mm, f=1.0 Hz, (¢) A= 1.0 mm, f=2.0

Hz.
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Figure 5-9 Voltage components and stress components generated by 31 and ds3 under different frequencies with
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Hz.
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5.5 CONCLUSIONS

Building on the experimental results of the ACCC energy harvester, this chapter
develops a numerical model to simulate its energy harvesting process. The model accounts for
both the mechanical deformation of ACCCs and the corresponding electrical output of the
surface-mounted PVDF film. The main conclusions are as follows:

* The energy harvesting experiments revealed that the output voltage of the ACCCs-
PVDF system increases with both loading amplitude and loading frequency. The energy
harvesting model can account for the effects of loading amplitude and frequency on the
output voltage. Specifically, higher loading frequencies increase friction between the
PVDF film and ACCCs, enhancing strain transfer and thereby increasing voltage output.
Greater loading amplitudes induce larger flexural deformation of the PVDF and
increase interfacial friction, also contributing to higher output voltage.

* In terms of the ACCC-PVDF system, the model results reveal its energy harvesting
mechanisms with mechanical energy conversion based on two charge generation modes
of d31 and ds3. The equivalent d3;-directional stress (i.e., the equivalent tangential stress)
of the PVDF film is greater than its equivalent ds;-directional stress (i.e., the equivalent
normal stress) during each cycle for energy harvesting. Correspondingly, the output
voltage by dsi-coupling mode is higher than that by d33-coupling mode per cycle for
energy harvesting, which reflects strong energy output by d31-coupling mode due to the
flexural behavior of the PVDF film. As the loading amplitude increases, the magnitude

ot } i } .
of the stress components 0; and 0,, as well as the corresponding voltage components

V

. . . _' . .
» and V5, all increase. However, while the magnitude of 0; and /,, increase with

. . . . = .
increasing loading frequency, the magnitude of O, and V,, presents a marginal

increase with increasing loading frequency under consistent loading amplitude
conditions.

* The energy harvesting model can reveal electromechanical mechanisms of the ACCC-
PVDF system, considering various energy harvesting parameters such as the
mechanical behavior of the ACCCs, the interaction between PVDF and ACCCs, and
the analytical piezoelectric model of the PVDF film. The results of this model show
good agreement with the experimentally measured output voltages, which can provide
valuable insights for the design and optimization of architected cementitious
composites that incorporate flexible piezoelectric polymers for energy harvesting
applications.

The energy harvesting model systematically simulates the electromechanical
interaction between ACCCs and PVDF in the ACCC energy harvester. Specially, the CDP
model effectively captures the deformation behavior of cementitious materials under
compression. The second elasticity model simulates recoverable elastic deformation during
cyclic loading. The piezoelectric model calculates the voltage generated by the recoverable
strain in the hinge-like ligament. Additionally, the energy harvesting model can be utilized to
generate numerous simulation cases by incorporating various geometric variations of the
ACCC shape, providing a dataset for machine learning-based optimization design. This will be
further discussed in chapter 7.
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ENHANCED AUXETIC CEMENTITIOUS
CELLULAR COMPOSITE (ACCC) ENERGY
HARVESTER USING STRAIN-HARDENING

CEMENTITIOUS COMPOSITES (SHCC)

As observed in the energy harvesting experiments in Chapter 3, the auxetic behavior of ACCCs
results from the section rotation to accommodate compressive deformation into the hollow
space. This was induced by fiber-bridging within the hinge-type joint, which further contributes
to recoverable deformation for energy harvesting under cyclic compressive loading. While
recoverable deformation was successfully attained, the ACCC energy harvester described in
Chapter 3 exhibited a low stress level under cyclic test due to the limited fiber-bridging
capacity of the material mixture. This restricts the effectiveness of ACCCs in sustaining
recoverable deformation under higher loading conditions. This chapter aimed to enhance the
load-bearing capacity and compressive deformation resilience of ACCC energy harvester
within their auxetic range by incorporating strain-hardening cementitious composites (SHCC).
The multiple cracks formed in the SHCC contribute to the distribution and accommodation of
large deformation. This mechanism helps to limit the widening of the primary crack and

ensures sustained fiber bridging performance during the stage of auxetic deformation.

Part of this chapter have been published as Xie, Jinbao, et al. " Enhanced elastomer-like auxetic cementitious
materials through strain-hardening cementitious composites (SHCC) with extended softening properties", Cement
and Concrete Composites, 161 (2025): 106069.
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6.1 INTRODUCTION

The high deformation capacity of ACCCs originates from sectional rotation, which enables the
structure to accommodate compressive deformation within its hollow space. This mechanism
is facilitated by fiber-bridging at the hinge-type joints, contributing to the recoverability of
deformation under cyclic compressive loading. As a result, substantial mechanical energy
becomes available for conversion into electrical energy. The hinge-like joints accommodate
rotational movement through the formation of triangular cracks, with fiber-bridging at the crack
tips. This fiber-bridging not only supports the rotation but also contributes to its reversibility.
In Chapter 3, recoverable deformation was achieved using a fiber-reinforced cementitious
mixture; however, the mixture led primarily to a single dominant crack. Due to its limited fiber-
bridging capacity, the single widened crack in the joints is more prone to damage, particularly
considering the heterogeneity of cementitious materials [1-4]. As a result, the ACCC energy
harvester developed using this material exhibited a low stress level under cyclic testing. This
shortcoming restricts the effectiveness of ACCCs in sustaining recoverable deformation under
higher loading conditions such as vehicle loads, making it challenging for engineering
applications. Additionally, the limited fiber-bridging capacity of the mixture hinders the
formation of stable hinge joints in larger ligaments. This reduces the flexibility to explore
various geometric configurations of ACCCs, thereby limiting the potential to tailor their
mechanical and energy harvesting properties.

This chapter aimed to improve the load-bearing capacity and recoverable deformation elasticity
of ACCC energy harvester during the stage of auxetic deformation by using SHCC as the base
material. Elliptical-shaped ACCCs were designed and fabricated using two types of SHCC—
one with short softening tail and one with long softening tail—through additive manufacturing-
assisted casting. The ACCC specimens underwent uniaxial compression tests combined with
DIC to evaluate their compressive behavior, Poisson's ratio variation, deformation pattern, and
local joint analysis. Following initial compression into the high auxetic behavior range, cyclic
tests assessed their energy harvesting capabilities. Results were compared with a reference
mixture of fiber-reinforced cementitious materials with strain softening.

6.2 DESIGN THEORY

Figure 6-1 gives a schematic illustration of the auxetic mechanism of ACCCs under uniaxial
compression. Due to the chirality of each cell section in the studied structure, the joints are
locally misaligned. The symmetric structure does not experience shear force at the joints in the
middle. When a uniaxial compressive load is applied, these joints undergo a bending moment
(indicated in green box) similar to a four-point bending condition (Figure 6-1a). This creates
tensile stresses (indicated by red arrows) at the two ends of the minor axis and compressive
stresses (indicated by blue arrows) at the two ends of the major axis (Figure 6-1a). Since
cementitious materials are much weaker in tension than in compression, cracks form on the
tension side. As shown in Figure 6-1b, cementitious matrix without fiber or with insufficient
fiber bridging will quickly develop cracks throughout the joint, causing the sections to separate.
The auxetic behavior of ACCCs is achieved through section rotation by angle € around the
joints (Figure 6-1a) and inward folding at the hollow spaces. The behavior of the cracked
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specimen depends on the fiber-bridging ability of the cementitious materials. Fiber is added to
the cementitious matrix to limit crack development. As illustrated in Figure 6-1c, the primary
crack develops into a triangular shape under bending. When the crack opens on the tensile side
of the joint, the fiber bridging within the crack restricts its growth, preserving the integrity of
the compression side of the joint. As a result, the significant deformation in the joints
accommodates most of the externally applied compressive strain, thereby reducing the amount
of compression in the vertical ligaments and leading to a collective rotational motion and a
corresponding decrease in compressive stress. These cracked joints function as hinges,
facilitating section rotation and inward folding for auxetic behavior. In Figure 6-1c, primarily
only one crack forms in the joints of ACCCs during section rotation, and its poor fiber-bridging
capacity results in limited rotational stiffness. When considering high load-capacity scenarios
(i.e., vehicle load), this makes it difficult to apply in engineering applications. Low rotational
stiffness from poor fiber-bridging and a single widened crack is highly vulnerable to damage,
especially due to material heterogeneity.

An SHCC mixture might enable ACCCs to develop multiple cracks in the joints. Instead of one
primary crack, these multiple cracks could share and collectively sustain large deformations.
This would further reduce the opening of the primary crack and maintain effective fiber
bridging during the later stages of high auxetic behavior. Typically, SHCC achieves large
ductility through the formation of multiple small cracks, each sustaining limited strain.
However, when the primary crack forms, it typically fails quickly with shortened softening tail.
The significant rotation of ACCCs tends to produce one primary crack in the joints in the later
stages, requiring this crack to sustain large deformations through effective fiber bridging.
Extending the softening phase after the primary crack forms is expected to maintain effective
fiber bridging and support the large deformations required for the auxetic behavior.



CHAPTER 6

88
0
6
) s o >
y 7 ) MG T 1 | e—
| o _Cementitious ‘ Fiber
J matrix
b (©)
o
- r - i
- .- I =08~ a(6)ds
' O, : - o,
0 : i = s = - .
Hinge W | Jip =00, L o(0)do
joint
O

L, §S'S 50 5
(d)
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relationship for fiber bridging in SHCC.
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The pseudo strain-hardening (PSH) behavior of in SHCC [5-9] was achieved by an energy-
based criterion for flat crack propagation (Figure 6-1d), which illustrates the relationship
between fiber bridging stress (o) and crack opening (6). Specially, the crack-tip toughness J,,

of the matrix material should be lower than the maximum available complementary energy .J, .
The J,, signifies the energy required to fracture the matrix material at the crack tip. The J,

represents the maximum complementary energy, accounting for the upper limit of fiber
bridging, which occurs when the peak stress and crack opening reach their maximum values
o, and 6,. In Figure 6-1d, J,, and J, are represented by the shaded area and the hatched

area, respectively.

6.3 SAMPLE PREPARATION AND MIXTURE DESIGN

The geometry of ACCC specimens for different mixtures was kept consistent, based on the P1-
shaped unit cell introduced in Chapter 3. A fine-grained fiber-reinforced mortar was used as
the constituent material for ACCCs, with different mixture proportions shown in Table 6-1.
Based on the design theory outlined in Section 6.1, three mixtures were designed to achieve
the target uniaxial tensile stress-strain curves shown in Figure 6-2. Mixture SS (reference), used
in Chapter 3, shows strain softening behavior after reaching peak stress. This mixture has also
been similarly used in previous studies [10-12] to facilitate the auxetic behavior of ACCCs.
Mixture SHCC-SS is a typical SHCC that demonstrates significant strain hardening due to the
development of numerous microcracks, followed by a short softening tail after crack
localization occurs in the main crack [ 13-21]. The SHCC-LS mixture is specifically engineered
to improve ductility by exhibiting moderate strain hardening and multiple cracking at the onset,
followed by a long softening tail. This extended softening tail enhances fiber bridging within
the primary crack after crack localization. The ingredients included CEM 1 42.5 N, fly ash,
sand (with a grain size between 125 and 250 um), water, a polycarboxylate superplasticizer,
VMA, and PVA fiber. Methylcellulose powder from Shanghai Ying Jia Industrial Development
Co. Ltd. was used as a VMA to improve fiber distribution. To attain the desired workability,
MasterGlenium 51, a polycarboxylate-based superplasticizer from BASF (Germany), was
utilized. For the reference mixture (SS), 2% volume fraction of PVA fiber from Changzhou
TianYi Engineering Fiber was used. The two SHCC mixtures were reinforced with 2% volume
fraction of RECS15 PVA fiber from Kuraray GmbH. Fiber specifications are given in Table 6-
2.

Table 6-1 Mixtures used in this study (by weight).

PVA(Reference) PVA(RECSI15)

Label C FA S/AC+FA) W/C+FA) SP/(C+FA) VMA/C +FA)
(by volume) (by volume)
SS 1.0 1.2 0.37 0.46 0.0016 0.0003 2%
SHCC-LS 1.0 1.2 0.37 0.46 0.0016 0.0003 - 2%

SHCC-SS 1.0 2.2 0.26 0.32 0.0083 0.0003 - 2%
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Table 6-2 Material properties of PVA fibers.

Fiber type Diameter  Length Tensile strength Young’s modulus Density Ultimate
(um) (mm) (GPa) (GPa) (g/cm®) strain
PV A(Reference) 15 6 1.6 34 1.28 6.8%
PVA(RECSI15) 40 8 1.6 41 1.3 6.0%
i A Strain hardening with & A
§ .+ short softening tail §
] ]

Improve ductility by
multiple cracking
/

Improve fiber-bridging

Strain hardening with o,
\\‘npm primary crack

long softening tail

Strain softening

[ o

+ X Strain

A\
Extended softening
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Figure 6-2 Uniaxial tensile behavior, (a) three mixtures, (b) SHCC mixture with extended softening.

The mixing procedure used was as follows: first, the dry ingredients—CEM 1 42.5, fly ash,
sand, and VMA—were mixed using a Hobart mixer for four minutes. Then, water and
superplasticizer were added to the dry ingredients, followed by an additional two minutes of
mixing. Next, fibers were gradually incorporated into the mortar and mixed for an additional
two minutes, followed by high-speed mixing for five minutes to achieve uniform fiber
dispersion throughout the matrix. The resulting fresh paste was poured into silicone molds,
with each mold being filled in two layers. Each layer was vibrated for 20 seconds to ensure
thorough consolidation. Plastic films were applied to cover the molds to prevent evaporation.
After three days of curing at room temperature, the specimens were demolded and transferred
to a curing chamber set at 20°C and 96% relative humidity, where they remained until reaching
28 days of age.

6.4 EXPERIMENTAL TEST

As shown in Figure 6-3a, uniaxial tensile tests using dog bone specimens, as recommended by
the Japan Society of Civil Engineers [22], were conducted to evaluate the tensile behavior of
the three mixtures after 28 days of curing. The dimensions of dog bone specimens are illustrated
in Figure 6-3b, and they were cast using the mold depicted in Figure 6-3c. These tests utilized
a TREBEL machine under displacement control with a constant loading rate of 0.005 mm/s.
The displacement in the gauge region, with a testing volume of 13x80x30 mm? (indicated by
the blue dashed lines in Figure 6-3b), was measured by the linear variable differential
transducers (LVDT) positioned on the backside of the specimen. The deformation of the gauge
region was also monitored across their entire area using DIC (digital image correlation). DIC
involves capturing images with cameras to track and record the surface movement of a
deforming solid. The gauge region for DIC measurements was first painted white and then
sprayed with a black speckle pattern. During loading, images for DIC were captured every 5
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seconds by using a digital camera. The DIC results were subsequently processed using GOM
Correlate software. A minimum of three dog bone specimens were tested for each mixture to
ensure reliable results.

TREBEL

,,1‘ Digital Monitor
camera

dog-bone shaped

specimen
. (a)
b i
o i .
! : Unit: mm
o ‘;"‘: i /
< i
Gauge 1
SO0 m— S
& i region : 2
o [ i N
_H';; |t
o i ""x\
< : \
o i
¥ i
| ]
60 13

(b) (c)

Figure 6-3 (a) Setup for uniaxial tensile test using dog bone specimen, (b) dimensions of dog bone specimen, (c)
mold for dog bone specimen.
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As shown in Figure 6-4, uniaxial compression tests were performed on ACCC specimen using
a UNITRONIC machine under displacement control at a rate of 0.01 mm/s. Deformation was
monitored across the entire specimen area using DIC. The displacement of the specimens was
measured using LVDTs. Similarly, the specimens used for DIC measurements were painted
white and sprayed with a black speckle pattern. Images were captured every 10 seconds and
processed using GOM Correlate software. The compressive stress-strain curve was obtained
by calculating stress as the compressive force divided by the initial cross-sectional area (63
mm % 20 mm) and strain as the applied displacement divided by the initial length (63 mm).
Plastic films were used to reduce friction between the specimens and loading plates, facilitating
the section rotation to achieve auxetic behavior.

e

UNITRONIC 7 3% =

&£ N o

Figure 6-4 Experimental setup for uniaxial compression testing of ACCCs

The energy harvesting test setup and loading scheme for the ACCC energy harvester follows
the same configuration as described in Chapter 3. Cyclic tests were conducted using an MTS
fatigue testing machine with a capacity of 10 kN. The DC output voltage from the harvester
was recorded using a Keysight 34461A digital multimeter. Given the high internal impedance
of the LDTO PVDF sensor [23], the multimeter's input impedance was set to a mode over 10
GQ to ensure accurate open-circuit voltage measurements. The PVDF was wired to the
multimeter using two connecting leads, and a plastic film was placed between the loading plate
and the specimen to reduce friction. The ACCC specimen was first subjected to displacement
loading, beginning at zero and increasing to a maximum displacement of 5.0 mm (U). This
initial loading was followed by cyclic displacement applied in a sinusoidal waveform, with a
fixed amplitude of 1 mm (4) and a frequency of 1 Hz (f). Each test was performed with three
replicates.

6.5 RESULTS AND DISCUSSION

6.5.1 Material properties
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Figures 6-5a, 6-5b, and 6-5c show the results of the uniaxial tensile tests for the mixtures SS,
SHCC-LS, and SHCC-SS, respectively. Figure 6-5d presents the average values of the uniaxial
tensile test results for each mixture. The target strain range is selected with a very small interval
as the reference strain coordinate for averaging. The experimentally obtained stress curves are
then interpolated based on these reference strain coordinates. Finally, the interpolated values at
each reference strain coordinate are averaged. To ensure the accuracy of the interpolation
results, the spacing of the reference strain coordinates is set significantly smaller than the
intervals between the experimental data points. In Figure 6-5d, the highest strain point during
the strain-hardening process was selected at the strain where the stress exhibits a significant
decrease, marking the onset of softening. The starting and ending points of strain-hardening
are marked in Figure 6-5d, with the strain-hardening starting points represented by circles
within subsets and the ending points shown as solid circles. In this context, the blue color
represents SS, the green color indicates SHCC-LS, and the red color signifies SHCC-SS. Table
6-3 gives detailed tensile properties of the three mixtures. Both SHCC-LS and SHCC-SS
displayed tensile strain-hardening behavior, characterized by the emergence of multiple cracks.
SHCC-LS demonstrated a moderate tensile strain capacity with strain-hardening behavior
observed up to 2.030% strain, while SHCC-SS exhibited significant strain-hardening behavior
extending up to 5.389% strain due to additional fiber-bridging cracks, as shown in Figures 6-
5, 6-6 and Table 6-3. Compared to SS, the SHCC mixtures exhibit lower initial cracking
strength under tensile loading but higher overall tensile strength, as shown in Figures 6-5, 6-6
and Table 6-3.
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Figure 6-5 Uniaxial tensile tests results, (a) SS, (b) SHCC-LS, (¢) SHCC-SS, (d) the average values of the three

mixtures.

Figure 6-7 displays the major strain distribution of gauge region in the mixtures with SHCC
based on DIC analysis. During uniaxial tension, SHCC-LS developed a significant crack at
around 2% strain. As the tension increased, this crack gradually widened to dissipate energy,
assisted by a few smaller cracks that also contributed to energy dissipation. In contrast, SHCC-
SS showed more fine cracks to dissipate energy during tension, achieving a higher tensile strain
capacity. It should be noted that SHCC-LS forms many small cracks at the localization of its
main crack, which is due to fiber pull-out in this region. Figures 6-5, 6-6 and Table 6-3 also
reveal that SHCC-LS has the highest strain softening range of 3.137% among the three
mixtures. In contrast, SHCC-SS exhibits the lowest strain softening range of 1.157%, despite
having the highest tensile strain capacity. Notably, SS shows a strain softening range of 1.934%
even though it lacks strain-hardening behavior, which explains why ACCCs using this mixture
still achieves auxetic behavior with low load-bearing capacity in previous study [24]. As in
Section 6.1, ACCCs exhibit auxetic behavior when subjected to large deformations and tend to
develop primary cracks with fiber bridging during the later stages of high auxetic behavior.
Consequently, the single crack bridging capacity was evaluated for the three mixtures. As
illustrated in Figure 6-7, SHCC-SS generates more cracks compared to SHCC-LS to achieve a
greater tensile strain capacity. However, on average, the fiber bridging within each crack in
SHCC-SS sustains a lower tensile strain than that in SHCC-LS.
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Figure 6-6 Comparison of tensile properties of different mixtures (error bars indicate standard deviation).
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Figure 6-7 Major strain distribution during uniaxial tensile tests

ACCCs exhibit auxetic behavior through section rotation, which depends on the widening of
crack openings on the tension side at the joint, while the compression side needs the material
to have sufficient compressive strength to prevent failure. At the joint where ACCCs contact
the loading plate, compressive forces are primarily transferred, and section rotation reduces the
compressed contact area, resulting in increased compressive stress. Additionally, after self-
contact of ACCCs, the structure predominantly shifts to compression to maintain its integrity,
requiring the material to provide adequate compressive strength to ensure stability. The
compressive behavior of the fiber-reinforced cementitious matrix was examined through
uniaxial compression tests, following the test setup from our previous study [10]. These tests
were conducted using the UNITRONIC machine under deformation control at a displacement
rate of 0.01 mm/s. To measure displacement, two LVDTs were attached to opposite sides of
each specimen. Six cubic specimens (20 mm x 20 mm x 20 mm) were tested in uniaxial
compression for each mixture. The peak compressive stress from the stress-strain curve was
used to determine the compressive capacity (i.e., compressive strength) of each mixture. Figure
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6-9 and Table 6-3 compare the compressive strength of the three mixtures. SHCC-LS and
SHCC-SS show higher compressive strength than SS. Generally, when cubic specimens are
subjected to compressive failure, they present diagonal cracks caused by the combination of
tensile stress and compressive stress. Once cracks appear, the fiber bridging capability in SHCC
mixtures prevents them from further propagation. The external energy applied during
compression is distributed through the formation of multiple new cracks, preserving overall
structural integrity and enhancing compressive strength.
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Figure 6-8 Tensile properties of the two SHCC mixtures, (a) tensile strain versus number of cracks, (b) tensile
strain versus tensile strain sustained by fiber-bridging within each crack (normalized by the gauge length). (Error

bars in all plots indicate standard deviation.)
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Figure 6-9 Compressive strength of different mixtures (error bars indicate standard deviation).
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Table 6-3 Tensile and compressive properties of different mixtures.

) ) Compressive

Tensile properties .

properties
Mixture Strain
Initial cracking Tensile Tensile strain ) Compressive strength
) softening range
strength (MPa)  strength (MPa) capacity (%) %) (MPa)
o

SS 2.514+0.129 2.514+0.129 0.066+0.003 1.934+0.003 13.142+0.392
SHCC-LS  2.131+0.291 2.812+0.084 2.030+0.226 3.137+0.154 13.93140.293
SHCC-SS  2.183+0.035 4.217+0.085 5.389+0.807 1.157+£0.391 14.028+0.588

6.5.2 Compressive behavior of ACCCs

(1) Compressive stress-strain curve

Figure 6-10 compares the stress-strain curves of ACCCs made from the three mixtures under
uniaxial compression. The average stress-strain curves of ACCC under uniaxial compression
in Figure 6-10d were obtained using the same averaging method as in Figure 6-10d. Figure 6-
11 illustrates their deformation patterns under uniaxial compression. The mechanical response
of ACCCs made from the three mixtures shows two distinct stages during uniaxial compression,
determined by the threshold strain when contact occurs between the top and bottom ends of the
central elliptical-shaped hole (i.e., self-contact within the central elliptical-shaped hole). In
Stage I, the initial peak stress of ACCCs made from SHCC mixtures is approximately 0.4 MPa,
which is higher than the 0.26 MPa observed in the reference, as seen in Figure 6-12. Regarding
the range of high auxetic behavior in Stage I, ACCCs made from SHCC mixtures exhibit higher
stress compared to the reference. ACCCs made from SHCC-LS exhibit slightly lower stress
than SHCC-SS before 6.6% strain, but slightly higher stress beyond this point. The threshold
strains for ACCCs using mixtures of SS, SHCC-LS, and SHCC-SS are 18.67%, 19.95%, and
19.37%, respectively. The reference has the smallest threshold strain, indicating the earliest
self-contact or the shortest range of high auxetic behavior due to the largest crack in the joints.
Conversely, ACCCs using SHCC mixtures have greater crack resistance capability, delaying
the occurrence of self-contact in ACCCs and extending the range of high auxetic behavior.
When compared to the SHCC-SS mixture, ACCCs made from SHCC-LS exhibit a higher
threshold strain and a more delayed self-contact, indicating a longer range of high auxetic
behavior. In Stage II, ACCCs made from SHCC-SS exhibit a rapid stress increase after self-
contact and reach a higher stress level than the other two mixtures. Due to the delayed self-
contact, ACCCs made from SHCC-LS show a slower stress increase in Stage II but eventually
reach a higher second peak stress than the reference. The second peak stresses of ACCCs made
from SHCC-LS and SHCC-SS are 6.00 MPa and 6.42 MPa, respectively, both exceeding the
reference's peak stress of 5.03 MPa (see Figure 6-12 and Table 6-4). This indicates that ACCCs
using SHCC exhibit enhanced crack resistance and better maintain structural integrity
compared to the reference.
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Figure 6-10 Stress-strain curve of ACCCs under uniaxial compression, (a) ACCCs using SS, (b) ACCCs using

SHCC-LS, (c) ACCCs using SHCC-SS, (d) comparison of the three mixtures.
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Figure 6-12 Comparison of a) the first peak stress, (b) the second peak stress in ACCC specimens. (Error bars in

all plots indicate standard deviation.)

Table 6-4 Comparison of the first peak stress and the second peak stress in ACCC specimens.

Mixture  First peak stress  Second peak stress

SS 0.263+0.043 5.031=0.469
SHCC-LS  0.394+0.068 6.004+0.568
SHCC-SS  0.402:+0.038 6.417+0.539

(2) Cracking behavior in the hinge joints
The auxetic behavior of ACCCs is a result of section rotation and inward folding at the post-
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cracking hinge joint. The cracking behaviors of the hinge joint in the three mixtures were
further analyzed, focusing on the number of cracks, the maximum crack mouth opening, and
local strain. The maximum crack mouth opening represents the largest crack mouth opening
among all cracks in the region, including the largest crack mouth opening formed by the
merging of multiple cracks in the later stages of compression. The local strain in the joints is
quantified as the ratio of the maximum crack mouth opening to the minor axis length. Using
DIC analysis, the maximum crack mouth opening and the number of cracks in the joints were
measured at each 5% increment of compressive strain. As shown in Figure 6-13, the number
of cracks indicated by high major strain increased rapidly during this initial phase. Hence, the
number of cracks was measured at every 1% increment of compressive strain up to 5%. The
auxetic behavior of ACCCs is triggered by the rotation of sections around the four joints, each
functioning as a hinge joint with a certain rotation stiffness. Considering symmetric
deformation under uniaxial compression, the average values of these parameters for the top
and bottom joints were calculated and are presented in Figure 6-14. The number of cracks in
the joints increases with rising compressive strain for all three mixtures. ACCCs made from SS
have significantly fewer cracks compared to those made from SHCC mixtures. Before nearly
1% strain, ACCCs made from SHCC-SS exhibit slightly more cracks than those made from
SHCC-LS due to its greater strain hardening by multiple cracking. Afterwards, ACCCs made
from SHCC-LS tend to develop more cracks in the joints than those made from SHCC-SS due
to fiber pull-out behavior in localized regions. The maximum crack mouth opening in the joints
also increases with compressive strain for all three mixtures. ACCCs made from SS have a
notably larger maximum crack mouth opening compared to the SHCC mixtures. For ACCCs
made from SHCC-LS, the maximum crack mouth opening is slightly lower than those made
from SHCC-SS before 5% strain and becomes significantly lower after 5%.
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Figure 6-13 Major strain distribution through DIC analysis.
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Figure 6-14 Number of cracks (a), maximum crack mouth opening (b), local strain (c) in the joints of ACCCs

with the three mixtures (top and bottom joints). (Error bars in all plots indicate standard deviation.)

Figure 6-15 shows the average values of number of cracks, maximum crack mouth opening,
and local strain from the left and right joints. Similarly, for all three mixtures, these parameters
from the left and right joints follow the same trend as those from the top and bottom joints.
Compared to the top and bottom joints, the left and right joints present fewer cracks for rotation.
Because the load transfer direction in the left and right joints aligns with the structure's uniaxial
compression, the transferred compressive force reduces the edge tensile stress from bending in
these joints. This results in a smaller tensile region and fewer cracks. In contrast, the tensile
forces at the top and bottom joints increase the edge tensile stress from bending, expanding the
tensile region and leading to more cracks. Hence, the tensile stress at the top and bottom joints
in SS quickly reaches yield stress and transitions into the plastic stage. Therefore, there is a
significant decrease in load capacity, followed by the initiation and growth of cracks.
Conversely, cracks in the left and right joints develop more slowly than those in the top and
bottom joints. In SS, tensile stress is mainly managed by a single crack, which accommodates
structural rotation and results in a significantly larger maximum crack mouth opening and local
strain at the top and bottom joints compared to the left and right joints. In SHCC-based ACCCs,
multiple cracks form to distribute the deformation required for structural rotation. This results
in similar maximum crack mouth openings and local strain between the top and the bottom
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joints, as well as the left and the right joints.
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Figure 6-15 Number of cracks (a), maximum crack mouth opening (b), local strain (c) in the joints of ACCCs
with the three mixtures (left and right joints). (Error bars in all plots indicate standard deviation.)
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Based on the DIC analysis, the Poisson's ratio of ACCCs during compression was calculated

using the ratio of lateral strain to compressive strain, as described in Eq. (43). Herein, &,

represents the ratio of the maximum projected length (/ . in Figure 6-16a) in the lateral

,max

direction (i.e., x-direction) to the initial length in the lateral direction, and . denotes the

compressive strain (i.e., y-direction).

As shown in Figure 6-1, the auxetic behavior in ACCCs under compression originates from
the rotational movement of sections, enabled by fiber bridging at the joints of adjacent holes
within the cementitious unit cell. Figure 6-16 shows the variation in lateral strain, rotation angle,
and Poisson's ratio among ACCC specimens across three different mixtures. The strain range
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from 15% to 20% is close to self-contact. Therefore, results for an additional 17.5% strain are
included. The rotation angle in Figure 6-16(c) was measured using DIC. In the GOM Correlate
software, DIC can determine the angle between two lines—one being the target line and the
other serving as the reference axis (i.e., the x-axis or y-axis). As shown in Figure 6-16(a), the
angle 6 per frame in DIC is calculated by averaging the angles of each edge at the four end
joints (marked as red edges) relative to the y-axis before self-contact occurs. The calculated
angle variation during compression is then defined as the rotation angle. As shown in Figure
6-16, from 0% to 15% strain, as compressive strain increases, all specimens initially exhibit a
growing absolute magnitude of a negative Poisson’s ratio, characterized by increased lateral
contraction during compression due to more pronounced section rotation. Between 15% and
20% strain, the absolute value of Poisson’s ratio continues to increase for ACCCs with SHCC-
SS, whereas for the reference and ACCCs with SHCC-LS, it begins to decrease. This may be
because ACCCs with SHCC-SS have the lowest absolute Poisson’s ratio among the three,
allowing them to continue increasing within this strain range through section rotation.
Moreover, this strain range is very close to self-contact. The hinge joint crack is not perfectly
centered due to the heterogeneity of the cementitious material, which could lead to the
specimen reaching self-contact earlier or causing contact between the end joints (indicated by
red edges in Figure 6-16(a)) and the loading plate. These contacts shift the load-bearing
mechanism from fiber-bridging in the joints to primarily compression. With its higher
compressive strength compared to SHCC-LS and the reference, SHCC-SS more effectively
mitigates contact-induced damage. As a result, the section continues to rotate toward the center,
further increasing lateral shrinkage strain in the x-direction and reducing the decline in the
absolute value of Poisson's ratio. However, beyond 20% strain, as self-contact intensifies, the
absolute magnitude of the negative Poisson's ratio decreases and begins to transition towards a
positive Poisson's ratio. This happens because lateral contraction diminishes when section
rotation halts and eventually transitions to lateral expansion under continued compression. The
reference shows the shortest duration of a negative Poisson's ratio, with the absolute value of
the negative Poisson's ratio rapidly decreasing after self-contact due to its poor crack-resistance
capacity and less post-cracking fiber-bridging capacity. Nevertheless, ACCCs with SHCC
demonstrate enhanced crack resistance and post-cracking fiber-bridging ability, resulting in a
prolonged negative Poisson's ratio that lasts up to 40%. This accounts for their increased load-
bearing capacity observed in the compressive stress-strain curve (Figure 6-10) and the
maintained structural integrity (Figure 6-11). Still, the larger cracks in the reference cause more
inward section rotation and greater contraction, leading to a higher absolute value of the
negative Poisson's ratio before self-contact. It should be noted that ACCCs with SHCC-LS
demonstrate greater lateral contraction, increased section rotation, and a higher absolute
magnitude of negative Poisson's ratio before self-contact compared to ACCCs with SHCC-SS.
As shown in Figures 6-14 and 6-15, within the high auxetic behavior range, ACCCs with
SHCC-LS exhibit a smaller maximum crack mouth opening in the joint and a greater number
of cracks. This indicates that ACCCs with SHCC-LS can accommodate greater deformation by
forming more small cracks in the joint, enabling lateral contraction and section rotation while
preserving effective fiber bridging and rotational stiffness.
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Figure 6-16 Schematic diagram of calculations in ACCCs, (b) Lateral strain variation, (c) Rotation angle
variation, (d) Poisson’s ratio variation. (Error bars in all plots indicate standard deviation.)

6.5.3 Energy harvesting capability of ACCCs

Figure 6-17 shows the dynamic stress of the energy harvesters for all three mixtures per cycle
during cyclic loading. Three replicates of each mixture were tested in the energy harvesting
experiments. Figure 6-18 illustrates the peak-to-peak voltage of the ACCC-PVDF energy
harvester for the three mixtures over 10 cycles during energy harvesting experiments. Figure
6-19 and Table 6-5 shows the average voltage, dynamic stress, and recoverable deformation
elasticity of the energy harvesters for all three mixtures during cyclic loading. The average
values were computed over ten loading cycles. The modulus of elasticity for recoverable
deformation was calculated by dividing the dynamic peak stress by the corresponding strain

range.
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Figure 6-17 Stress-strain curve of ACCC-PVDF energy harvesters under cyclic loading.

In each cycle of sinusoidal displacement loading, the dynamic stress of the ACCC energy
harvester for all three mixtures exhibits a sinusoidal pattern, as shown in Figure 6-17. Similarly,
the generated voltage also follows a sinusoidal trend in response to the applied displacement
variations. As the compressive displacement increases, both the dynamic stress and the voltage
rise accordingly, reaching their respective peaks when the displacement reaches its maximum.
Subsequently, as the loading plate gradually retracts from the ACCC specimen, both the
dynamic stress and the voltage declines to nearly negligible levels. As shown in Figure 6-19
and Table 6-5, the reference exhibits a lower dynamic peak stress of 0.0084+0.0007 MPa
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compared to the ACCC energy harvester made from SHCC mixtures. The ACCC energy
harvester using the SHCC-LS mixture has a dynamic stress of 0.0322+0.0042 MPa, which is
higher than the 0.0283+0.0022 MPa observed in the harvester with the SHCC-SS mixture.
Similarly, the reference exhibits a dynamic modulus of elasticity for recoverable deformation
of 0.2652+0.0211 MPa, as shown in Figure 6-19 and Table 6-5. Compared to the reference,
ACCCs made from SHCC-LS and SHCC-SS achieve dynamic elastic moduli of
1.01469+0.1321 MPa and 0.8901+0.0685 MPa, respectively, which are 3.8 and 3.4 times
higher. Notably, the ACCC energy harvesters with the SHCC-LS mixture exhibit a greater
modulus of elasticity for recoverable deformation than those with the SHCC-SS mixture. As
seen in Figure 6-19 and Table 6-5, the energy harvester made from SHCC-LS shows the highest
voltage, reaching nearly 5.20+0.25V, compared to the other two. However, the energy
harvester made from the SHCC-SS mixture presents a lower voltage of 2.49+0.31 V. This is
lower than the 5.04 +0.56 V measured for the reference specimen.
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Figure 6-18 Output voltage of ACCC-PVDF energy harvesters using different mixtures
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Table 6-5 Comparison of energy harvesting results of ACCC energy harvesters with the three mixtures.

Dynamic peak stress Elastic modulus for recoverable deformation
Mixture Voltage (V)
(MPa) (MPa)
SS 5.04+0.56 0.0084+0.0007 0.2652+0.0211
SHCC-LS 5.20+0.25 0.0322+0.0042 1.01469+0.1321
SHCC-SS 2.49+0.31 0.0283+0.0022 0.8901+0.0685

In general, when the PVDF is fully bonded to the cementitious material in the hinge-joint
region, strain should be transferred without loss. However, due to the limited bonding strength
of the adhesive layer, only a portion of the force can be effectively transmitted, often resulting
in partial debonding. Following such debonding, strain transfer predominantly occurs through
friction between their surfaces. Consequently, in hinge-joint regions with higher fiber bridging
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capacity, the frictional force is greater, leading to an increased strain transmission to the PVDF.
In the study, ACCCs using SHCC-LS exhibit higher stiffness under cyclic loading. The
enhanced fiber bridging capacity in the hinge-joint region increases the frictional force. This
greater friction enables more effective strain transfer to the PVDF. As a result, the voltage
output reaches 5.20 +0.25 'V, surpassing that of ACCCs fabricated with SHCC-SS. Although
the SS-based ACCCs exhibit weaker fiber bridging and lower frictional force transmission,
they develop larger crack openings at the hinge joints. These wider cracks contribute to a more
tortuous surface morphology and greater recoverable strain during cyclic loading, which in turn
enhances the energy harvesting performance. Consequently, the voltage output remains
relatively high at 5.04 £ 0.56 V, only slightly lower than that observed in SHCC-LS specimens.
The underlying mechanisms have been discussed in detail in Chapters 3 and 5. As shown in
Figure 6-16, ACCCs with SS demonstrate larger lateral strain and rotation angles than those
with SHCC-LS, reflecting a greater capacity for recoverable strain. In contrast, ACCCs
utilizing SHCC-SS exhibit the smallest lateral strain and rotation angles. This indicates the
lowest recoverable strain. Consequently, they produce the lowest voltage output during cyclic
loading. Although SHCC-SS-based ACCCs exhibit higher fiber bridging forces and greater
frictional transmission compared to those incorporating the SS mixture, their limited
recoverable strain reduces the overall effectiveness in voltage generation. In contrast, as
illustrated in Figure 6-16, ACCCs incorporating SHCC-LS show greater lateral strain and
larger rotation angles compared to their SHCC-SS counterparts. Although SHCC-LS exhibits
the smallest maximum crack width among the three mixtures (Figures 6-14 and 6-15), it forms
the largest number of cracks. Furthermore, the fiber bridging capacity in each crack of SHCC-
LS supports a higher strain level than that of SHCC-SS (see Figure 6-8). These factors
collectively enable the joints in the ACCCs with SHCC-LS to achieve a greater recoverable
strain.

6.6 CONCLUSIONS

In this study, elliptical-shaped ACCCs were developed using two types of strain-
hardening cementitious composites (SHCCs)—one exhibiting shortened softening behavior
and the other prolonged softening—via additive manufacturing-assisted casting. The ACCC
specimens were evaluated for their mechanical behavior under uniaxial compression, including
compressive stress-strain curve, Poisson’s ratio variation, deformation pattern, local joint
analysis. Subsequent cyclic loading tests were conducted to assess their energy harvesting
capabilities. The results were compared against a reference mixture composed of a strain-
softening fiber-reinforced cementitious composite. The key findings of this research are
summarized as follows:

e Compared to the reference (SS), ACCCs made with SHCC mixtures accommodate
greater joint rotation by developing multiple cracks with strain hardening. This
postpones the onset of primary cracks and further reduces the opening of the primary
crack. In the later stages, the significant section rotation of ACCCs results in the
formation of a primary crack in the joints. Utilizing SHCC with extended softening
helps maintain effective fiber bridging within the primary crack and enhance rotational
stiftness in the pseudo-hinge joints. As a result, this SHCC mixture enhances load-
bearing capacity and recoverable deformation elasticity within the high auxetic
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behavior range of ACCCs.

¢ Compared to the reference (SS), ACCCs made from SHCC exhibit superior load-
bearing capacity during high auxetic behavior range and stable auxetic behavior under
uniaxial compression. Following self-contact, ACCCs made from SHCC mitigate the
reduction in the magnitude of the negative Poisson's ratio due to their crack-resistance
capacity and sustain a negative Poisson's ratio up to a considerably high compressive
strain. Their strong fiber-bridging and crack resistance capabilities enhance the
structure's ductility and toughness, preventing splitting failure and preserving structural
integrity. As a result, they show higher specific energy absorption than the reference
(SS).

* ACCCs incorporating SHCC-LS demonstrate superior performance under cyclic
loading. This is due to their higher stiffness and enhanced fiber bridging capacity in the
hinge-joint region. The increased fiber bridging capacity leads to greater frictional
resistance and enables more efficient strain transfer to the PVDF. As a result, the voltage
output is higher than that of ACCCs made with SHCC-SS. Although SHCC-SS-based
ACCC:s exhibit relatively strong fiber bridging and frictional transmission, their limited
recoverable strain reduces their energy harvesting efficiency. In contrast, SHCC-LS
forms the greatest number of cracks in the joint region. Combined with strong fiber
bridging, this contributes to greater recoverable strain. Consequently, SHCC-LS-based
ACCCs achieve more effective voltage generation.

The use of an SHCC mixture with extended softening behavior enables stable auxetic
behavior for energy harvesting applications, attributed to its enhanced fiber bridging capacity
and superior crack resistance. This makes it applicable for various ACCC geometries and
further geometric optimization, thereby expanding the potential engineering applications of
auxetic cementitious energy harvesters across a range of loading conditions and service
scenarios. A detailed discussion of this will be provided in Chapter 7.
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BAYESIAN-DRIVEN MODULATION OF
RECOVERABLE STRAIN IN AUXETIC
CEMENTITIOUS CELLULAR COMPOSITES FOR
OPTIMAL ENERGY HARVESTERS

In Chapter 6, a SHCC mixture with enhanced softening behavior was developed to improve
fiber-bridging performance within the joints of ACCCs. This improvement enables the
realization of auxetic behavior across various ACCC geometries, making them suitable for
energy harvesting applications. Consequently, different geometric configurations of ACCCs
can be systematically compared in terms of their energy harvesting potential, allowing for the
identification of an optimal design. However, the intrinsic brittleness of cementitious materials
may cause structural splitting during geometric adjustments of the ACCC, thereby
compromising its auxetic behavior. This presents a major challenge for the efficient and robust
design of ACCC-based energy harvesters. To overcome the limitations of time-consuming
experimental trials, the numerical models developed in Chapters 4 and 5 can be employed to
generate simulation datasets. Nevertheless, model-based computations also require substantial
time to produce large datasets. To address this issue and enhance optimization efficiency, a
learning-driven framework is proposed herein that integrates the energy harvesting model with
Bayesian Optimization (BO) to guide the design of the ACCC energy harvester. The optimal
geometry identified through this approach was subsequently fabricated using additive

manufacturing-assisted casting and experimentally validated for its energy harvesting capacity.
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7.1 INTRODUCTION

In Chapter 6, a SHCC mixture with enhanced softening behavior was developed to improve
fiber-bridging capacity within the joints of ACCCs. This enhancement facilitates the
manifestation of auxetic behavior across a range of ACCC geometries, thereby expanding their
potential for energy harvesting applications. As a result, various geometric configurations of
ACCCs can be systematically evaluated and compared with respect to their energy harvesting
efficiency, enabling the identification of an optimal structural design. However, in contrast to
conventional cementitious cubes, ACCCs possess complex geometries that exhibit high
sensitivity to geometric alterations. Modifying their geometry can increase their vulnerability
to damage and failure under load. Hence, optimizing their geometry with auxetic behavior and
recoverable deformation for multifunctional applications, such as energy harvesting and
sensing, poses significant challenges.

Designing the intricate structure of ACCCs has so far been dependent on experimental trial-
and-error methods. However, the complexity of preparing ACCC specimens, the extended
curing period (typically 28 days), and the uncertainties introduced by the heterogeneity of
cementitious materials and manual casting make large-scale experimental trials both time-
consuming and costly. Hence, modelling is essential for optimizing the performance of ACCCs.
Wan et al. [1, 2] utilized a deep neural network (DNN) and reinforcement learning approach to
optimize the vascular structure of self-healing concrete. This optimization was based on finite
element models calibrated by experiments, aiming to enhance mechanical properties such as
peak load and fracture energy. Ohno et al. [3] proposed a novel framework for the simulation
and reinforcement learning-driven design of truss-type architected cement-based materials,
enabling the efficient identification of high-performance configurations. Lyngdoh et al. [4]
integrated FEM with machine learning to predict Poisson’s ratios in cementitious cellular
composites. Their focus was on evaluating a negative Poisson’s ratio by strategically
positioning elliptical voids, without considering plasticity or post-crack behavior. Nevertheless,
ML often involves solving many numerical models to create datasets for training a surrogate
model, which is used for further optimization. This process incurs substantial computational
costs due to the long computing times of numerical models.

Recently, bayesian optimization (BO) has emerged as an interactive optimization method that
effectively navigates large design spaces, which are challenging for traditional approaches. It
guides a limited number of numerical models toward highly probable optimal results while
generating surrogate models that describe the properties of interest based on the design
variables [5, 6]. Moreover, BO enables optimization to start directly without requiring a
training phase and achieves global optimization with fewer sampling points. Vangelatos et al.
[7] employed a novel Bayesian approach, "evolutionary Monte Carlo sampling," to optimize
the strain energy density of a polymeric material-based architected microlattice by strategically
arranging defects to delay catastrophic failure. Kuszczak et al. [8] developed a computational
framework that uses BO to identify optimal lattice configurations with varied strut thicknesses
in polymeric materials. This approach enhances uniaxial elastic stiffness and increases plastic
or buckling strength. However, no research has used BO in any ACMs, including ACCCs, to
date. This is because ACCC models face challenges in parametric modelling for dataset
creation and optimization. These challenges stem from the plasticity and cracking of the
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cementitious matrix, as well as the complex contact boundary conditions associated with
intricate geometries.

To achieve high-performance design of ACCC energy harvester, this study developed a
parametric energy harvesting model, integrating the CDP and second elasticity models, to
optimize ACCCs for recoverable hinge-like strain capacity across various geometric
configurations. An interactive BO framework linked with the FEM was established, using the
average strain of cementitious material bonded to the piezoelectric film as the objective
function. BO constraints excluded cases exhibiting splitting or non-auxetic behavior under
compression. The optimized shape was fabricated using additive manufacturing-assisted
casting and experimentally tested for output voltage. Geometric and mechanical evolution
during BO iterations were further investigated, offering insights for high-performance design.
This learning-driven approach enhances auxetic cementitious energy harvesters, demonstrating
significant potential as a versatile power source for sustainable and smart cities.

7.2 MATERIALS AND METHODS

7.2.1. Materials and specimen preparation

As in Chapter 3, the fabrication of ACCCs followed the "indirect printing" process [9], as
shown in Figure 7-1. First, a unit cell with specific dimensions was designed and produced
using fused deposition modeling with a 3D printer (Ultimaker S5). ABS was selected as the
printing material. The printed ABS structures were then placed inside a cardboard box. Next, a
two-component silicone rubber, Poly-Sil PS 8510, was mixed in a 1:1 mass ratio and poured
into the box. The silicone rubber was left to cure at room temperature for at least one hour until
it hardened. Once solidified, the silicone rubber was removed from the box to be used as a mold
for casting the cementitious materials. Herein, 8510 silicone rubber, with a Shore hardness of
10 A, provides adequate stiffness for use as a mold while maintaining the flexibility needed for
easy demolding.
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Figure 7-1 Specimen preparation

Table 7-1 Mixture proportions of ACCCs.

C FA SKC+FA) W/KC+FA) SP/(C+FA) VMA/C +FA) PVA Fiber (by volume)
1.0 1.2 0.37 0.46 0.0016 0.0003 2%

Table 7-2 Material properties of PVA fibers.

. Diameter Length Tensile Young’s modulus Density Ultimate
Fiber type (nm) (mm) strength (Gpa) (g/cm?) strain
B (MPa) p g

PVA(RECS15) 40 8 1.6 41 1.3 6.0%

The SHCC mixture with extended softening (SHCC-LS) developed in Chapter 6 was used as
the base material for the ACCCs, with the mixture proportions detailed in Table 7-1. Fiber
specifications are provided in Table 7-2. The mixing and curing procedures of specimens were
consistent with those described in Chapter 6. The PVDF was bonded around the ligament
region of the central elliptical hole in the specimen using silicone rubber (Poly-Sil PS8540)
and allowed to cure for at least 12 hours until fully hardened. This is because 8540 silicone
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rubber, with a Shore hardness of 40 A, provides good bond strength. The LDT0-028 K PVDF
film measures 24.81 mm x 13.21 mm with a total thickness of 0.2 mm, which includes a
protective layer designed to prevent surface oxidation of the silver ink electrode area [10-12].
To reduce strain transfer loss from the bonded ligament area to the PVDF during
precompression, the PVDF film was bonded to the ligament region after precompression. The
bonding was performed when the silicone rubber (Poly-Sil PS8540) had lost its fluidity and
exhibited strong adhesive properties, approximately one hour after mixing its components A
and B.

7.2.2. Experiments
(1) Material properties test

In Chapter 6, uniaxial tensile tests on dog bone specimens were performed according to Japan
Society of Civil Engineers guidelines [13] to assess the tensile behavior of the cementitious
matrix after 28 days of curing, as shown in Figure 7-2a. Uniaxial compression tests were also
conducted to determine the compressive behavior of the cementitious matrix. Figure 7-2b show
the test setup, performed on a UNITRONIC machine with displacement control at a 0.01 mm/s
displacement rate. Displacement was measured by LVDTs attached on each side of the cubic
specimens with a side length of 20 mm. At least three specimens were tested to ensure reliable
results. Figure 7-2 presents the test results for uniaxial tension and uniaxial compression of the
cementitious matrix. The average tensile and compressive test results shown in Figure 7-2 will
later be used as the material constitutive parameters in the CDP model.
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Figure 7-2 Mechanical testing of material properties, (a) uniaxial tension, (b) uniaxial compression.

(2) Uniaxial compression test for ACCCs

Uniaxial compression tests on ACCCs specimens were conducted using the UNITRONIC
machine with displacement control at 0.01 mm/s. As shown in Figure 7-3, the displacement of
each specimen was measured with two LVDTs placed on its two sides. As illustrated in Figure
7-3a, the Pla-shaped ACCCs were used as a reference for energy harvesting. Its compressive
stress-strain curve was derived by calculating stress as compressive force divided by the initial
projected cross-sectional area (63 mm % 20 mm) and strain as displacement over initial length
(63 mm), which is shown in Figure 7-3b. Plastic films were added to minimize friction with
loading plates, aiding section rotation to facilitate auxetic behavior.
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(3) Energy harvesting test

Figure 7-4 shows the energy harvesting test setup and loading plan for ACCCs energy harvester.
Cyclic testing of the energy harvester was conducted using an MTS fatigue machine with a 10
kN capacity. The harvester’s DC output voltage was measured with a Keysight 34461 A digital
multimeter. Given LDT0 PVDF’s high internal impedance (nearly 11.2 MQ by using a pure
capacitance estimation [12]), the multimeter’s input impedance was set to over 10 GQ for
accurate open-circuit voltage measurement. Two wires connected the PVDF to the multimeter,
and a plastic film reduced friction between the loading plate and the specimen. To counteract
slight horizontal movement from uneven deformation and asymmetrical cracks in the
cementitious materials during cyclic tests, tape was applied to the bottom loading plate.
Considering the loading plan shown in Figure 7-4c, the Pla-shaped specimen is first
compressed by displacement loading. The compression starts at zero and increases to U (5.0
mm), bringing the specimen to a height of 58 mm. Afterwards, cyclic loading under
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displacement control is applied with a sinusoidal wave with a constant amplitude 4 (1 mm) and
a frequency f (1 Hz). In Figure 7-3c, the Pla-shaped specimen produces a sinusoidal peak-to-
peak voltage of around 5.4+0.6V during each cycle of cyclic loading. To ensure reliability, a
minimum of three replicates were tested.
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Figure 7-4 Energy harvesting test setup

7.3 ENERGY HARVESTING MODELLING

The energy harvesting model developed in Chapter 5 was further extended in this chapter.
Figure 7-5 presents a flowchart of the energy harvesting model for the ACCC energy harvester
in this Chapter. The mechanical model of ACCCs comprises two phases: preloading and cyclic
loading, as shown in Figure 7-5a. In the pre-compression phase, the CDP model quantifies
ACCCs' mechanical behavior [14]. The CDP model parameters are obtained from the tensile
and compressive test results of the SHCC mixture with extended softening, which are presented
in Section 7.2.2. However, due to its limitations, the CDP model encounters difficulties in
simulating the second-elasticity behavior of the ACCCs during cyclic loading, and thus a
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second-elasticity model is employed instead. As shown in Figure 7-5b, For transition between
models, the ACCCs' deformed shape at a specified loading displacement (calculated by the
CDP model) is set as the initial geometry for the second-elasticity model, which is
reconstructed through an improved node-order tracking algorithm in this chapter. Next, strain
transfer between PVDF and ACCCs is incorporated. The mechanical response of the PVDF
film is then extracted to calculate output voltage using the PVDF piezoelectric model.
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Figure 7-5 Energy harvesting model for ACCCs

7.3.1. Mechanical model

The elastic-plastic behavior of cementitious composites reinforced with PVA fibers can be
simulated using the CDP model [15-17]. Chapter 5 has detailed the methodology of applying
the CDP model to simulate the mechanical properties of ACCCs. Similarly, the simulation of
the CDP model for ACCCs wunder quasi-compression was performed using the
ABAQUS/Explicit module. The ACCC specimen was meshed with CPS3, a 3-node linear
plane stress triangular element without hourglass effects. The CDP model parameters for

ACCCs are given in Table 7-3. Herein, £ is the density, £ is its initial Young’s modulus, and
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V s its Poisson’s ratio. 0, / 0, represents the ratio of the initial yield stress in equi-biaxial

compression to that in uniaxial compression. K. represents the ratio of the second stress
invariants on the tensile and compressive meridians. y refers to the dilation angle. & is the
flow potential eccentricity. The mechanical behavior of the cementitious matrix is characterized
by the experimental results of uniaxial tension and compression in Figure 7-2, which can be
incorporated into the CDP model as detailed in Tables 7-3 and 7-4. Three ACCC shapes from
the intuitive solution have been designed and fabricated. Detailed information can be found in
Figure 7-6, Figure 7-7 and Table 7-6. Herein, Pla is the ACCC shape used in Chapter 3. As
shown in Figure 7-8, three ACCC shapes from the intuitive solution were tested under uniaxial
compression, and the results were consistent with those of the CDP model. The discrepancy in
the first peak stress for P1b between the experimental and model results is due to the larger size
of the middle joint compared to the side joint. When plastic strain develops in the middle joint,
the much smaller side joint experiences stress concentration and some crushing under the
contact pressure from the loading plate. This leads to increased friction in that region, requiring
a greater vertical force to overcome the friction and allow the section to rotate.

Table 7-3 CDP model parameters for ACCCs

p (kg/m?) E, v G,/ 0., K W ez Viscosity
(MPa) Parameter
1870 4576 0.2 1.16 0.667 35 0.1 0.001

Table 7-4 Tensile behavior parameters

Yield stress (MPa) Displacement (mm)

2.599 0

2.768 0.505
2.583 0.896
2.504 1.406
2315 1.705
1.106 2.736
0.491 3.263
0.188 4.217
0.138 4.796

Table 7-5 Compressive behavior parameters

Yield stress (MPa) Inelastic strain

10.5 0
13.022 0.027
13.544 0.035
13.027 0.052
12.078 0.097
11.880 0.121
11.928 0.171
12.294 0.203
12.868 0.229

13.833 0.259
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Table 7-6 Design parameters of the three ACCCs shapes in the intuitive solution.

Hole Specimen .
. ao bo ai b g0 Relative
Specimen (mm) (mm) (mm) (mm) (mm) (mm) (mm) area area density
(mm?) (mm?)
Pla 63 175 105 175 105 3.5 3.5 2309.1 1659.9 41.8%
P1b 63 175 105 155 8.5 3.5 5.5 2145.7 1823.3 45.9%
Plc 63 22.3 57 223 5.7 3.5 3.5 1597.3 2371.7 59.8%
Pla Ple
ot 108 ' /:‘_! d;s "io.s ’ ,5.7,_,3'5 445 4,3&?7, .
| 3 —33 : i
Ad— ; 3l
2 :f = d
T J. L 175 o 223 223 S

35

Figure 7-6 Dimensions of three ACCCs shapes in the intuitive solution from both a front view and an isometric

view.
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ACCCs display significant recovery after compressive unloading in cyclic tests, attempting to
return to their original shape despite minor plastic deformation [9, 15-17]. This uncommon
behavior in cementitious materials, termed “compressive deformation resilience” or
“recoverable deformation elasticity,” describes the structure’s elastic recovery after
compressive stress is released. This compressive deformation resilience can be simulated by a
second-elasticity model with an equivalent structural elastic modulus of the whole unit cell
during the cyclic loading stage [16]. To achieve this, the deformed ACCCs shape at a specified
loading displacement, namely the end of the preloading stage, is used as the initial geometry in
the second-elasticity model. The node-order-track algorithm [16] was employed using Python
scripting within ABAQUS to achieve topological reconstruction of geometric shapes of
ACCCs at a designated moment during the loading process. Specifically, this algorithm
reconstructs the shape using topological data including the recorded node order and the current
node coordinates. These coordinates are calculated by adding displacements to the original
coordinates. However, due to the extensive dataset of shapes generated by ML, the algorithm
is not suitable for certain special cases. To address these limitations, an improved node-order-
track algorithm has been developed, aimed at accommodating these special scenarios and
providing a comprehensive reconstruction method for ACCC shapes in Figure 7-5b. The
detailed steps of this improved algorithm are illustrated in Figure 7-9. As shown in Figure 7-9,
In in Figure 7-9a, the node-order-track algorithm was used for topological reconstruction of
geometric shapes by selecting the next candidate as the nearest point to the previous one. In
this study, the algorithm was further improved to address special cases from the extended ML
dataset. In Figure 7-9b, the node-order-track algorithm fails to reconstruct the ends of the
ACCC internal profile due to Cases I and II. In Case I, blue points are previously reconstructed,
with O as the current point. The orange point is the next candidate, but its distance d; from O
is greater than db, the distance from O to the nearest blue point. To address this, the improved
algorithm excludes previously constructed blue points, allowing the orange point to be
prioritized as the next nearest. In Case II, the nearest point from O along the reconstruction
direction should ideally be the orange point. However, the purple point, located behind the
reconstructed blue points, has a shorter distance ds than d3, the distance between O and the
orange point. The cosine of the angle between v; (direction vector from O to the nearest blue
point) and v» (from O to the orange point) is greater than that between vi and v3 (from the purple
to the orange point). Using a detection region with radius R centered at O and evaluating these
cosine angle values enables the algorithm to prioritize the orange point as the next nearest point.
In Figure 7-9c¢, the external profile of ACCCs was reconstructed using the improved algorithm,
incorporating Cases I and II as in Figure 7-9b. In some special regions within Case III in Figure
7-9c, evaluating the cosine angle values may mistakenly identify the purple point as the next
candidate instead of the orange point when using a large detection region. Therefore, the
detection region should be reduced by lowering R. The model further considers varying R
within the loop by applying multiple factors to the mesh size for each shape. This approach
allows for selecting the correct next candidate in the direction, thereby addressing these issues
without requiring segmented region considerations.
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Figure 7-9 (a) Shape topology reconstruction via node-order tracking algorithm, (b) internal profile reconstruction
of ACCCs with improved node-order tracking algorithm, (c) external profile reconstruction of ACCCs with
improved node-order tracking algorithm.

Afterwards, a sinusoidal displacement consistent with the cyclic test loading scheme is applied
to the top plate, while the bottom plate remains fixed in the second elasticity model. Interaction
between the specimen and loading plates is maintained as defined in the compression model.
Figure 7-3d shows the plastic strain distribution of the reference calculated using the CDP
model, after a pre-compression of 5 mm. Subsequently, the deformed specimen in the second-
elasticity model is presented with an elastic strain distribution at the peak of cyclic loading in
Figure 7-3e.

7.3.2. Energy harvesting model

The mechanical responses of the PVDF film are then incorporated into the piezoelectric model
to determine the output voltage. Generally, the interaction between the mechanical and
electrical fields in a piezoelectric material is described using the following constitutive
equation, with the symbols defined earlier in Chapter 5.
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S; = Siju Ty +dkij -E,
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Dy=dy Ty +e;E,

In the PVDF inset in Figure 7-3c, the local coordinate system designates the length, width, and
thickness of the PVDF film as directions 1, 3, and 2, respectively. The piezoelectric strain
coefficient d31 links the electric charge generated in the thickness direction to stress applied
along the length (mode 31), while ds3 links it to stress applied along the thickness (mode 33).

The detailed formula for the piezoelectric model of a PVDF film was provided in our previous
study [16]. For the PVDF film, the output voltage V), can be represented as the sum of two

(44)

voltage components, associated with charge generation in modes 31 and 33, respectively. V), ;

is the cumulative voltage generated due to d31. /,, is the cumulative voltage produced by dss.

Vp - Vp,l + Vp,2 (45)
Iwd, E L - Iwd, E
y =223 d grvey=L23l_P (Fiyg
pl Cp I’l(l—Vi);( P 2) Cp (I—V;)( 1 p z) (46)
Ilwd, FE i . Iwd, E
o =Ltr3_ (ve+e)=2LE__(yg +7) 47
P2 Cp n(l_vi)lzl Py 2 Cp (l—V;) I 2 (47)

where /;and w; are the length and width of each rectangular segment, respectively. Meanwhile,
Ly, wp, represent the length, width of the PVDF film, respectively. C, represents the capacitance
of the PVDF film, while E, denotes its elastic modulus, and v, refers to its Poisson’s ratio. The
piezoelectric film is divided into n equal-sized rectangular segments along both its length and

width (i.e., /,= nl; and wy=nw;). i refers to the i-th segment. é‘f represents the strain in direction

1 for the i-th segment. 82 represents the strain in direction 2 for the i-th segment. &
represents the equivalent strain in direction 1 for the PVDF film, which is calculated as the
average strain of all segments. Similarly, &, represents the equivalent strain in direction 2 for
the PVDF film, also determined by averaging the strain of all segments.

As shown in our previous study [16], V), is significantly greater than V,, because the PVDF

film primarily experiences flexible strain in the scenario of ACCCs-PVDF energy harvester.

For V), , the contribution from & decreases significantly because of Poisson's ratio v,. Hence,

V,, is mainly influenced by & . As a result, the maximum output voltage is primarily

governed by the maximum value of € . The & of the PVDF film is mainly transferred through

the adhesive layer (i.e., silicon rubber) from the average strain €., of the cementitious material

bonded to the PVDF film. Therefore, in subsequent Bayesian Optimization, & . will be treated

int

as the objective function to simplify the representation of the output voltage.

7.4 BAYESIAN OPTIMIZATION (BO)

7.4.1. Theory



130 CHAPTER 7

Bayesian optimization is a widely used method for optimizing expensive-to-evaluate black-
box functions. It employs a probabilistic surrogate model, often a Gaussian Process (GP), to
generate a posterior distribution. This enables a sample-efficient approach to identify optimal
trade-offs between objectives. Finite element models used to simulate the elastic-plastic
behavior of cementitious materials are typically computationally intensive. BO leverages
patterns in limited data through interactive iterations with FEM to identify promising optimal
design variables. This significantly reduces the computational cost associated with training a
large number of models. Additionally, BO's exploration mechanism helps avoid being trapped
in local optima. Assuming the objective function defined in Section 3 follows a multivariate
Gaussian distribution, it can be fitted by using a Gaussian Process (GP). For the i-th sample

point X;, the GP is implemented primarily by fitting the kernel of the covariance matrix as

follows:
k(X1’X1) k(xl’xn)
K=| . i |+ 48)
k(x,.x) o k(X,.%,)

2

where n denotes the number of sample points incorporated into the GP model. ,B_l =0, . 18

the standard deviation of the noise, assumed to follow a standard normal distribution. I is the

identity matrix. k represents the covariance kernel, which is calculated using the squared
exponential function in Eq. (6).

: 1 :
k(x,x')= 0; exp(—z—SZHX—x Hz) (49)

where O'f2- is a scaling factor, and s represents the length scale that determines the degree of
correlation between function values.
Let t=(X,Y) represent the multivariate Gaussian distribution of n observed sample points.

Herein, X refers to a stack of x values from n observations. Y represents the results from n
observations. The performance of the next sample point X , can be predicted as 7 using
Bayesian rules for a multivariate Gaussian distribution.

P(f\t)=N(fW,52) (50)
with posterior mean:
i=k(%X)[ K (xx)+471] ¢ (51)
and posterior variance:
7 = k(%%) - K (5. X)[K(XX)+ 1] K(X5)+4 (52)
K(ﬁ,X) = [k(XnH’Xl) k<xn+17X2) o k(xn+l7Xn ):| (53)
K(X5)=K(3X) (54)

where Y., refers to the results from » observations.
Based on the gaussian process (GP), the performance (i.e., objective value) for any potential
sample point can be predicted. Next, the acquisition function (i.e., Expected Improvement [18])
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is calculated to estimate the improvement potential of each possible sample point, as shown
below:

El(x)=E[max(Y—me,o)} 55)

EI(X)=(Y,, - u(R))®(Z)+0(%)-4(2) (56)
_u(¥)-1,,

T o¥) (7)

where ®(Z) , #(Z) are the standard normal distribution function and density function,

respectively, while ¥,

is the current optimal objective value in the sample space. The first
term in Eq. (56) captures the difference between each potential sample point and the best-
known point, promoting exploitation. The second term in Eq. (56) assigns greater weight to
sample points with higher uncertainty, ensuring no “blank™ areas in the sample space and
promoting exploration. By combining these terms, the acquisition function EI tends to produce
higher values at sample points with lower posterior means and greater uncertainty, achieving a
balance between exploitation and exploration.

7.4.2. Bayesian Optimization setup

(1) Random generation of initial data set

Figure 7-10 shows the geometric parameterization of elliptical-shaped ACCCs for a sample

point (i.e., X, = (li,aol.,bOi,ali,bli) ). The central hole is considered to potentially differ from the

surrounding holes in the unit cell. The initial step involves assuming that the central hole has
the same size as the surrounding holes in the unit cell (see Figure 7-10). This special case is
followed by adjustments to the dimensions of the central hole. Considering the limited space
for casting cementitious materials that include fibers, the minimum specified value for the
ligament /2., is set at 3.5 mm.
The side length of the unit cell of ACCCs /; can range from /., mm (20 mm) to /. (80 mm).

Ly € Ui Lo ) (58)
where 7 indicates the i-th candidate.
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Figure 7-10 (a) Parameterization of elliptical-shaped ACCCs, (b) ACCCs shape with identical ligaments, (c)
ACCC:s shape with larger dy,, (d) ACCCs shape with smaller d,,, (¢) randomly generated samples with different
Poisson’s ratios, (f) splitting case identified by plastic strain in detection region.

Considering the restricted space for creating the silicon rubber mold, the minimum values of
the half major axis @... and half minor axis /... are set at 4.5 mm and 3.5 mm, respectively.
Once the value of /; is determined, the ligament /g,; of surrounding holes can be chosen from
the following range:
lg,, €llg -, /2.0—a, . —b, )] (59)
Subsequently, the half major axis @, of surrounding holes can be constrained within the
following range:
a, €[(l,/2.0-1g,)/2.0+0.5,1,/2.0—1g,, —b,, ] (60)
Then, the half minor axis &, of surrounding holes can be obtained as
by =1,/2.0—1g,, —a,, (61)
The auxetic behavior of ACCCs is achieved through the rotation of ligaments after cracking.
As a result, the ligaments Z,; surrounding the central hole are maintained at a uniform size,
ensuring symmetric deformation. On this basis, the following equation can be derived:

a,; + b, =a,; + b, (62)
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Following that, the half major axis &, of the central hole can be adjusted within the range
below.

ay; € (b +1,1,/2.0—by, —1g,..] (63)
However, the half minor axis &, of the central hole needs to satisfy the following equation
b, =b._ (64)
Based on Eq. (61), Eq. (65) can be obtained as
a,zb.. +a, —by,=b_ +1.0 (65)
Therefore, the half major axis «, lies within the range indicated below:
a, €lb,. +a, —by,. 1, /2.0—b, —Ig,. ] (66)

Based on Eq. (62), the half minor axis b of the central hole can be determined as

(67)
The geometric parameter ds, in Eq. (68), representing the degree of structural chirality, was
introduced to characterize the splitting behavior of ACCCs. As illustrated in Figure 7-10c, a
higher dy, increases the lateral distance between the side joints and middle joints. This
adjustment reduces the compressive force (highlighted by the green arrow in Figure 7-10c)
required to create the moment necessary for ligament plastic deformation and subsequent
section rotation, thereby promoting the development of a negative Poisson's ratio effect.
Conversely, the ACCCs shape depicted in Figure 7-10d is less conducive to auxetic behavior
and is prone to splitting due to the increased compressive force exerted on the joints.

d,, =a, — (b, +1g,) (68)
Hence, the input geometric parameters of /, ao, bo, ai, and by (dependent variables) are
considered as a five-dimensional decision variable tensor for optimization, resulting in an

b, =by; +a,, —ay,

i

objective value of &, . In addition to the intra-point constraints above applied to these input

dependence geometric parameters, further output constraints (black box constraints) were
imposed on the objective value of each individual candidate by multiplying it by zero in two
specific cases that needed to be removed.

Removed case (i): The optimization focuses on ACCCs with auxetic behavior under
compression. As shown in Figure 7-10e, only limited ACCCs shapes demonstrate auxetic
behavior through section rotation under compression, based on four randomly generated
examples from the model. To ensure this, a constraint was applied to the objective function,
requiring the Poisson's ratio to remain negative during compression. For each candidate, its
Poisson's ratio at every incremental step in the model results was monitored. If any Poisson's
ratio was found to be non-negative, the objective value was set to zero by multiplying it by 0.
Let C represent the £-th candidate in the optimization process. For each candidate Cy, let vy,
denote the Poisson's ratio at the i-th incremental step in the model results. The objective value

Eint,k for candidate Ck is adjusted as follows:

& iy, OV
ntk

_ 69
“ 0, ifv,, 203 (69)

Removed case (ii): When the model reaches the ultimate case to achieve auxetic behavior by
rotation with some minor plastic deformation in the central region of the section. However,
experimental observations revealed that the specimens failed by splitting before auxetic
behavior could manifest. Two representative cases in the Removed case (ii), labeled RCii-1
and RCii-2 with detail information in Table 7-7, are used to illustrate this situation. As
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demonstrated in Figure 7-11 and Figure 7-12, both RCii-1 and RCii-2 display auxetic behavior
through rotation, despite experiencing minor plastic deformation in the central region of the
section. However, during the experiments, the specimen fractured and split. Cracks formed
near the plastic region of the model, which prevented it from displaying auxetic behavior. This
outcome is attributed to the ultimate state being highly sensitive to boundary conditions.
Additionally, uncertainties arise from manual casting and the heterogeneity of the cementitious
materials.

Test

[%]
0.028 11.23
0.026
0.024
0.021
0.019
0.016
0.014
0.012
0.009
0.007
0.005
0.002
0.000

8.00
6.00
4.00
2.00
0.00
-2.00
-4.00

-6.00
-7.81
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Figure 7-11 RCii-1: (a) Initial shape, (b) deformed shape under 0.8% compressive strain applied, (c) deformed
shape under 8% compressive strain applied.
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Figure 7-12 RCii-2: (a) Initial shape, (b) deformed shape under 0.8% compressive strain applied, (c) deformed
shape under 8% compressive strain applied.

Table 7-7 Specimen details for RCii-1, RCii-2

Case / ao bo a b Ein
RCii-1 66.15 32.08 23.46 28.95 20.48 0.0165
RCii-2 65.86 30.87 24.24 28.14 21.00 0.0191

Therefore, in the case of specimen splitting, the objective value is also set to zero by
multiplying it by 0. Specimen splitting in the model is identified if the plastic strain in the

central region of the section exceeds SZ' , as shown in Figure 7-10f. For each candidate Cj, let
€,4; denote the plastic strain in the central region of the section at the i-th incremental step in
the model results. The condition for adjusting the objective value &, to zero if the plastic

. h .
strain €,,; exceeds the threshold 65, , which can be expressed as:

= . th \ g+
— | & 1f8p’k,l, <€, Vi (70)
gimk - - th .
’ 0 ife . >&" 3i
> ki P

where 6;11 is set to 0.003 in this study.

50 parameterizations were randomly generated, and those with non-zero objective values were
selected. Figure 7-13 shows the distribution of these objective values, where only 5 out of the
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50 parameterizations had non-zero objective values. This already indicates the inefficiency of
using randomly generated data for optimization. This inefficiency arises from the quasi-brittle
nature of the cementitious materials, as modifying the geometry of ACCCs can increase their
susceptibility to damage and splitting failure under load. Additionally, the intricate shapes of
ACCCs are highly sensitive to geometric changes aimed at enhancing recoverable hinge-like
strain capacity while maintaining auxetic behavior. Furthermore, ACCCs initially form small
cracks under compression because of the strong fiber-bridging capacity of SHCC materials,
requiring a more refined specification of geometric parameters. This, in turn, expands the
design space and leads to an exponential increase in computational cost. In Figure 7-6 and
Figure 7-7, three ACCC shapes designed as intuitive solutions (including the reference Pla)
are compared to the randomly generated shapes based on their objective values.
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Figure 7-13 Results of random generation, (a) dimensions, (b) Poisson’s ratio, (c) objective values, (d) stress-
strain curves.

(2) BO-FEM setup

For the dataset generated through random generation, the objective values were manually
penalized instead of being directly derived from the model results. This approach may cause
challenges in identifying non-zero acquisition function values in BO, thereby hindering the
acquisition function from effectively guiding the exploration of the design space. Therefore,
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the 5 non-zero values were combined with the three previously used parameterizations to form
the initial dataset for subsequent optimization. The optimizations were performed sequentially,
with a batch size of one, to maximize the performance of BO [19]. Although BO is inherently
a sequential algorithm, it can be adapted to execute multiple optimizations simultaneously,
updating the surrogate model only after all evaluations are completed [20]. While this parallel
approach can save considerable time, it typically results in less effective optimization outcomes
within a fixed number of trials. Expected Improvement (EI) [18] was employed as the
acquisition function in BO to estimate the potential improvement over the current best
observation at each sample point. It balances exploration of design space regions with high
uncertainty (exploring new areas) and exploitation of regions with potentially high objective
function values (refining known promising areas) to guide the selection of the next point for
evaluation. Since solution quality was the primary focus of this study, BO was conducted in a
purely sequential manner. Similar to the input constraints used in random generation, geometric
parameter constraints were applied to each candidate generated during BO iterations, expressed
as inequalities in Eqs. (71)-(80).

20<17 <80 (71)

I, —2a,, —2b,, =7 (72)

[, —2a,, —2b,, < 64 (73)
ag; —by; =1 (74)

by; = 3.5 (75)

—a,; +by;, +a,; =3.5 (76)

I, —2b,, —2a,, =7 (77)
a,—b, =1 (78)

a,, +b, —(a,, +b,)=—0.5 (79)
a,, +b,, —(a,, +b,)=—0.5 (80)

In addition to the constraints applied to the input geometric parameters, further constraints were
imposed on the objective value by multiplying it by zero in the two specific cases: Removed
case (i), (i1). The multiplier applied to the objective value was determined through trial and
errors, allowing the Bayesian Optimization (BO) process to avoid these points without
hindering the exploration of candidate points by the acquisition function. This approach also
helps enhance the optimization speed.

As indicated in Section 7.3.2, the average strain &, , of the cementitious material bonded to
the PVDF film is treated as our objective function to simplify the representation of the output
80% of the bottom region of the internal profile in each ACCCs

voltage. To calculate &,

shape was designated as the bonding area through node editing algorithm (see Figure 7-14).
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Figure 7-14 Programming for &, calculation in parametric modeling of ACCC Shapes

The internal profile was determined based on shape topology reconstruction of ACCCs using
an improved node-order tracking algorithm, as described in Figure 7-9. In Figure 7-14, the
point P; with the minimum x-coordinate was identified and set as the first node. The remaining
nodes were then reordered in either a clockwise or counterclockwise direction. The bottom
region of the internal profile was selected as the bonding area for the PVDF film. This bottom
region was determined by verifying whether the point Pymin, which has the minimum y-
coordinate, is included when traversing in either a clockwise or counterclockwise direction.
The nodes in this region were also reordered according to a clockwise or counterclockwise
direction. To calculate &in, 80% of the bottom region of the internal profile was designated as
the bonding area through node editing (i.e., trimming nodes at both ends). This adjustment
accounts for the fact that the two ends of the internal profile primarily experience compression
and are geometric transition zones, where bonding piezoelectric films is avoided to prevent
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placement on these two ends.

Figure 7-15 shows a schematic diagram for FEM-Bayesian Optimization (BO) setup. In the
interactive process between the FEM model and BO, a new parameterization with the highest
probability for improving the objective value is (i) selected by BO, (ii) its geometry is generated,
(ii1) its response is predicted using FE analysis, and (iv) Gaussian probabilistic models of the

quantity of interest (&, ) are updated after each evaluation considering the constraints. This

iterative process continues until no further improvement in the objective value is observed, or
the variation becomes negligible. During the optimization process, the current best objective
value, geometric parameters, and mechanical performance (including Poisson’s ratio and the
stress-strain curve) are recorded. For each generated shape, the applied displacement in the
CDP model was only considered up to the smaller value between &, and &, . Therefore, the
contact between the top and bottom ends of the central elliptical hole (i.e., self-contact within
this hole) is not considered, nor is the contact at the side joints in the section due to rotation.
This is because ACCCs tend to split when these contacts occur, as their negative Poisson's ratio
decreases under compression. Experiments revealed that when the compressive displacement
approaches half the size of the compressible hole, the ligament accumulates significant plastic
deformation and damage, leading to a further reduction in recoverable deformation. For smaller
ligaments, this poses a higher risk of failure. Therefore, the deformation shape after a
compressive displacement equal to one-quarter of the hole size (i.e., half of the smaller value
between bo and bi.) was uniformly selected as the initial geometry for each candidate in the
secondary elastic model. In the second elastic model, the applied displacement amplitude for
each shape is set to 10% of the smaller value between b and b;.
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7.5 RESULTS AND DISCUSSION

7.5.1 Optimization results

As shown in Figure 7-16, the reference shape (Ref in Figure 7-16a), Pla, exhibits a low &,
0f 0.01

(Best random shape in Figure 7-16a), which is higher than the reference. In contrast, during the

0f 0.008. For the randomly generated shapes, the best configuration only reached a &;

nt

Bayesian Optimization process, the best objective value &, exhibited a general trend of
improvement over iterations. In the first 80 iterations, the best objective value increases rapidly,

after which it slowly improves and eventually converges. The best shape optimized through
BO at iteration 180 achieves a &, of 0.0155 (BO optimum in Figure 7-16a), nearly twice the

objective value of the reference shape. Notably, the best value obtained at iteration 180 offers
only a marginal improvement over the second-best value achieved at iteration 164 (second-best
BO optimum in Figure 7-16a). As shown in Figure 7-16b, there were only six candidates where
the objective value dropped to zero, indicating violations of the criteria for non-splitting and
auxetic behavior. This further highlights the efficiency of BO compared to random generation
methods in optimization. It is worth noting that not every iteration led to improvement, as BO
balances exploiting high-performing regions with exploring new possibilities. This is reflected
in the progression of the objective value throughout the BO process, as shown in Figure 7-16b.
The process achieved rapid optimization during the first 100 iterations, marked by significant
fluctuations due to exploration. After 100 iterations, fluctuations diminished as the focus
shifted to refinement. By 200 iterations, the best objective value remained unchanged through
500 iterations, indicating the optimization had nearly reached a global optimum. To maintain
computational efficiency, the analysis utilized the results from the first 200 iterations.

Figure 7-17 illustrates the geometric evolution of the BO process across iterations. The
dimensions of the five design variables (Figure 7-17a) and their relative values (Figure 7-17b)
exhibit relatively rapid fluctuations during approximately the first 50 iterations. These are
followed by smaller fluctuations as the values gradually stabilize near their optimal levels. In
Figure 7-17a, it is evident that ap> a1, bo> b1, a pattern also reflected in their relative values in
Figure 7-17b. In Figure 7-17b, ao/l and ai/l decrease over nearly the initial 50 iterations, while
bo/l and bi/l increase. This progression indicates that the elliptical hole shape gradually
transitions toward a circular form, with an increase in the lateral distance (bo) between the two
side joints in contact with the loading plate. As by increases, a higher compressive load is
required to achieve the same moment necessary for the ligaments to undergo plastic
deformation and result in section rotation, assuming the constitutive materials have identical
tensile strength. At the same time, the increased frictional force at the loading joints induces
greater tensile force in the ligaments, as dictated by force equilibrium. This, in turn, leads to
the formation of larger cracks in the ligaments, ultimately contributing to a higher objective
value.
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Figure 7-17 Geometric evolution of BO during iterations, (a) dimension, (b) relative dimension, (c) critical
parameter for splitting (dsp), (d) dsp of critical points, (e) joint size, (f) joint size of critical candidates.

Similarly, as d, (defined in Eq. (25)) decreases, the structural chirality diminishes. This
reduction requires the ligaments to withstand higher externally applied compressive stress to
achieve section rotation, leading to the development of larger cracks in the ligaments. The
parameter d, decreases over iterations in Figure 7-17c, although with some fluctuations, but
finally tend to be fluctuate around zero where the optimum point is located. When dj, is
negative, that means vertical ligaments are subjected to more compressive force, which may
result in local compressive failure locally and further develops to splitting failure. The critical
candidates representing the current best objective values in Figure 7-16a are selected for
analysis and reordered based on their sequence in the optimization process. These points
indicate improvements over the previous best objective values during the BO iterations. In
Figure 7-17d, these critical candidates exhibit a downward trend, becoming more negative,
which leads to larger cracks in the ligaments. However, this progression eventually results in a
condition closer to splitting failure, causing the objective value to drop to zero due to the
constraints imposed by BO. Therefore, BO seeks to avoid this situation and focuses on
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identifying points that fluctuate around a zero value for d,, to find the optimal solution. In
Figure 7-17e, both the side joint and middle joint increase with significant fluctuations during
nearly the first 100 iterations before stabilizing with diminished variations. The critical
candidates in Figure 7-17f exhibit a similar trend, despite some fluctuations due to the
exploration in BO. This indicates that a larger joint size leads to a wider crack opening in the

ligaments, thereby improving the objective value of &,,,. This occurs because larger joints

produce greater crack openings at the same rotation angle and increase compressive force due
to higher bending resistance, which, in turn, raises frictional force at the loading joints and
induces greater tensile force in the ligaments.
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Figure 7-18 displays the evolution of geometric features during BO iterations. As shown in Fig.
12a, the aspect ratios of both the side ellipse and central ellipse (denoted in Figure 7-10) keep
decreasing in the initial 50 iterations with significant fluctuations and stabilize after 50
iterations with decreasing fluctuations. This trend also indicates that the elliptical hole shape
gradually transitions into a circular form, causing more pronounced cracking in the ligaments,
as explained in Figure 7-17a, Figure 7-17b. In Figure 7-18b, the aspect ratio of the critical
candidates remains relatively consistent, despite some fluctuations. In Figure 7-18c, the hole
areas show significant fluctuations in the early iterations, followed by a slight decrease. In
Figure 7-18d, the hole size of the critical candidates decreases slightly as the iterations progress.
Correspondingly, the relative density gradually increases with iterations in Figure 7-18e,
despite some fluctuations. In Figure 7-18f, the relative density of the critical candidates
continues to increase, with some minor fluctuations. The reduction in hole area indicates an
increase in material volume (i.e., higher relative density), resulting in larger joint sizes and
more pronounced cracking. This benefits the objective function if non-splitting and auxetic
behavior are maintained.

Figure 7-19 illustrates the mechanical performance evolution during BO iterations. Figure 7-
19a displays the stress-strain curves of all candidates, with critical candidates mainly clustering
in the upper-middle region and exhibiting relatively higher peak stress. This clustering occurs
because lower curves with reduced peak stress are associated with smaller joint sizes, higher
hole aspect ratios, lower relative densities, and larger dsp, which limit the formation of large
crack regions to improve the objective function. As the curves shift upward with increasing
peak stress, larger cracks develop at the ligaments. However, excessive ligament size
eventually leads to splitting behavior, which BO mitigates using penalty constraints. Figure 7-
19d shows the stress-strain curves of the critical candidates, with color intensity indicating
iteration progress. As iterations advance, the curves move upward (from lighter to darker colors)
with increasing peak stress, reflecting larger joint sizes, reduced hole aspect ratios, higher
relative densities, and lower dp, (indicated in Figure 7-10). These changes facilitate greater
crack formation in the ligaments, improving the objective function. However, the optimized
curve is not the one with the highest peak stress (solid line in Figure 7-13d), suggesting that
additional factors influence the objective function. Furthermore, Figure 7-13b shows the CDP
model of the optimized candidate (BO optimum in Figure 7-16a), which demonstrates a larger
plastic strain and a more extensive plastic zone in its deformed shape under compression
compared to the reference (Figure 7-3d). Figure 7-19c illustrates the variation in Poisson's ratio
during compression for all candidates, with the critical candidates mainly clustering in the
middle region. Figure 7-19¢ shows the Poisson's ratio variation for these critical candidates,
with color intensity indicating iteration progress. As iterations advance, the curves shift upward
(from lighter to darker colors), reflecting a lower absolute value of negative Poisson’s ratio,
which suggests larger joint sizes, reduced hole aspect ratios, higher relative densities, and lower
dsp. These changes also facilitate greater crack formation in the ligaments and thus improve the
objective function. However, the optimized curve does not correspond to the one with the
lowest absolute value of negative Poisson’s ratio (solid line in Figure 7-19¢), indicating the
influence of additional factors on the objective function. Furthermore, the maximum absolute
value of negative Poisson’s ratio (NPR) (denoted as Maximum NPR in Figure 7-19f) shows a
slight decrease with some fluctuation due to the balance between exploration and exploitation
during BO iterations. Notably, the Maximum NPR for the critical candidates in Figure 7-19h
also displays a downward trend, despite some fluctuations due to the balance. In Figure 7-19g,
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the optimal design exhibits greater elastic strain and a more extensive tensile zone near the

ligaments at the peak point of &, , during cyclic loading in the second elasticity model,

compared to the reference (Figure 7-3¢). The highest elastic strain is concentrated at the middle

joints, with tensile strain indicated in the strain direction. In Figure 7-19i, &, exhibits a

sinusoidal curve during cyclic loading, with a peak value of 0.0155.
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7.5.2 Experimental validation

Considering the PVDF size and the solder pin length, the second-best shape from Bayesian
optimization (denoted as "BO Optimum (Second Best Value)" in Figure 7-16) was chosen for
experimental validation, as shown in Figure 7-20. This shape has a &,,, of 0.0154, very close
to the 0.0155 of the best shape (BO optimum in Figure 7-16). Figure 7-20 depicts the
manufacturing process and the energy harvesting experimental setup for the optimized shape,
aligning with the configurations shown in Figure 7-1 and Figure 7-4. Figure 7-20b displays the
CDP model of the optimized shape, which demonstrates similar plastic strain and plastic zone
characteristics in its deformed state under compression, comparable to those of the best shape
("BO Optimum" in Figure 7-16). Figure 7-20c also shows similar elastic strain distribution and

strain direction for its deformed shape at the peak point of &£, , during cyclic loading in the

int
second elasticity model. The highest tensile elastic strain, concentrated at the middle joints,
follows a sinusoidal pattern during cyclic loading, with a peak value of 0.0154. During the
energy harvesting test, the second-best shape is initially compressed through displacement
loading, starting from zero and increasing to U (8.0 mm), resulting in a deformed specimen
height of approximately 59 mm. Considering the thickness of the silicon rubber layer, further
compression could cause contact between the upper and lower ends of the holes. Subsequently,
cyclic loading is applied under displacement control, utilizing a sinusoidal wave with a constant
amplitude 4 (1 mm) and a frequency /(1 Hz). The energy harvesting test results of ACCCs for
the second-best shape based on three replicate specimens are presented in Figure 7-20e. This
depicts a sinusoidal output voltage with a peak-to-peak value of 14.8+0.8V per cycle of cyclic
loading, showcasing nearly 2.7 times higher than the reference one. Figure 7-20d presents the
dynamic stress-strain curve of the second-best shape obtained from three replicate specimens
during the energy harvesting test.



148 CHAPTER 7

CDP model [

Plastic strain

Initial shape

deformed shape

¢ 10 } Second elasticity model ‘
X
15 o\ |
\ Strain distribution Strain direction
Elastic strain
- 10 0.028
5 0.025
g 0.022
0.019
@ 5 0.017 =
0.014 - oo
0.011 i =
0.008 7 %
0.006
° e
0 1 2 3 4 -0.003
Cycle -0.005
d (4 ——A=1mm, F=1Hz
] 20
| 16 3V\ S 20
| R, N B4
15 < 3
g « > 815
s - - 3
s c =
‘ E i AL 210
3 5 - 5
|
‘ 5 N
| ©
| 0 =
j,, 0 2 4 6 8 10 BO optimum

Strain/% Time/s

Figure 7-20 Experimental validation, (a) sample preparation and energy harvesting test setup of optimized ACCCs
shape, (b) CDP model of optimized ACCCs shape, (c) &in: of optimized ACCCs shape and its second elasticity

model, (d) stress-strain curve during energy harvesting test, (¢) output voltage of energy harvesting test.

A detailed comparison between the optimal ACCC shape and the reference design is presented
below. Figure 7-21 shows the performance of the optimal ACCCs shape under a
precompression displacement of 6 mm, corresponding to a similar compressive strain level
(compression displacement divided by the shape's length) as the reference design. The optimal
design generates a peak-to-peak output voltage of 8.6+0.5 V, approximately 1.6 times higher
than that of the reference under equivalent strain levels. Additionally, the objective value ( &..)
for the optimal ACCC design (second best) is nearly double that of the reference. This
discrepancy arises from reduced strain transfer loss in experiments, as the larger crack in the
optimal design leads to debonding of the silicone rubber above the crack region from the
cementitious area. At higher precompression levels, the optimal design achieves a peak-to-peak
output voltage of 14.8+0.8V, nearly 2.7 times greater than the reference design, along with
improved peak stress. In contrast, starting at a compression of 5 mm (7.94% strain), the
reference design shows a decline in both output voltage and peak stress as the compression
increases to 6 mm, 7 mm, and 8 mm, corresponding to compressive strains of 9.52%, 11.11%,
and 12.70%, respectively, as shown in Figure 7-22 and Table 7-8. The errors in the reference
design performance could stem from the heterogeneity of the cementitious materials, the
misalignment of the crack relative to the ligament's center, and the irregular variation of the
crack along the thickness direction. Furthermore, discrepancies might result from errors in the
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manual bonding of the piezoelectric film and the degree of silicone rubber debonding near the

main crack.
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Table 7-8 Peak-to-peak output voltage and peak stress of the refence under increasing compression displacement

7.6

Compressive strain 7.94% 9.52% 11.11% 12.70%
Peak stress (MPa)  0.021+0.004 0.017+0.002 0.016+0.002 0.013+0.002
Voltage (V) 5.4+0.6 5.3+1.4 4.7£1.9 3.0£0.5
CONCLUSIONS

An interactive BO framework was established with the energy harvesting model, using

the average strain of cementitious material bonded to the piezoelectric film as the objective
function towards optimal flexible energy harvester. BO constraints excluded cases of splitting
or non-auxetic behavior under compression. The main conclusions can be summarized as
follows:

A parametric energy harvesting model has been developed for ACCC energy harvester
optimization. It incorporates the CDP model and the second elasticity model to analyze
the recoverable hinge-like strain capacity of ACCCs with diverse shapes. Herein, an
improved node-order tracking algorithm has been introduced, enabling the precise
reconstruction of deformed ellipse-shaped ACCC post-compression by accurately
reflecting their modified geometric profiles.

Compared to random generation methods, the BO approach achieves superior
optimization efficiency by balancing exploration and exploitation to enhance the
recoverable hinge-like strain capacity in ACCC energy harvesters. Additionally, the
learning-driven framework proactively and effectively identifies and eliminates cases
with splitting or non-auxetic behavior, further enhancing optimization results.

As BO iterations advance to improve the recoverable hinge-like strain capacity in
ACCCs, the joint size increases, the aspect ratio decreases, and the relative densities
rise, although some fluctuations occur due to the exploration phase of BO. These
changes, within a specific range, lead to greater crack formation in the ligaments while
maintaining non-splitting and auxetic behavior, ultimately enhancing the objective
function for higher recoverable hinge-like strain capacity.

As BO iterations progress to improve the recoverable hinge-like strain capacity in
ACCC:s, the value of dsp decreases, leading to a reduction in chirality and an increase
in ligament cracks, eventually fluctuating around 0. To prevent splitting under
compression in the ACCCs shape design, it is recommended to maintain ds, above 0.
As BO iterations advance to enhance the recoverable hinge-like strain capacity in
ACCC:s, the stress-strain curves shift upward with higher peak stress, while the absolute
value of the negative Poisson’s ratio decreases. These changes, within a specific range,
promote increased crack formation in the ligaments while preserving non-splitting and
auxetic behavior, thereby improving recoverable hinge-like strain capacity.

The optimized results were validated through energy harvesting experiments,
demonstrating a peak-to-peak value of approximately 15 volts per cycle of cyclic
loading, showcasing nearly 2.7 times higher than the reference.

An interactive BO framework was developed with the FEM model to modulate the

recoverable strain capacity towards optimal ACCC energy harvester. This framework can be
further extended for the inverse design of ACCC energy harvester in various engineering



CHAPTER 7 151

scenarios, tailored to specific properties such as specimen sizes, load capacities, and
dimensions of the bonded piezoelectric material. The piezoelectric film is bonded to the
cementitious matrix using silicone rubber, which serves as an adhesive layer to facilitate strain
transfer. However, some strain loss occurs due to larger cracks in the ligaments and partial
debonding between the PVDF and silicone rubber. To improve strain transfer from the
ligaments to the PVDF, a stronger adhesive material with higher bond strength could be
considered in the future study. This chapter's exploration of the optimal design for ACCCs with
a single unit cell offers valuable insights for designing multi-cell ACCCs. In practical
engineering applications, auxetic cementitious composites typically consist of multiple
repeating unit cells. Each unit cell is capable of generating electrical energy. The combined
energy harvested from these multiple cells will be examined in a preliminary study presented
in the following chapter.
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MULTI-CELL AUXETIC CEMENTITIOUS CELLULAR
COMPOSITE (ACCC) PVDF-BASED ENERGY
HARVESTER

Up to Chapter 7, the experiments, simulations, and machine learning—based optimization were
conducted on a single-cell ACCC energy harvester. This optimized unit cell can then be
assembled into a multi-cell ACCC configuration to cumulatively harvest energy for practical
engineering applications. Initially, pre-compression tests were carried out to ensure that the
structure exhibited auxetic behavior without splitting, along with recoverable elastic
deformation within the auxetic range. Based on these results, piezoelectric films were bonded
to the hinge-like joints of each unit cell. Subsequently, energy harvesting tests were conducted
to measure voltage output under varying loading frequencies and amplitudes with resistive

loads.
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8.1 INTRODUCTION

In Chapter 7, machine learning-based optimization was performed on a single-cell ACCC
energy harvester. This was adopted due to the increased complexity associated with multi-cell
ACCC systems. As a result, the initial investigation focused on a single unit cell to establish a
baseline for energy harvesting performance. Previous studies have shown that, within the
auxetic deformation range, the force—displacement response of a single unit cell closely
resembles that of a multi-cell configuration with the same geometric pattern. However, when
accounting for the inherent heterogeneity of the cementitious matrix, multi-cell ACCCs are
more susceptible to uneven deformation across unit cells. This non-uniform deformation can
locally impair auxetic behavior and introduce intercellular interactions, which become
particularly pronounced after crack initiation (see Figure 8-1a). In contrast, testing a single unit
cell allows for a clearer representation of its intrinsic mechanical performance within the
auxetic range, without the influence of intercell coupling effects. Furthermore, previous studies
[1-3] on the compressive performance of multi-cell ACCCs have shown that cracks often
initiate in a localized unit cell and then propagate outward, while adjacent cells may remain
intact. This leads to stress concentration in the cracked region, eventually causing cracks to
penetrate through multiple holes, forcing surrounding cells to unload and resulting in the loss
of auxetic behavior (see Figure 8-1b and Figure 8-1c). These outcomes may be attributed to
various factors, including the cementitious mixture used, ACCC geometry, matrix
heterogeneity, boundary conditions between specimens and loading plates, and manual casting
quality. Therefore, prior to conducting energy harvesting experiments, it is essential to ensure
that the multi-cell ACCC energy harvester used in this chapter is capable of consistently
exhibiting stable auxetic behavior and recoverable deformation under cyclic loading.
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Figure 8-1 Deformation of multi-cell ACCC under compression testing reported in the literature [1-3].

In this chapter, the single-cell ACCC energy harvester optimized in Chapter 7 is extended to a
multi-cell ACCC configuration to enable cumulative energy harvesting for practical
engineering applications. Pre-compression tests were first conducted to confirm that the multi-
cell ACCC demonstrated auxetic behavior without splitting and exhibited recoverable elastic
deformation within the auxetic range. Following this, piezoelectric films were bonded to the
hinge-like joints of each unit cell. Four PVDF films were bonded and electrically connected in
parallel to capture the combined voltage output during the energy harvesting tests. The effects
of different loading frequencies and amplitudes on the output voltage was also investigated.

8.2 MATERIALS AND METHODS

8.2.1. Materials and specimen preparation

Figure 8-1 illustrates the fabrication process of multi-cell ACCCs configured in a 2x2 array.
The overall geometry and dimensions of the specimen, composed of four repeated unit cells,
are presented in Figure 8-1a and Table 8-1. Although the unit cell design is based on the
optimized ACCC configuration from Chapter 7, the side and central joints of each cell were
adjusted to be identical, ensuring repeatability for multi-cell assembly. The multi-cell ACCCs
were fabricated using an indirect 3D printing method [4], as shown in Figure 8-1. Initially, the
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four-cell ACCC configuration was printed using FDM with an Ultimaker S5 printer, employing
ABS as the printing material. The printed ABS shape was placed inside a cardboard container,
into which a two-part silicone rubber (Poly-Sil PS 8620) was subsequently poured. The silicone
rubber was prepared by mixing its components at a 1:1 mass ratio and allowed to cure at
ambient temperature for at least two hours until full solidification. The solidified silicone
rubber serves as a mold for casting the cementitious material. With a Shore A hardness of 20,
the 8620 silicone rubber exhibits sufficient stiffness for mold stability, while maintaining
enough flexibility to allow easy demolding of complex geometries.
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Figure 8-2 Specimen preparation
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Table 8-1 Geometric parameters of one unit cell (unit: mm)

l ao bo ai bl lgo lg|
66.70 17.00 10.25 17.00 10.25 6.1 6.1

The SHCC mixture with extended softening (SHCC-LS) developed in Chapter 6 was still used
as the base material for the ACCCs. The mixing and curing procedures of specimens were
consistent with those described in Chapter 6. In the previous chapters, the PVDF film was
bonded to the bottom ligament region surrounding the central elliptical hole of a single unit
cell. For the extension to a 2x2 multi-cell configuration comprising four cells, the PVDF film
for each unit cell was likewise bonded to the bottom ligament region surrounding the central
elliptical hole, using the same silicone rubber (Poly-Sil PS8540) described in Chapter 7. The
adhesive was allowed to cure for a minimum of 12 hours to ensure complete hardening. Poly-
Sil PS8540, with a Shore A hardness of 40, was selected for its favorable adhesive properties.
The LDT0-028K PVDF film, measuring 24.81 mm x 13.21 mm with a total thickness of 0.2
mm, includes a protective layer to prevent oxidation of the silver ink electrode surface [5-7].
To reduce strain transfer loss from the bonded ligament area to the PVDF during
precompression, the PVDF film was bonded to the ligament region after precompression. The
bonding was performed when the silicone rubber (Poly-Sil PS8540) had lost its fluidity and
exhibited strong adhesive properties, approximately one hour after mixing its components A
and B. A total of four PVDF films were bonded to the corresponding regions of four unit cells.
All PVDF films were aligned in the same orientation to ensure consistent electrode polarity on
the front (or back) side of the multi-cell ACCC specimens.

8.2.2. Experiments

The pre-compression test was conducted using the same setup as the uniaxial compression tests
described in previous chapters, utilizing an Instron 8872 testing machine under displacement
control at a rate of 0.01 mmy/s. To reduce friction between the specimen and the loading plates
during compression, plastic films were placed on both ends, allowing easier section rotation
and promoting auxetic deformation. The compressive stress—strain curve was obtained by
calculating stress as the compressive force divided by the specimen’s initial projected cross-
sectional area, and strain as the displacement normalized by the initial specimen length.
Following the pre-compression test, PVDF films were bonded to the specimen in preparation
for the subsequent cyclic tests. The cyclic loading experiments were performed using the same
test configuration, applying sinusoidal displacement control. Figure 8-2 presents the setup for
the multi-cell ACCC energy harvesting test under cyclic loading conditions. A plastic film was
still placed between the loading plate and the specimen to reduce friction. To counteract slight
horizontal movement from uneven deformation and asymmetrical cracks in the cementitious
materials during cyclic tests, tape was applied to the edges of the bottom loading plate. Using
the similar loading plan shown in Chapter 7, the multi-cell ACCC energy harvester was first
compressed by displacement loading. The compression process started at zero and progressed
to a peak displacement of 10.0 mm. Subsequently, cyclic loading was applied using
displacement control with a sinusoidal waveform characterized by a constant amplitude 4 and
frequency f. To ensure reliability, the test was conducted with a minimum of three replicate
specimens. For a convenient and consistent comparison, the peak-to-peak voltage was selected
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as the metric to evaluate the energy harvesting performance of the multi-cell ACCC energy
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Figure 8-3 Energy harvesting setup of multi-cell ACCC energy harvester.

The DC output voltage of the energy harvester was measured using a Keysight 34461A digital
multimeter (DMM). The LDTO PVDF film exhibits a high internal impedance, estimated to be
about 11.2 MQ based on pure capacitance estimation at 25 Hz [7]. At lower frequencies, the
impedance increases significantly, reaching approximately 280 MQ at 1 Hz and 140 MQ at 2
Hz based on pure capacitance estimation. These frequency conditions were employed both in
the previous chapters and in the present chapter. To ensure accurate open-circuit voltage
measurements, a DMM with an input impedance exceeding 10 GQ—significantly higher than
that of the PVDF—was employed in the previous chapters. The multimeter employed in this
study provides two input impedance options for measuring voltage: 10 MQ and >10 GQ. When
set to 10 MQ, the measurement no longer represents an ideal open-circuit condition, as the
input impedance is lower than the internal impedance of the PVDF film at the low frequencies
used in this study (i.e., 1Hz or 2Hz). Under this condition, multiple PVDF films can be
connected in parallel to enhance the overall current. As a result, this leads to a higher overall
power output. Thus, the voltage measured across the 10 MQ input impedance of the multimeter
was used as an indicator to evaluate the energy harvesting performance of the multi-cell
ACCCs.
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The effects of loading amplitude and loading frequency were also investigated for multi-cell
energy harvester. To prevent increased uneven cracking at the joints between cells and potential
local splitting, lower loading amplitudes of 0.5 mm and 1.0 mm were applied. This approach
helps minimize residual plastic deformation and ensures that energy harvesting remains largely
within the quasi-elastic range during cyclic loading. Under open-circuit conditions, current
flow is nearly absent, and charge flow is minimal. However, when a 10 MQ input impedance—
lower than the internal impedance of the PVDF—is applied, there is a more significant current
(i.e., an increased charge flow rate).This current rises with increasing loading frequency. Hence,
relatively high loading frequencies of 1 Hz and 2 Hz were selected. Higher frequencies were
avoided, as they could potentially damage the fiber-bridging capacity at the joints of ACCC
specimens.

Further details for rational fot the multimeter setting of the energy harvesting system can be
found in Figure 8-4. Two types of electric circuit modes for PVDF are commonly used: the
current mode [8, 9] and the charge mode [9-14], both of which have been shown to be effective
individually [12, 13]. A piezoelectric film can be considered as a charge generator in parallel
with a resistance and a capacitance , as illustrated in Figure 8-4a. In the figure, the dashed red
box represents the piezoelectric film, where Ry and Cyp denote its intrinsic resistance and
capacitance, respectively. The dashed blue box corresponds to the digital oscilloscope used for
recording the output voltage, where the intrinsic capacitance and resistance known as the input
impedance of the measuring device. Given that the PVDF film has an extremely high intrinsic
resistivity— over 100 MQ/cm [15]—the resistance Ro of the film is not considered.
Consequently, the equivalent circuit in Figure 8-4a can be simplified to the configuration
shown in Figure 8-4b, where the PVDF film is still represented in the charge mode by a parallel-
connected capacitor. The current generated by the PVDF film is denoted as is; however, part of
this current is diverted through the capacitor Co. If the current through the capacitor is ic, then
the effective output current from the PVDF film is ip, which can be expressed as ip=is— ic.

For measurement devices such as oscilloscopes, the input impedance typically consists of a
parallel connection of a resistance (Rqo=1 MQ) and a capacitance (Cqo=16 pF) [12]. At low
frequencies (e.g., 1-2 Hz, as considered in this study), the impedance of capacitance
(Xe=1/jowCa0) becomes very large and can be regarded as open-circuited relative to the parallel
resistance Rq0. Hence, the effective input impedance of the measuring device is dominated by
the resistance Rqo. In this chapter, when the DMM is employed for voltage measurements, its
input impedance is characterized by a purely resistive load Rqo under DC voltage testing
conditions. Accordingly, the measurement circuit can be further simplified from the
configuration in Figure 8-4b to that shown in Figure 8-4c. Accordingly, the instantaneous
output power delivered to the electrical load can be expressed as P(2)=I(t)U(t) or U*(¢)/R, where
1(t)=i, represents the current flowing through the electrical load, and U(?) denotes the measured
voltage across it.
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Figure 8-4 Equivalent circuit of PVDFs, (a) charge mode for a single PVDF considering intrinsic resistance and
capacitance, (b) charge mode for a single PVDF considering intrinsic capacitance, (c) charge mode for a single
PVDF measured with DMM, (d) current mode for a single PVDF, (e) current mode for four PVDFs arranged in
parallel, (f) charge mode for four PVDFs arranged in parallel measured with DMM.

As illustrated in Figure 8-4d, the PVDF film can also be represented by a voltage source in
series with a capacitance [9], enclosed within the red dashed line. The voltage source u,
corresponds to the piezoelectric generator itself and is directly proportional to the applied stress
or strain. The piezofilm capacitance Co can be considered as the equivalent source impedance
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[8]. Together with the discharge resistance R, this impedance forms a voltage divider.
According to the principle of voltage division based on impedance, the high internal impedance
of the LDTO PVDF film [7] necessitated the use of the DMM with an input impedance greater
than 10 GQ in the previous chapters to ensure accurate open-circuit voltage measurements.
Each PVDF can be regarded as an individual voltage source, and when four voltage sources
are connected in parallel, the total voltage remains equal to that of a single source, as shown in
Figure 8-4e. Under open-circuit conditions with an input impedance Rqo greater than 10 GQ,
the resulting current is extremely small and can be neglected; consequently, according to
P)=I(t)U(t) or U?(t)/R, the output power is minimal.

As reported in literature [7, 12, 13, 16, 17], connecting multiple PVDF elements in parallel can
cumulatively enhance the generated current while simultaneously reducing the total resistance
of the PVDF-based energy system. Based on the charge mode illustrated in Figure 8-4c, the
equivalent circuit of four parallel-connected PVDF elements is shown in Figure 8-4f. When
the input impedance of the DMM is set to 10 MQ, a significant current is observed. Although
the output voltage across the load decreases under these conditions, the corresponding power
increases, as described by P()=I(t)U(t) or U*(¢)/R. Furthermore, adding additional piezoelectric
elements in parallel enables further accumulation of current, thereby enhancing the output
power. Since the digital multimeter offers only two input impedance settings—10 M€ and over
10 GQ—future work should systematically investigate the dependence of output power on load
resistance to identify the maximum deliverable power to an external electrical load.

8.3 RESULTS AND DISCUSSION

8.3.1 Mechanical behavior during pre-compression

Figure 8-5 presents the stress-strain response of multi-cell ACCCs under pre-compression
loading. The dashed lines represent the results from individual experiments, while the solid red
line indicates the averaged curve. The mechanical behavior shows an initial elastic stage,
followed by plastic deformation, reaching peak stress, and then a gradual stress decrease as the
structure undergoes auxetic behavior. The image on the right, highlighted by the blue box,
shows the crack pattern of the multi-cell ACCCs at 7% strain. The crack distribution closely
resembles that observed in a single unit cell. Cracks are primarily concentrated in the joint
regions, with minor cracks forming around them. The main cracks function as hinge-like joints,
facilitating localized rotation of the structure. This mechanism is essential for enabling auxetic
deformation and exhibits a similar behavior to that observed in the unit cell of ACCCs.
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Figure 8-5 Stress-strain curve of multi-cell ACCC during pre-compression

The multi-cell ACCC specimens, constructed using the SHCC mixture with extended softening
as developed in Chapter 6, exhibited recoverable elastic deformation behavior under cyclic
loading. Cracking was primarily observed within the joint regions; however, due to the
heterogeneity of cementitious materials, crack propagation did not consistently align precisely
with the joint centers. The multi-cell ACCC, optimized based on the results presented in
Chapter 7, utilizes extensive ligament cracking to achieve enhanced recoverable strain while
maintaining auxetic behavior and preventing splitting. This optimized configuration
approaches the performance limits under the given constraints, resulting in pronounced
cracking at the joint centers. As a result, the joint regions are sensitive to the boundary
conditions at the interface between the specimen and the loading plates. In this study, smooth
loading plates—consistent with those used in the previous chapters—were employed to
facilitate the expression of auxetic behavior and to suppress premature joint splitting. In
contrast, rough-surfaced loading plates may induce localized splitting within the joints, as
increased friction at the specimen—plate interface generates elevated tensile forces acting on
the joints.

8.3.2 Energy harvesting results

Figure 8-6 presents the energy harvesting performance of the multi-cell ACCC energy harvester
under different loading frequencies and amplitudes, with an input impedance of 10 MQ. The
corresponding averaged results over ten loading cycles are summarized in Table 8-2. During
each cycle, the output voltage increases with compressive displacement, reaching a maximum
at peak displacement. Conversely, as the loading plate moves away from the ACCCs, the output
voltage decreases to zero. Overall, the voltage output exhibits a nearly sinusoidal waveform,
albeit with minor fluctuations. Notably, no flat segments were observed in the voltage curve,
which are typically caused by cyclic loading-induced detachment due to residual plastic
deformation in the specimen. The slight voltage fluctuations are caused by non-synchronized
deformations in different cells; when PVDF films bonded over unevenly propagating cracks
generate out-of-phase sinusoidal voltages, their superposition leads to partial cancellation and
reduces the overall voltage. Additionally, due to the manual bonding process, slight variations
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in bonding quality may exist across different unit cells, potentially influencing the results to
some extent.

Figure 8-6 and Table 8-2 illustrate the effects of loading frequency and amplitude on the output
voltage of the multi-cell ACCC energy harvester. As the loading frequency increases, the output
voltage correspondingly rises. This is attributed to the greater dynamic strain experienced by
each PVDF film, which generates higher voltages in accordance with piezoelectric equations.
Additionally, higher loading frequencies increase the charge flow rate. Similarly, increasing the
loading amplitude results in a higher output voltage. The effect of loading amplitude on output
voltage is more significant than that of loading frequency, likely because greater loading
amplitudes induce larger flexural deformations, thereby supplying more mechanical energy for
conversion into electrical energy. These trends are consistent with those observed in the single-
unit ACCC energy harvester discussed in Chapter 3, although the loading frequency effect
appears stronger in the multi-cell system, potentially resulting from cumulative interactions
among multiple piezoelectric cells. The peak output voltage recorded was approximately 4.4 V
at 2 Hz loading frequency and 1 mm loading amplitude when input impedance equals 10 MQ.
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Figure 8-6 Energy harvesting test results of multi-cell ACCC energy harvester (input impedance = 10 MQ)

Table 8-2 Output voltage under different amplitudes and frequencies (input impedance = 10 MQ)

F=1Hz F=2Hz
A=0.5mm 1.58V 222V
A=1.0mm 2,68V 441V
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Figure 8-7 and Table 8-3 depict the dynamic stress—strain behavior observed during energy
harvesting tests conducted under different loading frequencies and amplitudes over a 10-second
period. In each loading cycle, the stress increases progressively with compressive strain,
reaching a maximum at the peak strain. As the loading plate retracts from the ACCC specimens,
the stress gradually decreases back to zero. The stress—strain curves closely follow a sinusoidal
trend, consistent with the applied sinusoidal compressive loading. The multi-cell ACCC energy
harvester exhibits quasi-elastic characteristics, with minimal to no residual plastic deformation
observed across the cycles.

Figure 8-7 and Table 8-3 further illustrate the influence of loading frequency and loading
amplitude on the dynamic stress—strain response of the multi-cell ACCC energy harvester. At
a loading amplitude of 0.5 mm, the maximum compressive stresses were 0.0307 MPa at 1.0
Hz and 0.0268 MPa at 2.0 Hz. When the loading amplitude was increased to 1.0 mm, the peak
stresses rose to 0.0478 MPa and 0.0425 MPa for the same respective frequencies. These results
indicate that, at a constant amplitude, peak stress tends to decrease with increasing loading
frequency. This behavior is likely due to the intensified dynamic forces acting on the joints at
higher frequencies, which can reduce fiber-bridging efficiency through partial debonding at the
fiber—matrix interface. In contrast, increasing the loading amplitude from 0.5 mm to 1.0 mm
leads to higher peak stresses, likely resulting from greater flexural deformation that activates
more fibers in the bridging mechanism. This enhanced fiber engagement improves resistance
to cyclic deformation, thereby increasing the elastic modulus of the multi-cell ACCC harvester,
although some degree of fiber—matrix debonding may still occur at higher loading amplitudes.
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Figure 8-7 Dynamic stress-strain curves of multi-cell ACCC during energy harvesting tests
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Table 8-3 Output voltage under different amplitudes and frequencies (input impedance = 10 MQ)

F=1Hz F=2Hz
A=0.5mm 0.0307 MPa 0.0268 MPa
A=1.0mm 0.0478 MPa 0.0425 MPa

In the energy harvesting results discussed above, the peak voltage within a single sinusoidal
cycle is approximately 2.2 V, representing half of the peak-to-peak voltage. The root mean
square (RMS) voltage over one cycle is calculated to be 1.56 V. Based on the input impedance,
the corresponding power output for two sinusoidal cycles per second is determined to be 0.484
uW. To standardize this, considering the total material volume of the multi-cell ACCC energy
harvester (i.e., 1.8082x10*m?), the volumetric energy harvesting density is calculated to be 2.7
mW/m?. In this chapter, the multi-cell ACCC energy harvester is equipped with only four
piezoelectric elements; however, the complete 2x2 multi-cell ACCC harvester configuration
has the potential to accommodate up to 24 piezoelectric elements. If a 2x2 cell configuration
with 24 fully bonded PVDF films is considered, the volumetric energy-harvesting density
increases to 16.1 mW/m?. It should be noted that the power generated by this multi-cell ACCC
energy harvester corresponds to the average power over two sinusoidal cycles per second. By
accumulating energy over multiple cycles for an extended period, the harvested energy can
become substantial and be stored in capacitors or batteries, enabling on-demand power supply.
In particular, assuming continuous accumulation based on the multi-cell configuration over a
one-day period, a total energy output of approximately 386.4 mWh/m? can be achieved. In
addition, multiple piezoelectric elements can be stacked at a single joint to further enhance
energy harvesting efficiency. According to literature [17], the cumulative voltage generated by
multiple stacked piezoelectric elements under bending deformation can achieve energy
conversion efficiencies comparable to those of brittle PZT materials.

The energy harvester can be used to continuously power low-power environmental sensing
devices (10-100 uW), such as temperature, humidity, pressure, light, and noise sensors. It can
also continuously supply energy to structural health monitoring sensors, such as accelerometers,
which typically consume around 3 pW. In addition, the harvested energy can power electronic
systems with intermittent operation — those that remain mostly in sleep mode and wake briefly
for measurement or data transmission — such as wireless beacons or Bluetooth Low Energy
(BLE) communication modules (10-200 uW). Since the energy harvester can continuously
generate electricity, the excess energy can be stored in a battery or capacitor to later power
higher-power devices, such as cameras, radar units, or Wi-Fi modules used in infrastructure
monitoring. Moreover, many environmental and structural health monitoring sensors are
deployed in remote or inaccessible locations where battery replacement is difficult, unsafe, or
impractical—for instance, on the underside of bridges, where access for maintenance is
extremely limited. Because civil structures are typically subjected to a wide range of cyclic
dynamic loads from railways, vehicles, pedestrians, waves, rain, and wind, the energy harvester
can also function as a structural component, simultaneously enduring these mechanical loads
while converting their kinetic energy into electrical energy. It is also worth noting that the
energy harvester can also function as a self-sensing stress or strain sensor, as the generated
voltage closely follows the variations in stress or strain.

Nevertheless, due to the inherent heterogeneity of the cementitious matrix, multi-cell ACCCs
are more prone to uneven deformation among individual unit cells. When PVDF films are
bonded over cracks that propagate unevenly, they tend to generate out-of-phase sinusoidal
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voltage signals. The superposition of these asynchronous outputs can lead to partial
cancellation, thereby reducing the overall voltage output. To address this issue, rectifier circuits
can be designed for each PVDF film to convert their individual voltages into a unified polarity.
This enables effective accumulation of the output voltage without cancellation, thereby
improving the total harvested voltage.

Figure 8-8 presents the open-circuit output voltage of the multi-cell ACCC energy harvester
measured with an input impedance over 10 GQ during cyclic loading. When the digital
multimeter’s (DMM) input impedance remains over 10 GQ, which is significantly higher than
the internal impedance of the PVDF, the circuit approaches open-circuit conditions, resulting
in negligible current flow. Under these conditions, the open-circuit voltage reaches
approximately 13.2 V, comparable to the magnitude of the output from a single PVDF film in
a single unit cell, as reported in Chapter 7. The open-circuit voltage corresponds to a state
without current or charge flow, producing an almost perfect sinusoidal waveform similar to
that of a sensor. In the case of four PVDF films connected in parallel, the output voltage of
each film cannot be summed. Moreover, non-uniform deformation among the unit cells bonded
to each PVDF film causes variations in voltage outputs across individual piezoelectric elements,
leading to an overall internal voltage drop. To more accurately represent the current output and
power performance, the input impedance of the DMM was set to 10 MQ, closely matching the
internal impedance of the LDTO PVDF. Under these measurement conditions, the voltages of
the individual PVDF films can be effectively summed. This summation becomes especially
significant when multiple PVDF films are connected in parallel. In practical applications, the
energy harvester is connected to an electrical load with significantly lower impedance, which
consumes electrical energy and consequently reduces the output voltage compared to the open-
circuit scenario. This explains why voltage measurements recorded with a 10 MQ input
impedance are lower than those obtained under open-circuit conditions with an input
impedance over 10 GQ.
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Figure 8-8 Open-circuit output voltage of the multi-cell ACCC energy harvester (measured with input impedance
over 10 GQ)

8.4 CONCLUSIONS

This chapter extends the single-cell ACCC energy harvester optimized in Chapter 7 to
a multi-cell configuration for practical energy harvesting applications. Pre-compression tests
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confirmed that the multi-cell ACCC exhibited auxetic behavior without splitting and
maintained recoverable elastic deformation. Piezoelectric films were then bonded to the hinge-
like joints of each unit cell, with four PVDF films connected in parallel to measure combined
voltage output. The influence of loading frequency and amplitude on the output voltage was
also examined. The key findings of this study are summarized below:

*  The multi-cell ACCC specimens made with the extended-softening SHCC mix from
Chapter 6 showed recoverable elastic deformation under cyclic loading. The energy
harvester displayed quasi-elastic behavior with little to no residual plastic deformation.
Cracks mainly formed at the joints, though material heterogeneity caused some
deviation from the joint centers.

¢ The multi-cell ACCC energy harvester exhibits a stable, near-sinusoidal voltage output
under cyclic loading, with peak voltage increasing with both loading frequency and
amplitude. Minor voltage fluctuations arise from asynchronous crack deformations and
slight bonding inconsistencies. Overall, loading amplitude has a stronger effect on
output than frequency, with a peak-to-peak voltage of nearly 4.4 V at 2 Hz and 1 mm
displacement when input impedance equals 10 MQ. These results align with single-unit
trends but show enhanced frequency sensitivity due to multi-cell interactions.

* The multi-cell ACCC energy harvester exhibits stable, sinusoidal, and quasi-elastic
stress—strain behavior under cyclic loading. Peak stress increases with loading
amplitude due to increased fiber-bridging engagement. However, peak stress slightly
decreases with higher loading frequency, likely because dynamic debonding reduces
fiber-bridging efficiency.
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CONCLUSIONS AND RECOMMENDATIONS

In this chapter, a brief summary of the thesis is provided. Based on the results obtained, general

conclusions are drawn. Finally, recommendations for future research are presented.
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9.1 RETROSPECTION

Auxetic cementitious composites (ACCCs), composed of fiber-reinforced cementitious
materials, exhibit enhanced deformability and structural resilience stemming from their auxetic
behavior. Their reversible deformation under cyclic loading and sustained quasi-elastic
response highlight their potential for efficient energy harvesting applications. Current
investigations into ACCCs only focused on their mechanical properties, with limited emphasis
on their potential for energy harvesting applications. Given the abundance and low cost of
cementitious materials, ACCCs present a promising pathway for sustainable energy harvesting
systems. This study systematically investigates their feasibility for such applications.

After a general introduction (Chapter 1) and literature review of energy harvesting on auxetic
cementitious composites (Chapter 2) given in the first part, the feasibility of utilizing ACCCs
for strain-based energy harvesting was experimentally examined in the second part of this study
(Chapter 3). A novel piezoelectric energy harvester (PEH) design consisting of ACCCs and
surface-mounted PVDF (Polyvinylidene Fluoride) was proposed to convert strain-based energy
to useable electrical energy. The ACCC-PVDF energy harvesting system was first compressed
to a certain displacement and then subjected to cyclic loading to consistently generate voltage
for energy harvesting (Chapter 3). The third part of the study employs numerical modeling to
quantitatively investigate the piezoelectric mechanisms within the ACCC energy harvester. In
Chapter 4, a general theoretical model was developed to assess the energy harvesting
performance of fiber-reinforced cementitious materials with surface-mounted PVDF. Building
upon this computational framework, a specialized model was created to simulate the energy
harvesting process of the ACCC harvester, capturing both mechanical deformation and
electrical response (Chapter 5). This model adapts the general approach to account for the
unique deformation characteristics of ACCCs and the corresponding piezoelectric behavior of
the PVDF film. Validation against experimental results from Chapter 3 showed good
agreement between simulation and experimental data.

The fourth part of this thesis (Chapters 6 to 8) centers on the optimization of the ACCC energy
harvester. In Chapter 6, a strain-hardening cementitious composite (SHCC) with enhanced
softening behavior was developed to improve fiber-bridging performance at the joints of
ACCCs. This advancement enables stable auxetic behavior across various ACCC geometries,
facilitating the identification of an optimal design. However, the inherent brittleness of
cementitious materials presents a significant challenge, as geometric modifications may cause
structural splitting and compromise the desired auxetic behavior. To address the issue, Chapter
7 introduces a machine learning-driven framework that integrates the energy harvesting model
(developed in Chapters 4 and 5) with Bayesian Optimization (BO), effectively guiding the
design process toward high-performance geometries. The optimal configuration identified
through this framework was fabricated and experimentally validated for its energy harvesting
capability. Building on this, Chapter 8 extends the machine learning-driven unit cell design by
assembling the optimized single-cell ACCC unit into a multi-cell configuration, enabling
scalable and practical energy harvesting in real-world engineering applications.
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9.2. CONCLUSIONS

Based on the findings presented in each chapter, several general conclusions can be drawn.

* A piezoelectric energy harvester integrating ACCCs with surface-mounted PVDF was
developed to convert strain energy into usable electrical energy. The harvester was pre-
compressed within the auxetic behavior range and subjected to cyclic loading. It
exhibited pseudo-elastic stress-strain behavior and generated a sinusoidal open-circuit
output voltage under dynamic cyclic loading. Experimental results indicate that the
open-circuit voltage increases with both loading amplitude and loading frequency,
while the peak stress decreases as these parameters increase. Moreover, loading
amplitude has a significantly greater influence than loading frequency. These findings
demonstrate the strong potential of the developed harvester for powering self-sustained
electronics in infrastructure applications.

* The proposed energy harvesting model effectively captures the influence of loading
amplitude and frequency on the output voltage of the ACCC-PVDF system. Higher
frequencies enhance interfacial friction and strain transfer, while larger amplitudes
increase PVDF flexural deformation and friction—both leading to higher voltage
output. The model reveals that energy generation primarily occurs through ds; and ds3
modes, with tangential (dsi-directional) stress dominating. By incorporating ACCC
mechanical behavior, PVDF-ACCC interaction, and a detailed piezoelectric model, the
simulation aligns well with experimental results and offers valuable guidance for
designing cementitious composites with integrated flexible piezoelectric materials.

* Compared to ACCCs made with a strain softening base material, ACCCs made with
SHCC mixtures exhibit enhanced joint rotation through multiple cracking and strain
hardening, delaying primary crack formation and reducing crack openings. Specially,
the use of SHCC with long softening tail (SHCC-LS) further maintains effective fiber
bridging in primary cracks, improving rotational stiffness and resulting in greater load-
bearing capacity and elastic recoverable deformation within the high auxetic behavior
range. Additionally, ACCCs incorporating SHCC-LS exhibit superior performance
under cyclic loading, owing to their higher stiffness and enhanced fiber bridging
capacity in the hinge-joint region. ACCCs with SHCC-LS develops the greatest number
of microcracks in the joint area, and when combined with strong fiber bridging, this
results in increased frictional resistance and greater recoverable strain. These
characteristics facilitate more efficient strain transfer to the surface-mounted PVDF,
leading to significantly higher voltage output compared to ACCCs made from a base
material with strain softening.

* A machine learning-driven framework that integrates an energy harvesting model with
Bayesian Optimization (BO) was developed to optimize the hinge-like recoverable
strain in ACCCs. The optimization maximizes piezoelectric output voltage while
preventing splitting failure and non-auxetic behavior under compression. Herein, the
energy harvesting model integrates the concrete damage plasticity (CDP) model for pre-
compression and the second elasticity model for cyclic loading to calculate recoverable
strain in generalized ACCC shapes. It accounts for their deformed geometries for
energy harvesting, which are reconstructed using an improved node-order tracking
algorithm. The learning-driven approach proved far more efficient than random
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generation in identifying optimal ACCC configurations. The optimized shape was
tested experimentally and exhibited an open-circuit peak-to-peak voltage output of
approximately 15.0 V per cycle, about 2.7 times higher than the reference design. The
geometric and mechanical evolution during optimization provides valuable insights for
designing high-performance ACCC energy harvesters for smart infrastructure
applications.

* The multi-cell ACCCs fabricated with the extended-softening SHCC mixture exhibit
recoverable elastic deformation and quasi-elastic behavior, with minimal residual
plasticity under cyclic loading. As intended, cracks predominantly develop at the joints,
despite some material heterogeneity. The multi-cell energy harvester generates stable,
nearly sinusoidal voltage outputs, which increase with both loading frequency and
loading amplitude, with loading amplitude exerting a more pronounced influence. At a
loading frequency of 2.0 Hz and a loading amplitude of 1.0 mm, the energy harvester
produces a peak-to-peak voltage of approximately 4.4 V when measured with a 10 MQ
input impedance. Specifically, assuming continuous accumulation based on the multi-
cell configuration over a one-day period, a total energy output of nearly 386.4 mWh/m?
can be achieved. The energy harvester is capable of continuously supplying micro-
watt—level power to environmental sensors, such as temperature and light sensors, while
simultaneously serving as a load-bearing structural material with self-sensing
functionality. The stress—strain response remains stable and quasi-elastic, with peak
stress increasing as loading amplitude rises, attributed to enhanced fiber bridging
engagement. However, peak stress slightly decreases at higher frequencies, likely due
to dynamic debonding that reduces fiber bridging effectiveness.

9.3 RECOMMENDATIONS

This study presents the development of a strain-based ACCC energy harvester, which harnesses
the recoverable deformation within the auxetic behavior range of ACCC energy harvesting.
Through a comprehensive approach involving experiments, simulations, and machine learning,
the research aims to enhance the recoverable deformation capability of ACCC structures,
thereby improving the energy output of the harvester. The recoverable deformation serves as
the fundamental mechanism, as the amount of energy harvested is determined by the
mechanical energy generated through this deformation and the method of energy conversion.
By integrating experimental and simulation methods, the study optimizes the mechanical
energy produced by recoverable deformation from the perspectives of material selection,
structural geometry, and mechanical mechanisms. These findings provide valuable insights for
future research on other ACCC-based energy harvesting approaches, such as vibration-based
ACCC energy harvesters, piezoelectric ACCC energy harvesters, and triboelectric ACCC
energy harvesters. Future studies could also focus on enhancing the mechanical performance
of the hinge joint in ACCC energy harvesters by mitigating stress concentrations in the hinge
joint region.

9.3.1. Other types of ACCC energy harvester
(1) Vibration-based ACCC energy harvester



CHAPTER 9 175

Although the strain-based ACCC energy harvester is capable of undergoing large recoverable
deformation and delivering substantial mechanical strain energy, its energy conversion
efficiency remains relatively low. This limitation is largely due to the high elastic modulus of
the PVDF film, which reduces the strain effectively transferred from the cement-based hinge
joint to the piezoelectric layer through the adhesive interface. To increase the strain transmitted
to the piezoelectric film, the adhesive layer would need to withstand greater stress. However,
in this study, the adhesive layer exhibits a limited bonding strength. Once this limit is exceeded,
partial debonding occurs, and the interface transitions to friction-dominated behavior,
significantly reducing energy transfer efficiency. Consequently, an extended period of energy
accumulation is necessary to generate sufficient power for electrical loads (i.e., the devices or
components that consume electricity).

Furthermore, while PVDF has the potential to produce significant electrical output under high-
frequency and large-strain excitation, the current operational conditions impose certain
constraints. To preserve the structural integrity of the cementitious matrix, the loading
frequency is kept low. In addition, the strain amplitude is limited to maintain recoverable
deformation. These factors together limit the voltage output of PVDF film. To address this
challenge, a vibration-based ACCC energy harvester is proposed by integrating piezoelectric
films with tip masses at the hinge-like joint region. The rotational deformation around the hinge
joint can induce a significant inertial force of the tip mass, thereby increasing both the vibration
amplitude and frequency of the piezoelectric element and enhancing its energy harvesting
performance. This mechanism effectively converts low environmental loading frequencies into
higher-frequency vibrations of the piezoelectric element. In particular, when the energy
harvester is installed on a speed hump, it can produce substantial power output through the
strong vibrations induced by the impact forces of passing vehicles.

Further development of the energy harvesting circuit can be considered, including the use of a
rectifier to convert alternating current (AC) into directional current, filtering through parallel
capacitors to obtain a stable direct current (DC), and storing the collected energy in capacitors
or batteries. On this basis, power management strategies—such as impedance matching—can
also be introduced to optimize the circuit and maximize power output.

(2) Piezoelectric ACCC energy harvester incorporating PZT powders

Recent advancements have explored the integration of PZT powders into cement-based
materials to enable energy harvesting through piezoelectric effects. Inspired by this, a novel
piezoelectric energy harvester utilizing auxetic cementitious composites (ACCC) can be
engineered by embedding PZT powders within the matrix. The unique deformation
characteristics of ACCCs—particularly their resilience to recover under cyclic loading—
present high potential for converting mechanical strain into electrical energy. However,
incorporating PZT powders may alter the material's microstructure, potentially diminishing the
auxetic behavior of ACCCs and compromising overall mechanical integrity. To address this, a
tailored design approach is needed to optimize both energy harvesting and mechanical
performance.

(3) Triboelectric ACCC energy harvester
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In recent studies, carbon-based conductive fillers have been incorporated into cementitious
composites to facilitate energy harvesting via triboelectric mechanisms [3-7]. Building on this
approach, a triboelectric ACCC energy harvester can be developed by embedding such
conductive fillers and coupling them with materials like polytetrafluoroethylene (PTFE) films.
The ACCC'’s high and recoverable deformation capacity under cyclic loading offers favorable
conditions for efficient energy conversion. However, the inclusion of carbon fibers may
negatively impact the composite’s mechanical performance, potentially compromising its
auxetic behavior. Therefore, careful optimization of the mixture design is required to balance
both auxetic and conductive properties. Additionally, the piezoresistive characteristics
introduced by these fillers may be utilized to enable self-sensing functionality in the ACCC
system.

9.3.2. Enhanced hinge-joint of ACCC energy harvester

While enlarging joint sizes can increase crack openings at joints and improve voltage
generation, it also poses challenges. In elliptical ACCCs with enlarged joints, the pre-
compression process often results in stress concentration at the joint regions. Since most of the
compressive force is initially transmitted to these areas, localized damage tends to occur at the
joints in contact with the loading plates. When rough boundary conditions are applied, this
stress concentration can result in splitting behavior, ultimately compromising the auxetic effect.
To address this issue, a modified geometry is proposed by replacing the large central crack
formed in the joint of the deformed elliptical ACCC with a smooth arc segment, resulting in a
peanut-shaped ACCC. This initiates compression from the already-deformed geometry of the
elliptical ACCC, which may reduce sensitivity to boundary conditions and mitigates the risk
of splitting. As a result, it offers improved mechanical stability and broader applicability for
engineering applications. Furthermore, the arc of the peanut-shaped hole design can be refined
and optimized using a Bézier curve. Leveraging the interactive active learning framework that
integrates Bayesian algorithms with finite element modeling, as introduced in Chapter 7, allows
for a systematic optimization of both mechanical and energy harvesting properties.
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APPENDIX A

Supplementary information to Chapter 5

A.1 Parametric modeling of PVDF film based on deformed ACCCs

The reconstructed ACCC specimen for second-elasticity has been re-meshed, which induced
the internal profile with a different topology information 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 Figure Ala.
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 Figure Ald). Figure Ald 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
' i
x =B X (A1)

indicates variables in the local coordinate system. X, is the coordinates

’

where superscript

in the global coordinate system. ,Blm is the Jacobian matrix for coordinates conversion, which

can be written as

ox'" —sin®@ cosé

b = ox' _|: cos@  sin 6’:| (A2)
Thus, Eq. (A1) can be rewritten as
x| | cos@ sin@ || x
x,| |—sin@ cos@ | x, (A3)
Then, another edge of the segment with two points (coordinates X;, Xf;) can be easily obtained

by translating a distance of the thickness /4, in the local coordinate system.

L =

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

x=p"x, =[5, x, (A5)
Meanwhile, the inverse matrix of ﬂlm can be calculated as
;71| cos@ —sin@
['8""] B [sin 0 cosO } (A6)

Hence, the global coordinates X; ) Xé of another edge with two points are obtained by
x;| | cos@ sin@ || x]
|:xg:| B |:— sin@ cos 6’:| [x;:| (AT)
Using the same procedure, each segment was treated in a similar manner and then connected
to a film loop (as shown in Figure A 1d), which covered the entire internal profile. In fact, only
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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 Figure A1b.

(a) ACCCs (b) ACCCs (C) ACCCs

(d)

a segment

e

PVDF film
before smoothing

PVDF film thickness
‘\g (considering protective layer)

Local coordinaté system Global coordinate system

4

X PVDF film
after smoothing

\—h

Figure Al. Parametric modeling for PVDF film, (a) internal profile of the specimen, (b) PVDF film construction
before smoothing, (c) PVDF film construction after smoothing, (d) coordinates conversion between different

coordinate system, (¢) geometry information used for PVDF film smoothing.

In experiments, the internal profile of the ACCCs cracks in the middle part [1, 2]. 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 Figure Alc, e. Find two end points P,

P, in the middle flat part, and their midpoint P3. Then, P4 is determined by the distance of 0 s

which is determined by experiments. The coordinates of Py can be calculated as the center of
the circle through three points of Py, P2, 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
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and ACCCs.

A.2 Limitations for displacement penalty method

As shown in Figure A2a, 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. Figure A2b 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 n2. The 0, indicates the degree of surface curvature, which represents the
angle change of the normal directions after movement. I, /, are geometric dimensions of the
element. d_ is the sliding distance, which can be calculated by Eq. (A8) based on formula
derivation. Figure A2c reveals the variation of d; versus ¢, when 0, takes a value of 1° for
sliding forward. This gives a clear indication that the d, decreases significantly with the

increase of 0, , which elucidates the significant limitation for sliding distance when

displacement penalty method is adopted.

d :ll(l—cosﬁl)+lltsmgl

(A)

and,

PVDF film

(b) (©

—— Sliding distance] |

0"{10 20 30 40 50 60 70 80 90
0, (0)

Figure A2. Limitations for normal inseparability based on displacement penalty method, (a) curved surface
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between ACCCs and PVDF film, (b) theoretical mechanism of displacement penalty method, (c) the variation of
d,_ versus @, when PVDF film slides forward at the &, of 1.0°.

A.3 Conversions of displacement and strain between coordinate systems

The displacement conversion (see Figure A3a) between coordinate systems can be formulated
as

u' =pu, (A9)

where superscript " indicates variables in the local coordinate system. %; is the displacement

vector in the global coordinate system. ,’n is the displacement vector in the local coordinate

system.
Displacement  conversion Strain conversion between
e . between coordinate systems i Ay coordinate systems
» » i
‘\"‘-. Jod ’ ..""‘ i" R !
4 U = u\’“ ""-‘.‘ i i glj - gnu!
i & “'-‘,‘ \ 4 A ¥ ! X "
Local coordinates % Ly X Local coordinates % | Yy x
for element i i - for element i \
~ 9
R S >
xl
. 4 ¥
Global coordinates Global coordinates
(a) (b)

Figure A3. Component conversion between coordinate systems, (a) displacement, (b) strain

Further, Eq. (A9) can be rewritten as
u/ | | cos@ sin@ ||y, Al
u,| | —sin® cosO ||u, (A10)
As schematically displayed in Figure A3b, 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. (A11).
1 ou’ ou’

o =3 G+ )
_ 1 Ou ox’ ;Ou, ox'
_2(ﬂ”"afa'" P o
1
=5<ﬂ ﬁ’ A (ALD)
1 Ou, U; i oL
- 2 (a J xi )ﬁ’mﬁ’n
= ﬂ ﬂn ij
Compared with ,Blm , ,qu can be expressed as
; _ ox/ | cos@® —sinf
B = ox" [sin@ cos @ } (A12)

As indicated in Eq. (A12), the inverse matrix of ,5",,, is equal to ,3{1 .
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gL=8.] (A13)

Hence, the matrix form of Eq. (A11) can be expressed as

(e ]=£. ][ ] 41
Al
Therefore, Eq. (A14) can be rewritten as
&, &, | [cos® sin@| &, &,][cosd -sind
L;l 82'2} - | —siné cos Q}LZI gzj{sinﬁ cosd }

K 2 .2 .
_| &ncos 0+¢,,sin" 6 cosHsmH(gn—gzz)}

(Al14)

(A15)

. s 2 2
| cosOsinf(g,, —&,) &,sin"O+¢,,cos” 0
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