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ABSTRACT OF THE DISSERTATION

Additive manufacturing and characterization
of structural and multi-functional metamaterials

via a large-area high-resolution stereolithography system

by

Huachen Cui
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2020

Professor Xiaoyu (Rayne) Zheng, Chair

Projection micro-stereolithography (PSL) is a technique for micro-fabrication that can fabricate
complex three-dimensional (3D) microstructures. However, this technique has been limited to
printing low-volume structures with high resolution. My dissertation research introduces a large-
area projection stereolithography (LAPSL) system that integrates scanning optics with the
existing PSL to manufacture cm-scale objects with micro-scale architectures. This technique
enables the fabrication of structures with features down to the sub-10um scale and overall size up
to hundreds of millimeters, which is particularly suitable for fabricating micro-architected

metamaterials with large volumes that can be employed in a broad array of applications.



The LAPLSL system is capable of fabricating multi-scale features, making it possible to create
lightweight structural materials with feature sizes from a few micrometers to hundreds of
millimeters. Herein, we studied the process-structure-property relationships of a class of high-
temperature ceramics via LaPuSL. This study, for the first time, achieves high-resolution printing
of high-temperature ceramics, with accurate three-dimensional feature sizes on the scale of a few
micrometers, opening new opportunities for high-temperature material and device manufacturing.
We discovered the size-dependent mechanical properties of high-temperature ceramics and their
failure properties corresponding to various feature sizes. Furthermore, the LAPLSL system is
capable of fabricating metamaterials containing millions of unit cells, providing a unique
experimental platform to study the fracture and damage tolerance of metamaterials. We additively
manufactured stretch-dominated architected metamaterials with pre-defined embedded crack,
where the size of the unit cells becomes sufficiently small compared to the flaw dimensions. Via
combined experimental, X-ray tomography and numerical calculations, we have elucidated the
emergence of fracture toughness as a material property in architected metamaterials, which is
found to be a property largely influenced by the elastic instabilities of struts members and T-stress,
A design map based on a 2-parameter fracture model was developed to guide the design of failure

modes in micro-architected metamaterials.

Beyond structural materials, my research then extends to the design and additive manufacturing of
multi-functional materials and assembly-free devices for directional sensing, underwater
transducers and meso-scale robotic systems. Using piezoelectric materials as an example, we
demonstrated the process-structure-property relationships of additive manufacturing of multi-

functional materials and energy transduction devices. A novel micro-stereolithography system



integrated with the blade-casting process was developed and employed to print piezoelectric
particles with surface functionalization. These as-printed piezo-active materials can be rationally
designed to achieve programmable voltage-strain responses, going beyond the limitations of the
intrinsic crystalline structures. The design strategy can be applied to create the next generation of
intelligent infrastructure, able to perform a variety of structural and functional tasks, including
simultaneous impact absorption and monitoring, three-dimensional pressure mapping and
directionality detection. This study demonstrated the ease of implementation and utility of the
piezoelectric metamaterials in underwater applications. Underwater transducers consisting of
rationally designed metamaterials to accommodate diverse frequency ranges were developed.
Through tuning geometry of the micro-architectures, the working range of the underwater
transducers can vary from 10kHZ to 4MHz. With this broad frequency range, we developed
hydrophones with arbitrary directivity patterns and ultrasonic array with high sensitivity. This
study showed the feasibility and applicability of these underwater transducers for noise elimination

and underwater object detection.

Additionally, leveraging these piezo-active micro-architectures, my research then focused on
additive manufacturable piezoelectric actuation metamaterials, with programmable deformation
modes, including twisting, bending, shearing and axial strain under uniform electric fields. As a
consequence of freeform design and fabrication, different types of metamaterial blocks and
actuation modes can be combined into a single-piece material block and construct multiple degree-
of-freedom modular actuation elements. The stackable, modular actuation elements allow the
generation of complex coupled or decoupled motion without any transmission systems, which

increases the energy efficiency of robotic systems generated by the piezoelectric metamaterials.
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Chapter 1 Introduction

This chapter includes the background introduction of the micro-stereolithography technique, the
structural high-temperature ceramic, fracture toughness study of micro-architected metamaterials
and multi-functional metamaterials. The initiation and objectives of the studies are also introduced

at the end of each section.

1.1 Micro-stereolithography

Here, two types of micro-stereolithography are introduced and compared. One of them using
scanning stereolithography to cure the photopolymer (UV curable resin) while another one using

the digital light projection method. For both kinds of systems, they follow the steps shown below:
1. Generation of the 3D structure that needs to be printed.
2. Adding support material to the CAD model.
3. Setting up the printing parameters including layer thickness and exposure time, etc.
4. Slice the model to generate the 2D slice patterns.
5. Upload slice file and printing parameters to the system.
6. Printing of the 3D structure.

a) Coating of the UV curable resin



b) UV exposure and solidification of the resin

¢) Moving the printing stage by one-layer thickness

d) Recoating of the UV curable resin

e) Repeating step b) ~d) until the printing is done

7. Post process including cleaning, post-exposure, trim support, etc.

The scanning stereolithography scans a laser dot through optics on the surface of the resin
according to the programmed laser path based on the 2D slices. In this process, the scanning of the
laser dot is controlled by a dual-axis galvo-mirror. A schematic of a scanning stereolithography

system is shown in Fig. 1-1.

The projection stereolithography projects the whole 2D slice pattern on top of the resin surface
and cures the whole layer in the meantime. The principle of the Projection Stereolithography is

given in Figure 1-.
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Figure 1-2 Schematic of a projection stereolithography system



The difference between the two kinds of systems is the curing method of a layer. The scanning
stereolithography scans 1D laser dots within one layer using two optical mirrors while the
projection stereolithography projects the 2D pattern of the layer and all optics do not move during
the curing process. The projection stereolithography is preferred due to its high speed and simpler

control systems.

In this study, a large-area high-resolution projection micro-stereolithography system was set up
based on the projection stereolithography technique, so most literature shown here is related to

projection stereolithography.

The projection stereolithography technique was first introduced by Bertsch (1997). The technique
employs a spatial light modulator, which is also known as a dynamic mask, to manipulate the UV
pattern when the light passes through the modulator. Optics are then placed in the light path to
focus the UV pattern on the surface of the liquid resin. The UV light cures the photocurable
polymer and forms a layer of solid with the desired pattern. This procedure is repeated layer by

layer and the stack of the layers yields the 3D objects.

The dynamic mask is the most important part of the projection stereolithography system and it can
be liquid crystal display (LCD) or digital micromirror devices (DMD). Bertsch employed an LCD
screen to manipulate pixels and pattern the light by controlling the orientation of the liquid crystal
molecules. However, the LCD devices have low transmissivity to UV light and cannot afford high-
power UV. Compared to LCD, DMD chips are more frequently used in current projection
stereolithography systems because of their smaller pixel size, faster response and high UV

transmissivity.



Sun, et. al developed a high-resolution PuSL system with the DMD chip. The system was
employed for fabricating complex 3D microstructures which are widely used for micro-electro-
mechanical systems (MEMS). A process model was also introduced in this work with all printing
parameters generated from experiments. The photo-curing process was quantitatively studied and

the minimum feature printed by his system was 0.6pm.*

Zheng, et. al designed and optimized a PuSL and demonstrated the manufacturing of a broad array
of complex 3D structures from micro- to mesoscale. The system utilized an LCoS mask to achieve
a high contrast ratio and small pixel size. The effect of parameters including exposure time, photo-
initiator, photo-absorber on the curing depth was investigated and optimized experimentally. To
enlarge the printing area, the authors developed a step-and-repeat process, which divided the
exposure image into several sub-images. After the printing of the first sub-image, the UV light was
turned off and the translation stage moves the building platform to the position of the next sub-

image.®

Ha et.al developed a system that can realize mass production of 3D architected material in meso-
range with a resolution of few microns. The illumination was calibrated to be uniform and the

image formation was based on an optical design from fabricating microstructure arrays.®

Yayue Pan, et. al. proposed a direct digital manufacturing process based on a mask-image-
projection method. The system uses a bottom-up projection configuration and a two-way linear

motion approach was employed for recoating the liquid resin with a uniform thickness.’



However, the works shown above either suffers from the trade-off between the projection
resolution or the unstableness induced by the motion of a heavy building platform. Inspired by
these works, a large-area high-resolution stereolithography system was developed and optimized.
Instead of moving the building platform or projection system, the system utilizes a parallel light

path and moving mirrors to enlarge the printing area with an appropriate building speed.

1.2 Mechanical metamaterials

1.2.1 Mechanical metamaterials made of ceramics

Engineering ceramics offer several beneficial properties, including high strength, wear resistance,
high-temperature stability, and lightweight compared to metals. These properties are desirable for
many applications, including aerospace components such as gas turbine engines 12, as catalysts
support 3 bio-ceramic scaffolds for tissue engineering* °, and as temperature-resistant
electronics, micro-electromechanical systems (MEMS)!6-2% etc. Despite these desirable properties,
bulk ceramics have limited applications due to their high flaw sensitivity, bulky weight and
catastrophic fracture behavior upon loading, attributed to the persistence of distributed flaws
within the ceramics: cracks, voids, and inclusions 2123 which leads to a reduction in the fracture
strength. Forming ceramics into highly complex shapes and interconnected porosities with high
precision are, therefore, nearly impossible when using traditional ceramics manufacturing and

processing technologies.

Only a few fabrication approaches for accessing miniaturized ceramic features have been reported,
which typically either on additive manufacture (AM) of ceramic particles in polymer resin

followed by sintering, or nanoscale coatings on top of a pre-made microstructure template?* 2%,



The former approach, AM with particle-loaded polymers, allows for the fabrication of macro- and
micro-lattices comprised of solid ceramic strut members. The particle process has major
drawbacks including light scattering and limited loading of dispersed ceramic particles, which
results in the final material likely possessing inevitable porosities and a large population of flaws.
As such, the resolution and mechanical properties are significantly compromised. The template
approach using nanoscale coating usually starts with AM-made polymer micro or nanolattices
from projection micro-stereolithography or two-photon-lithography?6-28. Atomic layer deposition
(ALD), a highly conformal deposition process is then used to coat uniform layers of ceramic with
thickness control at the atomic level, producing composite micro-features of polymer scaffold and
nanoscale ceramic coating. The composite structures can be cut open for removal of the polymer
template by etching or thermal treatment to leave behind hollow ceramic shell-like structures 2°.
The advantage of the templating approach is the uniform, conformal coating of ceramic and the
nano-meter thickness control of the ceramic. However, due to the nature of this templating
approach, the resulting ceramics are only limited to a shell-like morphology, making it impossible
to produce arbitrary micro-scale ceramic features. Additionally, the slow rate of the ALD process
normally on the order of nanometers per hour makes scaling impractical. Glassy carbon lattices
were previously fabricated by additive manufacturing followed by a carbonization process®® %,
achieving a high strength-to-density ratio. However, carbon is not stable at high temperature in

open atmosphere, and hence has limited high-temperature applications.

New advances in AM of ceramics have taken advantage of ultraviolet (UV)—curable preceramic
monomers, which upon heat treatment, are directly converted into polymer-derived ceramics

(PDC) with virtually no porosity®2. Preceramic monomers rely on inorganic polymers such as



carbosilane, siloxane or silazane, bearing UV-curable active functional side-groups such as thiols,
vinyls or epoxides. UV crosslinking during the AM processes converts these to net-shaped “green”
pre-ceramics which are then converted to a ceramic by inert atmosphere pyrolysis at high
(~1000<C) temperature, driving off volatile organic species (e.g. H.O, CO,, CHa, etc.). To date,
complex shaped cellular ceramic parts have been produced with virtually no defect porosity using
commercially available 3D printers, achieving feature sizes in the range of hundreds of
micrometers®> %3, Further reduction of the feature size and improve resolutions have not been
reported and still presents challenges. As the volatile organic species are driven off during the
process, there is the potential for void formation and cracking in ligaments especially for thick
sections. The pre-existing defects or flaws during the fabrication of the preceramic polymer lattice

also affect the final quality of the 3D printed ceramic.

From a structural perspective, the benefit to reduce the controllable feature size in ceramic is the
promise of incorporating size effects and precisely defined 3D architected topologies, which gives
rise to the so-called new class of “architected metamaterials”. Architected metamaterials are
typically produced using the template ALD approach, motivated to attain nanoscale hollow shells.
Through reducing the coating thickness, a two-fold increase in strength was observed for the lower
thickness compared to larger thickness as a result of the size effect. While the template ALD
process allows for an indirect approach to capitalize on the size effects through reducing coating
thickness, the most notable limitations are the challenge of rigorous control of structural integrity

from the combined coating and post-etching process and the limited core-shell morphologies.



This study seeks to move beyond the limitations of the templated ALD approach, by improving
the resolution of PDC ceramic into the size effect strengthening regime. In this work, we describe
the fabrication and mechanical properties of solid high-temperature architected metamaterials with
micro-sized thickness and provide direct observation of the size-dependent mechanical properties
as a result of the reduction of individual free surface ligament volume. These high-temperature
PDCs are produced by a high-resolution large-area projection micro-stereolithography with a
resolution of several microns. The preceramic monomers are cured with near-UV light, forming
3D polymer structures that can have sub-10 um features (the gear teeth in and complex cellular
architectures spanning from 10um scale to several centimeters. These polymer structures can be
pyrolyzed to a silicon oxycarbide (SIOC) components with uniform shrinkage and virtually no
porosity. The demonstrated approach allows for creation of architected topologies with feature
sizes from a few micrometers to milimeters, allowing for a full investigation of the volume size
effects. The associated micro-scale size-dependent mechanical properties of the 3D architected
PDC metamaterials are investigated. Compression tests are performed on the as-fabricated
metamaterials of 3D octet and cuboctahedron with relative densities ranging from 1% to 22 %.
The experimental results and analysis indicate that the strength of the parent solid estimated from
that of the metamaterials increases as the decrease of relative densities approaches 1%. This effect
came from the decreasing of strut thickness while keeping the strut length a constant. We then
expanded the investigation of the size-dependent strength as a function of the free unit volume of
single strut members. This size-dependent strength of parent solid is discussed using Weibull
analysis. It is envisioned that the utilization of the size-dependent mechanical property enabled by

the high-resolution additive manufacturing can improve the reliability of these architected



structural materials and accelerate the application of the 3D micro-architected high-temperature

ceramic for engineering applications.

1.2.2 Fracture toughness of mechanical metamaterials

Three-dimensional, stretch-dominated architected metamaterials, which comprise a periodic
repetition of a unit cell encompassing an ordered arrangement of highly connected struts, have
demonstrated near linear scaling of both stiffness and strength with density?* 2> 3, as well as
remarkable optical 3* 3 and thermal properties 32 3637, Advanced fabrication techniques, such as
projection microstereolithography 2° and two-photon lithography 38, have led to a realization of
metamaterials with constituents ranging from polymeric 2 to metallic 2 to high-temperature
ceramic materials 2. Moreover, it has been demonstrated that incorporation of fractal-like, multi-
scale hierarchical micro-architectures, with nanoscale features, can achieve orders of magnitude
higher strength and stiffness than stochastic aerogels and foams 27 as well as high compression and

tensile recoverability in metamaterials comprised of brittle constituents 2739,

Ultimately, as material processing and manufacturing capabilities improve to enable the
production of these metamaterials at size scales relevant to real-world structural applications, the
performance of these metamaterials will be limited by their defect sensitivity. While much work
has been done to investigate the modulus and compressive behavior of these low-density
metamaterials 2" 343, experimental measurements of their fracture and damage tolerance have

been sparse**, mainly limited by the inability to manufacture sufficiently large samples.
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Taking advantage of a large-area high-resolution projection stereolithography system, we present
the first experimental measurements and numerical analysis of different crack initiation
mechanisms in periodic metamaterials with varying relative densities (viz. the density ratio
between the metamaterial and its parent material) and developed a 2-parameter fracture model to

describe the fracture toughness of micro-architected metamaterials.

1.3 Multi-functional metamaterials

For many applications, it is essential to create metamaterials with multiple functional properties
including mechanical, piezoelectric, electromagnetic, shape-memory, thermal and acoustic
properties, etc. The aim of multi-functional metamaterials is adding functionality beyond the novel
mechanical properties including high stiffness and strength. The design of these multi-functional
materials combines the rationally designed micro-structures with functional materials. In this
section, several research studies are reviewed for multi-functional metamaterials and piezoelectric

metamaterial is used as an example for the development of multi-functional metamaterials.

Xu, et. al elucidated how to resolve the trade-off between the coefficient of thermal expansion
(CTE) and structural efficiency and demonstrated a lightweight bi-material thermal metamaterial
that not only is stiff and strong but also has a large range of tunable CTE. The authors demonstrated
two distinct mechanisms of thermal expansion shown in a tetrahedron and combined these into an
octet-truss lattice to generate tunable CTE values, including negative, zero or positive, without
loss in mechanical properties. The demonstrated architectures can be applied to a broad array of

applications, including antennas, aerospace systems, etc.
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Zhang, et. al printed biocompatible and biodegradable composite shape-memory structures whose
shape memory behaviors are triggered by the magnetic field. The authors investigated the shape
memory effect of the printed structures experimentally. The printed shape memory lattices can be

utilized for potential healthcare and biomedical applications.

Yu, et. al demonstrated stimuli-responsive acoustic metamaterials that can extend the 2D phase
space to 3D through rapidly and repeatedly switching signs of constitutive parameters with remote
magnetic fields. These metamaterials contain magnetoactive lattice structures and their effective
modulus can be reversibly switched between positive and negative within controlled magnetic
fields. These metamaterials can have a great number of applications for remote, rapid and
reversible modulation of acoustic transportations, refraction, imaging and focusing on

subwavelength regimes.

In this work, a piezoelectric metamaterial with arbitrary piezoelectric coefficient tensor is reported
and manufactured. The design was implemented by additively manufacturing free-form
piezoelectric nanocomposites with complex architectures. The resulting voltage response of the
activated piezoelectric metamaterials at a given mode can be selectively suppressed, reversed or
enhanced with applied stress. Additionally, these electro-mechanical metamaterials achieve high
specific piezoelectric constants and tailorable flexibility with only a fraction of the functionalized
solid. The strategy reported here can be applied to create the next generation of intelligent
infrastructure, which can perform a variety of structural and functional tasks, including
simultaneous impact absorption and monitoring, 3D pressure mapping, and pressure directionality

detection.
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The direct piezoelectric constant correlates the electric displacement of a material with an applied
stress®47. Owing to the ability in converting mechanical to electrical energy and vice versa,
piezoelectric materials have enjoyed widespread applications in pressure sensing*® °, ultrasonic
sensing®® 5, actuation®® °3, and energy harvesting® . The piezoelectric charge coefficient of
piezoceramics, piezocomposites, and the corresponding foams are dictated by their intrinsic
crystallographic structures and chemical compositions®, resulting in common coupling modes of
operation®’. Additionally, their intrinsic microstructures are strongly coupled with other physical
properties including mass densities and mechanical properties®®. Chemical modification such as
doping®® ¢ has been introduced to alter the piezoelectric constants in certain directions by altering
the crystallographic structures, but their design space is restricted by the limited set of doping
agents®®. It also comes at the cost of other coupled physical properties including mechanical
flexibility and sensitivity®? 5. While approaches including casting and templating techniques have
been utilized to produce piezoelectric foams®* © that showcase the potential for reduced mass
densities and improved hydrostatic figures of merits, their piezoelectric coefficients, described by
a square foam model®, are largely limited by the intrinsic crystalline orientation and only occupy

a narrow bandwidth within the piezoelectric anisotropy space.

Here we report a different set of concepts in which a wealth of direct piezoelectric responses can
be generated through rationally designed piezoelectric architectural units and realized via additive
manufacturing of highly sensitive piezo-active lattice materials. The idea begins by designing
families of 3D structural node unit assembled from parameterized projection patterns, which
allows us to generate and manipulate a set of electric displacement maps with given pressure,

thereby achieving full control of piezoelectric constant tensor signatures. These unit cells are then
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tessellated in three-dimensions, forming metamaterial blocks that occupy vast piezoelectric
anisotropy design space, enabling arbitrary selection of coupled operational mode. Upon
polarizing the as-fabricated piezoelectric material, we demonstrated that the piezoelectric behavior
in any direction can be selectively reversed, suppressed or enhanced, achieving distinct voltage

response signatures with applied stress.

To implement this concept, we prepared functionalized lead zirconate titanate (PZT) nanoparticle
colloids. These nanoparticles are then covalently bonded with entrapped photo-active monomers.
These concentrated piezoelectric colloids are subsequently sculpted into arbitrary 3D form factors
through high-resolution additive manufacturing. The building blocks with designed piezoelectric
signatures could be assembled into intelligent infrastructures to achieve a variety of functions,
including force magnitude and directionality sensing, impact absorbing and self-monitoring,
location mapping, without additional sensing component. These free-form PZT nanocomposite
piezoelectric metamaterials have not only achieved high piezoelectric charge constant and voltage
constant at low volume fractions but also simultaneously possesses high flexibility, which is not
attainable through piezoelectric foams or polymers. This study paves the way for a new class of
rationally designed electro-mechanical coupling materials, suggesting many possibilities to move

structural metamaterials®”- © towards smart infrastructures.

1.4 Research goal and formulation of the research framework
My research goal is to develop novel additive manufacturing and processing methods that exploit
3D micro-architectures, functionalities and feature sizes, resulting in the creation of multi-

functional systems.

14



To achieve my research goal, the research framework was formulated, as shown in Fig. 1-3. |
started with developing additive manufacturing processes capable of fabricating large-scale micro-
architected materials with complex 3D topology and a broad range of feature sizes. Then I
investigated the structural properties enabled by micro-scale feature sizes and scalability. On top
of that, | developed AM techniques incorporated with functional cues and electronics. These
fabrication capabilities extended my research to the creation of multi-functional materials with
embedded electrodes and investigation of new opportunities enabled by 3D printed multi-

functional materials.
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Figure 1-3 Research framework formulation

1.5 Research questions

The primary research questions for the dissertation are stated as follows and the response to each

research question are shown in the following Chapters.
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Research Question 1 How to enable large area AM with multi-scale features? (Chapter 2)

Research Question 2 How 3D topology, feature size and scalability impart structural properties?

(Chapter 3)

Research Question 3 How to develop new AM processes to create multi-functional materials with

embedded electronics? (Chapter 4)

Research Question 4 What are the new opportunities enabled by 3D printed multi-functional

materials? (Chapter 5, 6 and 7)
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Chapter 2 Large-area high-resolution stereolithography system

(LAPLSL)

This chapter presents the set-up and calibration of the LAPLSL system. The system configuration
is first introduced, and the fabrication capability is demonstrated with representative samples with
multi-scale features. The second and third sections investigated the factors affecting curing depth
and the overlap design of the sub-images within the exposure of a single layer. The objective of
all these calibrations is to achieve optimal printing results. This technique enables the fabrication
of structures with features down to the sub-10um scale and overall size up to hundreds of
millimeters, which is particularly suitable for fabricating micro-architected metamaterials with

large volumes that can be employed in a broad array of real-world applications.

2.1 System description

The schematic of the LAPSL system is shown in Fig. 2-1. The 3D models were first built using
a custom code and then sliced into 2D patterns. These 2D patterns are sequentially transmitted to
a spatial light modulator, which is illuminated with UV light from a light-emitting diode (LED)
array. Each image is projected through a reduction lens onto the surface of the photosensitive resin.
The exposed liquid cures, forming a layer in the shape of the 2D image, and the substrate on which
it rests is lowered to reflow a thin film of liquid over the cured layer. The image projection is then
repeated, with the next image slice forming the subsequent layer. In order to increase the

resolution, the layer thickness during the 3D printing process must be well controlled. Experiments
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were conducted to study the effect of polymerization depth against light power projected onto the

liquid surface, demonstrating the reliable printing layer thickness control below 10 micrometers.
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Figure 2-1 Schematic of the LAPuSL system

To further expand the scalability of the architected metamaterial and examine the size effects under
a wide range of structural feature size control, the spatial light modulator is coordinated with an
optical scanning system to produce large-scale parts with microscale resolution. As the mirrors
scan in both axes, 2D patterns are reflected onto a new area next to the previously exposed area.
The pattern change on the projector is coordinated with the scanning rate of the scanning mirror
system. A customized focusing lens is used below the scanning optics to project the image onto
the liquid surface. The frame is updated as the image is moved via the scanning optics to effectively
create a continuous image in the photosensitive material. As this scanned image is much larger

than a single image of the projector, it enables small feature sizes over a large area. This technique
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allows the fabrication of polymer or ceramic parts, hundreds of millimeters in size, with multiscale
3D architected features down to the 10um scale (Fig. 2-3), which is uniquely suitable for

fabricating lattice materials with a broad range of feature sizes.
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Figure 2-2 a) Optical image and scanning electron micrograph with different magnifications
of an octet-truss lattice with a through crack. b) Scanning electron micrographs with different
magnifications for a planet gear set.
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2.2 Control of curing depth

Liquid resin compositions used for stereolithography usually consist of liquid monomer,
photoinitiator and passively absorbing dye. The photoinitiator will release radicals when exposed
to UV light. Solidification of the liquid monomer occurs as a result of cross-linking when it reacts
with radicals within the preceramic monomers. Passively absorbing dye such as Sudan is used for
absorbing the ultraviolet light to well control the curing depth of the liquid monomer. We
characterized the working curves of the preceramic monomer through optimization of the photo-
absorber, vinyl-thiol siloxane as well as the addition of the stabilization quencher. The working
curve equation % is used to describe the curing depth of the preceramic resin, C,, in a form of,

c _1l o E
d_an(EC

) 2-1

where @ = a; + ap is the resin absorption coefficient, «; is the absorption coefficient of the
photoinitiator, a, is the coefficient of the passively absorbing dye, E is the actual incident energies

and E, is the critical incident energy needed for curing, in units of mj/cm?2.

To characterize the polymerization depth of a free layer, an array of overhanging bridge structures
was fabricated with an array of photon energy (Fig. 2-3, inset). Each bridge layer represented one
polymerization layer, and the mean thickness of a given layer was taken to be the polymerization
depth. Fig. 2-3 shows the variation of polymerization depth as a function of total exposure energy
(mJ/cm?) received by the liquid resin (pre-ceramic resin as an example, all other resins shown in
this report follow the same calibration procedure). The results indicate that the polymerization

depth is linearly proportional to the natural logarithm of UV exposure energy, which is in good
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agreement with the numerical model. The experimental results confirmed the needed exposure
energy for reducing the polymerization depth which is needed for reliably creating final feature

size below 10 um.
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Figure 2-3 Photo flux versus polymerization depth. The curing depth increases linearly with
natural logarithm of exposure energy.

2.3 Image overlap adjustment method

For the large area structure printing, the stitching between images’ boundaries affects the printing
quality significantly. Fig. 2-4 shows the connection between two images. In (a) there is a big gap
between the two printed images, while in (b) the two images overlap too much. The consequence
of the disconnected images is two structures separate from each other. And for the overlap situation,
the two images form a structure, yet since the overlapped parts are exposed twice, the structure

size is not uniform. To minimize the overlapping effect, the slicing pattern was also designed to

22



have an overlap and the overlapped area contains a gray area to reduce the overexposure. With the
gray area, the light intensity of the overlapped area is half of the rest sub-projection areas. Since
the scanning mirrors are controlled by a linear actuator. The motion of the projection area is
linearly correlated with the pixel number in the projection area. The overlap distance that’s input

into the actuator was calculated to be equal to the overlap distance in the projection image.

e/ S

Figure 2-4 Connection between two images. (a) Two structures are separated. (b) Two
structures overlap.

2.4 Continuous exposure enabled by continuous scanning
Although the proposed method can enlarge the printing area of projection stereolithography, the
speed of the process is slow since there is no exposure when the optics move. The printing time

for each layer, T}, can be calculated by

— 2 2
Tlayer = Tcoqt + N X Texposure + (Tl - 1) X Tmove

where Toq; is the resin recoating time for each layer, T, posure IS the exposure time for each

printing area and T,,,,,. IS the stage moving time. To improve the printing speed, a continuous
exposure method was developed to increase the printing speed by synchronizing the stage motion

and exposure which are corresponding t0 Texposure AN Trpppe respectively.
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Figure 2-5 (a-b) Schematic of the continuous exposure method (d) Benchmark the printing
speed of the continuous exposure method with the state-of-art large area projection micro-
stereolithography.

Before printing, we first add a buffering region for motor acceleration to get a steady speed while
curing (Fig. 2-5a) and then we split the projection area into sub-sections (Fig. 2-5b) and cure the
resin with a video rather than sub-patterns (Fig. 2-5¢). Fig. 2-5d shows the building rate of the
proposed approach and a state-of-art LAPuSL method. The building rate is calculated based on the
printing time of a 5cm3 lattice with 20um resolution. With the proposed method, the building rate
of the LAPUSL system outperforms the state-of-art scanning stereolithography?’ by over 50%. The
new LAPUSL system is a unique method to fabricate metamaterials with micro-scale architectures
and large volumes. It paves the way to the characterization and application of metamaterials in

more practical scenarios.
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Chapter 3 Application of the LAPSL system on mechanical

metamaterials

In this chapter, the size-dependent mechanical properties of 3D architected ceramic metamaterials
(Section 3.1) and the fracture toughness behavior of micro-architected metamaterials (Section 3.2)

were investigated.

The LAPLSL system is capable of fabricating multi-scale features, making it possible to create
lightweight structural materials with feature sizes from a few micrometers to hundreds of
millimeters. Section 3.1 investigated the size-dependent properties of architected high-temperature
ceramics via the LAPLSL system. We found that these high-temperature architected ceramics of
identical 3D topologies exhibit size-dependent strength influenced by both strut diameter and strut
length. Weibull theory is utilized to map this dependency with varying single strut volumes. These
observations demonstrate the structural benefits of increasing feature resolution in additive

manufacturing of ceramic materials.

Additionally, the LAPLSL system is capable of fabricating metamaterials containing millions of
unit cells, providing a unique experimental platform to study the fracture and damage tolerance of
metamaterials. Here we additive manufactured stretch-dominated architected metamaterials with
pre-defined embedded crack, where the size of the unit cells become sufficiently small compared
to the flaw dimensions. Section 3.2 elucidated the emergence of fracture toughness as a material

property in architected metamaterials, which is found to be a property largely influenced by the
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elastic instabilities of struts members and T-stress, A design map based on a 2-parameter fracture

model was developed to guide the design of failure modes in micro-architected metamaterials.

3.1 Size-dependent mechanical properties of 3D architected high-temperature
ceramic metamaterials

3.1.1 Unit cell structure selection and lattice design

Due to the different arrangements of cell struts, cellular structures can deform by either the bending
or stretching of the cell struts and can be classified into bending-dominated or stretch-dominated
structures, respectively. Maxwell "° proposed an algebraic rule setting out the condition for a pin-
jointed frame of b struts and j frictionless joints to be both statically and kinematically

determinate. In three dimension the condition is

M=b-3j+6=0 (3-1)

If its joints are locked (rigid joint) and M > 0, its members carry tension or compression when
loaded, and it becomes a stretch-dominated structure. A stretch-dominated unit cell structure is
substantially more mechanically efficient than its bending-dominated (M < 0) counterpart,
because slender structures are much stiffer when stretched than when bent. Thus, we choose
stretch-dominated structures to fabricate architected polymer-derived ceramic (PDC)

metamaterials.

The octet-truss unit cell, a stretch-dominated structure first proposed by Fuller ™, is used in this
study. Octet-truss structure is a method for filling 3D space with a structurally efficient truss

structure of arbitrary cell size (Fig. 3-1a). The cell has a regular octahedron as its core, surrounded
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by eight regular tetrahedra distributed on its faces. All the strut elements have identical aspect
ratios, with 12 solid rods connected at each node. The cubic symmetry of the cell’s f_. structure
generates a material with nearly isotropic behavior. When made from high specific modulus and
strength materials, the octet-truss lattice is, therefore, a weight-efficient, stress supporting cellular
topology. The cuboctahedron unit cell, composed of a periodic arrangement of octahedra, is also
used in this study (Fig. 3-1b). While it is not fully rigid, the octahedral sub-units are rigid. It is

therefore defined to be a periodically rigid topology .

Figure 3-1 Computer-aided design models for a) the octet-truss lattice, unit cell, b) the
cuboctahedron lattice, unit cell and c) their struts.

The struts of the unit cells are designed to have a square cross-section, thickness, t, and node-to-
node length, ! (Fig. 3-1c). The unit cell size equals v21 and the cubic lattices, consisting of
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3 x 3 x 3 unit cells, are constructed by periodic packing of these two kinds of unit cells along their
three principal directions, respectively. Here, we fabricated samples with relative densities ranging
from 1% -22%. The relative densities were tuned by modifying the aspect ratio (t/1) within the
periodic unit cells. More details about the relative density calculation are illustrated in the next
section. Among all these lattices, the length, [, of each strut and hence the overall dimension of the
samples has been kept a constant. In addition, octet-truss lattices with the same relative density
(same aspect ratio, t /1) but varying cell size, i.e. strut thickness and strut length, are also fabricated

and tested.

3.1.2 Relative density design

The analytical expressions for the relative density of octet-truss and cuboctahedron lattices are
derived. For low relative density, the higher order term of strut aspect ratio, i.e. t/I, due to the
nodal effect, is negligible; as the strut aspect ratio increases, the nodal effect plays a more
significant role in relative density calculation and neglecting this effect renders noticeable
overestimation of the relative density. For octet-truss and cuboctahedron lattice with square cross-
sections, the node is considered as a cube and hence the volume of the node is taken as V,,,4. =
t3. The end-to-end length (distance between the edges of two nearest nodes as shown in Fig. 3-1c)
is defined by I = [ — t, where [ is typically called the node-to-node strut length. By considering
a repeating unit cell, the relative density accounting for the nodal effect is then expressed as
P Noguet?l' + Npoget®

S
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where N, and N, 40 are the number of struts and nodes within a repeating unit cell; L is the

edge length of a repeating cubic unit cell.

Considering the cases of octet-truss and cuboctahedron unit cells, Ng,,+ 1S 24 and 12 for octet-

truss and cuboctahedron unit cell, respectively; N,,,4. 1S 4 and 3 for octet-truss and cuboctahedron

unit cell, respectively; L equals to v21. Therefore, the relative density expressions are given by

_ t2 5t
Poctet = 6\/§l_2(1 - €7> 3-3)
_ t? 3t
Pcubo = 3\/51_2(1 - ZT) 3-4)

where p,qer aNd peypo are relative densities of octet-truss and cuboctahedron lattices with nodal
correction, respectively. The corresponding expressions without nodal correction simply neglect
the term in the parenthesis in Eq. (3-3) and (3-4). The discrepancy between relative densities with
and without nodal correction starts to emerge when g > 20% 3. In our case, we neglect the nodal

volume effect since the relative density range used for experiments is 1% ~ 22%.

3.1.3 Experimental design

The mass and volume of all the ceramic lattices are measured after pyrolysis. The relative density
is calculated as the ratio between the mass and volume and compared with the designed volume
fraction. The as-fabricated SiOC lattices were tested at ambient temperature in free compression
along [001] direction, as shown in Fig. 3-1, at a nominal strain rate of 8 x 10~*s~1 on Instron

5944 using standard flat compression plates (T1223-1022). The peak load divided by the cross-
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sectional area of the lattices was defined as the effective strength of the lattices. The Young’s
modulus was extracted from the steady slope of the stress-strain curves. The tested strength,
Young’s modulus of lattices and relative density of the lattices are used to plot the scaling

relationship and size effect analysis in the next section.

3.1.4 Polymer-derived ceramic characterization

The pyrolysis procedure was accompanied by 37% weight loss and 34% linear shrinkage.
Scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDS) was
performed. The result (Fig. 3-2) shows that the sample has a composition of 20.44 atomic percent
(at %) carbon, 38.6 at % oxygen and 40.96 at % silicon, or Si0,¢C, s The content of oxygen is
similar to the previous studies, however, the content of carbon is lower and, the content of silicon
is higher compared to the previous studies 32. Previous reports have shown the significant
dependence of SiOC on composition 7. These effects can be generalized as, the more silicon
carbide (SiC) like, i.e. more carbon, less oxygen, the SiIOC composition becomes, the greater the
mechanical properties, Young’s modulus and hardness. Variation in compositions can lead to an

approximate doubling in properties.
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Figure 3-2 Energy dispersive X-ray analysis of a single strut inside the lattice.
3.1.5 Strength and Young’s modulus scaling in high-temperature ceramic lattices
The testing results of Young’s modulus and strength of both octet-truss and cuboctahedron are
summarized in Fig. 3-3. The compressive strength versus relative density is plotted for each

architecture in Fig. 3-3a and compared to other octet-truss lattices with different parent solids 2*
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Figure 3-3 Scaling law of effective strength and Young’s modulus of the octet-truss and
cuboctahedron lattices. The experimental results of previous studies are shown as a comparison.

Well-developed theories*? %% show that on the macroscale, under uniaxial compressive loading, the
compressive stiffness and yield strength of these structures theoretically show linear scaling
relationships: E/E; « p and o /o5 « p, where Es is the Young’s modulus of the base material, o
is the strength of the base material. However, as indicated in Fig. 3-3a, the previously reported
experimental results 2**® show that, under uniaxial compression, the scaling factors for stretch-

dominated lattices are normally in the range of 1.06 to 1.21, or even as high as 2.4, larger than the
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theoretical value, since there are fabrication imperfections weakening the performance of these

lattices.

Interestingly, in testing results of the PDC lattices, the apparent strength (o) - relative density (p)
scaling in the as-fabricated ceramic lattices shows a scaling power that is smaller than 1 for both
octet-truss lattices and cuboctahedron lattices, outperforming theoretically predicted scaling
powers. In contrast, the obtained scaling relationship of Young’s modulus (E) and relative density
(p) in Fig. 3-3b are consistent with previously reported scaling values as well as predicted by
theory on stretch dominated lattices. It should be commented that the cuboctahedron lattice here
is considered to be a stretch-dominated lattice for its periodic rigidity. We hypothesize that the
strength of these architected lattices is influenced by a possible strong size-dependent effect as the
smallest ligament becomes slender in the micro-scale range (i.e., reduction of strut size), which

will be further investigated in the following sections.

3.1.6 Strut thickness dependent PDC strength

To investigate the size dependency of PDC strength, the strength of the parent solid that comprises
the individual solid strut members for each sample is estimated by normalization of the effective
compressive strength of the lattices with its topology dependent factor. The effective strength of

cellular materials can be approximated by the first-order scaling law ™:

Ueff=EUs (3—5)
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where X is a lattice topology and geometry dependent scaling factor, o; is the fracture strength of
the base material. The scaling factor X, accounting for both the lattice geometry and relative

density, can be calculated by

T =Cp” (3 —6)

where C is a geometric parameter depending on the lattice topology as well as the loading
direction, p is a function of (t/l), and the exponent « is 1 for stretch-dominated behavior,
theoretically 1. Based on previous studies, the experimental results of the geometric parameter, C,
for octet-truss lattices cuboctahedron lattices are 0.3 and 0.16 *> 72 for [001] direction loading,

respectively.

Such that the effective strength of the lattice can be normalized by the geometric factor to estimate

the strength of the individual ligament

0,
on = 2 B-7)

o, can be seen as an estimation of the strength of the parent solid.
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Figure 3-4 Effect of strut diameter on the normalized strength of relative density controlled
ceramic lattices. The means of estimated PDC strength are calculated using each 10-micron
interval for strut thickness for strut volume in order to filter the scattering of the data.

Here, as relative density reduces, the only changing parameters for both octet truss lattices and
cuboctahedron lattices are strut thickness while the strut length has been kept constant. The
normalized strength of the parent solid excluding all geometric factors is plotted against the only
variable strut thickness in Fig. 3-4. The size-dependent mechanical property of lattices with
differing relative density from Fig. 3-3a can now be visualized in Fig 3-4. The means of estimated
PDC strength are calculated using each 10-micron interval for strut thickness for strut volume in
order to filter the scattering of the data’. The strength of the PDC solid carries a power-law

relationship with the strut thickness as there is no characteristic length for the brittle PDC strut "¢
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. A power-law fitting is applied to the calculated mean strength of the ceramic solids as a function

of strut thickness and yield the following relationship,
o, =Dt # (3-18)

where g is the scaling factor of the strut thickness and is found to be 0.36, from our measured
experimental results, while D is a constant. The normalized PDC strength increases as the strut
thickness decreases, as shown in Fig. 3-4, indicating a size dependency of the strength of the PDC

solids possibly due to the reduced size and number of cracks.

Previous studies also show that the strength of brittle 882 materials typically increases with
decreasing dimensions. Based on the relationship proposed by Griffith between the fracture

strength, oy, and the critical size of a flaw, c, for brittle materials such as ceramics®®, we know that

1

A flaw cannot be larger than the component in which it is located. Assuming c correlates with the

strut thickness, t 8. The relationship can be written as
op o« t70° (3-10)

Even though the scaling factor from our measured experimental results is lower than the value
proposed by Griffith, which may be caused by the insufficient number of measurements and
experiment errors, our experimental results indicate a size dependency of the strength of the PDC

solids.
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This size effects as a function of reduced strut thickness in density-controlled sample explain the
apparent scaling law of o, — p. By combining Eg. (3-5, 6 & 8), the effective strength of the

lattice can then be modified as,
Ocrs = CDpot™F (3-11)

Substitute relative density expression without nodal correction into Eq. (3-11), we get

B
O = CDp* 2al™F (3-12)
EqQ. (3-12) can be further modified as

B
Tepp~p’ 2@ (3-13)

From Eqg. (3-13) we know that the scaling between the effective strength and relative density of

the lattice is reduced by a factor of —2%, which is caused by the size dependency of the PDC

strength. As density further reduces, this 2% will further increases which will result in higher

specific strength in lower density solid architected ceramic as compared to higher density samples,

i.e., an apparent scaling power smaller than 1 as density decreases further.

3.1.7 Strut volume dependent PDC strength analogous to Weibull size effect

We then proceed to investigate the size strengthening effect by measuring the strength of lattices
of identical relative densities, but with uniform reduction of minimal strut volumes. While the

benefit of reducing the coating thickness of ceramic through atomic layer deposition have been
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experimentally demonstrated in previous reports by 3° 8 and explained by the weakest link theory
8 it has not been clear the role of the overall size, i.e., strut volume of each solid ligament that
comprise the overall lattices. The size from the length-direction, which contributes to the surface
volume of individual solid strut members, in addition to the diameter and thickness of the strut
could contribute to the overall size effect of the lattice material. Here, to fully capture the size
dependency of the PDC strength, we expand the study by simultaneously modifying the average
strut thickness and length within the unit cells. Samples were fabricated with identical relative
densities but with a serial reduction of single strut volumes. The Weibull statistical analysis is

applied to interpret the relationship between strut volume and material strength.

Derived from the weakest-link-theory based on a chain model ’" 8, the risk of failure of material

is given by a probabilistic expression:

P(a)V} 3—14)

Pr(o) =1—exp|—
() exp{ n

where Pr (o) represents the risk of failure of a material under stress o; V is the volume of the
material and Vj, is a standardized reference volume; P (o) is defined as the probability of material

failure under stress o for a given material volume V. Weibull 88 proposed a power-law solution

0—0¢

m
- ) , Where g, is the critical strength
0

for P(o) vanishing at a critical value of g, as P(o) = (

below which the probability of failure is zero, for brittle material g, = 0 since for brittle material
any tensile stress can cause brittle fracture; o, is the characteristic strength at Pr(o) = 63.2%; m

is the well-known Weibull modulus .
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Therefore,

Pr(o) =1 exp{— (Gio)m VKO} (3 — 15)

1

_ (&)E, which leads to the
V1

For the same risk of failure under two different stresses, we obtain %
2

expression of nominal strength of material:

1

e (5)”
M —_—
O'f v

In the present case, V = t2[ represents the strut volume. Volume is a function of strut thickness

(3—16)

(t) as defined in Fig. 2.
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Figure 3-5 Effect of strut volume on the normalized strength of volume controlled ceramic
lattices. The mean of the estimated strength was calculated using each order of magnitude for the

strut volume.
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According to the theorem as in Eq. (3-16), the strength of PDC relates to the strut volume by a
simple power law from a statistical viewpoint as shown in Fig. 3-5, which plots the normalized
PDC strength versus the strut volume (V). The mean of the estimated strength was calculated using
each order of magnitude for the strut volume. The scaling power in Fig. 3-5 shows the trend of the
size dependency of strength as a function of strut volume reduction over three decades: decrease
of the strut volume leads to the increase of the PDC strength. For 3D architected brittle ceramic
metamaterials, the failure of the metamaterials is determined by successive failure of multiple
struts. The failure of an individual strut is catastrophic due to the brittle nature of PDC which
suggests the applicability of Weibull analysis and weakest link theory only on the strut volume
instead of the total volume of the architected material 8. However, in order to obtain the Weibull
modulus and size effect for 3D micro-architected brittle ceramic metamaterials, a non-classical
probabilistic model is needed to account for structural factors, which is discussed in the next

section.

3.1.8 Discussion and conclusion

This section reports the fabrication of high temperature ceramic architected metamaterials and the
characterizations of the size effects derived from the solid micro-scale struts that comprise the
stretch-dominated lattices. Additive manufacturing of polymer-derived ceramic had been recently
reported to process virtually no porosities in as-fabricated ceramic components. This work, for the
first time, extends this paradigm to the fabrication of high-temperature precision ceramics with
solid micro-scale features, opening up new opportunities to capitalize on the size effects from

miniaturized features and proliferate them to lightweight ceramic architected materials. A well-
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controlled stabilized preceramic light-sensitive monomer with UV stabilizers enables confinement
of polymerization depth within 10 microns, resulting in reliable production of precision 3D

ceramic components comprised of microscale solid features.

While extensive investigations have reported the stiffness and strength for a limited number of test
samples #4244 with thin-walled hollow tube ceramic, this study provides direct observations of
the size-dependent strength of ceramic micro-architected metamaterials with solid strut members.
The as-fabricated stretch dominated SiOC ceramic metamaterials have revealed a strong size
dependency in relative densities reduced from 22% to 1%. A break-down of strength as a function
of the diameter of the ligaments revealed a stronger ligament strength when the density of the
lattice is reduced. This observation was corroborated by architected lattices with varying single
strut volumes of identical relative densities. We conclude that these high-temperature
metamaterials approximately follow a Weibull distribution of strength as a function of reduced

single strut volumes.

While the present work provides insights of single strut volume on the contribution of the strength
of architected metamaterials, it did not capture the size effects of architected metamaterials
comprised of a very large number of unit cells, i.e., the cell number size effects. Likewise, the
weakest link theory that has been used to relate to the size effects of architected metamaterials will
not fully describe the scenario of large area architected metamaterials comprised of a large number
of cells. This limitation can be summarized in two-folds: 1) While the classic Weibull analysis "
8 as illustrated by Eq. (3-15) can give insight on the probabilistic distribution of strength and “the

smaller the stronger” size effects on solid ceramic architected metamaterials, it is not entirely
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applicable as the structural members with different orientation and position in the architectural
layout may carry different stresses such that the effect of stress distribution among strut members
should be taken into account®. 2) As indicated in the last section, the Weibull size effect originated
from the weakest link theory assumes that the failure of architected metamaterials is dictated by
the failure of any single strut member. This assumption holds for micro-lattices with a limited
number of unit cells; it does not necessarily apply to lattices with a significantly larger number of
unit cells. The actual strength extracted from the experimental stress-strain curve is determined by
the successive or nearly catastrophic failure of multiple struts. In lattices with a large number of
unit cells, the successive failure of struts within the metamaterial is dominated by the effective
fracture toughness of the lattice materials, which gives the metamaterials resistance to crack
initiation with existing flaws (i.e., breaking of a single or a few strut member) 4*°!. The subject of

the fracture toughness of architected metamaterials remains to be future topics of investigations.

It is interesting to note that the Weibull size effects also did not fully describe the size effects in
recently investigated quasi-brittle ceramic lattice networks attributed to the stress distribution
throughout the entire material system, which is analogous to the 3D micro-architected brittle
ceramic metamaterials. A number of studies have proposed different models utilizing series
coupling of elements °2 in which a number of chain models are arranged in series, instead of in
parallel, to represent that a single failure of chain does not fail the entire system, in addition to
local failure events of a ceramic unit cell dictated by the weakest link theory™® %% Previous
studies show an analytical model to deal with the cellular ceramics successive failure by utilizing
the homogenization method on a material system scale to consider the failure probability of small-

scale constitutive elements on which the classical Weibull theory is applied. Their proposed
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framework may be extended to the architected ceramic metamaterials and hence involves
representations at both microscale (single strut) and macroscale (lattice), could be analogous to
micro- and nano-architected ceramics containing a large number of cells. Nevertheless, in order
to fully capture the size effect of architected metamaterials studied in this work, future efforts will
include incorporating 1) a sufficiently larger sample number (>30 at each strut volume) in order to
derive the accurate Weibull modulus of the strength size effect®. 2) Probabilities of failure strength

as a function of unit cell numbers within a metamaterial with constant single strut volumes.

We have demonstrated the additive manufacturing of precision polymer-derived ceramic
components with complex, micro-scale solid features within 10 microns. The methods are based
on large-area projection microstereolithography of stabilized UV sensitive preceramic monomers
with precise control of structural features from 10um scale to millimeters. To study the strength
of the high-temperature silicon oxycarbide architected metamaterials, lattices with relative
densities ranging from as low as 1% to 22% were fabricated and characterized through uniaxial
compression. We found that at lower densities, the strength of these solid ceramic lattices benefits
from the reduced strut thickness at the micro-scale, suggesting a possible strong size-dependent
strength of the strut members. Weibull theory is then utilized to map this dependency with varying
single strut volumes in as-fabricated lattice materials with identical relative densities. Our study
provides direct observations and evidence suggesting the benefits of micro-scale structural
members in improving the strength of low-density high-temperature ceramics. Through
capitalizing upon the reduction of unit strut volumes within the architecture, high-temperature

ceramic could achieve high specific strength with only one fraction of their solid counterparts.
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3.2 Investigation of fracture toughness of micro-architected cellular materials

In a continuum elastic material, a stress distribution known as a K-field is established near the
crack tip % 9. Rapid, unstable crack advance will occur when this stress intensity factor K = K.,
where K. is the fracture toughness of the material % . Here we put metamaterials on equal

footing with common engineering materials by establishing their equivalent ;..

3.2.1 Fabrication and preliminary testing

Fabrication of large volume (up to 64 cm®) samples, containing a pre-designed embedded crack
and having relative densities spanning across one orders of magnitude from 1% to 10%, was
accomplished using the LAPuSL system, as shown in Fig. 3-6. The samples are designed to have
an embedded crack to measure the plane-strain limit. Both the crack size and lattice relative density
were varied and all other parameters remain constant. The crack length, sample width, sample
height, sample length and unit cell size are defined with a, W, H, B and L, respectively, as shown

in Fig. 3-6.

We chose trimethylolpropane triacrylate (TMPTA) as the UV light sensitive monomer to be the
parent material for the metamaterials. The key advantage of TMPTA is that it has a linear elastic-
brittle tensile response, with a measured Young’s modulus E¢ = 0.5 GPa, and strength o, = 13

MPa, with <20% variation over three decades of strain rate.
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Figure 3-6 Optical image and XCT images of the fracture toughness samples with pre-
designed embedded crack.

3.2.2 Crack size and relative density governs toughness

The as-fabricated samples are stretched on a tensile testing fixture with 0.05/min strain rate. The
testing fixture is shown in Fig. 3-7 For samples with high relative density (>10%), the load-
displacement curve is similar to that of bulk materials. However, the load-displacement curve of
the p = 2% sample experienced a slop change following the initial linear response, as shown in
Fig. 3-7b. The fracture toughness of the tested samples is normalized by the unit cell size and base
material strength and is plotted as a function of relative density, as shown in Fig. 3-7c. The results
show that the measured toughness depends on relative density and crack size. Toughness for low

density and high-density lattices scale differently with relative density.
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Figure 3-7 a) optical image of the as-fabricated sample loaded with tensile stress. b) Load-
displacement curve of a sample with a relative density of 2%. ¢) The normalized effective fracture
toughness as a function of relative density.

3.2.3 Observation of two unique crack-tip failure modes

After observing the different scaling of the fracture toughness of different densities, we performed
in-situ XCT and observed two unique crack-tip failure modes for low-density micro-architected
metamaterials: crack-tip buckling and crack-flank buckling, as shown in Fig 3-8a&b. For high-
density samples, crack-tip tensile failure was observed, which is similar to the failure mode of bulk
materials, as shown in Fig. 3-8¢c. FEA was also performed and we found excellent agreement
between measurements and FE predictions. Fig. 3-9 shows the failure modes observed in FEA

results with a reducing a/L ratio.
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Figure 3-8 In-situ XCT images and FEA results of three different failure modes of the micro-
architected metamaterials.
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—

Buckling of struts at tip Buckling of struts immediately adjacent Buckling of struts on crack flank
to tip

Figure 3-9 FEA results showing the failure modes of the low-density lattices with reducing
a/L ratio.

3.2.4 Capturing crack size effect by T-stress

In this section, we define biaxiality, B, to capture the effect of the T-stress experimentally. The

following relation connects normalized T-stress (T) to normalized crack size (a/L) and biaxiality.
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loading in a multiaxial arrangement, as shown in the schematic in Fig. 3-10.
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Figure 3-10 Schematic showing the varying Boq4ing-

Triaxial testings were done on samples with varying relative density and a/L ratio. The optical
image and schematic for the testing fixture are shown in Fig. 3-11. During the testing, stresses are
applied through several stepper motors and the experiments were performed in an X-ray chamber

for capturing the in-situ XCT images during the testing and observing the failure mode of the

samples.
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Experimental setup for in-situ XCT
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Figure 3-11 Experimental set-up of the triaxial loading test.

During the testing, B and a/L were varied independently for two different densities, and fracture
toughness values were measured. The experimental results and the FE calculation are summarized
in Fig. 3-12a. When B and a/L are combined into a single parameter T, all data collapses into single

curves confirming that the relevant parameter is T, as shown in Fig. 3-12b.
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Figure 3-12 a) Normalized fracture toughness values of the architected metamaterials as a
function of biaxiality with different a/L ratio and relative densities. b) Normalized fracture

T

toughness values of the architected metamaterials as a function of normalized T-stress.
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Based on the observations shown above, we proposed a failure map for designing microarchitected
metamaterials using a 2-parameter fracture model, as shown in Fig. 3-13. The map captures the
observed effects of crack size, relative density and loading triaxiality. The map generated in this
study is for base materials with yield strain limit that equals 0.02. However, a design map for
failure can be generated for all kinds of micro-architected metamaterials using the 2-parameter

fracture model (K+T) for different unit cell geometries.
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Figure 3-13 Failure maps for the fracture toughness behaviour of microarchitected
metamaterials
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3.3 High-temperature rapid sintering of complex 3D printed structures

3D printing techniques enable the fabrication of ceramics with complex and microscale features,
which might find use in a broad array of high-temperature applications. However, there is a
significant bottleneck in the ceramic 3D printing processing-property cycle, particularly for
developing new materials. Formulations, printing, and sintering by traditional methods can be
labor and time intensive. While printing may only take 2 hours, sintering can consume 12 to 24
hours significantly slowing the processing time. Rapid spark plasma sintering (SPS) technique is
impossible for 3D printed structures, since the high pressure applied during sintering can crash the
micro-architectures. The rapid high temperature (RHT) sintering technique offers a new means to
quickly test a variety of ceramic 3D printing formulations for shrinkage, cracking, functional
response, etc. that is not possible by traditional methods. In this section, we incorporated RHT
method with the PDC shown in Chapter 3.1. In the RHT technique, the uniformly distributed high
sintering temperature enables fast and high-quality sintering of the ceramics and provides a
uniform shrinkage to maintain the complex structures. As a demonstration, we successfully
fabricated and sintered multiple complex 3D printed structures of polymer-derived ceramics
silicon oxycarbide, SiOC) with RHT technique in less than ten seconds (Fig. 3-14). The
photographs indicate the uniform shrinkage (~28% linear shrinkage) of the 3D printed ceramics
and well-maintained structures after RHT sintering (Fig. 3-14 a-b). By duplicating the unit cells,
more complex 3D structures can be built to achieve better mechanical properties, which however
introduce more challenges to maintain the fine features. As a demonstration, we successfully

sintered four complex structures with different repeating units using RHT technique, and the well-
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maintained structures of the microstructures indicate the uniform shrinkage during rapid sintering
(Fig. 3-14c-e).

In addition to the single composition of the architected ceramic materials, 3D printing possesses
the ability to combine multiple materials in a complex, arbitrary 3D architecture, which opens new
opportunities for fabricating high-temperature devices. For instance, the combination of giant
piezoresistive and magnetic ceramic materials can form a multi-material piezoresistive-magnetic
composite structure, which can be used as a magnetic flux density sensor in high-temperature
environments and reads resistance changes with corresponding magnetic flux densities. Here, we
fabricated multi-material honeycomb structures with aluminum (Al) doped SiOC and cobalt (Co)
doped SiOC, which show giant piezoresistivity and magnetic responses, respectively (Fig. 3-14d-
e). The conventional sintering method for multi-material polymer-derived ceramics suffers from
the diffusion between different materials (Fig. 3-15), which results in degraded sensitivity.
However, the structures sintered with RHT sintering method maintained their shape perfectly and
show non-detectable cross-doping due to the short sintering time, as shown in Fig. 3-14f. To
demonstrate the potential of using the multi-material part as a magnetic flux density sensor, a two-
layer honeycomb structure was fabricated with Al- and Co-doped SiOC, as shown in Fig. 3-14qg.
The piezoresistive part (Al-SiOC) correlates the applied stress and the resistance change (Fig. 3-
14h) while the magnetic part (Co-SiOC) induced stress under magnetic fields (Fig. 3-16). The
piezoresistive properties of our 3D printed honeycomb structures prepared by conventional, and
RHT sintering, are compared to previously reported state-of-the-art piezoresistive materials via
the gauge factor, as shown in Fig. 3-141. We see a significant increase in the gauge factor for RHT

sintering, compared to conventional sintering and previous state-of-the-art materials. This
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establishes our rapid sintering technique as an innovative means to fabricate highly sensitive
piezoresistive sensors which can be combined with magnetic materials for high-temperature
magnetic field detection. At 25<C and 200<C, a permanent magnet was used to generate magnetic
fields ranging from OmT to 360mT by varying the distance to the as-fabricated sensor, while a
digital multimeter was used to read the resistance of the piezoresistive section of the sensor through
two copper leads attached on both ends of the honeycomb structure. The resistance change of the

sensor, AR, and the magnetic flux density, B, are correlated by,

AR = KB?

where K is the sensitivity of the sensor (Fig. 3-16). Fig. 3-14j shows the resistance change as a
function of the applied magnetic field and the sensitivity under 25<C and 200<C was derived

through curve fitting.
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Figure 3-14 (a) Optical image of the SIOC green part printed with a single material. (b) Optical
image of SiOC samples sintered by RHT method showing the uniform shrinkage and maintained
shape. (c) Four complex structures with different repeating units using RHT technique. (d-e) Green
part and sintered SiOC structures doped with Al and Co, respectively. (f) Elemental mapping of
the boundary of the Co and Al-doped SiOC. (g) Optical image of the as-fabricated multi-material
magnetic flux density sensor. (h) The resistance of the Al-doped SiOC section of the magnetic flux
density sensor sintered with conventional sintering method and RHT sintering method as a
function of force, respectively. The experiment was performed at room temperature. (i)
Comparison of gauge factors of various materials. (j) The resistance change of the Al-doped
piezoresistive section as a function of the magnetic field.
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Figure 3-15 Elemental mapping of the 3D printed multi-material sample sintered by a) the high-
temperature pulse method and b) conventional sintering method.
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Figure 3-16 The stress applied on the Al-doped SiOC section by the Co-doped SiOC section as a

function of magnetic fields.
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Chapter 4 From structural to multi-functional materials

Beyond structural materials, my research then extends to the additive manufacturing of multi-
functional materials. My research aims to add functionality beyond extreme mechanical properties.
These functionalities can be electrodynamic, acoustic, thermal, piezoelectric and electromagnetic
properties, which makes the metamaterial not only a structural material for space-filling or
supporting but also a functional material that can harvest energy, respond to the environment or

communicate with devices.

To achieve this, we started with the piezoelectric metamaterials. This chapter introduces the
fabrication and functionalization of a piezoelectric composite material. By integrating a blade-
casting process with the LAPuSL system, piezoelectric metamaterials with arbitrary micro-
architectures can be fabricated. Moreover, through functionalization of the piezoelectric particles,
the 3D printed piezoelectric composite can outperform the state-of-art piezoelectric polymers and

other piezoelectric composites.

Notably, the 3D printing technique and functionalization process is not limited to piezoelectric
materials and can be implemented to a wide range of functional materials, including piezomagnetic,
dielectric and electrostrictive materials. The process introduced in this chapter allows independent
tuning of matrix stiffness, allowing the creation of rigid to flexible multi-functional composite

materials.
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4.1 Micro-stereolithography system integrated with blade-casting process

To fabricate the multi-functional materials, nanoparticles of the active materials need to be added
to the photocurable polymer to fabricate functional composites. In this section, we use

piezoelectric nanoparticle (PZT) as an example to describe the upgraded LAPuSL system.
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Figure 4-1 Surface functionalization of PZT with photosensitive monomers and 3D printing
of piezoelectric metamaterials with complex micro-architectures. a) Schematic illustration of
surface functionalization method and strong bonds between the nanoparticles and the polymer
matrix after UV curing process. b) Schematic illustration of the relationship between the surface
functionalization level and the piezoelectric response. The piezoelectric response increases with
the surface functionalization level as a result of increasing stress transfer. ¢) Schematic illustration
of the high-resolution 3D additive manufacturing system. d) SEM images of 3D printed
piezoelectric microlattices. Scale bar: 300 um.
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The fabrication method starts by synthesizing concentrated surface-functionalized piezoelectric
nanoparticles, dispersed with UV sensitive monomers as a structural matrix that can be sculpted
into 3D structures by near-ultraviolet (near-UV) light'®. While surface functionalization of ~4vol%
piezoelectric nanoparticles has shown appreciable piezoelectric coefficient as compared to non-
functionalized dispersion'®, the trade-off between high piezoelectric responsiveness and
processability has limited the realizations of arbitrary piezoelectric 3D micro-architectures with
high piezoelectric coefficients. As shown in Fig. 4-1a, a functionalization agent, (trimethoxysilyl
propyl methacrylate) is covalently grafted to the PZT particle surface via siloxide bonds leaving
free methacrylate on the surface. Here, the surface functionalization reaction is optimized to
maximize surface coverage. These strong covalent bonds between the closely packed piezoelectric
nanoparticles and the polymer matrix network enable achieving uniformity in the highly
concentrated piezo-active colloidal resin (Fig. 4-2) by creating a sterically hindered surface as well
as reaching the upper bound of the piezoelectricity output of the nanocomposite at a given loading
concentration (Fig. 4-1b, Fig. 4-2, Fig. 4-3). Here, strict control of the thickness of the colloidal
paste through a designed recoating system and reduction of oxygen inhibition enables the
fabrication of complex 3D piezo-active architectures with fine features (see Section 4.1.1) from a
range of concentrated colloidal particles entrapped with UV sensitive monomers (Fig. 4-1d). This
versatile process is not limited to PZT. Surface functionalization can be implemented to enhance
the response of a wide range of piezoelectrics (Barium Titanate, etc.) or other functional materials
such as piezomagnetic (Bismuth ferrite). This nanocomposite system allows independent tuning

of matrix stiffness, by changing the photo-sensitive monomer composition, allowing us to access
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rigid to flexible materials to convert mechanical stress to voltage signals, as well as energy

harvesting.

a) 2.5vol%
!
‘PZT particles
L T

Polymer-matrix

c) 30vol%

Figure 4-2 The SEM micrographs of the cross-section areas of the composite having a)
2.5v0l%, b) 10vol% c) 30vol% d) 50vol% particle loading.

The system to process piezoelectric feedstock achieves a minimum printable 3D feature size of
~20um in the transverse direction, which is determined by the pixel resolution of the DMD array
and the reduction lens. The resolution in the vertical direction is controlled by the layer thickness
during the printing. To ensure the layer thickness is well-controlled, the layer recoating process
and the cure depth of the resins with higher nanoparticle loadings are modeled and experimentally

characterized during our study.
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Figure 4-3 Optical images of the resins mixed with unfunctionalized or functionalized particles
a) after initial mixing and b) after 1.5h.

4.1.1 Resolution and optimization of the fabrication process

After one layer of resin is cured, a recoating process is followed. The stage on which the lattices
were printed is moved for a layer thickness to recoat resin for the printing of the next layer. While
resin with low particle loading can be recoated within a short time between each layer, high particle
loadings resin suffers from its dramatically increased viscosity as such it cannot flow into the gap
uniformly within a reasonable time. To ensure the high particle loading resins can be uniformly
and efficiently recoated, we used tape-casting method** to recoat the resin, as shown in Fig. 4-
4a&b. As shown in Fig. 4-4, once a layer is cured, the Z stage moves. Right after the movement,

an extruder squeezes a small amount of the resin on the oxygen permeable membrane and a doctor
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blade produces a thin resin film on the membrane. Then the Z stage moves back, leaving a flat

layer height resin.
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Figure 4-4 a-b) Schematics of the projection stereolithography systems used in our study with
resin dispensing and flattening setup for a range of functional material loadings. c¢) Three steps
during the recoating process.

4.1.2 Optimization of the blade height to control thickness

In our process, only a small amount of resin for each layer was dispensed. We designed the blade
position such that the gap between the blade head and the substrate is sufficient to ensure 1)
dispensed nanoparticle resin can spread out the printing area, 2) the spread resin height is higher
than exposure thickness. Fig. 4-4c illustrates the blade design criteria to ensure adequate

nanoparticle resin quality. The blade height must satisfy
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2n, A’ Ahy
1 < blade<7

where A is the cross-section area of the dispensed resin, h is the thickness of the dispensed resin

and A’ is the cross-section area of the recoated resin (Fig. 4-4c).

We tested the recoating quality of the resins having different particle loadings and the results are
summarized in Fig. 4-5. The particle loading that can yield a relatively uniform layer with high

quality (without pores) for final fabrication was found to be 50vol% (~ 88 wt.%) in our study.

b 30vol% ‘ 45v0l%

= s |
~" Printing 2 VR e
area
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Figure 4-5 (a) Camera image of an as-cast uniform piezoelectric photosensitive resin film for
Projection Micro-stereolithography; doctor blade height is 100pm. (b) Optical image of as-coated
piezoelectric photosensitive resin films with different particle loadings.

4.1.3 Curing depth of highly loaded piezoelectric monomers

Another important parameter affecting the layer thickness is the cure depth of the resin. In SLA

process, the curing depth is related to the Beer-Lambert law, which is formulated as®:
1
Z = =In (—) 4-1)

62



where «a is the resin absorption coefficient, E and E,. are the actual and critical exposure

respectively. E can be controlled by UV light intensity or exposure time.

For resins loaded with particles, the UV light is scattered or absorbed when it travels through the
resin. The absorption coefficient of the resins, a, becomes quite large in highly particle loaded

resins, and can be formulated as'9%-194:

350
(X"’ﬁ (4—2)

() 6 -

) \Z (4-3)
where S is a constant related to the scattering efficiency of the particles, d is the mean diameter of
particles, @ is the volume fraction of the particle in the high particle loading resin, n, is the

refractive index of the rein, An is the refractive indice difference between the particle and the

solution and A is the light wavelength.

Empirically, we found that the layer thickness has been set to be less than half of the cure depth in
order to ensure tight bonding force between neighboring layers. This creates challenges as higher
particle loadings nanoparticles cause reduction of the resin penetration depth based on Eq. (4-1)
due to higher resin absorption constant. For each particle loading a series of exposure time and
dosage must be carefully conducted to characterize the penetration depth of the loading.
Additionally, our enclosed system allows accurate control of oxygen concentration (typically

below 1%), which helps to increase the cure depth of the resin via prevention of oxygen inhibition
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mechanism?® 1% and promote more photopolymerization. To find the dosage and exposure time
for sufficient cure depth (twice of the layer thickness) of resins with different particle loadings, an
identical circle array pattern with different exposure times and dosages is used to characterize the
cure depth. Excess resin is then wiped away and the thickness of the printed dot is measured under
a microscope. As shown in Fig. 4-6, the number of cured disk patterns decreases as the particle

loading increases under the same exposure profile, which indicates different exposure parameters

are needed for each loading concentration.

As an example, we plotted the working curve of the resin with 40vol% loading particles in Fig. 4-
6b. The light intensity we used is the highest intensity of the projection system, which is ~20W.
Different exposure time is used to achieve different curing depth. The curing depth is 30um with
16s exposure time and starts to saturate after 16s. So we used 15um as the layer thickness during

the printing of the 40vol% particle loading resin.
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Figure 4-6 a) Optical images showing the curing depth of resins with 10vol%, 20vol%, 30vol%
and 40vol% particle loadings. b) Curing depth of the 40vol% loading resin as a function of the

exposure time.
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4.2 Surface functionalization of the piezoelectric particles

4.2.1 Procedures of the surface functionalization

All chemicals were purchased from Sigma-Aldrich and used as received. For functionalization,
0.6g of PZT was ultrasonically dispersed (VWR Scientific Model 75T Aquasonic ~ 90 W, ~ 40
kHz) in 50g of deionized water with 1.049g glacial acetic acid for 2h. To this 1.049g of 3-
(trimethoxysilyl)propyl methacrylate (TMSPM) was added. The mixture was then refluxed while
stirring for 5h. Particles were cleaned by centrifugation, discarding the supernatant, and then
dispersing in ethanol for at least two cycles. Particles were dried overnight under vacuum or gentle
heat. The resulting 3D printable functionalized PZT nanocomposites achieved a volume loading

from 2.5vol% to 50vol% (equivalent to 16wt% to 88wt%).

4.2.2 Characterization of the effect of particle functionalization

To characterize the effect of functionalization, we prepared composite samples with varying
degrees of functionalization between nanoparticles and polymer matrix and probed their effect on
the piezoelectric properties at different particle volume loading. The experiments confirmed that
the fully functionalized systems provide the “upper bound” of properties obtainable for a particular
volume fraction of the piezoelectric particles while the partially functionalized particle systems

provide less.
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Figure 4-7 a) Fourier-transform infrared spectroscopy (FTIR) result showing the effects of
different TMSPM loading. b) FTIR result showing the effects of reaction time on the surface
functionalization, peaks around 4hrs. c) d constant as a function of the surface linker loading for
functionalization of PZT nanoparticles. d) Comparison of d constant as a function of PZT

nanoparticle volume loading percentage under two conditions: with functionalization and without
functionalization.

Fig. 4-7a&b shows the Fourier-transform Infrared Spectroscopy (FTIR) of thoroughly cleaned
functionalized PZT particles with different intimal loadings of the surface agent or reaction times.

The spectrum focuses on the carbonyl and alkene of the acrylate surface groups nominally at 1710
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cm™ and 1630 cm, respectively. It shows the functionalization level can be varied by the surface

linker loading or reaction time.

The PZT particles were functionalized with Owt% ~ 150wt% surface linker loadings. The particles
with different functionalization levels were mixed with the UV curable resin with 3% to 30%
volume loadings (equivalent to 18.8wt%~76.3wt% loading), and were used for fabricating cuboid
samples (8mm by 8mm by 2 mm). As-fabricated samples were tested using the same apparatus
described in Chapter 5. The ds3 constants of the samples are summarized in Fig. 4-7c. For the low
particle loading (3vol%) composite, the d constant is nearly zero without functionalization, and
increases with the functionalization level until the particles are fully functionalized. The same
trend was observed for the high particle loading (30vol%, i. e., 76.3wt%) composite, i.e., the d

constant increases from ~50pC/N to ~100pC/N with fully functionalized nanoparticles.

To investigate the effect of functionalization at different particle loadings, cuboid samples having
the same dimensions with 3vol%~30vol% PZT particles with and without functionalization were
fabricated and tested. The results are shown in Fig. 4-7d. Within 30vol% loading, the performance
of the piezocomposite is increased by the surface functionalization of the piezo particles. It can be
noted that in the absence of functionalization, the baseline piezoelectric response is increased with

higher volume loadings.
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Chapter 5 3D printing of piezoelectric materials with designed

anisotropy and directional response

This chapter reports design and manufacturing routes to previously inaccessible classes of multi-
functional piezoelectric metamaterials with arbitrary piezoelectric coefficient tensor. The scheme
is based on the manipulation of electric displacement maps from families of structural cell patterns.
The resulting voltage response of the activated piezoelectric metamaterials at a given mode can be
selectively suppressed, reversed or enhanced with applied stress. Additionally, these electro-
mechanical metamaterials achieve high specific piezoelectric constants and tailorable flexibility
with only a fraction of the functionalized solid. The strategy reported here can be applied to create
the next generation of intelligent infrastructure, which can perform a variety of structural and
functional tasks. Applications including location sensing, directionality sensing, self-stress sensing

and energy harvesting are demonstrated in Section 5.3.

5.1 Design of 3D piezoelectric responses

A strategy was developed to realize the full design space of piezoelectric coefficients through the
spatial arrangement of piezoelectric ligaments. The scheme involves analyzing configurations of
projection patterns from a 3D node unit classified by connectivity. The evolutions of projection
patterns give rise to diverse electric displacement maps (Fig. 5-1a-h), from which the piezoelectric
coefficient tensor space ds,, (M = 1~3) can be designed, going beyond the limitations of the
monolithic piezoelectric ceramics, polymers and their composite feedstock whose piezoelectric

coefficients are located in the {- - +} quadrants'®®1® and {+ + -} quadrants''® ! of the
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dimensionless piezoelectric tensor space (ds,,, which is defined by normalizing ds,, by the length
of the vector, {d5;, d3,, d33}). To capture the broadest possible design space, we start with a
number of intersecting micro-struts at a node that can be tessellated into 3D periodic lattice. All
intersecting struts are represented as vectors originating from the node, i.e., fi (i =1~N, N isthe
node unit connectivity). In building the projection patterns, we define f{ as the 2D projection of Zi
onto three orthogonal planes through the global 1-2-3 coordinate system of the 3D piezoelectric
cube (Fig. 1a, Zi = % §?=1 T{ j =1, 2, or 3). As an example, we use piezoelectric ceramic and its
composites having ds,, distributed in the {- - +} quadrants'®-1% as the base material to construct
the electric displacement maps. The white arrows pointing upwards or downwards against the 3-

direction indicate the positive or negative electric displacement response of the strut along the 3-

direction (i.e. poling direction).
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Figure 5-1 Design of piezoelectric metamaterials for tailorable piezoelectric charge constants.
Designing 3D node units by configuring the projection patterns. (a-g) Node unit designs from 3-,
4-, 5-, and 8-strut identical projection patterns, respectively. Node unit with higher nodal
connectivity can be constructed from superposition of projection patterns comprised of lower
number of projected struts. (h) Node unit with dissimilar projection patterns showing decoupled
ds;, ds,. The white arrows in the projection patterns pointing towards the positive or negative 3-
direction indicate the positive or negative electric displacement contribution to poling direction 3.
Red arrows in (a-h) indicate the compression loading along 1-, 2-, or 3-direction. (i) A
dimensionless piezoelectric anisotropy design space accommodating different 3D node unit
designs with distinct ds,, distributions; each dj) is normalized by the length of vector
{d3;,d3,,d33} , and therefore, d3;, ds,and dz;form a right-handed 3D coordinate system.
Dimensionless piezoelectric coefficient of monolithic piezoelectric ceramics and their composite
feedstock are marked in the {- - +}.

Configuring the projection patterns in these planes results in diverse electric displacement maps,
allowing access to different quadrants of the d,, property space. A basic 3D node unit containing

3, 4, and 5 intersecting struts on the projection patterns are illustrated in Fig. 5-1a~f. We start with
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3D node unit with identical 3-strut projection patterns on 1-3 and 2-3 planes, i.e. ds; = d3, (Fig.
5-1a, b). Configuring the projection pattern via rotating the relative orientations of two projected
struts (6 = AEE) redistributes the electric displacement contributions as indicated by the white
arrows reversing directions in the projection pattern (Fig. 5-1a, b). Rotating the projection patterns
allows us to inversely reorient the intersecting spatial struts with correlations calculated in Section.
5.1.1and 5.1.2. This results in the d3,, tensor shifting from {+ + +} quadrant, to highly anisotropic
distribution near the positive ds,, axis {0 0 +}, to {- - +} quadrant with negative d; and ds, as
well as positive ds3 (Fig. 5-1i). Further decrease of the relative orientation reverse all values of

the d5,, to occupy the {- - -} quadrant (Table S1). Similarly, for a 4-strut or 5-strut projection

pattern with two axis-symmetry, decreasing the relative orientation (6 = J}l}) of projected struts
results in the change of d,, distribution from {+ + +} quadrant to {- - -} quadrant (Fig. 5-1i) or
{- - +} due to the competitions of the opposite electric displacement contributions within the struts

(Fig. 5-1c-f).

The designs can be broadened by increasing 3D node unit connectivity through superposition (Fig.
5-1g). The micro-architectures with high nodal connectivity are deformed predominantly by
compression or tension® #*. As reduced energy is taken by strut bending which does not contribute

to the electric displacement in 3-direction, the d55 increases with additional nodal connectivity.

Moreover, the designs are not restricted to identical projection patterns where d4; and d, are
coupled. 3D node unit designs with dissimilar projection patterns allows independent tuning of
ds, and ds, (“out of 45° plane” distribution of ds,,, Fig. 5-1i, d3; # d3,). We configure the

dissimilar electric displacement maps via independently varying the relative orientations 6; and
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6, on 1-3 and 2-3 planes (Fig. 5-1h). The compression along 1-direction and 2-direction on the 3D
node unit, therefore, generate different electric displacement maps and result in the decoupling of

d31 and d32 (Flg. 5'1h).

The d,,;, of designed units can be numerically computed through collecting the electric
displacement from all intersecting strut members Ei at equilibrium under applied stress. Such
model relates the configuration of the projection patterns f{ with the piezoelectric coefficient of
interest d,,,, of the metamaterials

N i i i
i=1 fyi dypm TmrordV;

- Zévzl fVi 6mMTrinro-7§dVi

nM

, Where di,,, is the piezoelectric coefficient matrix of the base material (n = 1,2,3, m, M = 1~6),
T\. represents the stress-transformation matrix from the local x- y-z coordinate system to the
global 1-2-3 coordinate system, o} is the stress vector in the local coordinate system (r =
xXx,yy, zz,xy, xz,yz), V; is the volume of the i-th strut in the node unit and §,,,), is the Kronecker
delta. Configuring the projection patterns generate various designs of architectures which occupy
different quadrants of the ds,, distribution space as shown in Fig. 5-1i, where M = 1~3. These
families of 3D node units constitute a broad 3D piezoelectric constant selection where d,, occupy
desired quadrants of the property space, in contrast to the piezoelectric coefficients obtained by
piezoelectric foam models. This rich design space creates an enormous palette of novel

applications as demonstrated in later sections.
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5.1.1 Electric displacement manipulation via screw angle in 2D projection pattern

As shown in Fig. 5-2a&b, the plane angles 6,, 6, and 6 obtained from projection pattern as:
0, = 0, =6 —90°,6; = 45°
The space angle 6, could be expressed as:
0, = arctan(\/itan (G 90°))

From the two equations above, all the angles 6, 68, 85 and 8, invoked in the analytical analysis
could be tuned through adjusting angle 6 in the projection pattern. Therefore, the stress matrix of
each strut in the global coordinate system could be conveniently manipulated through configuring
its orientation in the projection pattern. Subsequently, the effective electric displacement and
effective charge constants are manipulated through the configuration of strut orientation in the

projection patterns.

5.1.2 Comparison between the theoretical prediction and the FEA results

ABAQUS 6.14 was used to conduct the finite element analysis on all the designs shown in Fig. 5-
2. Comparison between analytical derivations and finite element analysis shows great agreement
between the two. We listed the calculated results in Fig. 5-2. The minimal difference between the
analytical model and FEA result can be explained by the difference of stress calculation of vertical
struts during calculation of d5/” and d<4/. The axial stress on the vertical strut L is considered

zero in the analytical derivation of equilibrium state!'?, whereas the FEM analysis indicated the
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stress within vertical strut still takes approximately 5% of that of the diagonal strut (Zl, Zz, 33, 24)

due to stress transferred from the node.

5.2 Measurement of 3D piezoelectric responses

To evaluate the piezoelectric responses of the designed piezoelectric metamaterials, a poled cubic
lattice is constructed by periodic packing of the unit cell along its three principal directions. A
shaker with integrated force sensor in contact with the surface of the samples exerts cyclical
loadings on the samples. We measured the generated voltages (in 3-direction) induced by the
applied stress with a resistor connected to data acquisition system. We found excellent agreement
of the measured {d;, ds5, d33} signatures with the designed response to force from different
directions. Here, N=5 designs (3-strut projection pattern, Fig. 5-1a, b) are used to demonstrate the
different voltage output patterns due to the distinct distributions of ds,,. As identical cyclic
loadings (~0.5N, sawtooth loading profile) are applied along three orthogonal directions,
significant differences in the voltage output patterns are observed for three distinct designs (Fig.
5-3a-c). The N=5 piezoelectric metamaterial of & = 759(Fig. 5-3a) outputs a positive voltage
when loaded in 3-direction (the polarization direction), while the sample generates a negative
voltage as loaded in 1- or 2- direction. In contrast, Fig. 5-3b shows voltage outputs of our N=5,
6 = 90%lattice in 3-direction being positive while voltage output in 1- or 2- direction being
suppressed, exhibiting highly anisotropic response. By further increasing 8 to 120< the voltage
outputs in all 1, 2, 3 directions are positive when loaded in any directions, as shown in Fig. 5-3c,

due to its all positive d,, distribution.
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Figure 5-3 Measurement of 3D piezoelectric responses. a-c) Optical images of representative
piezoelectric metamaterials comprised of N=5 node units and their corresponding real-time
voltage outputs under impact coming from 1, 2, and 3 directions, respectively. d) Effective

piezoelectric voltage constant ggf versus the relative density of N=8 and N=12 lattice materials.
e) Comparison of specific piezoelectric charge coefficients and elastic compliance between the
piezoelectric metamaterials presented in this study and typical piezoelectric materials!®® 13119 f)
Drop-weight impact test on the as-fabricated piezoelectric lattice (N=12). g) The real-time voltage
output of the lattice corresponding to various drop weights. The transient impact stress activates
the electric displacement of the metamaterial in the 3-direction, shown as the trace of the voltage
output against the impact time. h) Impulse pressure and transmitted pressure versus the mass of
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the drop weights. The significant gap (shaded area) between the detected impulse pressure and
transmitted pressure reveals simultaneous impact energy absorption and self-monitoring capability
of the 3D piezoelectric metamaterial.

To assess the mechanical-electric conversion efficiency, the effective piezoelectric voltage
constant g,;defined as the induced electrical field per unit applied stress, was quantified by
measuring the d5; of the as-fabricated metamaterials and the permittivity of the metamaterials.
The resistor used in the apparatus is replaced by a circuit to quantify the charge generated in
response to applied stress (Fig. 5-4). The d55 and g5 are then quantified by the ratio of the
applied load and the generated charge. The g4 results of the metamaterial comprised of highly
connected structure (N=12) and N=8 structure are shown in Fig. 5-3. Remarkably, g5 increases
with the decreasing relative density, indicating the potential application in simultaneous
lightweight and highly-sensitive sensor. The measured d55 over their mass density (i.e. |ds3|/p)
and compliance are plotted against all piezoelectric materials (Fig. 5-3e). We found that these low
density and flexible piezoelectric metamaterials achieve over 2 times higher specific piezoelectric
constant than piezoelectric polymer (PVDF) and a variety of flexible piezoelectric composites (Fig.
5-3e, Fig. 5-5). Additionally, enhancement of the hydrostatic figures of merits can be obtained via
unit cell designs with all identical signs of the gsm{+ + +} and dsm{+ + + } coefficients. This
enhanced piezoelectric constant along with the highly connected 3D micro-architecture makes the
3D piezoelectric metamaterial an excellent candidate for simultaneous impact absorption and self-
monitoring. A series of standard weights ranging from 10g to 100g were sequentially dropped
onto the as-fabricated 3D piezoelectric lattice (N =12) attached on a rigid substrate (Fig. 5-3f) to
impact the piezoelectric metamaterial. The transient impact stress activates the electric

displacement of the metamaterial in the 3-direction, shown as the trace of the voltage output against
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the impact time (Fig. 5-3g). The impulse pressure on the piezoelectric metamaterial calculated
using the measured d55, and measured pressure transmitted to the rigid substrate against time are
traced in Fig. 5-3h. The significant gap (shaded area) between the impulse pressure and transmitted
pressure reveals the impact energy absorption and protection capability of our piezoelectric 3D

metamaterial as a potential smart infrastructure!?® 2L,
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_ Figure 5-4 Real-time loading and release voltage outputs of two N=5 designs [dap: {- - +),
dsym: {+ + +} respectively], with square loading profile stimulated from different directions. All
samples are polled against 3 direction.
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Figure 5-5 FOM of porous and bulk piezoelectric materials.

5.2.1 PZT particle properties

In the present work, commercial piezoelectric material particles (APC 850) were used. The size of
the PZT particles was measured by dynamic light scattering (Malvern Zetasizer Nano ZS), and the

average diameter to be 220.9 nm in acetonitrile solvent. The Curie temperature of the PZT (APC

850), used in this work, was 360 <C.

5.2.2 Polarization method and results

We used the standard corona poling method!?? that has been commonly used for poling PZT
composites'?®. A schematic of the poling fixture is shown in Fig. 5-6. We performed the poling

process at the elevated temperature (~110°C) for some of our samples in contact mode and did not
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observe any appreciable change in the physical properties. As such, we performed the poling
process at room temperature for most of the samples. The corona process is a hon-contact poling
process and it involves application of very high field through a needle, while the sample is attached
below on the grounded plate. Under the application of high field, the surrounding air is ionized.
These ions are collected on the top surface of the sample generating the effective field across the
thickness of the sample. This resulted aligning the dipoles (i.e., poling) in the direction of the
applied field. The applied voltage during the poling process is 32kV and the height of needle from

the sample surface is 2cm.

Cathode needle

Insulating masks Lattice sample

Insulating liquid Glass chamber

L Electrode plate

Sealed cell —

Figure 5-6 Schematic of the experimental setup for the corona poling.

Our testing results for tactile mapping also confirmed good uniformity of the poling process. We
prepared an N=12, ©6=90%lattice with four electrodes attached at different positions across the
lattice surface (Fig. 5-7) The electrodes were connected to 4 resistors (10MQ) with a data
acquisition system for reading output voltages from different positions. Identical, calibrated

loadings (2.2N) from a shaker (Model V203, Ling dynamic systems LTD) were applied along 3-
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direction on the electrodes, the peak voltage generated from four positions were nearly identical,

which indicates uniform polarization in lattice upon poling.

(N) @2404

[y

Voltage (mV)

0 002 004 006 008
Time (s)

Figure 5-7 a) Optical image of the N=12, ©=90° lattice with 4 electrodes attached at different
positions. b) Voltage output on the 4 electrodes as a function of time.

5.2.3 Assembly and calibration of the piezoelectric testing apparatus for 3D piezoelectric

metamaterials

The piezoelectric metamaterials were first activated by a polarization process in strong electric
fields as described in the Method section. After the poling was completed, the electrodes coated
with the composite resin was attached to the sample to eliminate triboelectric effects. The sample
was compressed with the electrodes to ensure the sample is fully attached to the electrodes (Fig.
5-8a). Leads were connected to the electrodes through copper wires. The sample was put on the
top of a high precision force sensor (APPLIED MEASUREMENTS LTD. DBCR-20N-002-000)
from which the impact force was read, and a shaker (LING DYNAMIC SYSTEMS, LTD. V203)
having a sawtooth voltage input was used to applied impact on the sample. One side of the

electrodes was grounded while another side is connected to the circuit shown in Fig. 5-8b'®. The
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voltage readout from the circuit was recorded by a data acquisition system (LabView myDAQ)
and multiplied by the reference capacitor to calculate the charge generated from the sample. Fig.
5-8d shows the response of the non-polarized and polarized samples with ~0.5N periodic impact

force.

The measurement of the piezoelectric coefficient was calibrated using a standard calibration
piezoelectric sample provided by APC International, Ltd. Wide-Range Piezo dss Tester Meter. Fig.
5-8c shows the generated charge as a function of impact force for two standard samples having
540pC/N and 175pC/N standard piezoelectric materials. The slope equals the piezoelectric
constant. The error of measured results is below 5% comparing with values reported from the
manufacturer. Zero voltage output of the non-polarized sample indicates the triboelectric effects

have been eliminated from the system.
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Figure 5-8 Direct piezoelectric coefficient testing and system calibration (a) Schematics of the
system setup for measuring piezoelectricity on the as-fabricated architected metamaterials. (b)
Circuit diagram for measuring the charges generated from the sample with applied stress. Electric
charges generated from the piezoelectric metamaterial are collected by the capacitor, C1 (100pF).
The output voltage, Vou, is measured through a data acquisition system (NI myDAQ) via R1
(40MQ). The piezoelectric coefficients of the metamaterials is calculated from d = (Vou
x100pF)/Fappiied. (¢) Charge versus applied force plot of two piezoelectric material samples as
calibration of the testing fixture whose piezoelectric charge constants are measured by a piezo d33
test system (APC International, Ltd. Piezo ds3 Test System). (d) Voltage output of non-polarized
sample and polarized sample under ~0.5N compressive force.
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5.3 Applications of the piezoelectric metamaterials

5.3.1 Location sensing

The 3D digital metamaterial building blocks can be further stacked or printed as smart
infrastructures capable of time-resolved pressure self-sensing and mapping without application of
an external sensor. Here, piezoelectric metamaterials of N=12 are selected and 3D printed into a
four-pier piezoelectric bridge with a non-piezoelectric bridge deck (Fig.5-9a, b). The external
closed circuits with a data acquisition system are connected to the top and bottom surfaces of the
piers to monitor the voltage outputs. The 3D printed piezoelectric metamaterial bridge can directly
map the magnitude as well as location of potentially damaging deformations throughout its
structure. To demonstrate, steel balls with a mass of 8g are sequentially dropped at random onto
the deck. The resulting voltage is collected at each of the four electrodes with the amplitude
depending on the electrode proximity. The envelope of the voltage outputs is plotted in Fig. 5-9c,
d which independently monitors the strain amplitude. Impact strain map on the deck can be plotted
to determine the impact location (Fig. 5-9¢, f). These 3D piezoelectric infrastructures allow one to
obtain time-resolved self-monitoring information (e.g. displacements, forces, strain mapping)

throughout a structure'?* 12 without additional external sensors.
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Figure 5-9 Assembly of architected metamaterial blocks as intelligent infrastructures. a-b)
Camera image of a self-monitoring 3D printed piezoelectric bridge infrastructure. All four piers
are poled together along 3-direction and the electrodes are attached to the top and bottom surface
of the piers. The locations of the dropping steel ball are indicated with dashed lines. c-d) Real-time
voltage outputs from the self-monitoring piezoelectric piers. e-f) Normalized strain amplitude map
converted from the voltage map indicates different locations of the impact.

We first predict the impact point on the bridge-like structure by using four known displacements
at the piers and relative positions among piers. A wave propagation and attenuation theory within
the planar boundary (the deck) is utilized. The amplitude of the induced response at a given

position within the boundary could be simplified to follow an exponential attenuation relation as:
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u=CeP"(5-1)

, Where u is the induced response amplitude (displacement) of the point of interest (at the pier), C
and D is a coefficient depending on the amplitude of the impulse and the damped frequency of the
deck, r is the distance between the pier and the impact point. To obtain the displacements at four
piers, the proportional relationship between peak voltage output and pier displacement is used due

to the linear deformation of the piers:

u=AVpeax (5—2)

, Where A is the coefficient of proportionality, V., is the peak voltage output at the pier.
Combining Eq. (5-1) and Eg. (5-2) yields the direct relationship between voltage output and
distance r. A coordinate system is then set originating from pier 1, and therefore, the coordinates
of each pier are defined (Fig. 5-10). Let the unknown impact point as (x, y), with four r’s in terms
of voltage outputs given by Eq. (5-1) and Eq. (5-2), four relationships between r’s and (x, y) are

denoted as:

ne =G -x)?+ @ -y)? (5133)

, Where 7y, is the distance between k-th pier and the impact point, x; and y, are coordinates of the
k-th pier, k = 1~4. With four circles defined by Eq. (5-3), one intersecting point (i.e., impact point
(x,y)) is determined while the maximum displacement induced by the impact force is also
determined. By knowing the impact point, using Eq. (5-1), the strain at each point on the deck

normalized by the maximum strain is thus solved.
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Figure 5-10 Geometric relationship between impact point and pier locations for determining the

location of the impact point.

5.3.2 Directionality sensing

Taking advantage of the distinct directional ds,, design space, stacking multiple piezoelectric
building blocks, each with a tailored directional response, allows one to program the voltage output
patterns as binary codes, i.e. positive or negative voltage. These stackable metamaterial blocks
provide a unique method to determine directionality which we leverage to sense pressure from
arbitrary directions'?®. Fig. 5-11a shows the directionality sensing concept using sensing
infrastructure assembled from an array of piezoelectric metamaterial cubes with pre-configured
ds), tensor signature {ds,, ds,, d33} distributed at different quadrants. Piezoelectric metamaterial

cubes on the outer surface of the cube ((1)~(5) surfaces) are connected to voltage output channels,
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with intersecting faces of the cube sharing one voltage output channel (see Fig. 5-12 for details).
Pre-program stacked d5,, combinations with each face of the cube allows the output voltage binary
map to be uniquely registered with a given pressure applied on that face. The direction and
magnitude of any arbitrary force can then be super-positioned and determined from the collected

voltage maps (Fig. 5-11a).

As a proof-of-concept demonstration of directionality sensing, we stacked a piezoelectric
metamaterial infrastructure comprised of four cubic units with their unique 3D piezoelectric
signatures by design (Fig. 5-11b, c¢). The output voltage binary map uniquely registers the
corresponding force direction. When impacted from 1-, 2- and 3-direction (labeled as I, Il, I, IV,
Fig. 5-11d), three distinct voltage outputs are detected each correlated with the original respective
impact direction (Fig. 5-11d). The impact force in 1-direction is registered with permutation
voltage matrix [-, -, +, +], while [+, +, -, +] for 2- and [-, -, -, +] for 3-direction, respectively (Fig.
5-11d). These digitalized, binary output voltage maps originated from the preconfigured

piezoelectric constant signatures decode directionality of the impact as well as its magnitude.
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Figure 5-11 Force directionality sensing. a) Illustration of force directionality sensing
application using piezoelectric metamaterials stacked from four types of designed building blocks
to achieve arbitrary force directions. b) As-fabricated piezoelectric infrastructure comprised of
stacked architectures with encoded piezoelectric constants. c) Voltage output patterns
corresponding to different impact directions indicated by red arrows. The insets show the binary
voltage patterns registered with different impact directions. The impact force in 1-direction is
registered with permutation voltage matrix [-, -, +, +], while [+, +, -, +] for 2- and [-, -, -, +] for 3-
direction, respectively.
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Figure 5-12 Schematics of the wiring method of the spatial stacking of multiple piezoelectric
building blocks. The 25 building blocks are connected to 9 voltage channels of a data acquisition
system (NI USB-6356). The blocks labelled as the same number are parallel and connected to the
same voltage channel.
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5.3.3 Tailorable compliance and sensing on a curved surface

Fig. 5-13 shows the compliance measurement of the metamaterial having different relative
densities and monomers with different elasticity. These metamaterials were compressed using
INSTRON-5944 with 0.05/min strain rate. The compliance is calculated from the reciprocal of the
slope of the stress-strain curve. The testing results show that these groups of piezoelectric
metamaterials possess tailorable compliance over three orders of magnitude. Fig. 5-14 shows the
voltage output of a flexible piezoelectric metamaterial when it is attached to a curved surface and

compressed by fingers.
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Figure 5-13 The tunable elastic compliance as a function of the relative densities.
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Figure 5-14 Hand tapping induced voltage response of the N=12 flexible piezoelectric
metamaterial conformally attached to a curved surface.

5.3.4 3D architected flexible tactile sensor

As shown in Fig. 5-15a~b, the 3D architected piezoelectric metamaterial can be stretched and bent
by fingers with ease without fracture, and are highly conformable to different shapes, e. g., fingers
and joints, suggesting their applicability in wearable devices and skin-like sensors. As a
demonstration, a ring-like sensor was prepared and tested to show the voltage output during the
folding and unfolding process of the author’s little thumb, as shown in Fig. 5-15¢~d. When the
finger was folded, the architected sensor is under 3-3 working mode, which means the pressure is

applied along the 3-direction (polarization direction) and the voltage is generated on the electrodes

92



along the 3-direction. Fig. 5-15e displays the real-time waveforms of the folding and unfolding

pressure pulse recorded from the sensor.
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Figure 5-15 a~b) The optical images of the flexible 3D architected piezoelectric composite sensor
with the N=12, ©=90° structural design. Tensile and bending forces are applied to the lattice by
fingers, showing mechanical flexibility. c~d) A ring-like flexible 3D architected sensor attached to
the finger. The sensor is compressed during the “fold” status of the finger. e) Voltage generated
from the sensor during three cycles of finger folding and unfolding.

5.3.5 Energy generation and stability of the piezocomposite energy harvester

To demonstrate the energy harvesting capability of our piezocomposite, we used the piezoelectric
metamaterial to harvest energy from the external impacts. An architected film with 40% porosity
was printed using the 50vol% PZT composite, as shown in the inset of Fig. 5-16a. The as-

fabricated sample was then poled with a 4V/um electric field under room temperature for 1 hour.
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After poling, two silver electrodes with cables were attached to the sample to form the piezoelectric

energy harvester.
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Figure 5-16 Energy Harvesting Experiment a) Camera image of the energy harvesting setup with
architected piezoelectric metamaterial film. b) Energy generation and stability of the generator
over time with voltage output. The result of the voltage output durability test over 60 min for
verification of the energy harvesting stability. The magnified views of the regions highlighted by
yellow lines represent clear and stable generated output voltage from the energy harvester. c)
Schematic circuit diagram for measuring the output performance of the energy harvester. d) A
photograph of the LED signboard with 13 high-intensity LEDs powered by the energy harvester.

A rectifier and charge storage circuit including the bridge rectifier, a capacitor (C=100F), a switch
and the LED array were connected to the piezocomposite energy harvester, as shown in Fig. 5-
16a&c. A shaker with an integrated force sensor in contact with the surface of the energy harvester
applied a small cyclical loading (~1N peak to peak) on the sample. The generated voltage was
measured through myDAQ, while the generated charge was stored in the capacitor. The voltage
output of the harvester was relatively stable over 360000 cycles, as shown in Fig. 5-16b. We
observed a small variation in the generated voltage (6V = 7~8%), showing the stability of our
piezoelectric composite. The stored energy was then used to illuminate a pattern formed by 13
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LEDs. Fig. 5-16d shows the illumination of the LEDs after turning on the switch between the
capacitor and the LED pattern. The LEDs are illuminated for 0.5s with a 2.85V voltage (U) on the

capacitor.

5.4 Discussion and outlook

We have presented 3D piezoelectric metamaterials with piezoelectric polarization tailorable from
virtually all directions relative to applied stress. The concept is based on designing electric
displacement of strut members within periodic nodal structures of given connectivity and then
tessellate them in three-dimensions, forming 3D architected piezoelectric metamaterials. We see
this as a step toward rationally designed 3D piezoelectric materials for which we can choose
specific components of the effective piezoelectric coefficient tensor through configuring topology.
We implement the concept through additive manufacturing of photo-sensitive piezo-
nanocomposite feedstock to create 3D piezoelectric metamaterials with any free-form
architectures. The poling process on the as-fabricated metamaterials in one direction activates the
piezoelectricity described by the designed piezoelectric coefficient tensor. Experimental measures
confirm exceptional voltage constant and voltage coefficient at low volume fractions. This allows
several previously unachievable opportunities. Metamaterial blocks are assembled or 3D printed
into bulk infrastructures capable of self-monitoring pressure, directionality sensing and location
mapping. The 3D piezoelectric lattice structures decouple several distinct physical attributes to
achieve: 1) high specific piezoelectric voltage constants via a fraction of active piezoelectric
materials; 2) tunable compliance across three-orders of magnitude; and 3) filling the white space
unoccupied by conventional porous piezoelectrics, flexible piezoelectric composites and polymer.

The developed method and highly concentrated piezoelectric feedstock can be adapted to virtually
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any commercially available light-based 3D printing platforms, allowing potential new generation
of smart infrastructure, force sensing and impact shielding applications. This tailorable system
opens new opportunities to tune final structural compliance and electro-mechanical coupling
coefficients, for applications ranging from soft, stretchable, skin-like sensor arrays and energy

harvesting to more robust, structural materials integratable as sensors into fixed buildings.
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Chapter 6 Additive manufacturing of micro-architected underwater

transducers

6.1 Hydrostatic figure of merit of the architected piezoelectric metamaterial

While the mechanical properties (strength, stiffness) in architected metamaterials scale down with
volume fractions, creating volume fractions (low relative density) in these piezoelectrics invoke
many unique advantages for piezoelectric properties as compared to their bulk material®. Based on
the design theory, d constants are not sensitive to relative density in the linear elastic regime,
therefore at low volume fractions, their mechanical-electro coupling factors remain consistent with
higher volume fractions of the same architecture. Our study has found that, the piezoelectric
voltage constant, g, another key piezoelectric property constant, increases with the reduction of
relative density and outperform their original starting material. g constant is the most relevant
piezoelectric constant characterizing electro-mechanical coupling for transducer and sensor

performance®?’. The gss constants are related with dss and electric permittivity via,

d33

933z = —
€33

where d5; and &35 are the piezoelectric charge constant and permittivity in the 3-direction,
respectively. The permittivity of the lattices has a nearly linear relationship with the relative

density and can be calculated using the following equation*?®:

e33 = [p(k. — 1) + 1]gg
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where p is the relative density of the lattices, k.. is the dielectric constant of the bulk composite
and ¢, is the permittivity of vacuum. For the bulk composite, the relative density can be considered
as 1. The relationship between the permittivity and relative density was further verified using a
commercial capacitance meter (KEYSIGHT, E4990A). The capacitance of the lattices was

measured, and the permittivity can be calculated from the following equation:

cd

€33 = 2

where C is the capacitance of the lattice, d is the distance between the electrodes and A is the cross-

section area of the lattice.

As a result, it can be seen that the lower electric permittivity inherent within the piezoelectric
metamaterials contributes to the increased piezoelectric voltage constant g. For example, the gas
constant of the N=12, ©=90 “lattices increases as the relative density decreases, as plotted in Fig.
5-3d. Therefore, the voltage constants of the low relative density lattices outperform that of the

bulk composites, indicating superior sensing capabilities.

Additionally, these micro-architected metamaterials outperform its base material and other
piezoelectric materials regarding their hydrostatic properties. For hydrophone applications, an
important parameter is the hydrostatic figure of merit (FOM)!?, which defines the material’s

suitability for underwater sonar applications,
FOM = dh “In (Pa_l)

where,

98



dp =ds3 + (d32 + d31)(CN_1)

dp _
In=— (Vvm™1)

As shown in Fig. 6-1, the FOM of the piezoelectric metamaterials can be tuned in a large range by
tuning the piezoelectric anisotropy via architecture and exceeding other piezoelectric materials and
other piezoelectric foams!* 12135 This beneficial property is attributed to, i) through changing
the micro-architectures, the anisotropy of the d and h constants of these piezoelectric metamaterials
can be tuned from {-, -, +} to {+, +, +} leading to the increase of d,. ii) higher overall g;at lower
densities as compared to the base material and other piezoelectric materials, attributed to the low
electric permittivity €. This benefit of lower densities (e.g., lower permittivity) also validates

predictions obtained from piezoelectric foam structures.
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Figure 6-1 FOM of porous and bulk piezoelectric materials.
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6.2 A novel multi-material system for the printing of piezoelectric transducers
and high-performance multi-material packaging

A novel multi-material projection stereolithography system enabled the fabrication of both the
“green part” of the transducer elements (directly printed piezocomposite without post-processing
such as sintering) with particle loading up to 50vol% and the packaging materials which includes
acoustic matching material, conductive material, backing material and the encapsulation. A
schematic of the multi-material is shown in Fig. 6-2a. The system consists of a multi-material
feeding system and a projection stereolithography system which solidifies UV curable resin in a
layer-by-layer manner. The system is highly versatile and can print a broad range of materials
including highly loaded nanoparticle composites (lead zirconate titanate (PZT), silver (Ag), carbon

fiber) and polymers with various Young’s modulus (5kPa-5GPa) and acoustic properties.
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Figure 6-2 a) Schematic of the novel multi-material 3D printing system. b) Schematic of the LPS
process and polarization process. ¢) Comparison of the d constant between the piezoelectric
material sintered with conventional sintering method and LPS method under various temperatures.
d) Optical image of as-fabricated piezoelectric ceramic transducer elements with
microarchitectures and low porosity. ) Benchmark d coefficient with the state-of-art 3D printed
piezoelectric materials. f) Summary of impedance, Young’s modulus and sound absorption
coefficient of materials used for the packaging and transducer.

To achieve high-resolution additive manufacturing of piezoelectric materials, we first investigated
the printing of high-loading nanoparticle colloids, as aforementioned in Chapter 4. We achieved
minimum printable 3D feature size of ~20m with up to 50vol% (86wt%) nanoparticle loaded
composite, which is named as the green part of the sintered piezoceramics. The green composite

is functional as a piezoelectric transducer, and we also investigated sintering the 3D printed
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nanocomposites to form dense ceramic samples with a higher response. Typical 3D printed
composite sintered samples suffer from high porosity and low mechanical and piezoelectric
performances. We exploited the liquid phase sintering (LPS) method to reduce the porosity of the
sintered sample (Fig. 6-2b), and by using an optimized temperature profile, we achieved sintered
samples with over 97% density of the solid piezoelectric materials (Fig. 6-2d). Utilizing the
optimized liquid phase sintering method, we increased the piezoelectric coefficient of the sintered
parts by ~3 times compared to that of regularly sintered samples (Fig. 6-2c). Fig. 6-2e compares
the piezoelectric coefficient, d33, and the fabrication resolution of 3D printed piezoelectric
materials including ceramics, polymers and composites, showing our approach outperforms state-

of-art methods in terms of fabrication resolution and piezoelectric coefficient.

The packaging of the underwater transducers consists of various materials that have specific
properties required by their functionality. For instance, the packaging of ultrasonic transducers
includes matching layer, backing layer, conductive leads and flexible encapsulation. The matching
layer requires impedance between water and the PZT element and low sound absorption factor.
The backing layer requires high stiffness and high absorption factor. The electrode material needs
to be highly conductive and have minimal effect on the thickness of the matching and backing
layer. The packaging material requires high flexibility so that the ultrasonic transducer can
accommodate various situations and form conformal shapes. Additionally, the electrode and leads
arrangement becomes extremely complicated when there is a large number of transducer elements
in an array (10 x 10 array requires 101 leads at least). Our multi-material fabrications system
provides us the opportunity to fabricate various materials through one-time printing and simple

post-processes. Fig. 6-2f summarizes the impedance, Young’s modulus and sound absorption
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coefficient of printable materials, including PZT as sensing element, Ag-composite as backing
layer, TMPTA as matching layer, charged-polymer to direct copper (Cu) deposition for electrodes

and FLEX (a highly flexible urethane acrylate blend) as encapsulation.

Utilizing our fabrication system, we describe the successful design, 3D printing, and demonstration
of a series of self-powered micro-architected underwater transducers with various micro-
architecture designs and frequency responses covering both the low-frequency range
(50kHZ~100kHz) for underwater communication (hydrophone) and high-frequency range

(500kHz~4MHZz) for ultrasonic imaging.

6.3 Fabrication and characterization of micro-architected hydrophones

6.3.1 Design of micro-architectures of the hydrophones

As shown in Fig. 6-3a-b, the FOM of the piezoelectric metamaterials can be tuned in a large range
by tuning the piezoelectric anisotropy via architecture and exceeding other piezoelectric materials
and other piezoelectric foams. This beneficial property is attributed to, i) through changing the
micro-architectures, the anisotropy of the d and h constants of these piezoelectric metamaterials,
{ds1, d32, dzs}, can be tuned from {-, -, +} to {+, +, +} leading to the increase of d,,. ii) higher
overall gyat lower densities as compared to the base material and other piezoelectric materials,

attributed to the low electric permittivity.

Utilizing the microarchitecture designs in our previous study, we fabricated hydrophones with high
sensitivity and characterized their performance. Fig. 6-3c shows the 3D printed assembly of our

hydrophones. Copper deposited electrodes were used to cover the upper and bottom of the sintered
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PZT lattices, which were then polarized under 8VV/um electric field. Two layers of packaging were
printed on the multimaterial system with PEGDA to package the lattice. Between the two layers
of packages, there’s a selectively deposited copper mesh layer to eliminate the underwater RF
noises and reduce the noise floor during the data acquisition process. Copper leads were used to
connect the hydrophone with cables. Although made of polymer and piezoelectric ceramics,
acoustically, the as-designed hydrophone assembly behaves similarly to water, due to the high

porosity and lightweight design, inducing ultra-low pressure loss caused by reflection and

refraction.
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Figure 6-3 a) Optical image of the as-fabricated piezoelectric hydrophone sensing elements with
various micro-architecture designs. b) Comparison of hydrostatic figure of merit of different
sensing elements. ¢) Schematic of the packaging of the hydrophones.
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6.3.2 Characterization of the hydrophones

For preliminary testing, the hydrophones were placed in a large water pool with 5m diameter and
1.5m depth. A commercial piezo speaker (Kemo L010) was used to generate underwater pressure
and one of our hydrophone (with screw angle of 90 degree and relative density of 27%), along
with a commercial hydrophone containing piezoelectric ceramic sensing elements, were both
placed on the opposite side of the water pool, as shown in Fig. 6-4. A sweep voltage with 100Hz
to 10kHz frequency was input to the piezo speaker through a function generator and a voltage
amplifier. The voltage output of our hydrophone (blue curve) and the commercial hydrophone (red
curve) was recorded by an oscilloscope. Fig. 6-4 shows that our hydrophone has higher voltage
output within the testing frequency range and outperforms the commercial hydrophone with a

dense piezoelectric sensing element.
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Figure 6-4 Optical image of the testing set-up, speaker sweep input voltage plot as a function of
time and hydrophone outputs as a function of time.
To further characterize the performance of our hydrophones, a testing frame was set up with
adjustable distance and angle between the hydrophone and the underwater speaker. A function
generator was used as the power supply of our hydrophone and a commercially available amplifier

was used to magnify the voltage signal and feed to an oscilloscope for data acquisition.

106



Fig. 6-5a demonstrated the testing fixture and methods of measuring the sensitivity and working
range of our hydrophones. To measure the sensitivity of our hydrophone, a standard hydrophone
was used as a reference to capture the underwater pressure by the following equation:

Vo

Po = ;120
10 20

where V, is the voltage reading and M, is the sensitivity of the commercial hydrophone. The

sensitivity of the architected hydrophone was then calculated by

Vi

My, = 201og( )—120

Po

where V,, is the voltage reading from the architected hydrophone. During testing, a sweep signal
input (1Hz~100kHz) was used for the commercial speaker with a duration of 60s. The signal from

the standard hydrophone and the architected hydrophone was captured and recorded.

Fig. 6-5b and Fig. 6-5¢ summarize the working range and sensitivity of architected hydrophones
with various geometrical designs, respectively. By adding micro-architectures to the piezoceramic
sensing element, we can achieve higher sensitivity and a larger range of tunable frequencies

compared to commercially available hydrophones with solid sensing elements.
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Figure 6-5 a) Schematic of the process of sensitivity measurement and working range
measurement. The sensitivity of the hydrophones starts to drop when the input frequency is higher
than the resonant frequency of the sensing element. We use -5dB threshold to define the dropping
point and define the working range as frequencies lower than the dropping point. b-c) Working
range and sensitivity of micro-architected hydrophones with representative micro-architecture
designs.

6.3.3 Rational design of the directivity patterns of the hydrophones

With our advanced fabrication capabilities, various micro-architectures with different sensitivities
and working ranges can be combined into one hydrophone having rationally designed directivity
patterns. Unlike earlier works that used hydrophone arrays, in this work, single-piece hydrophone
can achieve the desired directivity pattern, which reduces the circuit complexity and noise range.

From the previous sections, we know that the sensitivity of architected hydrophones varies with
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micro-architecture designs and covers a range of -215dB to -180dB. Taking the advantage of our
fabrication capability, we can combine lattice designs with various sensitivities to form
hydrophones with controlled directivity pattern, since the sensitivity of the hydrophone can be
controlled through micro-architectures. To test the directivity pattern, the hydrophone was placed
at the center of the water tank. The commercial speaker was placed in various directions of the
hydrophone to generate sound pressure. The sensitivity of the hydrophone in various directions

was then calculated.

Fig. 6-6 shows the optical image of two architected hydrophones with a designed beam pattern.
The hydrophone combined 6 = 120°, p = 27% and 8 = 90°, p = 15% architecture designs
having a sensitivity of -204dB and -195dB. The directivity pattern is plotted in Fig. 6-6,
respectively. The directivity pattern shown on the left can be used for underwater communication
since it eliminates the noise from the surface reflection and seafloor reflection, while the directivity

pattern shown on the right can be used to detect underwater pressures from a specific direction.
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Figure 6-6 Hydrophones with rationally designed 2D directivity patterns and corresponding
testing results.

In addition to hydrophones with rationally designed 2D directivity patterns, we can also design
and manufacture hydrophones with 3D controllable directivity pattern. Here, we show a spherical
micro-architected hydrophone with 3D beam pattern, as shown in Fig. 6-7a. The inset shows the
two architectures used in the spherical hydrophone that is only highly sensitive within the center
section. Fig. 6-7b shows the schematic of the 3D directivity pattern measuring fixture. The
metamaterial hydrophone is suspended in a water tank. A self-developed frame can manipulate the

position and direction of the speaker (the same model as the one shown in the previous section) in
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the water tank so that sound waves can be projected from different directions of the hydrophone.
Fig. 6-7c shows the as-measured directivity pattern of the spherical hydrophone. The color of the
plot denotes the signal magnitude in dB. Fig. 6-7d-e shows the side view and top view of the 3D
directivity pattern.
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Figure 6-7 (a) Optical image of the spherical micro-architected hydrophone with rationally
designed directivity pattern. (b) Schematic of the testing fixture. (c) Directivity pattern of the
spherical hydrophone. (d-e) Sideview and top view of the 3D directivity pattern.

With a rationally designed directivity pattern, the spherical hydrophone can eliminate the noise
generated by surface reflection during underwater communication, as shown in Fig. 6-8a-b. As a
demonstration, we used an impulse signal to test the noise elimination capability of the spherical

hydrophone. A commercial hydrophone with a solid PZT sensing element was used as a control

sample for comparison. As shown in Fig. 6-8c, the direct transmission signal received by the
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spherical hydrophone is narrower and contains less noise. The following reflective noise received
by the spherical hydrophone is also several times lower than that received by the control sample,
indicating that the spherical hydrophone can be employed in underwater communication and will

highly reduce the reflective noises.
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Figure 6-8 (a) Schematic of the testing fixture for underwater communication. (b) Directivity
pattern of the spherical hydrophone showing the various sensitivity. (d) The response of the solid
sensing element and architected hydrophone to an impulse signal.
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6.4 Generation of stretchable ultrasonic arrays for short-range, precise
underwater imaging on complex surfaces.

6.4.1 Fabrication and assembly of an ultrasonic array

The optical image of an ultrasonic array consisting of 4 by 4 PZT elements with micropores is
shown in Fig. 6-9a (before sintering) and Fig. 6-9b (after sintering). Each element has a 3mm by
3mm cross-section area and a Imm thickness. As shown in the zoom-in view, there are predesigned
micro-pores along the thickness direction of the transducer, which was filled with epoxy to make
the sintered element 1-3 composite. Compared to the bulk PZT element, the 1-3 composite has
excellent electromechanical coupling coefficients that convert the majority of electrical energy to
vibrational energy. Additionally, the epoxy filler suppresses transverse vibrations of the PZT
element, allowing enhanced longitudinal waves that go into the target objects. A block of the
silver-epoxy composite was bonded to the bottom of the PZT element and serves as a backing
layer, which eliminates the ringing effects of the elements, shortening the pulse length and

broadening the bandwidth of the transducers (with backing) to provide a better axial resolution.

A large number of transducers require a complex circuit to collect signals. The fabrication of a
complex 3D embedded circuit was enabled by our multi-material system. Based on our previous
reports of the charge programmed deposition method, the negatively charged polymer was printed
in the 3D circuit design, as shown in Fig. 6-9c. The negatively charged polymer is selectively
deposited with copper, while the other sections remain undeposited, and serves as leads, as shown
in Fig. 6-9d. The charged polymer which has a ~2 megarayleigh (MR) impedance also performs
as a matching layer, allowing a gradient when pulse wave transmits from transducer (PZT

composite, ~18 MR) to the load (water, ~1.5 MR). The top electrodes are all interconnected and
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grounded during testing while the 16 bottom electrodes are individually addressable, enabling
simultaneous data acquisition from all 16 piezoelectric transducers, as shown in Fig. 6-9e. The
rigid transducer was encapsulated in a flexible matrix with embedded 3D circuits. Thus, the
ultrasonic array has local rigidity and global flexibility, allowing over 200% strain and

accommodation with a diverse class of complex surfaces, as shown in Fig. 6-9f.

6.4.2 Electromechanical characterizations

After assembly, the piezoelectric transducers were poled with an 8V/um electric field under
gradient temperatures and the piezoelectric properties were activated upon polarization. Ultrasonic
emission and sensing performances are dependent on the conversion between mechanical and
electric energy. Thus, the electromechanical coupling factor, ki, is a key metric to evaluate the
ultrasonic transducers. Fig. 6-9g plots the electrical impedance as a function of frequency, from
which we can derive the electromechanical coupling factor. The dip and peak shown on the blue
curve represent the resonant frequency, fr, and anti-resonant frequency, fa, of the as-fabricated

piezoelectric transducers. The coupling factor, ki, can be calculated by*3®

The averaged resonant frequency, anti-resonant frequency and coupling factor are 1.56MHz,
1.73MHz and 47%. Fig. 6-9h benchmarks the coupling factor of our transducers with those from
the state-of-art 3D printed ultrasonic transducers, indicating that our transducer reaches the same

coupling factor while outperforming other transducers over 3 times in terms of piezoelectric charge
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constant, das. Fig. 6-9i shows the experimental results of a representative pulse-echo response and
its frequency spectrum. The pulse-echo response, with a narrow spatial pulse length (~2.1us), a
wide bandwidth (~47%), and a high SNR (-13dB), shows the excellent performance of the
ultrasonic transducers induced by the high electromechanical coupling factor and the optimized
3D printing of backing layers and encapsulation. To further validate the reliability of the ultrasonic
array, the crosstalk between elements with different spacing was also measured, as shown in Fig.
6-9j. The crosstalk between elements are all lower than -18dB, showing the capability of

eliminating interference noise between elements.

6.4.3 Spatial resolution characterization

For the application performance evaluation of an ultrasound imaging system, spatial resolution in
both axial and lateral directions are standard metrics'®’. Theoretically, the axial resolution of an
array remains constant under fixed resonant frequency and bandwidth. The axial resolution is
taking the full width at half maximum of the signal envelope after Hilbert transform. The device
geometry, which affects the focal length and aperture size, will determine the lateral resolution. In
ultrasonic transducer research, the ratio between the focal length and the aperture size is defined
by the f number. Based on the fixed aperture size, we explored the lateral imaging resolution with
a series of different f number. The array was bent to different curvatures to image thick metal wire
at the focal lengths of 5, 10, 15, 20mm, respectively. The resolution curves spread functions are
shown in Fig. 6-9k (average value of all testings). As the dashed lines indicated, the measured
axial resolutions at -6 dB were calculated for both directions. The axial resolution, following the

expectation, keeps a constant value of 910 um. The relatively precise spatial resolution which is
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comparable to many previous reports in which implement traditional crafts is due to the precise

3D printing technology.
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Figure 6-9 a-f) Optical images of the piezoelectric elements, 3D printed circuits and the assembly
of the ultrasonic array. g) Measurement of the resonant and anti-resonant frequency. h) Benchmark
the d constant and coupling factor with that of the state-of-art 3D printed ultrasonic transducers. i)
Bandwidth measurement of the transducer. j) Crosstalk measurement between two elements. k)
Resolution measurement based on -6dB threshold.
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As a verification of the resolution of the ultrasonic array when employed to perform ultrasonic
imaging, a stepped target with 0.5mm to 1mm step height was designed, as shown in Fig. 6-10a.
During the testing, the ultrasonic element was moved from one side to the other side of the target
while outputting pulse (1.2MHz) and receiving echos, as shown in Fig. 6-10b. Based on the signal
received by the ultrasonic element, a B-mode image was generated to reconstruct the shape of the
target, as shown in Fig. 6-10c. The result shows that the B-mode image matches well with the

target design and the ultrasonic element can distinguish distances as small as 0.5mm.
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Figure 6-10 (a) Computer aided schematic of the stepped target. (b) Schematic of the resolution
test of the ultrasonic element. (c) B-mode image for the stepped target.
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6.4.3 Ultrasonic imaging of 3D objects underwater

To test the assembled array’s actual performance and evaluate its imaging capability for objects
with complex composition, a more complicated target was designed, as shown in Fig. 6-11a. The
targeting object contains multiple steps and an angle on its imaged surface. The array was fixed
on the side of a water tank and the different positions are labeled, as shown in Fig. 6-11b. The
ultrasonic array was put in front of the target and performed the shape instruction, as shown in Fig.
6-11c. When the ultrasonic wave hits the stepped surface, part of the signal echoes back and was
received by the ultrasonic array. Every element of the array can capture the echoes from its
corresponding part of the object. With the detected echo signal information, we can reconstruct
the target 3D image and match the actual structure. By taking the wall where the array was fixed
as the x-y plane and using the echo travel distance as the z value, we reconstructed the B-mode
image which is shown in Fig 6-11d and the grayscale indicates the signal intensity. All the signal
points of the corresponding transducers of the array accurately reconstruct and fit the actual surface,
thereby demonstrating the potential capabilities of the array to image objects with complex

composition.
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b.#1 b.#2 b.#3 b.#4 b.#5

Figure 6-11 (a) 3D-printed object for detection. Complex steps and two internal holes were
designed with it to verify array’s detection precision. (b) Front view of the object. From the bottom
layer to the top layer, the number of the layer was defined in #1 — #5 layer. (c) Underwater scanning
experiment set-up. The transducers controlled by motor are scanning the object from right side to
left side, and from layer #1 to layer #5. (d) B-mode images for the object. It clearly shows the step
arrangement which is precisely in line with the real object surface.
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Chapter 7 3D micro-architected piezoelectric metamaterial with

rationally designed actuation modes

Piezoelectric ceramic material has been widely implemented in actuation systems due to their
stability, high blocking force and precise motion control®? %% 138 Piezoelectric strain coefficient
(dnm, N=1-3, m=1-6), defined as the ratio between the strain of piezoelectric material in m direction
and the electric field applied along n direction, quantifies the performance of piezoelectric
materials when used as actuation elements. However, the crystal structure of conventional
piezoelectric materials features a macroscopic transversely isotropic symmetry, leading to only
five nonzero piezoelectric strain coefficients, dss, da1, ds2, d24 and dis'%. These five coefficients
also denote five working modes that can be categorized into normal strain modes (33 mode, 31
mode and 32 mode, Fig. 7-1a) and shear strain modes (24 mode and 15 mode). Although recent
studies prompted strategies to obtain arbitrary ratios among coefficients® and excite all naturally
nonzero coefficients!*?, the deformation modes of the piezoelectric materials are still limited to
normal strain modes or shear strain modes. To enable more complicated deformation modes,
including twisting and bending, transmission mechanisms must be employed. These mechanisms,
however, reduce the accuracy, loading capability and energy efficiency of piezoelectric actuation
elements?*!- 142 Furthermore, these mechanisms suffer from large-dimension, high weight and low
reconfigurability, imposing restrictions on the application of automatic devices and mesoscale

robotic systems.
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Figure 7-1 (a) Two representative working modes of conventional piezoceramic and newly
enabled working modes via designing architected piezoceramics. (b) Extended piezoelectric
coefficient matrix.

In this chapter, we demonstrate the design rationale and additive manufacturing of novel kinds of
architected piezoelectric metamaterial with previously unattainable performances and
deformations modes. With rationally designed micro-architectures, we can not only enhance the
strain of conventional working modes by orders of magnitude but also obtain previously
unachievable working modes, including twisting and bending (Fig. 7-1a). Our design strategy
starts by arranging piezo-active and passive ligaments within a representative volume element
(RVE), which is also referred to as the “unit cell” of the metamaterial. A variety of working modes
of piezoelectric metamaterials can be achieved via configuring the geometrical parameters,
number and spatial orientation of the ligaments to satisfy necessary conditions for each
deformation mechanism of the ligament. The unit cells are then tessellated in three dimensions and
form metamaterial blocks with different working modes. Since the conventional piezoelectric
strain coefficient matrix cannot describe complex working mode, we invoke micropolar mechanics

and introduce an extended matrix (Fig. 7-1b) to characterize the twist and bend strain of architected

piezoceramics per driving electric field.

121



The fabrication of these metamaterial designs is enabled by an additive manufacturing technique
capable of fabricating both high-performance low porosity piezoceramics with high resolution and
passive ceramic frames with selectively deposited 3D circuits. Four representative metamaterial
designs with normal strain, shear strain, twisting and bending modes were fabricated and
experiments were carried out to verify the deformation modes. The integration of 3D circuits
allows localized polarization and electric field of our designs, which enhances the strain of

piezoelectric metamaterials and enabled decoupling of conventionally coupled working modes.

As a consequence of our freeform design and fabrication, different types of metamaterials can be
modularized and combined into a single-piece material block and construct multiple degrees-of-
freedom modular actuation elements. The stackability of the modularized actuation elements
allows the generation of complex coupled or decoupled motion without any transmission systems,
which increases the energy efficiency of actuation systems generated by the piezoelectric
metamaterials. We demonstrate the ease of implementation and utility of the piezoelectric
metamaterials in three applications: (i) A high-speed, high-resolution beam steering system
consisting of twisting metamaterials. (ii) A precision 6DOF piezoelectric actuation element, which
achieves multi degrees of freedom motion on a single piece element within a compact space. (iii)
A small scale (<20mm), energy-efficient, high-speed locomotion robot with a self-sensing element

and closed-loop control.

7.1 Design strategy of various deformation modes

Our design theory starts with the arrangement of a representative volume element (RVE) with N

spatially oriented piezoelectric ligaments, which are further interconnected via in-plane structural
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frames. Via manipulating the position and orientation of the piezoelectric struts within the given
design volume, we can achieve an arbitrary loading-condition combination of the effective force
and moment induced by the external electric field. This design freedom further allows us to explore
all feasible deformation mechanisms that go beyond the limitation of the conventional
piezoelectric actuation elements, which are constrained by the intrinsic crystal structure of the
piezoelectric materials. To quantitatively characterize each feasible deformation modes, we
expanded the conventional piezoelectric charge constant matrix dnm. Constrained by the
deformation of the bulk piezoelectric ceramics, the conventional piezoelectric coefficient matrix
only takes into account extension and shearing deformation and cannot quantify twisting and
bending modes. Therefore, we invoked the micropolar mechanics and introduced 18 additional
terms to expand the coefficient matrix, which could comprehensively characterize all four
categories of deformation modes of the RVE. As shown in Fig. 7-1b This expanded d constant
matrix can be divided into four sections with m=1-3, m=4-6, m=7-9, m=A-C, which is
corresponding to four deformations, respectively, including normal strain, shear strain, twist strain
and bending strain. Evaluation of the piezoelectric coefficient matrix enables rational design of the
micro-architecture of the piezoelectric unit volume, that achieves arbitrary piezoelectric actuation

performances.

As a demonstration, we generated four representative micro-architecture designs with four
working modes, 33, 35, 39 and 3A mode, from each section of the extended coefficient matrix.
The unit cell designs within RVE are shown in Fig. 7-2a-d. The in-plane ligaments are made from

passive structural material while the out-of-plane ligaments consist of piezoelectric ceramic. The
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unit cell designs are then tessellated in 3D space to form the corresponding architected

piezoelectric metamaterial blocks, as shown in Fig. 7-2e-h.
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Figure 7-2 (a-d) Schematic of the unit cell designs allowing axial strain magnification, shearing,
twisting and bending working mode. (e-h) Schematic of an architected piezo material block
generated by tessellation of unit cells in a three-dimensional space.

7.2 From piezoelectric composites to piezoceramics

The fabrication of four representative architected piezoelectric metamaterials is enabled by a
multi-material additive manufacturing system (Fig. 7-3a) capable of printing both highly loaded
(up to 50vol% particle) piezo particle composites with high resolution (50um) and passive ceramic
frames that can be selectively deposited with 3D circuits. During the fabrication, PZT particles
(APC 855) and a liquid phase sintering agent, Pb(NO3)2 are dispersed with ultraviolet-sensitive
monomers into highly concentrated (50vol% particle loading) uniform colloids and then sculptured
into 3D structures by near-ultraviolet light in a layer-by-layer manner. The as-printed piezoelectric
composites are then sintered in the air to generate dense PZT ceramics. During the sintering

process, the photosensitive monomer is burnt out and the lead nitrate salt melts. The PZT particles
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contract to form a denser part due to the surface tension of the melted lead nitrate, as shown in Fig.
7-3b. Additionally, lead nitrate also compounds and generate lead oxide and creates a lead-rich
environment at high temperature (>850C), which prevents performance reduction due to lead
evaporation. Fig. 7-3c-f shows some as-fabricated representative structures with feature sizes
down to 10um and highly dense cross-section with only 3% porosity. After sintering, the piezo
part was poled under 8V/um electric field with an optimized temperature profile. The as-fabricated
piezoceramic yields a piezoelectric coefficient that is close to bulk ceramic and outperforms the

state-of-art 3D printed piezoelectric composites or ceramics, as shown in Fig. 7-3g.

The passive structural frame was fabricated with a polymer-derived ceramic, silicon oxycarbide,
(SiOC), printed together with a charged pre-ceramic monomer, as shown in Fig. 7-3h. The multi-
material green part was then dipped into charged solutions and selectively deposited with
electroless metal to form a 3D circuit (Fig. 7-3i). The deposited conductive material was then co-
sintered with SiOC under argon environment (Fig. 7-3j). The resulting passive structural material

has both high stiffness and 3D circuit, which enables the localized electrode.
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Figure 7-3 Additive manufacturing and post-processing of piezoelectric ceramic with ultralow
porosity and passive materials with 3D circuits. a) Schematic illustration of the high-resolution
multi-material additive manufacturing system capable of printing highly loaded piezoelectric
composites and multi-material pre-ceramic polymers. b) Schematic illustration of liquid phase
sintering and polarization process. c-f) Scanning electron microscope images of 3D-printed
piezoelectric geometries and zoom-in image of the as-fabricated PZT structures. g) Comparison
of piezoelectric charge coefficients and fabrication resolution between the additive manufactured
piezoceramics presented in this study and the state-of-art 3D printed piezo materials. h-j)
Schematic illustration of the selective deposition and pyrolysis process of the multi-material pre-
ceramic polymer structures.

7.3 Verification of rationally designed deformation modes

To experimentally verify the working modes of the piezoelectric metamaterials, we 3D printed
four piezoelectric lattices that work under expansion (dss), bending, shearing and twisting mode
with an applied electric field (Fig. 7-4a-d). Fig. 7-4e presents the displacement output of solid PZT
materials (blue curve) and material with strain magnification architectures (red curve) with the d33
working mode under increasing driving voltages. We found the effective d33 constant of

architected piezoelectric material can reach 10050pm/V, which is over 17 times higher than its
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constituent material having a 583pm/V d33 coefficient. We verified the other three working modes
by capturing the deformation of the side surfaces of the lattices. During the testing, the deformation
of the side surface induced by a voltage input was captured with a high-precision full filed laser
vibrometer and then recorded by a data acquisition system. The side surface deforms in different
ways due to the nature of the corresponding deformations and the color maps in Fig. 7-4f-h capture
the normalized deformation of the side surface when the input voltage reaches the peak value.
Through comparing the surface deformation of the as-fabricated lattices with that of the solid
beams under corresponding deformation modes, we confirmed that four lattices all showed the

designed working modes.
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Figure 7-4 a-d) Optical image of additive manufactured architected piezo materials. e)
Displacement of the solid PZT ligament and d33 mode metamaterial as a function of applied
electric field. The displacement generated by the d33 mode metamaterial achieves 621um with a
3.3V/um electric field, demonstrating a ~18 times higher d33 constant compared to solid PZT
element. f-h) The deformation of the side surface (x-z plane) of the as-fabricated metamaterials
with shear, twisting and bending mode.
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7.4 Localized electric field and deformation enabled by localized electrode

Our programmable multi-material manufacturing platform makes it possible to seamlessly
integrate piezo-active and conducting phase in 3D architectures, which can be applied to our

metamaterial designs and enhance their performances.

Due to the discontinuity of the active material in the d33 actuation architecture, each active PZT
element requires two leads, which increases the weight of the actuator and limits the deformation
of the actuator. By adding 3D programmed electrodes, all elements can be interconnected and only
two leads are required for the whole actuator, which highly reduced the complexity of the wiring,
as shown in Fig. 7-5a. Additionally, the localized electrode induces a higher electric field with the
same driving voltage compared to conventional electrode configuration (external electrodes, Fig.
7-5b), thus enlarges the piezo deformation. Fig. 7-5c-d shows a representative unit cell with
localized electrodes. The electric field applied to the active material changes from V/hto V/t
when the electrode configuration changes from external electrode to localized electrode, where V
is the driving voltage, h is the height of the unit cell, t is the thickness of the piezo ligaments and

h>>t.

Here, we use the shearing and twisting lattice (Fig. 7-5e&h) as two representative cases and
demonstrate the improvement of corresponding piezoelectric coefficients by localized electrodes.
Fig. 7-5f-i shows that the twisting angle and shear displacement are improved by over 10 times
compared to the conventional electroding method, indicating a 10 times improvement in effective
piezoelectric shearing and twisting coefficient enabled by the localized electrode. Furthermore, the

localized electrode enables the decoupling between different modes. For conventional
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piezoelectric materials, actuation modes da1, ds2 and dss are coupled with a voltage applied along
3-direction. We show the localized polarization allows decoupling of different modes. Fig. 7-59&j
plots the twisting angle and shearing displacement as a function of time of lattices with and without
localized polarization. Without localized polarization, the expansion mode is coupled with the
other two modes. With localized polarization, the expansion mode is decoupled with the shearing

and twisting mode, which is not achievable for conventional piezoelectric materials.
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Figure 7-5 Piezoelectric metamaterials with localized electrode and decoupled working
modes. a) Schematic illustration of the d33 mode strain magnification metamaterial with localized
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electrode. The localized electrode interconnects the discrete piezo ligaments, leading to only one
voltage input regardless of unit cell numbers. b) Schematic illustration of metamaterial design with
external electrodes. c-d) Schematic illustration of metamaterial design with localized electrode.
By rationally switching the directionality of polarization and electric field, d33 and d39 mode can
be decoupled. €) Optical image of the as-fabricated piezoelectric twisting metamaterial with
localized electrode. f) Twisting angle of the metamaterials with an external electrode and localized
electrode as a function of input voltage. g) Twisting angle and expansion of metamaterial with
coupled and decoupled working with a 500V p-p 1Hz sinusoidal voltage input. h) Optical image
of the as-fabricated piezoelectric shearing metamaterial with localized electrode. i) Shear
displacement of the metamaterials with external electrode and localized electrode as a function of
the input voltage. j) Shear displacement of metamaterial with coupled and decoupled working with
a 500V p-p 1Hz sinusoidal voltage input.

7.5 Modular actuation elements consisting of piezoelectric metamaterials

The modular nature of these piezoelectric metamaterials allows them to be composed in various
arrangements to achieve arbitrarily complex actuation modes. A single actuation element
consisting of different metamaterial designs can obtain a variety of different motion and multiple
degrees of freedom depending on working conditions. Herein, we applied the modular actuation
elements consisting of piezoelectric metamaterials to both a beam steering system and a multiple-

degrees-of-freedom nanomanipulator.

We developed a light-weight beam steering system that achieves high-precision high-speed control
of the laser spot. Fig. 7-6a-b shows the actuation element composed of the piezoelectric twisting
metamaterial and the set-up of the beam steering system, respectively. A laser source shoots a laser
beam onto the actuation elements and the laser is reflected to a laser sensor with a 15mm diameter.
The motion of the reflected laser spot can be captured by the sensor. To demonstrate the high
precision of the beam steering system, the laser sensor was put four meters away from the actuation
elements. The tilting angle of the mirrors is controlled by the voltage applied to the actuation

element and the mirrors turn to the original position when the field is removed. Since the
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displacement of the laser spot is negligible compared to the distance between the actuation
elements and the laser sensor, the displacement of the laser spot can be linearly related to the
twisting angle. The tilting angle of the two mirrors controls the displacement of the laser spots in
two directions, respectively. To demonstrate the repeatability and precision of the beam steering
system, we draw a square shape laser trajectory for 10cycles at 20Hz, as shown in Fig. 7-6¢. The
results show the RMS precision of the square shape is 50um=11um, showing the accurate control

of the tilting angle of the reflective mirrors.

We combined our piezoelectric metamaterials with multiple working modes and designed a
piezoelectric actuation element (PAE) capable of 6-degrees-of-freedom motion, as shown in Fig.
7-6d. The device was printed with embedded electrodes and each layer of the PAE can be activated
individually. To verify the performance of the 6DOF PAE, the deformation of the side surface of
the PAE was captured. Fig. 7-6e plots three representative working modes of the 6-DOF PAE
when bending, twisting and shearing lattice was actuated individually. The step resolution of the
nano manipulator under varying voltage amplitudes was evaluated with shearing as a
representative mode by a laser displacement sensor. The stepwise excitation signal magnitude and
corresponding displacement generated are presented in Fig. 7-6f. The minimum displacement of
1.5nm was found under the voltage change of 8V. The ultrahigh resolution of the nano manipulator
should be attributed to the non-resonant working mechanism of the nanomanipulator.
Implementation of high accuracy positioning at the scale of nanometer brings lots of benefits to
future MEMS and NEMS field. Our PAE consisting of piezoelectric metamaterials is the most
compact design compared to the conventional configurations of piezoelectric actuators for

nanomanipulation, as shown in Fig. 7-6g.
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Figure 7-6 Modular actuation elements consisting of stackable mode switching piezoelectric
metamaterials. a) Optical image of the piezo twisting metamaterial with embedded electrodes and
reflection mirror. b) Set-up of the beam-steering system. The voltage sequence is generated based
on the designed laser spot pattern and applied to the twisting elements. ¢) Designed and
experimental laser spot trajectories for a square pattern executed at 20Hz. d) Optical image of a
modular 6-DOF PAE consisting of six layers of piezo metamaterial blocks with different working
modes. Each layer of the PAE can be individually controlled through the corresponding voltage
input. ) The deformation of the side surface (y-z plane) of the 6DOF PAE with three
representative working modes (d3A, d39 and d36). f) A representative displacement resolution
plot of the 6DOF PAE under shear mode and 500Hz voltage input. g) Comparison between the
6DOF PAE enabled by architected piezoelectric metamaterials and conventional multi-degree-of-
freedom manipulators.

7.6 Energy efficient locomotion robot with multiple walking modes

To enable locomotion, the displacement of the actuation elements needs to be leveraged.
Conventional methods rely on flextensional joints and levers to increase the displacement output
and thus enable locomotion. However, the energy efficiency of the whole robotic system is highly
reduced due to the leverage mechanism. Utilizing the piezoelectric architectures, we can combine
multiple actuation elements into one actuator with outputs in multiple directions. Therefore, there

IS no transmission needed in our robotic system, which highly increased the efficiency of the
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robotic system and reduces the cost of transport. As a demonstration, we used three 33 mode
actuation elements to develop a locomotion robot. The actuators were rationally located to obtain
strain in the directions required to produce locomotion. Two actuators were located vertically in
the rear and front of the robot and a central actuator was placed diagonally, as shown in Fig. 7-7a.
Four legs, two in each front and rear actuator are the interfaces between the robot and the ground.
The legs are designed to produce anisotropic friction when the actuator is activated. As a result,
the robot can work under different modes depending on the actuation sequence of three actuators.
Each actuator is activated via an independent PWM signal with variable frequency and duty cycle,
and amplitude of 500V. The activation of the legs following pre-determined sequences and PWM
modulation allows for different locomotion modes. Fig. 7-7b&c shows the driving voltage and
working principle of the locomotion robot under walk mode and jump mode. Each mode only has
two levels of voltage inputs corresponding to the two statuses of the robot. When functioning in
walk mode, the body actuator and rear leg expands with a 500V input and pushes the robot forward.
When the driving voltage is removed, the body actuator and rear leg contracts and the anisotropic
frictional feet prevent the robot from moving backward. These two processes repeat to move the
robot forward. When the robot works in jump mode, an impulse driving voltage with 500V
amplitude is first applied to the front leg and kicks the robot off the ground. Before the front leg
touches the ground again, the body actuator and rear leg are actuated with an impulse voltage and
the robot jumps forward. Utilizing jump mode, the robot can jump over barriers with large height,
as shown in Fig. 7-7c, which is not achievable for many other piezo robots having micrometer

range deformations.
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We then characterized the frequency and payload dependency of the locomotion speed with walk
mode. Before testing, a small basket (1.1g) was put onto the robot so that various weights can be
steadily loaded on the robot. Fig. 7-7d shows the speed of the robot as a function of the driving
voltage. With 220Hz driving voltage, the speed of the robot was maximized and reaches 110mm/s
(4.4 body length/s). The high driving frequency is a result of the elimination of transmission
systems and low system compliance. Also, at frequencies higher than 260Hz, the actuator body
reaches a mode where the body actuator bends during actuation-deactuation phases, producing
turning motion. Fig. 7-7e shows the speed of the robot as a function of the payload. With 13g load
(13 times robot weight) the speed is only reduced by half. The high payload of the robot is a result
of the high blocking force of the actuation element. Due to the modularized design and elimination
of transmission mechanisms, our robot is one of the lightest and most energy-efficient among the

state-of-art locomotion robots, as shown in Fig. 7-7f.

In the literature, we can find many cm-scale robotic crawlers using different types of actuation
elements including shape memory alloy 43 %4 pneumatic 45 26, dielectric electro active polymers
(EAP), and thermally actuated morphs. However, piezoelectric materials have a comparative
advantage compared to the mentioned actuation systems. They can transfer electric energy to
mechanical energy and also perform the inverse transformation. Thus, the actuation elements can
also be used as a sensing element which enables mimicking the proprioceptive feedback in animals
and provides robots with an element to interact with the environment. Generally, robots aiming for
environmental interaction such as the prototype in **/, require additional sensing elements and the
integration with the actuation mechanism increases the complexity of the system. Here, we

embedded a self-sensing element to the rear leg of the robot and set up a closed-loop control system
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in Simulink Real Time. We attached the basket on top of the rear leg, such that when a load is
applied to the basket, the piezo ligament under the basket would deform producing a voltage in
response. Since all actuation elements are interconnected, their deformations are mechanically
coupled and the sensing element also responds to the actuation of the central actuator. As a result,
the robot sensing ligament can monitor the gait in real time. We perform experiments trying to
mimic basic survival instincts of the insects. We programmed the robot to change working mode
after it encounters a stimulus. The stimulus used is a drop weight load applied on the basket. The
robot begins at cruise mode (slow speed) would be triggered to ‘run away’ (increase speed) once
the load is applied. The sensing signal during the ‘run away’ experiments can be seen in Fig. 7-7g.
During the cruise mode, the signal shows how the gait of the robot was monitored. Once the load
fell, the sensing element produced a strain in the sensing ligament producing a spike in the sensor
output. When the amplitude of the spike is higher than an assigned threshold (-0.4V in this case),
the system would be triggered to change the working mode (stop, speed up or turn). The sensing
capabilities under the external stimulus and gait monitoring are excellent features for robots since
it can help to better interact with the environment and to have an observer when visibility is not

possible.
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Figure 7-7 High-speed, high payload, self-sensing locomotion millirobot with modular actuation
and sensing metamaterials. a) Optical image of the locomotion robot. b-c) Driving voltage and
working principle of the locomotion robot under walk mode and jump mode. d) Walk motion speed
of the locomotion robot as a function of driving frequency. The mass of the loading hopper is 1.2g.
The highest speed is 110mm/s with 220Hz driving frequency. €) Walk motion speed of the
locomotion robot as a function of payload. The robot can sustain 13 times body weight with only
50% reduction on walk speed. f) Logarithmic plot of minimum cost of transport vs. mass. The
present locomotion robot has a minimum cost of 150J/m/kg and is plotted among data collected
from different types of locomotion systems. g) Sensing voltage of the self-sensing actuator. A drop
weight impact was applied on the robot and the control voltage frequency of the robot is increased
to speed up the robot and escape from the impact area.
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Chapter 8 Conclusion

8.1 Answering the research questions

RQ 1 How to enable large area AM with multi-scale features?

A large-area high-resolution projection micro-stereolithography system, capable of printing
complex 3D topologies, sub-10pm features and large-volume architectures, was developed. Two
scanning mirrors were integrated with a base-line micro-projection stereolithography system to
enlarge the printing area while keeping high resolution. Furthermore, the system was upgraded to
enable continuous exposure, which synchronized the scanning mirror motion and the UV exposure.
The printing speed was increased by 5 times compared to discrete exposure and outperforms the
state-of-art method by ~50%. The system allows the fabrication of macro-scale architected

materials with micro-scale feature sizes, which will find use in a broad array of applications.
RQ 2 How 3D topology, feature size and scalability impart structural properties?

The LAPLSL system is capable of fabricating multi-scale features, allowing us to reach size effect
regime of polymer-derived ceramics and investigate previously unmeasurable metamaterial
properties. In this study, the size-dependent mechanical properties of 3D architected ceramic
metamaterials and the fracture toughness behavior of micro-architected metamaterials was
investigated. | found that these high-temperature architected ceramics of identical 3D topologies
exhibit size-dependent strength influenced by both strut diameter and strut length. Weibull theory
is utilized to map this dependency with varying single strut volumes. These observations

demonstrate the structural benefits of increasing feature resolution in additive manufacturing of
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ceramic materials. Additionally, the LAPSL system is capable of fabricating metamaterials
containing millions of unit cells, providing a unique experimental platform to study the fracture
and damage tolerance of metamaterials. | additive manufactured stretch-dominated architected
metamaterials with pre-defined embedded crack, where the size of the unit cells becomes
sufficiently small compared to the flaw dimensions. | elucidated the emergence of fracture
toughness as a material property in architected metamaterials, which is found to be a property
largely influenced by the elastic instabilities of struts members and T-stress. A design map based
on a 2-parameter fracture model was developed to guide the design of failure modes in micro-

architected metamaterials.

RQ 3 How to develop new AM process to create multi-functional materials with embedded

electronics?

Using piezoelectric material as an example, | showed the high-resolution fabrication and
functionalization of piezoelectric composite materials with ultra-high particle loading (50vol%).
Novel projection stereolithography was integrated with a casting blade to uniformly recoat the
highly viscous piezoelectric colloids and ensure high-resolution printing. The piezoelectric
particles were functionalized to create covalent bonds between the particle surface and the
photosensitive polymer matrix. After being constructed to solid parts with micro-architectures, the
electromechanical coupling effect was activated with a novel polarization method designed for
piezocomposites and lattices. The as-fabricated piezoelectric composites show the highest
piezoelectric charge constant among all state-of-art 3D printed composite materials. Additionally,

the functionalization and additive manufacturing technique demonstrated in this study is not
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limited to piezoelectric particles. It can also be applied to a wide range of functional materials,

including piezomagnetic, dielectric and electrostrictive materials.

RQ 4 What are the new opportunities enabled by 3D printed multi-functional materials?

This study paves the way for next generation of smart infrastructures, multi-functional sensors and
modular actuators. Specifically, 1 demonstrated a class of rationally designed electromechanical
coupling materials, architected hydrophones with controlled directivity patterns and piezoelectric
actuation materials with previously unattainable working modes. The functionality of architected
metamaterials is extended from only mechanical or structural properties to electromechanical
coupling properties. By applying the novel AM technique to other functional materials, we can
also enable other types of functionalities, including electro-magnetic, electro-strictive coupling
behaviors. These functional materials can be widely applied to pressure sensing, ultrasonic

sensing, displacement sensing, actuation and energy harvesting.

8.2 Contributions and intellectual merit

(1) Established an additive manufacturing platform allowing the creation of architected
metamaterials with complex 3D topologies, micro-scale features and large building volumes. The
platform can be applied to different UV sensitive materials, including high stiffness polymers,
ultra-flexible elastomers and polymer-derived ceramics, making it possible to investigate the

process-property-structure relationships of a broad array of metamaterials.

(2) Investigated the size-dependent properties of architected high-temperature ceramics via the

LAPLSL system. Utilized Weibull theory to map the size-dependent strength with varying single
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strut volumes and provided the first experimental verification. Demonstrated the structural benefits

of increasing feature resolution in additive manufacturing of ceramic materials.

(3) Experimentally demonstrated the emergence of fracture toughness as a material property in
architected metamaterials. Such investigation is made possible, for the first time, by the large area
projection micro-stereolithography developed in this dissertation. Samples with more than 1
million unit cells with embedded penny-shaped cracks, through cracks as well as surface cracks
spanning a large number of unit cells allows access to previously unachievable fracture toughness
measurement. As a result, we found that fracture toughness in micro-architected metamaterials, is

ultimately influenced by the elastic instabilities of struts members and T-stress.

(4) Established an additive manufacturing platform for multi-functional materials. Current additive
manufacturing platforms are capable of producing structural materials, including polymer, metals
and ceramics. It remains elusive for electronic and multi-functional materials due to the significant
trade-off between processability and functional properties. In this research, | developed a high-
resolution AM platform capable of processing highly viscous monomers with active-material
inclusions over 50vol%. | investigated and optimized the UV curing, polymerization depth,
resolutions as well as liquid phase sintering that allows the attainment of high piezoelectric
coefficients (over 500pm/V). 1 also developed an integrated poling process that activates the
piezoelectricity of the as-printed samples. The resulting printed piezoelectric achieves tunable
stiffness, free-form architectures, high coupling coefficients, tunable dielectric permittivity, and
frequency range, paving the way for a myriad of new opportunities for free-form sensors,

transducers and robotic actuation.
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(5) Developed processing routes that enable integration of the piezoelectrics with electrodes,
structural materials and materials with impedance matching for highly sensitive transducers. These
transducers were characterized and achieved directional voltage responses prescribed by the
designed 3D micro-architectures. | have implemented the 3D electro-mechanical metamaterials as
intelligent materials for self-sensing (force magnitude and directionality), directional sound

transmission and receiving (beam patterns).

(6) Created a novel class of piezoelectric actuation metamaterials with ultra-high d constant
(defr>10000pm/V) and previously unachievable working modes, including shearing, bending and
twisting. The modular nature of these piezoelectric metamaterials allows them to be composed in
various arrangements to achieve arbitrarily complex actuation modes. A single actuation element
consisting of different metamaterial designs can obtain a variety of different motion and multiple
degrees of freedom depending on working conditions. | have implemented the modular elements
as actuators for lightweight compact and high-performance automation systems, including high-
speed high-resolution beam steering systems, multi degrees-of-freedom nanomanipulation
systems and locomotion robotic systems. Moreover, compared to conventional automation
systems relying on transmission systems to achieve complex motions, these systems benefit from
the micro-architecture designs and can perform complicated operations without transmissions,

resulting in increased energy efficiency and low cost of transport.
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8.3 Recommendations for Future Work

(1) Machine vision in-situ monitoring of projection pattern during the continuous scanning process.
In this study, we demonstrated that the continuous scanning and exposure method increased the
printing speed of the LAPRSL system. However, one challenge associated with improving the
printing accuracy is the inferior synchronization between the dynamic exposure pattern and the
motion of the optics, since the moving speed of optics was pre-calculated based on the frame rate
of the dynamic exposure pattern and was open-loop controlled. To ensure better synchronization
and improve the dimensional accuracy of the printed part, we can use machine-vision in-situ
monitoring of the projection pattern as feedback and integrate a closed-loop control system with
the moving optics. Future investigation includes selection of the wavelength of the monitoring
light source, design of the monitoring patterns and set-up of the closed-loop control motion
systems. Since the photoinitiator is only sensitive to lights with specific wavelengths, the light
source used for in-situ monitoring can be rationally selected and avoid triggering the
photopolymerization. Simple monitoring pattern, such as a square or circle, can be used to capture
the error of the motion of the projection pattern. The error is feedback into the control system to

achieve real-time control and increase the alignment and moving accuracy of the projection pattern.

(2) Reduce surface roughness of the polymer-derived ceramics with micro-scale features. Due to
the layer-by-layer fabrication process, the surface roughness of the polymer-derived ceramics is
high, limiting its application in micro-scale tooling, precision manipulation and micro transmission
mechanisms. To improve the surface finishing of the as-fabricated ceramics, a polishing process
should be well developed and follows the sintering and pyrolysis. Future investigation includes

selection of abrasives, designing of the polishing fixtures and stock removal. Hardness is one of
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the criteria for abrasive selection. The hardness of the polymer-derived ceramics needs to be
characterized and used for the selection of abrasive. Other considerations include avoiding
chemical reactions, ensuring surface quality and avoiding contaminations. The polishing fixture
should fit various sizes of the printed part and ensure the stability of the printed part in the polishing

slurry.

(3) Investigate methods to improve the fracture toughness of architected metamaterials. In this
study, we found the two factors affecting the fracture toughness in micro-architected metamaterials
and we established the experimental protocols to accurately measure the fracture toughness of
architected materials. Future work includes (i) Investigating the effect of hierarchy on the fracture
toughness of micro-architected metamaterials. (ii) Investigating the effect of multi-material
architectures on the fracture energy/damage tolerance. (iii) Characterize the fracture toughness of

metamaterials with constituent materials that are not brittle.

(4) Creation and optimization of magnetoelectric energy harvesters via the multi-material AM
platform. The AM platform developed in this study is not limited to piezoelectric materials. The
platform can be applied to different kinds of functional materials. For instance, both the piezo and
magnetic particles can be incorporated with the UV sensitive monomer and used to create
magnetoelectric energy harvesting devices, which is one of the most widely employed devices for
wirelessly charged batteries in sealed packages. Future investigation includes optimizing particle
loadings, designing geometries based on magnetic field distributions to maximize the power

density.
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(5) Integrating power source, local computation and remote communication system with the self-
sensing micro-robot. The payload of the self-sensing robotic system demonstrated in this study
reaches 13 times its body weight, allowing the integration of onboard functional components. The
robot is powered by an off-board amplifier and controlled by an off-board closed-loop control
system. Future work includes designing compact control circuits, 3D printing antenna and
integrating functional components with the robotic system to achieve on-board closed-loop control

and remote communication.
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