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Tunable Piezoelectric Transducers via Custom 3D Printing:
Conceptualization, Creation, and Customer Discovery of Acoustic Applications

Dominic E. LoPinto

ABSTRACT

In an increasingly data-driven society, sensors and actuators are the bridge between the
physical world and the world of “data.” Electroacoustic transducers convert acoustic
energy into electrical energy (or vice versa), so it can be interpreted as data. Piezoelectric
materials are often used for transducer manufacturing, and recent advancements in additive
manufacturing have enabled this material to take on complex geometric forms with micro-
scale features. This work advances the additive manufacturing of piezoelectric materials
by developing a model for predictive success of complex 3D printed geometries in Mask
Image Projection-Stereolithography (MIP-SL) by accounting for mechanical wear on
Polydimethylsiloxane (PDMS). This work proposes a framework for the rapid manufacture
of 3D printed transducers, adaptable to a multitude of transducer element forms. Using the
print model and transducer framework, latticed hydrophone elements are designed and
tested, showing evidence of selectively tunable sensitivity, resonance, and directivity
pattern. These technology advancements are extended to enable a workflow for users to
input polar coordinates and receive an acoustic element of a continuously tuned directivity
pattern. Investigation into customer problem spaces via tech-push methods are adapted
from the NSF’s Lean Launchpad to reveal insight to the problems faced in hydrophone

applications and other neighboring problem spaces.



Development of Tunable Transducers via Custom 3D Printing:
Conceptualizations to Customer Needs

Dominic E. LoPinto

GENERAL AUDIENCE ABSTRACT

In an increasingly data-driven world, sensors are the bridge between the physical world
and the world of “data.” The better the sensor; the better the data. Electroacoustic
transducers are sensors that convert acoustic sound energy into electrical energy or vice
versa. These are observed in the world around us as microphones, speakers, ultrasound
devices, and more. In the early 1900’s, piezoelectric materials became one of the dominant
methods for transducer creation, and recent advancements in additive manufacturing have
enabled this material to take on highly complex geometric forms with micro-scale feature
sizes. Further advancements to additive manufacturing of piezoelectric materials are
contributed through development of a model for predicting the success of complex 3D
printed geometries in an Mask Image Projection-Stereolithography (MIP-SL) by
accounting for mechanical wear on the Polydimethylsiloxane (PDMS) print window. This
work proposes a framework for the rapid manufacture of 3D printed transducers, adaptable
to a multitude of element forms. Using the developed print model and transducer
framework, latticed hydrophone elements are designed and tested, showing evidence of
selectively tunable sensitivity, resonance and beampattern. The advancements in
technology are extended to enable a workflow for users to input polar coordinates and
receive an acoustic element of continuously tuned beampattern. Investigation into
customer problem spaces via tech-push methods are adapted from NSF’s Lean Launchpad
and reveals great insight to the problems faced in hydrophone applications and other
neighboring industry spaces.
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Chapter 1: Introduction

In an increasingly data-driven world, sensors and actuators are the gatekeepers between the
physical world and the digital world [1], [2]. The abilities of these devices limit or enable systems
that could only be dreamt of prior [3]. It is not enough, however, to simply develop a technology;
to impact the world with it; there must be a meshing of the technology with those who value the
benefits it provides[4], [5].

In this work, a novel concept for acoustic sensing is taken through stages of development,
from conceptualization to design, manufacture, and customer discovery. Repeatable frameworks
and processes are developed throughout each step including a generalized framework for
transducer manufacturing, a model for additive manufacturing of highly viscous resins, a
repeatable design process to make mass-customization possible, and a method for technology-push
customer discovery.

This chapter provides the background knowledge necessary to understand the contents of this
thesis, an overview of literature and existing applications which drove the development of the
work, and the motivation behind the work. The chapter comes to a close by outlining the structure

of the contributions presented within this work.

1.1. Background Fundamentals

Underwater and medical applications of electroacoustic piezoelectric transducer are the focus
of this paper. Each of these terms will be explained along with foundational concepts of
piezoelectric materials and underwater hydrophones. This section additionally provides a
foundation for additive manufacturing, specifically slurry-based stereolithography.

Transducers



“A transducer is a process or a device that converts energy from one form to another.” [6].
Tier 2 of Figure 1 displays the physical quantities that may be either converted to or from another
physical quantity[1]. Electroacoustic transducers (referred as just “transducers” henceforth) lie
at the conversion to and from electrical effects; they will behave in one of three ways: receive
sound and turn it into an electrical signal (receiving transducers such as a microphone), take in an
electric signal and output acoustic pressure (transmitting transducers such as speakers), or execute
both roles (transducers such as SONAR systems) [7]. These transducers can facilitate this
conversion of energy in numerous ways: electrodynamic, electrostatic, electromagnetic, EM

induction, Magnetorestrictive and piezoelectric [7], [8].

Transducers

Radiant Gravitational Thermal Magnetic

Electroacoustic
Transducer

Electromagnetic

(& induction) Magnetostrictive Piezoelectric

Electrodynamic Electrostatic

Transmitting
(Radiator/
Actuator/
Projector)

Transmitter/
Receiver
(Transducer)

Receiving
(Sensor/
Hydrophone)

Figure 1. Classification of Transducers considered within this work [1], [7], [8].

This work focuses on the design and use of piezoelectric transducers as applied to underwater
and in the medical spaces. Historically in underwater applications, piezoelectric transducers have

been most used for their high piezoelectric properties and the ability to process them into different



forms. While the term “transducer” may refer to an entire sensing or projecting system, each
piezoelectric transducer will contain a piezoelectric element at the core of its functioning. The
surrounding components of a transducer help carry clear signals to contribute to its overall
efficiency, but the “element” is responsible for the physical conversion of energy [8].

While specific subcomponents of a transducer vary per application, the piezoelectric
transducers will consist of multiple subsystems expressed here in order of the energy flow from
acoustic energy to electrical energy, as seen in Figure 2. From the transmitted medium, the acoustic
energy propagates through the “casing/housing” of the transducer into a selected medium that acts
as an “acoustic modifier” (such as a matching layer, coupling fluid, or backing layer) to have the
acoustic signal behave according to the needs of the use case. The element turns the acoustic
energy to electrical energy which is picked up by the “charge collector” (electrodes) and passed
through a signal carrier (a wire and amplifying circuit) to be read out as an electrical signal. While
the embodiment of these systems varies per transducer use case, these subsystems can be identified
in most electroacoustic transducers.

Casing/Housing

Acoustic Modifier
{coupling fluid, matching
layer, backing layer, etc)

E Illl‘|l|I Acoustic signal in

Charge
Collector <5

(electrode)

Signal Piezoelectric
Carrier Element
(wire) (PZT)

Electric signal out

Figure 2. Transducer subsystem flow of energy. Acoustic energy is transmitted through the case and
acoustic modifier before the piezoelectric element converts the acoustic energy to electrical energy. This
is collected and output via electrodes and wires respectively.



1.1.1. Piezoelectric Materials

Piezoelectric materials are capable of converting acoustic energy (in the form of mechanical
stress and strain) into electric energy (generation of an electric field and electric displacement)[9],
[10]. This class of materials was first discovered by brothers P. Curie and J. Curie in the form of
Quartz crystals [11]. The application of an electric field around such materials yielded
deformations of the physical structure of the material [12]. Since then, multiple other materials
have emerged as sharing these qualities, some requiring the action of “poling:” the action of
applying a large electric field to the material for an extended period of time (about an hour) to
activate the described piezoelectric effect [13]. This subclass of piezoelectric materials are known
as “ferroelectric,” and while they require the additional step of poling, their piezoelectric effect is
greater [14]. Among these ferroelectric materials, Lead Zirconate Titanate (PZT) is one of the most
easily processed materials with the highest performing piezoelectric effect[7].

Turning attention to the mechanism which enables the piezoelectric effect, Figure 3 shows the
polarization which occurs when a piezoelectric molecule moves from un-loaded (a) to a loaded
state (b). The combination of many molecules under compression (¢) results in a dipole with fixed
charges at each end [15]. When electrodes are applied to opposite sides of the material, charges at
each end, and a voltage difference can be observed [16]. While Figure 3a displays an unpolarized
molecule, it is worth noting that the poling process of a ferroelectric material may leave the
material in a slightly polarized state. This is additionally associated with the non-centrosymmetric

structure of PZT [9].
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Figure 3. Piezoelectric Dipole: (a) un-loaded piezoelectric molecule. (b) compressed and polarized
molecule. (¢) Many molecules of a piezoelectric material under compression forming a dipole [15].

The extent to which a piezoelectric material outputs an electric response from an applied force
is quantified by a ratio of charge to force and is generally notated in units of picocoulombs per
Newton (pC/N). This material property is the piezoelectric coefficient, dmn, and it can be
represented as a 3x6 matrix, regarding the direction of measured output voltage (m) and direction
of applied pressure (n) relative to the poled “3” direction [17] [11]. The 3 components of this matrix
we are concerned with, given our intended applications are dsi, d3», and ds3. These are the
coefficients resulting from compression on each side of a piezoelectric element when the voltage
is collected along the poled direction [9]. These three components of the matrix can be summed to
achieve the hydrostatic piezoelectric coefficient, dn, wherein the element has pressure applied on
all sides at once[18].

dp = 2ds, [eq 1.1]

Using the hydrostatic piezoelectric coefficient, the piezoelectric voltage constant gy (Vm™'Pa’

1) can be determined][18], [19]. This term defines the strength of electric field produced by a

piezoelectric material subject to a defined hydrostatic pressure.

dh zdgn

gh=7= [eq 1.2]

& &€



Wherein € is the absolute dielectric permittivity (Farad/m) of the piezoelectric element. The
relative permittivity or dielectric constant, k, is expressed as a ratio between the piezoelectric
material’s absolute permittivity, &, and vacuum permittivity, €o. €0 is a constant value of the

permittivity of free space 8*10'? F/m or C/Vm.

k=— [eq 1.3]

These piezoelectric properties come together in the context of hydrophone applications
wherein the hydrostatic figure of merit (HFOM) is defined as dj, * g, [19]. The HFOM is used to
compare receiving transducers in many fields including underwater applications as well as medical

[19]-[21].

1.1.2. Hydrophones

The transducer system presented in this work is designed to be an underwater receiving
transducer. This is also known as a “hydrophone”. Simply stated, a hydrophone is an underwater
microphone. A Hydrophone is characterized by how efficiently it converts mechanical acoustic
energy into electrical energy and at which frequencies the energy can be converted [6], [22]. This
“sensitivity” (Mh) is read in as decibels (dB), referenced to 1V/uPa in accordance with the medium
of water as opposed to air which is referenced to V/Pa. The sensitivity of a hydrophone in any
shape can be calculated via equation 1.1 [7], [23].

M, =20 log(gnyt) — 120 [eq 1.4]

Wherein gy is the hydrostatic piezoelectric constant discussed in section 1.1.2. t is thickness of
the element in the poled direction, and 120 is subtracted as a decibel conversion to transfer the

sensitivity reference from 1V/Pa to 1V/uPa.



The sensitivity, as expressed in equation 1.1, assumes that the acoustic energy reaching the
element is the full intensity of the incident acoustic energy at the position of the hydrophone. Since
the face of an underwater sensing element will be separated from the water medium by protective
casing, however, there will exist reflections, allowing only a portion of the acoustic signal to pass
through to the core element [24]. Total transmittivity, T, is a function of acoustic impedances
through which an acoustic wave passes as it propagates into the transducer element. The
transmittivity imposes a fractional reduction of acoustic energy transmitted through a change in

acoustic impedance. This fraction of transmitted energy is described by equation 1.2 [7].

274

Ty, =
7tz [eq 1.5]

Where z; and z; are the acoustic impedance of the mediums 1 and 2 respectively. Impedance,
Z (rayl or Pa-s/m), is a property of a medium through which sound is propagates [25]. A visual

representation of the acoustic behavior at a mismatched impedance interface is shown in Figure 4.

Incident Wave

IIncident

Reflected
Wave

Medium 1
Z

reflect

Medium 2
Z,

Transmitted
Wave

ITransmit = IIncidentT12

221
Zq + Zy

T =

Figure 4. Incident sound transmission through a medium with mismatched impedance. A portion of
the incident wave is reflected as it passes through the interface of impedance, Z; and Impedance, Z,. The
transmitted intensity, Itransmited 18 Only a fraction of the incident wave’s intensity, lincident.[25]



A common source of loss for piezoelectric elements, regarding transmittivity, is the high
mismatch in impedance between the piezoelectric element and its surrounding medium due to the
high density of piezoelectric ceramics [23]. This is made clear through the equation for acoustic
impedance:

Z = pc [eq 1.6]

Where p (kg/m?) is density and ¢ (m/s) is the speed of sound in the material, a property that
increases with increased material stiffness or elastic modulus (MPa) and decreases with density

[25].
= |- [eq 1.7]

Piezoelectric ceramics, such as the one used in this work, PZT, has both a high density and a
high stiffness modulus, making for a large impedance value and significant reflections during
acoustic transmission. In this way, transitivity will come to affect the sensitivity of the hydrophone,
as further expressed in chapter 2.

In addition to sensitivity, transducers are characterized by their resonance frequency. For a
microphone or hydrophone, the point of resonance marks the highest frequency of reliable readings
before sensitivity drops off [7]. This range of operational frequencies is known as the working
range of the transducer. For an emissive transducer, the resonance is the point of largest
displacement [7]. Applying an electrical signal at the resonant frequency will produce the greatest
mechanical response or vice versa [8]. The working curves for a receiving/transmitting spherical
hydrophone can be seen in Figure 5 to enable an improved understanding of the fundamental

concepts.



frl fl'z frl frz
! Rec:eiving
: ICurve

ﬁ_/?\Tl i

Transmitting

dB re pPa/V
dB re V/uPa

Figure 5. Response of the working range and resonant frequencies of two variably sized transducers
from the F-42 spherical hydrophone family used at the USRD. Transducer 1, T1, has greater diameter
than transducer 2, T2, yielding a lower frequency and greater response. General trends of transmitting and
receiving responses can be observed [7].

Expanding on the value of knowing/selecting a frequency range and sensitivity of a
hydrophone the beampattern is another aspect contributing to the value of a Hydrophone [26]. The
beampattern of an acoustic transducer informs the difference in responsiveness of the transducer
based on the direction of incoming sound. The Geometry of an acoustic element and the
surrounding geometry of the transducer will influence the beampattern of the transducer[7]. A
sphere, for example, ideally has a uniform beampattern, such that all directions will be equally
responsive. For the standard hydrophone, whose piezoelectric elements are stacked cylindrical
disks, the directivity is described by a constant responsiveness at all points circling the element on
the XY plane that passes through the element. Variance from this plane in the Z dimension will
produce varied response due to element asymmetry in this direction. The beam pattern is generally
expressed in terms of sensitivity at a specific frequency, angle theta, and angle phi [25], [27]. For
ease of geometric comparison between various beampatterns at a select frequency, normalization

to the max value can be applied such that

M(f.0)

Mauom (£.6) = 775 =

[eq 1.8]



Where Mnom is the normalized sensitivity at a selected frequency f, at a specific angle, 6, and
M (f)maxis the maximum sensitivity at a selected frequency. It is assumed that this normalized
beampattern considers only a 2D plane of directionality, holding ¢, the angle coming out of the
plane, constant[25], [27].

While most existing hydrophones are dipoles or omnidirectional, meaning they have lobes of
higher responsiveness in the front and back or all around, there are used for other patterns [28]. If
noise is loud from a particular direction that is not the intended direction of listening, having a
beampattern to exclude this direction could prove to significantly improve the Signal-to-noise ratio
(SNR). Ultimately, a hydrophone should achieve as large a signal as is intended with as small noise

as possible, raising the SNR as high as possible[28].

1.1.3. Mask-Image Projection Stereolithography

Stereolithography or vat photopolymerization is the process of selectively shining UV light
into a vat of photoreactive resin to instigate a photopolymerization wherein particles in the resin
form polymer chains, linking together, and generating a solid. This is carried out to generate a
single solid cross section of a part in the XY plane and is repeated layer-by-layer in the z dimension
to produce a 3-dimensional part [29]. These crossections are developed by slicing a solid part into
layers, down the Z-axis. The printing of resin in this way may be layered from the top down,
where UV laser or image is shined down into a vat of resin or bottom up, where a UV projection
is shined up through an optically transparent window into the bottom of a resin vat [29]—[31]. The
direction of the motion stage on which the part is build is elevated gradually, up out of the resin,

based on the method of curing as seen in figure 6.
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Figure 6. Bottom-up mask image projection Stereolithography (MIP-SL)

The Jacobs equation is a foundational in describing the behavior of curing a resin to generate

parts via Stereolithography [32].

Cd = Dp In (Emax/ Ec) (Jacobs PF (1992))

The resin’s cure depth is a function of the resin’s properties: critical exposure, Cq4, and depth
of penetration, Dp. If the energy received by the resin at a point, Enax, does not exceed the critical
Exposure, a characteristic of the resin, the resin will not cure, and no layer will be generated. The
depth of penetration modifies the incident energy into the resin, so the addition of any light
inhibitor (such as PZT particles) to the resin will reduce the depth of penetration. [32]

Whereas the Jacobs equation above is traditionally applied to a single laser traced through a 2-
dimensional cross section, the use of a Digital Mirror Device, DMD, offers the ability to shine the
entirety of a 2D cross section onto resin to instigate the curing of a full slice at one time. This
process is called mask image projection stereolithography (MIP-SL), and it demonstrates a direct
relationship between exposure time t of each layer and Cure depth [29].

Ca = Dped #/E = Dpe HVEC (4.30, AM textbook)
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The limited depth of penetration of a resin introduces a lower bound for the exposure time
allowable to create a successful print; The layers must overlap sufficiently to ensure strong enough
layer adhesion.

As we consider part strength, there are inherent limitations placed on the material properties
being used. Since a photopolymer matrix is necessary to manufacture any part printed in this way,
the brittle properties of photopolymers are inevitable [33]. When we consider high resolutions
additive manufacturing such as the system created by the Zheng and his Additive Manufacturing
Metamaterials Lab, the parts produced will be brittle and subject to damage even when simply
being removed from the build stage [16], [30], [31]. This is one of many high precision printing
methods [34]. To navigate this, sacrificial support struts can be used to separate the printed element
from the build stage[ 16]. These support struts must withhold any forces the part is subject to during
the printing process.

Thus, we seek to achieve the following relationship of force experienced by the print at any

given layer, Fpint, and force allowable by the support struts, Fgupp.

Fsupp > Fprint

Since the process used in this work is bottom-up MIP-SL, the force experienced by the printed
component is directly related to the viscosity of a resin being printed. Since the components being
printed in this work consist of circular forms (struts and disks), the equation for Stefan Adhesion
is used to predict the suction forces experienced by the print at each layer [35], [36].

3muur?

Fouction =——533— ~ print
Zh? (Stefan Adhesion equation)

In this equation, a disk of radius, r, parallel to a surface is separated from a height, h, at velocity,

u. The viscosity, |, describes the medium or resin within which the disk is separated [36].
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When forces of printing are too high, problems will arise in the form of defects and fracture.
This imposes limitations to the freeform manufacturing method, and literature informs us that the
intense suction force created by the high viscosity of particle-loaded resins such as that of PZT-
loaded resin limits the printability [31], [37]. In recent years, additive manufacturing of particle-
loaded materials via stereolithography has grown to be more widely adopted, and there have been
multiple methods used to navigate the high forces felt by the printed parts subjected to a highly
viscous resin [16], [37]-[43][43].

Most methods for reduce this significant force amid extreme viscosity involve use of a PDMS
window. Since PDMS is an oxygen-permeable polymer, the use of the PDMS in this way creates
an oxygen inhibition region, also called the “dead zone” [31]. The presence of oxygen in this dead
zone prevents the resin from curing, such that a region ~2.5um from the surface of the PDMS
window remains uncured [40]. Not only does this prevent the resin from curing to the production
window, but it maximizes h, thus minimizing the force experienced by the printed part [37]. Recent
work has additionally shown that there is a present reduction in this deadzone at higher exposure
times [38]. While other methods of translating the print stage parallel to the PDMS window before
lifting[37] and tape casting by spreading a thin layer of resin each layer [44] have been shown to
improve printability, these methods require greater setup with additional degrees of freedom for
moving along the x-axis or to enable an even spread during each layer. A traditional bottom-up vat
in Figure 7 is used for photopolymerization with a single degree of freedom motion stage provides

an efficient and accessible printing system, provided the forces can be appropriately overcome.
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Particle-loaded
Resin (PZT) PDMS Window

(O, permeable)

“Deadzone”
(O, inhibits curing)

Figure 7. Particle-loaded stereolithography with PDMS window and oxygen-inhibited “deadzone.”

With the foundation set up in this section, it can be gathered that the printing of a piezoelectric
element will be possible in the form of various complex geometries. When this happens, the PZT
nanoparticles will be mixed into a photopolymer resin and suspended in a cured photopolymer
matrix upon curing [45]. At this point, the printed part is considered “green,” as it still must be
processed to achieve the intended state. The final step before poling is called “sintering” where the
part is baked in a furnace to simultaneously remove the photopolymer from the PZT and allow the

PZT to go through a process of “densification” to become a solid ferroelectric part [45]-[47].

1.1.4. Architecting Lattices

It is made clear that many intricate structures may be manufactured via means of additive
manufacturing, and this even applies to piezoelectric materials. Geometries called lattices enable
the modification of material behaviors by controlling porosity, structural load distribution, as well
as material displacement [16]. While these geometries have previously too complex to
manufacture or were not manufacturable on a small enough scale, the aforementioned
advancements in additive manufacturing have enabled rapid printing of lattice geometries and the

printing of latticed PZT [16], [31], [39]. The controlled tuning of the material properties in the
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ways described is a process known as “architecting,” and it has become known to even modify the
Poisson’s ratio of materials enabling negative values [48].

Whereas many porous materials studied over the past hundred years yield a similar
modification of material behavior to those of lattices, these porous materials do not allow for a
controlled and consistent porosity, whereas porous “foams” are stochastic[ 18], [20], [49].

Two distinct material properties tuned by latticing are density and the stiffness modulus [16].
The stiffness modulus or elastic modulus of a lattice is differentiated from the modulus of the
source material through terminology of the “effective modulus.” This is the modulus of the
material in its latticed state. A textbook for cellular solids outlines a model for effective modulus
of a lattice as equation 1.9 [50].

Eorr = apPE; [eq 1.9]

Where «a is the pre-factor, p is the relative density, £ is a modifier to account for differences in
dominating modes of loading (tensile compression to bending rises respectively from 1 to greater
than 2 respectively [16]), and Es is the Youngs modulus of base PZT material after sintering.

The design of the lattice used in this work is based in a parameterized unit cell on the left of
Figure 8, wherein the effective stiffness modulus Eef can be controlled through the angle, 8 and
strut thickness d. The density p is additionally influenced by the strut thickness d, length 1, and

angle 6, indirectly through the relative density p.
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Figure 8. Tuned piezoelectric response. (left) Lattice unit cell, angle theta, strut length 1, strut
diameter d. (middle) lattice struts under compression: 75 and 120 degree. (right) modified response in ds3,
ds1 according to strut architecture [9], [16]

Since changes in screw angle theta modify the stiffness response, flipping the direction of
polarization even, as seen between the 2 lattice cross sections in the middle of Figure 8 or in the
image on the right, modifications to the dn parameter under hydrostatic loading will compound to
provide a range of tunable responses within a single material [16]. When the single unit cell with
tuned material properties is repeated in the X, Y, and Z dimensions, the lattice is generated. This
is imaged in section 3.2.1 when the specific unit cells and the number of unit cells are selected.

The density of the lattice is controlled and quantified through a measure called the relative
density p. The relative density is the density of the composite latticed material as if it were a single
material divided by the density of the source material; this relative density is often considered in
the context of a single unit cell [51]. The remaining “empty space” has a relative volume of 1 — p,
and it is consumed by the medium in which the lattice resides [52]. This will be seen in many cases
to simply be air, but some situations may use a fluid or other material to fill in the open space [20].
In figure 1.1.4, the “aspect ratio” is defined as d/I and this ratio drives the relative density of the

lattice for a given angle theta.
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The tuning of the elastic modulus and density will factor in to enable tunability in an acoustic
context, as these will influence impedance as well as the piezoelectric parameters of the

piezoelectric materials.

1.2. Current Ultrasound Applications in Academia and Industry

The ability to manufacture piezoelectric materials in unique geometries opens the doors to
ultrasonic applications. This section provides a brief investigation into how latticing or porous
materials have been used for such transducers in academia as well as assessing the uses of
underwater ultrasound in industry. Insights are gathered from organizations, interviews, and

literature.

1.2.1. Porous, composite, and latticed ultrasound

Porous and composite materials have been applied to the transducer creation even before 1980
with through the use of parallel ceramic rods embedded in a polymer matrix [21]. In 1985,
advancements were made wherein acoustic materials could be designed to match the impedance
of water by punching holes through PVDF film [23]. 6 years later, these concepts of ceramic
piezoelectric rods and impedance matching were combined to enable an ultrasound element which
matches the impedance of tissue for ultrasound imaging [53], [54]. From here, methods such as
cold pressing of voided PZT and polymer impregnating were used to design porous hydrophone
and receiving transducers[18], [20], [49]. While some of these works move towards variable
response from variable loading methods, they are constrained in their geometries and demonstrates
stochastic porosity [18], [20]. One commercialized transducer called the Sonopanel™, mimicking
the parallel rod composite with a more effective process of ceramic injection moulding [55].
Porous materials were expanded to be applied in ultrasonic arrays before the presence of PZT

additive manufacturing became prevalent [56]. With piezo composites being more commonly
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printed, various geometries have been tested to yield improvements in emissions for medical and
underwater use cases[42], [45], [57], [58].

The additive manufacturing of lattices has even turned to the space of tuning impedance for
inactive materials such as a hydrogel to mimic the biology of a dolphin in achieving improved
frequency ranges [59]. Tuning of lattices has also been used for inactive acoustic dampening in
airplanes, and while this could be made actively dampen through correct manufacturing methods,
this has not been done yet [60], [61].

The presented works have shown modification of material properties through latticing for
improved performance of active materials or tunability of passive behaviors. None of these works
offer a fine control of the electrical response to an ultrasonic stimulus, and none offer a tunability

in all three directions of pressure for tuned g, value.

1.2.2. Hydrophone/Underwater Applications

It is desirable to have different working ranges depending on the application, so controlling
response of a transducer to be defined to a specific frequency range or to broaden the range would
benefit users of transducers greatly. Considering developments of Underwater Sensor Networks
(USN) and internet of underwater things (IoUT), there are needs for improved short range
communication and signal-to noise ratio underwater [62] [63]. Population monitoring,
oceanographic data collection and bioacoustics studies have outcomes that are directly linked to
the quality of data collected [64], [65]. Calibration hydrophones and measure acoustic noise are
the generalized applications expressed by published navy reports, but there is a need for a low
signal to noise ratio[66] Hackathorn, Hugus, and Groves have describe their hydrophone

developments, including the need for sensitivity, resonance and beam pattern control [22], [26],
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[66]. To back this up, work on a small autonomous towed array expresses the many sources of

noise and their associated directions in naval sonar [67].

1.2.3. Medical Application

While it is clear there are ample applications for the underwater space, with more unlisted,
there is still another world of applications in the medical space. A few key areas that can benefit
from uniquely tuned geometries at high resolution and high piezoelectric response are described.
High intensity focused ultrasound (HIFU) has been shown to emerge as a prevalent use for
additively manufactured impedance matching layers [13], [68]-[70] and custom element
geometries [42], [45]. Some spaces this may be applied is for transcranial doppler (TCD)
techniques to measure cerebral blood flow velocity [71], ablation of dangerous cells in the body
[13], etc. Conformal arrays for the body can additionally be generated for wearable sensors for
health monitoring[72], [73]. Lastly, contactless ultrasound power transfer (UPT) systems may
enable contactless charging of devices for implanted devices in the body [74]. While the
possibilities continue, it is clear there are ample opportunities that will come from the medical

space regarding the high-resolution freeform printing of piezoelectric.

1.3. Motivation

The world becomes increasingly driven by data, as it is used to monitor and predict and model
the world around us [2]. When this data interacts with the physical world, it is embodied through
actions such as the movement of a robot arm to a precise location, the reading of a pulse during
health monitoring, underwater communication over a distance, and much more [75]-[77]. During
these data-heavy processes, there must be a reading in of data (via sensors) and/or an interaction

with the world based on the data. Electroacoustic transducers can receive or emitting sound to
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enable acoustic monitoring, spatial imaging, imposition of acoustic pressure, and even the transfer
of energy through solid matter [73], [74], [78]. All these methods have significant applications at
ultrasonic frequencies.

With the prevalence of additive manufacturing growing to enable mass customization, recent
published work in additively manufactured transducers [10] provide a framework for precise
tunability. The freedom of form brought about in these same spaces enables the creation of
transducers small enough and complex enough to produce designed ultrasonic acoustic fields and
high-intensity acoustic pressures [74], [78].

Given the stated strides in additive manufacturing at scale, geometry, in tandem with developed
an awareness of effectively tunable properties through latticing, there are great opportunities to
enhance the field of ultrasound with lattices and other atypical geometric elements. These
improvements will enable more effective interfaces with the world through sensing and actuating.

Improvement of printability through modelling in this space will additionally help to propel
these technological advancements even further in the possibilities of manufacturing sensor
elements.

Considering hydrophones alone, section 1.2 has expressed that there are many applications that
can greatly benefit from improved SNR. Unlike earlier works, a single-element hydrophone can
achieve any shape of desired directivity pattern. This enables a better Signal-to-Noise Ratio at a
mechanical level, enabling better, cleaner data. This has potential to reduce the circuit complexity
and enable a low computational cost for directional recognition. Some solutions which can be
generated from this technology may even allow for minimal processing power in achieving system

awareness relative to a surrounding environment. This is further discussed in Chapter 8.
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1.4. Structure and Contributions

This paper contributes in multiple ways across many spaces, and the main contributions are
narrowed down to 4 quantitative contributions and 3 contributions of theory and approach.
Chapters 2, 4, 5, and 6 are quantitative in their contributions whereas chapters 3, 7 and 8 are

contributions of methodologies or frameworks. These chapters are seen structured in Figure 9.

Chapter 2
Conceptual ==S
Analysis
v

Chapter 4 Chapter 5 Chapter 6
Transducer 229 |ndependent ™% Integrated

Manufacture Testing Testing

I
Chapter 7 Chapter 8
Commercial ™Y Customer Conclude
Framing Discovery

Figure 9. Flow chart illustrating a high-level overview of the present work.

Chapter 2 contributes a theoretical operating range from a proposed model for theoretically
calculating a latticed hydrophone’s sensitivity, resonance, and beam pattern. Chapter 3 proposes a
framework for rapid testable transducers of adaptable form. Chapter 4 provides a model to improve
printability of parts based on support strut design and predicted force loading amid PDMS wear;
the chapter finishes with the manufacturing of the elements to be tested. Chapters 5 and 6
contribute designed testing and analysis of latticed ultrasound elements for tunability of response
in sensitivity and resonance followed by beampattern of integrated-element lattices. Chapter 7
proposes a method for rapid personalization of a continuously tuned lattice elements. Chapter 8

demonstrates a method for identifying problem spaces to match to a developed technology.
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Overall, the work carries out and reveals a workflow from conceptualization through modelling
into first steps to commercialization via the “technology push.” Such a path is common for
academics, and while many projects are funded, thus communicating an initial demand for the
technology, the technologies that emerge may go unused in other highly applicable spaces.
Observing the path from a concept to a commercially framed technology will enable great

expansion of technology into the broader world for the potential of bettering society.
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Chapter 2. Conceptual Hypothesis

At the core of a novel technology is the combining of two or more ideas into a new “novel”
idea. In this case, the concept of architected lattices is combined with transducers at the base
piezoelectric element. Thus, it is hypothesized that the architecting of lattices across an element
will selectively tune the element, controlling for sensitivity and resonant frequency. Through
directional tuning of these characteristics, the beampattern can be designed both in-plane and

omnidirectionally.

2.1. Predicting Sensitivity

In predicting the sensitivity of a latticed element, we start by referring to the sensitivity
equation: equation 1.4. The Voltage constant, gn is described in section 1.1.2, and when considered
in the context of equation 1.4 there is an opportunity to use lattice architecting to tune this gy
constant from both dp as described in section 1.1.5, as well as the permittivity of the hydrophone
elements.

Using lattices, the absolute permittivity can be modified as well. The following expression is
derived from Lifson et al’s the equation for absolute permittivity of a composite lattice [79].

e =[p(ky — km) + km]e0 [eq 2.1]

Here, p is relative density of the lattice, k, and km are the dielectric constants of the base
piezoelectric material and the medium surrounding the lattice (~1 for air), and &, is vacuum
permittivity. By tuning the relative density, p, of the lattice, lower permittivity, €, values can be
achieved. The piezoelectric charge constant, dj,, through use of micro-architected lattices
expressed by Cui, can be combined with this permittivity at select relative densities to produce a
higher piezoelectric constant, gn. This heightened gn influences greater sensitivity from a

hydrophone using the element [16].
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We recognize the need for parameters gn and thickness t of the element, but we must also
consider the impedance mismatch occurring, as the predicted reduction in acoustic impedance will
enable increased transmittivity through to the lattice element. That is less reflections across the
multiple impedance-mismatch interfaces. Referring to equation 1.5 for transmittivity and
recognizing the acoustic wave propagation as a series interaction, the presence of multiple
impedance mismatches requires the transmittivities of each mismatch to be multiplied to achieve
a total transmittivity across all media, T as in equation 2.2.

T =13 Toes [eq 2.2]

where 1 represents the first medium and n represents the final medium through which the

acoustic signals will propagate. Factoring T from equation 2.2 into equation 1.4, we get a general

expression for transducer sensitivity [dB re 1V/uPa].

M, =20 1 tT) —120
h og(gntT) [eq 2.3]

Since the dn and permittivity, as used in equation 1.2 to calculate gn, can be tuned through the
architecting of lattices, the fundamental element responsiveness can be controlled, and even
compounded based on the manipulation of the positivity or negativity of d3, constants as expressed
in section 1.1.4.

In addition to the benefits of tuning gy, the modification of relative density additionally enables
greater transmittivity, T. When consider the energy loss referenced in the section 1.1.2 from
impedance mismatch and combine this with speed of sound through a material, we see a positive
correlation of p as the tuned density with respect to relative density and stiffness modulus, as is
controlled by the screw angle. This is easily observable in the combining of equations 1.6 and 1.7

to observe the positive relationships to impedance Z in eq 2.4.
Z = |/pE [eq 2.4]
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Lattices enable control over the density experienced by the composite material via relative
density. This can be factored into the behavior of the piezoelectric lattice’s acoustic impedance
using the rule of mixture [23], [53], [54]. While we recognize the changes in elastic modulus may
be experienced by the use of various lattice structures, we assume the base material properties of
stiffness dominate in this model and that the mixture of elastic modulus will mix in accordance to
the rule of mixture.

Ze=pLy+ (1 —p)iy [eq 2.5]

In this model, Z, Z,, and Zy, are the acoustic impedance of the composite lattice, piezoelectric
material, and the medium surrounding the lattice, respectively. p is the relative density of the
piezoelectric material, as described in section 1.1.4.

Since the acoustic impedance of piezoelectric material is relatively large (>30MPa-s/m),
reducing the relative density of the piezoelectric lattice will affect equation 1.5, achieving higher
levels of transmittivity than those achievable by bulk piezoelectric materials. When considered in
the context of equation 2.3, this enables potentially higher magnitudes of response and further

controllability of transducer sensitivity.

2.2. Theoretical Sensitivity Range

Using equation 2.3, we can predict the sensitivity range achievable by this method. We
calculate gp, based on d3; and d3; values from Cui et al. [16], combined with permittivity values
calculated through equation 2.1 to have an achievable range of gn ~[-6.3E07]—[2.97E09]V/m
[80]. A thickness 6mm was selected based on the product design in the latter half of this chapter,
factoring in a >50% reduction in size during sintering. The transmittivity of the element, regarded
as a composite, ranged from T ~.329—0.044. The range comes from the acoustic impedance

mismatch between a piezo composite of relative densities 0.05 to 1. The relative density of the
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element is modified to tune the acoustic impedance of the composite with equation 2.5. The
resulting Sensitivity range achievable through these ranges is between 5.72dB and -23.3dB re

1V/pPa.

2.3. Predicting Resonance

A piezoelectric element’s working range is defined by its resonance frequency, which is a
function of density, young’s modulus, and geometric form. Hugus expresses a lumped model for
natural frequency of a hydrophone which considers a base-excited mass with a parallel linear

spring and viscous damper [66]

fr=— = [eq 2.6]

T 2mm
where k is the mechanical spring constant and m is the mass. The 2w term converts the
frequency into Hz. The use of lattices enables manipulation of the element’s compliance factor by
modifying the lattices Effective modulus. By integrating the properties of Hooke’s law into the
spring-mass model, we reach equation 2.6. Hooke’s law tells us that the spring constant, k, is
equivalent to the force per length of extension for the element [81]. We use this Hooke’s law,

assuming a constant proportionality constant k to derive equation 2.7.

EprfA
ﬂ=$[ﬁ% [eq 2.7]

where Eefris the effective modulus of the lattice composite, which is combined with its cross-
sectional area, A, to yield the force component of Hooke’s law. t is thickness, and max deformation
in Hooke’s law, of the sample (distance between electrodes). m is mass of the sample.

By combining equation 2.7 with equation 1.9, the equation for the effective stiffness modulus

in latticed materials, equation 2.8 is synthesized.
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£ = 1 |apB-1Eg
T omA t2p

[eq 2.8]

where p is the source density of the sintered PZT material.

2.4. Theoretical Resonance Range

Resonance of latticed transducer elements is calculated though equation 2.8. [16] defines
achievable alpha and beta values at ~0.2-5 and ~1.2-2.2 respectively. These values are enabled by
the printable range of relative densities from ~0.05-0.45. Using Cui’s measurements of bulk PZT,
Es = 480MPa, and bilk PZT density, 1360kg/m>, the resonance could be calculated at various
element thicknesses. At 0.06mm, the lattices range in resonance from 1.5kHz-41kHz. By the

shrinking the thickness to only a couple unit cells, 200kHz and greater are achievable.

2.5. Beam Pattern Prediction

Since each different lattice screw angle is hypothesized to behave differently in working range
and sensitivity, lattice designs can be combined to produce an element with controlled response in
select regions. This is effectively designing the beampattern to fit the needs of a user. The
frequency range will be modified as well to achieve different frequencies per element, but this
aspect will not be considered in this work. To predict various lattice combinations, the expected
sensitivity responses of various select lattice types are normalized with equation 1.8 and plotted
on a polar plot where 6 is degree of rotation or direction of incident sound, and M(f,8) is the
normalized performance out of 1 at a constant out of plane angle, ¢. For the prediction, two
predicted lattice sensitivities with from opposite sides of the predicted range are selected and

plotted in Figure 10: high density 90-degree screw angle and low density 75-degree screw angle.
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Figure 10. Predicted sensitivity pattern of predicted sensitivities plotted on a polar graph and blended
at stiffness interfaces to consider the interaction in the predicted pattern. This is shown for 2 patterns:
(left) alternating sensitivity across the diagonal and (right) half high sensitivity/half low sensitivity.

As seen in Figure 10, smooth line is to be generated to pass through established points on the
polar coordinate system with a prediction that the interface between two lattice types (two screw
angles or relative densities) will interact in behavior, pulling toward the mean of the two lattices.
The expected plots shown here are generated with specific intended combinations of lattices to be
manufactured in Chapter 6. This allows for a comparison with the experimental results from

beampattern or directivity pattern testing.
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Chapter 3: Framework for Transducer Design

While the elements of the transducers are at the core of the concept which drives the novel
design, underwater transducers are subject to the conditions of water, and the pace of research
demands rapid testing capabilities.

In order to efficiently test all lattice behaviors as well as the generation of other freeform
transducer designs, a transducer framework was developed. This chapter outlines the overall
structure of the framework, the specific materials selected for the consistent generation of

hydrophones, out of architected lattice elements, and the decision rationale behind the selections.

3.1. Transducer Framework Overview

The transducer system is designed to be an underwater receiver of acoustic energy. This is also
known as a “hydrophone”. Based on the underwater context and the need for a rapidly producible
method for testing elements of variable size or form, the transducer is decomposed into the
following subcomponents as shown in Figure 11, listed from the inner-most subsystem, and
moving out. The subcomponents align with the generalized subsystems identified in Figure 11,

and are accompanied by their respective function within the system.

* PZT Element................ Convert acoustic signal to electric (piezoelectric element)
* Coupling Fluid............... Carry acoustic signal through element (Acoustic Modifier)
* Painted Electrodes.......... Secure element to casing, carry signal (Charge Collector)
* Casing (form, material) ...  protect element from water, (Casing/Housing)

reduce acoustic reflection to element

+ Shielding..................... mitigate EM Interference (Signal Carrier)

Wiring/Cable ............... protect/carry signal to be read out (Signal Carrier)
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Figure 11. (left) Hydrophone System and Labelled Subcomponents and (right) High intensity focused
transducer with larger piezo element, making it harder to print

3.2. Subcomponent Design and Selection Rationale

The design and selection rationale are all traced back to the context of the research, striving
for a rapid timeframe with the high adaptability of form and the best performance possible, given

consistency in all factors other than the elements being tested can be achieved.

3.2.1. PZT Element

To achieve the highly complex lattice structures and other considered freeform transducer
designs, the piezoelectric element was 3D printed. A lead zirconate titanate (PZT)-loaded resin,
capable of high responsiveness, was selected as the material based on technologies and experience
within the lab. PZT is additionally shown to mix well in resin, have a relative low cost, and high
piezoelectric abilities [9]. It is believed that the formula generated by lab mates would enable
greater responsiveness than other 3D printed piezoelectric materials used in past literature [16]. To

achieve the high resolution necessary while printing with a particle loaded resin, a custom Mask-
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image-Projection Stereolithography (MIP-SL) system is used with a PDMS window as shown in
figure 1.1.3.

The selected geometry for the hydrophone uses the lattice structure from the unit cell in figure
1.1.4. This structure is modified to block on relative density of the lattice and strut angle. two sets
of lattices were designed: high density and low density. Each set includes three strut angles, named
according to literature and with recommendations from Cui: 75 degrees (Auxetic, A, or re-entrant),
90 degrees (Foam, F), and 120 degrees (Honeycomb, H) [9] [16]. While these strut angles shown
in a 2D profile in Figure 12 and their varied densities do not entirely encompass the operable range
of these transducers, they provide a comprehensive range through which tunability can be observed

while maintaining printability within a reliable range.

Auxetic ( <90°) Square ( =90°) Honeycomb ( > 90°)
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Figure 12. (top) Two-dimensional projections of the selected three-dimensional lattices. (Bottom)
images of latticed CAD models
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The three strut angles will influence the sensitivity through gh and the effects on resonance
angle, and the strut thickness/length will influence the impedance, thus the system’s transmittivity.
The lattices are maintained at least three unit-cells long on all dimensions to enable bending-
dominated lattice performance[16]. The lattices are printed as cubes for simplicity of
experimentation and maximized uniformity of elements as the element is further processed (sinter,

poling, assembly).

3.2.2. Electrodes and Wiring

To read out an electrical signal resulting from deformation in a piezoelectric element, the
charge difference between the sides of an element must be collected through an electrode and
transmitted through wires to the cable where it is carried to the readout instrument.

Four materials were considered for the electrodes: copper tape, conductive copper paint,
conductive Silver paint, conductive silver epoxy.

All materials were readily available within the lab, enabling same-day manufacturing and
assembly. If these did not align with the performance needs, delays would ensue. The copper tape,
while usable for poling, would not be able to contour to the freeform transducers as would be
necessary for the design framework.

When comparing silver and copper paint, the lower electrical impedance of the silver was
preferred. While both the conductive silver paint and the conductive epoxy enabled selective
placement of the electrode, the high viscosity of the epoxy made it difficult to work with in tight
spaces. This is discussed in chapter 4 during lattice manufacturing.

The silver epoxy demonstrated capacity for selective placement in hard-to-reach locations and
had an added benefit of allowing for error in a surface when applied with a thickness of

approximately 400um. Since the piezoelectric element is 3D printed in a resin matrix, sintering
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must take place to remove the resin and enable a high dielectric constant. The current sintering
yield deformations in the elements which can cause lack of contact to the electrodes.

0.01mm wire was used to connect the electrodes to the transmitting cable.

3.2.3. Coupling Fluid

Coupling fluid lies in the void space between the struts of the piezoelectric lattice and any void
space that becomes present within the bounding volume of the transducer casing.

An important assumption in this work is that acoustic waves will propagate through the latticed
element as if it is a bulk material. In this way, equation 2.5 embodies the assumption of tuning
acoustic impedance as done by Moffet and Powers [23]. Since this void space in this equation
contacts, the PZT and the electrodes while having a significant impact of the behavior of the
acoustics, design constraints are present for the selection of a coupling fluid.

The coupling fluid must: not dissolve silver or degrade PZT (chemically compatible), not be
conductive, maintain an acoustic impedance between that of the casing (or water) and the latticed
PZT element, be viscous enough to flow between the struts of the lattice element, be readily
accessible to the lab
The following mediums were considered: Canola oil, Vegetable oils, and 200 ¢St viscosity silicone
oil [80], [82].

The considered mediums, acoustic impedances were determined through readings and
calculations. When compared to the acoustic impedance of room temperature water, 1.48 MPa-
s/m (the medium through which the lab is testing), Castor oil yielded closest impedance match of
1.463 MPa-s/m. The decision to use Castor oil was additionally supported by an analysis by
Hackathorn’s analysis of hydrophone coupling fluids [22]. The quick and low-cost accessibility of

the Castor oil made it an ideal fit.
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3.2.4. Casing (Form)

The case is designed to contour the form of the element volume, enabling the intended
functionality of a freeform design while protecting the internal components of the transducer from
material degradation or damage and potentially improving propagation of energy through an
impedance interface[25].

The transducer casing is designed by first establishing the bounding volume of the piezoelectric
element. In the hydrophone design, this was completed by measuring the length, width, and height
of the PZT element, noting which surfaces were to be used as electrode surfaces. A CAD model of
the bounding volume is generated, and a surface is offset from the volume, based on the tolerances
necessary for the resolution of the 3d printer being used. The resolution combines with
deformations resulting from a very small wall thickness (300um) and overcuring demanded a
tolerance offset of 0.lmm from the bounding element volume. This offset establishes a surface
from which the case wall is generated.

A parameter of wall thickness is assigned to the design for case walls. The wall thickness was
limited by the AnyCubic Photon printer capabilities, the resin’s printability, and brittleness of the
material used at low wall thickness. The wall thickness is parameterized for ease of modification.

While ultrasound literature discusses the design of an acoustic matching layer of one quarter
wavelength thickness to improve acoustic energy propagation through impedance mismatch (such
is seen between the PZT element and its surroundings) , this technique provides a narrow frequency
bandwidth [59]. Since the case design workflow proposed in this work is intended for use across
a broad frequency range, modification of the wall thickness will be necessary based on the intended
transducer operating frequency.

In order to control for performance variability from wall thickness, based on the needs of our

experiment, wall thickness is maintained at the lowest achievable wall thickness, 210um.
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Once the walls have established a “shell” around the piezoelectric element volume, the volume
is segmented according to the volume geometry. This segmentation allows for element insertion
after the case is printed, and must consider the function of holding fluid, routing wires, and
allowing space for coating of adhesives/electrodes based on the particular use case. In the case of
the hydrophone, the segmentation was placed at the top of the bounding box such that a lid was
formed.

Lastly, a port or ports are cut into the case, generally within close proximity of the electrode

locations such that wiring can be routed out of the case and attached to the cable.

3.2.5. Casing (Material)

The case material will be a significant factor in the performance of the transducer. Any
mismatch in acoustic impedances between the case and its neighbouring mediums (i.e. Water or
coupling fluid) will result in reduced energy transmitted to the sensing element. This is a result of
reflections redirecting a percentage of acoustic energy [7]. In addition to impedance needs, the
material will need to be compatible with the electrode, will need to withstand pressures of the use
case, and will have to be accessible.

The applications within this work demand acoustic waves to travel through water, castor oil,
and human tissue. All these mediums are a similar in magnitude, so the impedance of the case
material shall be similar to mitigate reflections as much as possible.

It is recognized that a precise match will be very difficult to achieve and is outside of the
research scope, so variance from the 1.48MPa-s/m may be necessary. Since the piezoelectric
element is assumed to be a single composite material within the hydrophone, and some complex
solid geometries will not need coupling fluid (depending on the application), it is realized that

transmission from the case to a higher impedance medium (PZT or PZT composite). According to
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Equation 2.5, this would drive a preference to have a material impedance for the case greater than
the 1.48Mpa-s/m of water in order to assist with the impedance mismatch.

Lastly, the material must be accessible to the lab in large quantities for rapid prototyping and
must be printable on the AnyCubic Photon.

Polyethylene (glycol) diacrylate (PEGDA) is a material quickly mixed within the lab at low
cost and in large quantities. With an impedance just above that of water at 1/7Mpa-s/m and a
knowledge that the material works well within the printing limitations of the lab, PEGDA was

selected as the material for case manufacture [33].

3.2.6. Shielding

Upon testing pre-shielding, the hydrophone design read out voltages readings that precisely
mirrored that of the signal emitted. It was too perfect... Electromagnetic Interference (EMI) was
the cause. The solution of a wire mesh was considered, but bulkiness and too high impedance of
the wire mesh led to the adoption of a conductive mesh tape. The tape was to be cut into a folding
pattern to contour the hydrophone form. Grounding this shielding through the receiver cable, the
EMI could be mitigated.

For additional protection of the shielding, an additional PEGDA layer is printed to compress
the shielding against the original case.

Whereas this subcomponent is not necessary in many applications, there may be other
modifications that will be necessary to successfully generate a transducer for an alternate use case.
The ultrasound transducer for medical applications, for example, uses a backing layer that required
an allowance of space layered behind the piezoelectric element’s bounding volume during the case
design workflow such that a backing material can be injected to prevent echoes from behind the

element [78].
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3.2.7. Cable

The transducer cable transmits the signal from the transducer’s electrodes to the read-out
device. Cable selection for hydrophones is very important, as uses will demand more than 100 feet
of cable. At this scale, attenuation from capacitance in the wire is significant, and noise will be
evermore present. Since the wire will be submerged in water for long periods of time, and subject
to high pressures, the water permeability of the cable is a critical concern. Comparison of five
cables, three from Beldin, one from DX, and one cable from Custom Teledyne Marine. While some
cables required further quote requests for further insight, it was believed that the Beldin Coax 9862
retained the lowest capacitance per ft at 13.5pF/ft and used a PVC wire jacket, resisting water
leakage. Unfortunately, all cables were out of stock or required a large lead time and costs outside
of the project budget.

To enable the rapid pace of design, manufacture, and testing, a faster and lower cost solution
was carried out. Bundles 3 ft shielded coaxial male-to-male cables were ordered from amazon.
While the cables have poor water resistance, preventing long term use underwater, the lab
experiment conditions enabled the hydrophones to be submerged for only brief periods of time
during testing. The high volume available at a low cost and short lead time made up for any leakage
problems, as a new cable could be quickly used if an old one demonstrated faulty behavior. This
allows for the quick generation of many hydrophone samples, for rapid testing of all 6 piezoelectric
element types. The short cables length additionally limited signal attenuation. The cable make-up

is shown in Figure 13, and the EMI-mitigating tape was connected to the copper braided ground.
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Figure 13. Diagram of rapidly available cable

By cutting the cable and stripping back the rubber to expose the coax center, the electrodes

could be soldered: one to the positive wire and one to the shield-connected ground.
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Chapter 4: Transducer Printing and Assembly

With a design in mind the next step is to build and assemble the transducers. This chapter starts
with a novel model and method for support parameter generation to enable prediction of printing
success. This model is used to inform the successful additive manufacturing of the acoustic
elements. The element creation is followed by post processing steps to enable a high piezoelectric
effect and the assembly of the elements. This is demonstrated on both a HIFU emissive transducer

in addition to the latticed hydrophone elements described in chapters 2 and 3.

4.1. Printing Elements

Fabrication of the piezoelectric element takes place via bottom-up Mask-Image-Projection-
based Stereolithography (MIP-SL) on a lab-built system [16], [83], [84]. As pointed out in the
background, the system enables high resolution layer-by-layer curing of particle-loaded resins.
This enables detailed lattices with a minimum strut thickness less than 300um. While the vat
photopolymerization process used here enables freeform design and high-resolution features, the
use of the PZT-particle-loaded resins at small scales accentuate problems faced during high
resolution bottom-up stereolithography such as slow print speed, surface finish, etc [40]. This
limits production of lattices designs and other transducer forms. The reduced depth of penetration,
material brittleness, and high viscosity are all considered as influential factors during the printing

of the elements.

4.1.1. Forces Experienced by the Printed Part

Section 1.1.3 describes the initially predicted forces applied to a printed part of circular
geometry. The parts printed for the manufacturing from the viscous PZT elements were lattices for
hydrophone applications and a curved emissive element for medical applications, both

crossectional geometries represent circular crossections, and while the lattices vary from this as
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their horizontal struts are printed, the thinness of the struts makes forces relatively small. For this

reason, the forces modelled in the Stefan Adhesion equation from section 1.1.3 act as a basis for

the forces experienced by the printed part. Recapping, the supporting members of the print must

exceed these forces to successfully complete a print. A diagram of such support forces is shown

on the right of Figure 14 along with a free body diagram of the forces on the left.
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Figure 14. (left) free body diagram of considered print forces, calculated via the Stefan Adhesion
Equation equal to Fgcion. (right) the printed structure on the right is attached to the print stage at the
dotted region. Struts are uniformly distributed across the surface of the element, and Stefan adhesion

parameters are labelled.

Adding to the difficulties and limitation of SLA printing discussed in section 1.1.3, there are

other present factors more difficult to quantify. In recent literature, Kunwar (2020) demonstrates

the reduction of the oxygen-rich inhibition layer at increasing exposure levels, and Song (2016)

expresses the deformations experienced by the negative and positive stage motion through

compressive and suction force[38], [40]. This incurs cyclical wear on the PDMS film, compounded

by a reduced h value experienced through exposure times. Since no models for this are present in

current literature involving modifications to h from these factors, they were not to be considered

unless necessity demanded.
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4.1.2. Support Structure Design

In order to successfully print piezoelectric elements, support structures must be designed to
withstand the force experienced by the part. The support structures are designed as an array of
struts uniformly distributed across the projected print area. The struts are designed with a set radius
Tstrut, and a number of struts, nsiut, actively holding up a newly cured layer. These parameters can
be combined to achieve a total area of support material as expressed in equation 4.1.

Asupp = T[rstrutz * Nstrut eq4.1

Since the print area of a given layer will change layer-to layer, it is only be assumed that the
engaged struts are those normal to the suction force Fprint. Thus, nswue is dependent on a selected
strut density, Psgryr, Which is the number of struts per mm? as defined by the projected area, Aprine
of the current layer. This dependance on strut density results in a varying number of struts as the
curved element expands or shrinks in print area as seen by equation 4.2.

Ngtrut = [Aprint * pstrut] eq4.2

Where the n struts are uniformly distributed across the area of the total projected area and
[ ] represents the ceiling function which rounds the strut number rounded up to the nearest integer.
These defined support parameters inform are combined with the fracture stress of the cured resin
to calculate the force withstood by the support structures, Fsupp.

" Fsupp = O * Asupp eq4.3

Equations 4.1, 4.2, and 4.3 are combined to determine the total force withstood by the support

structures seen in equation 4.4

Fsupp =0 * 7'”'strutz * [Aprint * pstrut] €q 4.4
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4.1.3. Printed Element Parameters

In the design of latticed and freeform transducers, two element types were to be printed: a
latticed element and a curved disk (freeform) element. While the thin-strutted lattice structures
maintained a low strut radius, resulting in low surface area layer-to-layer and easy printability, the
printing of the 15mm curved disk element posed a much more difficult problem.

For the curved elements printed in these experiments, the print area, Aprint, 1S described in

Figure 15 wherein the print is reduced to 10 layers for the simplification of the relationship.

Changing print area over time
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Figure 15. Print area as a function of print radius. +Z orientation is the curved element has the back of
the curve to the print stage such that the print area increases with each layer. The -Z orientation is such
that the area decreases with each layer.

Designing the strut generation to withstand such a load imposed by the area defined by the
print layers requires a calculation of max allowable force, or the max Fprint. Stefan’s adhesion as
expressed above is used to define the max Fprint, given the following parameters: The resin
composition used in the present experimentation is 35vol% PZT with 65vol% PEGDA. This has a
viscosity similar to other materials tested in the lab, 7.8029 Pa*s (20%vol CFRP resin). Using

these viscous properties, the suction force during the lifting of the motion stage was calculated.
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The height of separation, h, is equal to the dead zone height formed through the use of an oxygen-
permeable print window, which is generally in the range of ~2.5um according to [37]. Poor airflow
to the PDMS film and high particle loading may have reduced this further than the considered
h=2.5um. A constant stage velocity was set at I Smm/s in the z direction, and a radius of the curved
disk reached its maximum at 7.5mm. Through this, the upper limit of force experienced by the
print is calculated to be 111.6 MN.

Recognizing the need to match this force loading, the strut parameters are calculated. By
reordering formula equation 4.4 and selecting a strut density of 0.2 as a starting point, we calculate
the radius necessary to withstand the maximum Fprint. This occurs at the max print area, Ay, =
Ttrprmtz. Wherein tprint is the same r from the Stefan Adhesion equation equal to 7.5mm. Since the
particle-loaded resin is structurally held together by the curing of the photopolymer matrix, the
fracture stress, a,,, is defined as the fracture stress of the PEGDA matrix as defined in literature:
25-35MPa [33] The resulting initial support strut radius is defined to be 0.2mm.

Initial tests for printability are carried out on the curved transducer element: The element is
concave, producing layers that move from a radius of approximately 0 to 7.5 mm. The final
element tested is 1 mm thick. The element was tested in 2 orientations: +Z concave towards the

vat) and -Z (concave towards the print stage). This is more easily understood in Figure 16.

43



Build
Platform

Build
Platform

Orientation +Z . Orientation -Z ol

Figure 16. 2 orientations of the curved element. (left) print orientation +Z, (right) print orientation -Z.

As observed, Support material connects the element in its two orientations to the bed, allowing
a 2mm clearance for a blade to separate the part from the stage. 2 flat layers of PEGDA followed
by a PZT-loaded resin layer are cured as the first 3 layers, enabling a strong bond to the print stage.
Exposure times are gradually increased in each of the two orientations, considering the differences
in behavior between orientations and at differing UV dosages. This accounts for the reduced depth

of penetration, enabling observation of the point of print success.

4.1.4. Strut Redesign

Informed by initial testing, a refined print model is then proposed and tested to improve
printing success by factoring involving both exposure time and PDMS window wear by layer. An
additional set of terms are combined with the Stefan Adhesion model above to realize the print
force experienced by the part. These terms consider influences affecting the reduction of the
deadzone, h. Kumwar demonstrates tests which appear to demonstrate a decay of deadzone size
at a rate exponentially related to exposure time, T [38]. The experimental results of Kumwar are
interpreted as demonstrating the following relationship:

h~ hye 9T 4.5
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wherein ho is the initial dead zone, T is exposure time of a layer, and « is a coefficient defined
by the print context (ie. properties of the resin, PDMS window, oxygen flow to the window, etc).
A second term is added into the model based on the cyclical loading from compression and suction
forces imposed on the PDMS window from elevator movement [40]. Term included for PDMS
wear is combined in terms of layer number, 1. This expands on the term observed in equation 4.5,
as the greater time of exposure experienced at a given layer, the greater the force experienced by
the print and the greater the wear on the PDMS. Thus, T and | have a compounding effect as seen
in the terms expressed through equation 4.6.

h~ hy e ®T! 4.6

In this case, a is modified to additionally encompass the mechanical properties of the PDMS
window (ie. Yield stress, Crack propagation, etc) and even the resin. To balance units, « is also
defined by the units (seconds-layers) .

The term in equation 4.6 is combined with the Stefan Adhesion equation to yield the proposed

force model for a printed part at exposure time T and at layer number, 1.

F 3nuur
print ~ 5p 3 —aTl

4.7

To modify the struts for the increased force experienced by the support struts, the strut density
is divided by 2 and the radius of the support struts is multiplied by two. Considering this
modification in the context of equation 4.4 reveals an overall increase in strut force by a factor of
2%/2 = 2. The modified strut orientation is tested at the same parameters as described in the initial

test, wherein the orientation is set to +Z and -Z while each has its exposure time gradually

increased.
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Experimental results are analysed and compared to the behaviors demonstrated by theoretical
plots of the model at various T values and for the two strut designs. The findings are discussed in

following sections.

4.15. Results

The resulting strut designs for initial print tests were generated using the parameters defined
in methods: strut density = 0.2 and calculated strut radius of 0.2mm. The resulting force,
considering n rounded up to ensure a greater force was 111.7MN. The struts were successfully
distributed in a concentric and uniform manner to the designed curved piezo element in both
orientations: +Z and -Z.

Despite intentional design to withstand loading from the print force using Stefan’s adhesion,
the resulting prints all produced failure in one of two modes. Failure occurred as expected at the

struts or unexpectedly near the final layers of the print as seen in Figure 17.

Orientation +Z Orientation -Z

. 5 Increasing Exposure Time
Increasing Exposure Time

Figure 17. Initial Curved element print trials with struts calculated based on Stefan Adhesion model.
(Left) +Z orientation print trials increasing in exposure time, T, from right to left. (right) -Z orientation
print attempts increasing T left to right.
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To describe the behavior, a biproduct of the prints was considered: the post-print PDMS
window. 0 reveals PDMS wear of variable amounts. While the windows used in this experiment

were not photographed, Figure 18 demonstrates the same phenomena observed during printing.

-
-

New Window Worn window

PDMS window wear

Figure 18. (top) Cyclical loading of compression/suction subjecting PDMS windows to wear after
each layer is represented and (bottom) variable wear on PDMS windows is shown (presented photograph
by H. Liu does not show windows from alternate lab trials outside of this work)

The wear of the PDMS window as a result of use with slurry-based printing is shown. To
validate the observed print attempts, proposed model of the expanded Stefan adhesion equation,
as applied to SLA, is plotted as the resulting force against the initially designed support structures

and shown in Figure 19.
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Figure 19. Initial Print Trials. Support force plotted with Suction force, Fs in MN at increasing
exposure times, calculated according to the proposed equation 4.7. Fsl is the lowest T and Fs3 is the
highest T. Intersection of support force and suction force results in the failure of a print as seen in (left)
+Z orientation with increasing print area (right) +Z orientation with decreasing print area. Strut density:
0.2; Strut radius 0.2 mm

In each trial, the print force, F surpasses the support force, validating the behavior we observed
during experimentation.

To accommodate for the increase in force experienced by the support structures at later layer
counts, the radius of the support struts was multiplied by a factor of 2 and the density was divided

by 2. The output strut design is plotted against the expected forces according to the new model,

and the output is shown in Figure 20.
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Figure 20. Redesigned Print Trials. Support force plotted with Suction force (MN), calculated
according to the proposed equation 4.7. The lack of intersection of support force and suction force implies
a successful print (left) +Z orientation with increasing print area (right) +Z orientation with decreasing
print area. Strut density: 0.1; Strut radius 0.4 mm

The resulting projections at a constant exposure time of 1.8 seconds appeared to be successful
relative to previously tested prints.

The new strut design is implemented into the element and printed. This increased support force
enables the support strength to remain greater than the suction force, despite increased force
experienced from the dead zone over time and layer count.

This projected success is validated through the successful printing of the transducer element

shown in Figure 21.

Figure 21. Successful HIFU transducer element. Low support density, optimized print time,
orientation -Z.
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Successful prints were also carried out for the +Z orientation, however these prints were not

photographed before post-processing.

4.1.6. Discussion

For strut design, the strut model provides a method to calculate strut thickness. This can be
defined by selecting either a strut radius or strut density. Limitations and opportunities for
improvement in this method are the need for struts to be manually placed on the part. With struts
distributed in such a way where distances are both uniform and connect to key points on the
structure such as the lowest point of the curve and outermost edged of the disk. This may require
secondary decision making and manual intervention to ensure an effective distribution.

For initial testing, the tests of the designed struts for printing failed as shown in Figure 17.
When considering additional factors in equation 4.7, as shown in 0, the behavior observed is
validated. The behaviors demonstrated by the +Z orientation are such that failure occurs
progressively throughout the print at different times.

Referencing the +Z print attempts in Figure 17 (left), we can see the printed element close to
success, followed by progressive failures earlier in the print process. This is the same behavior
demonstrated by the model plotted in Figure 19 (left), wherein the marginal increases in exposure
time result in a reduced dead zone which yields greater forces applied to the part. Even when the
part reaches near-completion on the right-most +Z trial, the mechanical wear on the PDMS
window results in failure at the edges of the part. Final suction forces are greater than the allowable
forces of the supporting structures in locally worn regions. Model in 0 demonstrates how this
surpassing of print force onsets earlier at higher exposure times due to the reduced deadzone.
Exposure values lower than those displayed were too low to reach the critical exposure, resulting

in the failure to even produce support struts.
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Unaddressed in the printing of this element with regards to the model is that the radius rises
over time, without parameterization of an inner radius at later layers to create an empty circle. This
shape has an obvious reduction in surface area which may be believed to reduce the suction force
contrary to the model’s prediction. This is considered in two ways to affirm the model. Firstly, the
model assumes constant density of struts, which shall enable a scaling of the forces felt in
correlation with the subjected print area. In this regard, the additional predicted area is offset by
the presence of acting struts maintaining a balance in both forces aligned with the expected
behavior. The second consideration is that the suction force will remain relatively constant
regardless of the present gap in the +Z orientation, since the space within the inner radius is
enclosed. The enclosed space of the element will trap air or resin in the curvature of the element,
requiring the element to pull additional resin under while lifting the print stage. This present
suction force may additionally apply forces to the inside of the curvature which could lead to the
element caving in.

This second consideration is believed to influence the ripping of the element as observed on
the right of the +Z orientation in Figure 17 After the trapped fluid or air is relieved, the suction
force is alleviated, stopping the rip from propagating throughout the entire element as seen in the
-Z orientation on the left of Figure 17 (right).

The -Z orientation shows failure in one of two modes: at the very beginning and at the very
end. Looking to the model graphed in Figure 19 (right), the two locations of potential failure are
determined to be either the very beginning of the print or the end of the print. Considering the
parameters of the model, the beginning failure mode exists because the max print radius, 7.5mm,
is present on layer 1 of the print. This is clearly observed in Reductions in cross-sectional print

area throughout the entire print reduce force loads comparatively until late in the print at which
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point only few support struts remain normal to the area being printed. The cumulative PDMS wear
amplifies forces applied to the small print area. When the suction forces exceed those, which can
be supported by the active struts, fractures occur, and the part is ripped apart as shown on the left
of Figure 17 (right). When exposure times are reduced beyond those shown in the print attempts,
the struts are not cured, resulting in a failed print.

For updated tests, by doubling the strut radius and dividing the strut density by 2, the support
area of the struts is scaled by a factor of 2. This scaling by 2 displayed allowable forces safely
above those projected by the model as seen in of Figure 20. Printing these elements yielded
successful part manufacturing as shown in Figure 21. While the struts were thicker as a result, the
reduced density localized progressive PDMS wear, potentially assisting in the print success. The
thickening of the struts introduces a need for deeper care while strut removal, as holes may be left
on the elements at the location of strut removal. This is a trade-off that comes at the cost of more
struts being removed and potentially greater wear to the PDMS window. Ultimately, printability is
the core concern, and this was achieved by enabling a designed support structure projected to
withstand forces of suction produced during printing, accounting for negative effects of increasing

exposure time and cyclical wear to the print window.

4.1.7. Additional considerations of the process and materials

Other prominent limitations unaddressed in this work are a need for variable exposure time
and degradation resulting from resin lifetime.

Energy arrives at the resin surface in a gaussian distribution, so the projection method of the
DMD, a series of pixels displayed as a mask on the screen, results in reduced exposure on edges
of the projected mask relative to the enclosed projection areas. This reduced edge exposure does

not play a prominent role in the printing of thin-strutted structures such as those used in the
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hydrophone design, however the printing of as solid form introduces complications to the printing
process. These complications are overcome by a different exposure time applied to the struts than
that which is applied to the printed part. This modification is not considered in the model, since
the printing rate of the part was held constant after reaching the part. This behavior of improved
curing at larger enclosed areas may have additionally contributed to the success of the second
support strut design. In doubling the radius of the support struts, the layer-to layer tensile strength
may have been improved.

The second consideration unaddressed is resin lifetime. When a resin is mixed, its effectiveness
begins to degrade, becoming less receptive to UV light over time. Since the tests run on the various
trials were carried out at different times after mixing of resin batches, the precise times of exposure
will not have the same response. This is addressed through the gradual increase of exposure time,
revealing trends independent of specific exposure times.

Overall, the model is presented to be useful in realizing the behaviors of exposure time and
layer count on forces experienced by the printed part and its support struts via reductions in the

dead zone.

4.2. Element Post-Processing

After understanding print parameters, piezoelectric elements were printed for each of the six
designed lattice variants. Since the green prints retain support material, and the ceramic elements

are still held together merely with the photopolymer matrix, post processing must take place.
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4.2.1. Refining Green Parts

The samples were rinsed with ethanol, but since the photopolymer was to be removed during
the sintering phase, post curing was not used on the samples. At this stage, the samples are still
slightly malleable; care while handling is necessary.

Unnecessary support material is carefully removed from the element, and sanding ensures a

smooth surface finish as seen in Figure 22.

" -

Figure 22. Post Processed HIFU transducer element

4.2.2. Sintering

The green samples are placed in a crucible that is filled with lead particles to prevent the loss
of lead in the processed part during high temperature exposures.

The part is heated to 400C in 12 hours, held there for 1 hour, increased to 1050C in 2.5 hours,
held there for 1 hour, and returned to room temperature gradually (3.5 hours). Increasing the sinter
temperature above 1050 C would exceed the critical temperature of the PZT, resulting in
discoloration and significant reductions in performance.

The sintering cycle burns out the photopolymer resin matrix while the leftover PZT undergoes
densification [46]. During this process, the elements undergo ~50% reduction in size and slight
deformations from their green state. These changes vary between samples, requiring a
measurement step discussed in the case design. Scanning is an alternative method of analysis to

inform case dimensions for the hydrophone elements or other forms which are more complex. The
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Sintered transducer elements are shown in Figure 23 to have discoloration resulting from the

removal of the resin matrix during sintering.

Figure 23. Sintered HIFU Transducer element

4.2.3. Poling

The Sintered elements were poled using 30KV passed through a copper electrode under the
element, and into a metal probe above the element. 3M™ Fluorinert™ Electronic Liquid (FC-
3283) is a nonconductive and thermally stable fluid which was used to enable poling through the
PZT despite the latticed structure [16]. The specific method used here is called Corona poling; it
has previously been applied to other additively manufactured sensors[13].

The 30kV electric field was applied for 1 hour, making the sintered lattices responsive in the

poled dimension.

4.2.4. Case Printing

With the elements sintered appropriately, measurements were made to dimension the bounding
volume from which transducer cases were generated. Cases were printed on the AnyCubic Photon

printer out of resin from PEGDA and Sudan mixed in the lab.

4.3. Subcomponent Assembly

With all materials present, elements printed/sintered/poled, and cases printed, the hydrophones
were assembled. This process takes place from the innermost component, out. Reference to 0

provides a visual as applied to the hydrophone application. The HIFU medical application is also
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assembled. The processes, while translatable across application, are broken down into separate

sections.

4.3.1. Hydrophone

Since the print model expressed for the curved disc elements were more complex than those
of the hydrophone, the printing of hydrophone element was simple.

Initially, the elements are secured into the casing in a series connection: element-electrodes-
casing. The element is secured to the interior walls of the case via electrode paint. This was carried
out by applying the conductive silver paint to, acting as electrodes, to opposite interior walls of the
case before element insertion. The tolerancing of the case applied minimal friction on one to three
struts, holding the element in place, however inconsistencies from sintering prevented full wall-
contact from all struts. To ensure electrode connectivity to all struts of the piezoelectric lattice
element, the paint was applied with 0.5mm thickness. This tolerancing of paint from the wall
enabled contact from all struts, forming the positive and negative electrode faces. Before drying,
0.0lmm copper wire was also inserted into the paint to enable access to the electrodes once the
casing was sealed. While the silver paint solved the tolerancing problem for the sintered elements,
it was later hypothesized that the brittleness of the dried paint influenced cracking and loss of
responsiveness during transducer handling and use.

Before the paint dried, the square elements were slid into the casing, oriented such that the
poled axis of the element is normal to the painted electrode faces, contacting them on the top and
bottom of the poling.

Castor oil was used to fill empty space in the case, including the gaps between lattice struts.
This eliminated the air in the casing, so to ensure no air was trapped, the oil-filled casing and

element was placed in a vacuum and subjected to an ambient pressure of -100kPa, forcing any
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trapped air bubbles to shrink and rise out of the casing. This additionally forced oil to seep from
any cracks in the casing. The oil was topped off to ensure no air would be trapped in the casing;
any air will result in large reflections from the acoustic waves. The Lid of the casing was sealed
onto the case using manually applied PEGDA, selectively cured with a UV flashlight.

In the case of the hydrophone, electromagnetic shielding was necessary to prevent
electromagnetic interference carried by the water. The shielding was applied by contouring a
conductive tape mesh to the case. While a secondary case was applied to maintain the shielding
mesh, it was later deemed unnecessary as the shielding would be maintained in place by a
waterproofing agent. The tape was connected to the ground wire of the coax cable and the ground
electrode. The positive electrode was soldered to the positive signal wire in the center of the coax
cable. This was sealed to the case to prevent excess vibrations.

The shielding was wrapped up the wire as seen in Figure 24 before being submerged in
transparent liquid electrical tape for waterproofing. The internal casing with element and

electrodes is seen with the finalized transducer in Figure 24.

Figure 24. encased transducer connected, wrapped, and sealed.
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4.3.2. HIFU Transducer

The HIFU transducer was manufactured using a similar process as the hydrophone. The casing
design and assembly technique for this transducer is adapted from a process used in Dr. Eli
Vlaisavljevich’s Therapeutic Ultrasound and Non-Invasive Therapies Laboratory, with alternate
materials more available to the Additive Manufacturing Metamaterials Lab (AMML) [78]. In this
case, quick setting epoxy and was used in place of the castor oil; the epoxy will act as a backing
layer, limiting reflections out the back of the transducer. Due to the brittleness experienced by the
conductive silver paint, a highly conductive silver epoxy was applied as the electrode. The high
viscosity of the epoxy made application onto the element directly simpler and more reliable. The
application of the first electrode is shown in Figure 25 (top left image). The connected element is
pressed into a thin layer of epoxy which has been placed in the casing. The compression spreads
the epoxy across the element face, covering the entire surface. Gaps around the rim allow excess
material to flow up without wrapping around the element or maintaining air gaps between the
emitting element and the transmission layer. At this point, the connection is additionally tested to
confirm all electrodes are appropriately placed. With all electrodes in place, the quick setting epoxy
is injected into the backing to fill the case, before being left to set in a clamp. Labelled wires from

the electrodes are fed through a hole in the back of the case.
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Figure 25. Transducer Assembly process from (top) painting and compressing of silver epoxy
electrode to (Bottom) Sealing of casing and backing material. (bottom-right) Render of assembly
subcomponents.
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Chapter 5: Independent Element Testing

With lattice elements and transducers fully assembled, the latticed hydrophone must be tested
to confirm the novel tunability of response amplitude and frequency range. Tested elements are
selected throughout the tunable frequency range and sensitivity range outlined in Chapter 2. In
order to carry out testing of the expected responses, decisions on measurement and fixturing design
was required. In this chapter setup expresses these decisions with their rationale followed by

testing methods, results, and discussions. A brief review of the lattices being tested is also included.

5.1. Lattices Tested

The hydrophones tested are hypothesized to demonstrate tunability of operating range (a
function of peak resonance) and improved responsiveness under the assumption that the composite
0il-PZT transducer element will have reduced acoustic impedance, mitigating acoustic reflections.

Three screw angles were selected, using the lattice geometry outlined in chapters 1 and 3: 75,
90, and 120. These three structures were additionally generated at two relative densities by varying
strut thickness and strut length for each geometry. These relative densities are referenced to as
“high density” (H) or “low density” (L) Altogether, this generated 6 lattices named in a convention
of (XX) wherein the first letter represents density and the second represents angle theta. An
example of this is the “High density, Auxetic” (HA) lattice or the “low density Honeycomb” (LH)
lattice. The Lattices are also referred to in figures with reference to the screw angle, 6, and the

relative density wherein low is p =15% and high is 27%.

5.2. Setup

To test the hydrophone performance and evaluate the predicted performance, A controlled
testing environment was necessary. Two testing tanks were developed: an initial “small tank,” and
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a “large tank.” More effective testing was completed in the large tank due to resonant modes
produced in the small tank influencing high fluctuations in amplitude readouts. Before any tanks
or mounting setups were developed, however the electrical and hydroacoustic systems must be
established to generate underwater sound at various controlled frequencies and to read in the

electrical signals produced by the hydrophone.

5.2.1. Electronics

The electronic systems are presented in a collaged overview through Figure 26.

“Standard” or “commercial” RESON EC6081 mk2

SDG 1025 hydrophone: RESON TC 4040 voltage amplifier Siglent SDS 1104X-E
waveform generator Oscilloscope

4

Lab-accessible

.. water /
o - < -r
5 D

Kemo L010
speaker Flash drive &
MATLAB

Figure 26. Flow of energy from the electronic systems through to data processing. The electrical wave
is emitted from the signal generator and converted to ultrasound via the speaker. Sound propagates
through the water to the experimental of commercial hydrophone where the amplifier augments the signal
and passes it to the oscilloscope. The resulting signal is analyzed in MATLAB.

Signal Generator—The SDG 1025 waveform generator, capable of 25MHz, was used to
produce the electrical waveforms passed into a speaker. Various tests were run including sweeps
and stepped frequency tests ranging from 1KHz to 60KHz.

Speaker—The speaker is a Kemo LO010 in-air speaker piezoelectric that has been sealed with
silicone. The vibrations of the speaker introduce cracks in the silicone seal, so speakers only have
a brief testing life before a new speaker is needed. While the silicone is not uniformly applied to

the speaker which may have influences deformations to the acoustic signal, the silicone does
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demonstrate material properties which may assist in impedance matching to help reduce reflected
emissions of the speaker. Any deformations in sound were determined to be negligible upon initial
tests reading expected values from the standard hydrophone.

Lab-accessible water—The water used in the experiment is provided by the lab via lab sink.
Virginia tap water does not have a salt content comparable to the ocean which is the intended use
of the hydrophones. Nevertheless, water as a medium for acoustic transmission and attenuation
was controlled for in its use in all tanks for the purpose of piezoelectric lattice element
experimentation.

Standard Hydrophone—A RESON TC 4040 hydrophone from Teledyne was used as a
standard hydrophone for comparison to our hydrophone. The hydrophone has a water-resistant

rubber cylinder, filled with a transmission oil, and its core is a ceramic piezoelectric disk.

Amplifier—The RESON EC6081 mk2 voltage amplifier from Teledyne was used to apply
gain to the hydrophone outputs, achieving a readable level. The preamplifier was set to a gain of
40 dB after observing a drop-off in performance from the amplifier at high frequencies when set
to the 50dB gain setting. A lowpass filter was set to 100KHz on the preamplifier, and a high pass
filter was left at 1Hz. While the preamplifier was designed to boost the signal with a built-in
battery, the signal would drop off mid-test due to low battery power. For this reason, a 24 volt
power supply was connected to the preamplifier during all tests. The presence of the preamplifier
immediately applying a gain to each hydrophone signal eliminated the need for a circuit setup to
amplify the piezoelectric readout. The preamplifier was directly connected to the oscilloscope via
coax cable. The additional 40dB gain is considered in the processing of the data outputs by simply

subtracting 40 from the sensitivity output.
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Oscilloscope—A Siglent SDS 1104X-E Oscilloscope was used to read in the signal from the
preamplifier that are amplified from the piezoelectric element are read in at the oscilloscope. The
instrument was set at a sampling rate of 1-2Msamples/second, outputting 14.0Mpoints. The output
points are loaded to a flashdrive to be processed in Matlab. RMS voltage setting was also used on
constant frequency measurements to manually record voltage readings at a resolution of

250microvolts.

5.2.2. Test Tank Selection

The tank selection for testing was a critical element, as it is a defining feature of the
measurement system. A small tank was initially used for fast results, revealing two major
considerations: resonance in the tank and far-field considerations. This resulted in a final selection
of a larger tank for testing. Lastly, fixturing is generated for the tanks.

5221, Small Tank

Through early testing, and hydrophone handling, lessons were learned to inform the final
testing tank. The Main concerns to surface are a tank large enough to exceed the Far Field of the
acoustic source [7] and tank resonance frequencies due to tank geometry and tank size [85]. The
initial tank used is rectangular as shown in Figure 27 a fixture was designed and printed for

mounting in this tank in attempts to achieve consistent measurements.

Figure 27. Small testing tank and mounted speaker/hydrophone
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In the small tank, small movements in the speaker played a significant role in causing
variability in the signal. For this reason, the speaker was adhered to the base of the dry tank with
fast-curing epoxy before being filled. This permanent mount point significantly reduced
inconsistencies in data recorded, as any contact with the wire or vibrations during emission of
signal would create erroneous fluctuation in the readout.

5.22.2.  Tank Resonance

Duncan (2016) demonstrates the effects of tank resonance on pressure fields generated from
an acoustic source in various tank shapes and at various frequencies[85]. The effects of such fields
influence significant special pressure differences resulting in large measurement changes from
marginal shift in the position of a hydrophone. Similarly, pressure differences occur over a
frequency sweep when a receiving element remains stationary. The size and geometry of a tank
modify the resonant frequencies, and our initial tests demonstrated that the smaller tank yielded
extreme variability with respect to minor positional changes. Jones (2019) expresses that
“Reverberation by tank boundaries is inevitable to some extent.” [65], so the best that could be
hoped for was to achieve a large enough tank to diffuse reverberations to a level comparable to
noise. Additionally, the tank geometry was selected in an effort to minimize reflections to the
element. A large circular tank would limit reflections to the central point where the hydrophone
was to be tested, and shifts in the positioning of the hydrophone would result in a constant amount
of reflection enabling consistency across measurements [85].

5.2.23.  Far-Field Considerations
In addition to the generation of modal amplitude fluctuations, the far field was additionally

considered as a future impacting factor on the data quality collected from initial small tank testing.
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The far field, 1, is the radius surrounding an underwater transducer within which acoustic amplitude
is non-linearly related to the distance, x from the transducer.
r=A/7 eq 5.2

Where A4 is the largest active dimension of the transducer element and A is the wavelength
emitted or received. This nonlinear behavior is a function of the constructive and destructive wave
interactions generated by the outer edge and the center of a piezoelectric disk as it oscillates.
Applying equation 5.2 to the Kemo L010 speaker with a 1cm radius circular piezoelectric element,
and assuming the highest testing frequency at SMHz, we determine a far field of 1.1m.

Operating within the far field yields chaotic results, as a very small shift in the placement of
the hydrophone being tested will produce dramatically different results.

5.2.2.4. Large Tank

A circular constructable swimming pool was selected as the large testing tank for its large size,
circular form, easy/rapid assembly, and low cost. The selected “large tank™ allows for consistency
of measurement amid minor movements of the hydrophone, thus allowing for measurement of two
closely located hydrophones (such as a sample and reference) The large tank additionally insures
measurement capacity beyond far-field limitations. The large tank is dimensioned in Figure 28

with other setup components additionally diagrammed.
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Figure 28. Large Testing Tank and mounted speaker/hydrophone

Minor movements or vibrations in the fixturing were not of concern in the large tank, as there
was reduced noticeable acoustic resonance forming in the tank. For this reason, the fixturing of
the large tank was constructed from PVC piping, enabling low cost, quick construction of the
fixture. A clear gradient, seen in Figure 29, could be observed by moving the speaker closer or
further from the hydrophone.

This signal shown in Figure 29 reveals the amplitude resulting from an 8kHz input signal to
the speaker read out by a hydrophone in the time domain from two set distances 1 meter apart.
Confounding signals from reflections off the tank wall appear to be relatively low with clearly
higher amplitude at the closer distance. An FFT of the signal not shown here confirms that this
8kHz frequency dominates the signal, thus supporting the test in achieving the intended outcome

of observing changes in the signal.
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Figure 29. Large tank (top) live setup and (bottom) distance validation signal output via an 8kHz
signal at two set distances; greater signal amplitude is clearly observed at the closer of the distances

During the actual testing of the elements, FFTs are used to record only the emitted signal
frequency. The soft walls of the tank dampen reflections, making reflected effects on the output
signal negligible. Additionally, the careful placement of samples in the same location and mirroring
location across the centerline of the emitted signal still enables the relative sensitivity to be
compared between samples. This informs the potential for tunability which is sought through this
work.

5.2.2.5. Mounting

The mounting points in both tanks were designed to maintain the hydrophone in a specific and
consistent location. This was particularly important in the small tank, as the tank resonance
produced peaks in amplitude directly adjacent to low amplitude regions [85]. In addition to this
need, the fixture was designed to be minimally obstructive of the acoustic field experienced by the
hydrophone and housed both the standard hydrophone (12mm cable with 26mm diameter cylinder

attached) and the latticed hydrophones (6mm diameter cable with 7 mm cube attached).
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The fixture in Figure 29 was used to maintain constant distance from the bottom of the tank,
0.5m, and a constant distance between the speaker and hydrophone being tested, 3.5m. marks on
the rim of the pool were made as well as marks on the PVC piping to ensure accurate placement
on every trial. The speaker positioning was adjustable to ensure a correlated change in amplitude
could be observed by moving the speaker closer or further from the tested sample. The wires of
the systems were fed up the PVC piping, and into the instrumentation (ie. Waveform generator,

preamp, and oscilloscope). Instrumentation was maintained safely near the edge of the tank.

5.3. Independent Element Testing Methods

After refinement of setup, each of the lattices outlined in section 3.2.1. , the standard
hydrophone, and a PVDF Film for benchmarking were initially tested in the large tank at a
frequency of 7kHz. The hydrophones were tested simultaneously against the standard hydrophone
which remained static, mirroring the position of the latticed hydrophone across the centerline in
the direction of sound propagation as seen in Figure 30. This mirroring mitigated any effects of
resonance in the pool, as the symmetry would apply the resonance equally.

= Function
Data Hydrophone testing pool e s
acquisition
system

3D printed s S s Piezo speak’r
hydrophone = T N (Kemo'L010)
K (0=00%, p=27%) ~ . - Sweepinput
Ly =) g 3 -
TCA040-1 ;

\ “Commercial.hydrophone with -

piezaceramic sensing element //

(Teledyne Marine TC4040-1) m

Figure 30. Experimental Test setup
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Of the tests carried out, the most reliable hydrophone samples, demonstrating the most
effective construction and lowest noise from loose electrode connections, were further tested
against the specific sensitivities read out by the standard hydrophone and PVDF film.

The experimental signals were processed in Matlab, using the voltage output of the

standard hydrophone to project the acoustic pressure, po, at the hydrophone location [7].

Vstd

Po = —;g+iz0 [eq 3.3.1]

10 20

Where Mg is the known sensitivity of the standard hydrophone. Applying the measured
pressure to the readout of the tested hydrophones, we evaluate the sensitivity, Mn, of the control

and latticed hydrophones [7].
e M,=20log (?) —120 [eq3.3.2]

Where Vh is the hydrophone’s Voltage output as read out through the oscilloscope. The
amplifier setting and distance travelled are kept constant during the measurements, maintaining
the pressure level at the location of hydrophone constant during all trials.

In addition to the constant frequency tests, a sweep was applied to the experimental
hydrophones over a range of frequencies from 1kHz to 30kHz. For some lattices this was
extended to 60kHz. The outputs from the frequency sweep were transformed into sensitivity
using equation 3.3.2 in order to observe the working range of the hydrophone. The working
range is quantitatively determined via processing of the frequency sweep via Matlab with an
FFT; noise is manually removed to reveal a clear frequency peak amplitude of frequency, which
is determined to be the resonance point. The cubic lattices were measured against the standard
hydrophone and control PVDF and PZT elements; final testing results were plotted and

compared for sensitivity and working range.
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5.4. Independent Element Results
A sweep test is shown in Figure 31 recorded in the time domain. Even at the lower frequencies
tested, the printed hydrophone demonstrates a larger amplitude response.

Projector input (100Hz~10kHz sweep signal):

25

e T
:;2 LA "M_

0

Voltage (V)
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Time (s)
Hydrophone OUtPUt: ~— Commercial hydrophone 3D printed hydrophone (6 = 90°, p = 27%)
15

5
-5
-15

0 2 4 6
Time (s)

Voltage (mV)

Figure 31. Amplified signal sweep in time domain: (top) input constant amplitude via signal generator
to speaker, and (bottom) Commercial and latticed Hydrophone response across sweep

A larger manual sweep signal response revealed the relatively constant output of hydrophone
working response leading up to resonance. In Figure 32, a series of tested points from the high-
density foam lattice (HF) were plotted across a 1kHz to 60kHz range, demonstrating the

heightened performance of the experimental hydrophone relative to that of the standard

hydrophone.
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Figure 32. Frequency domain of calculated sensitivity: Comparison between Standard Commercial
Hydrophone and the PZT Lattice
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The Results of all lattice tests are plotted together in a bar chart up to their demonstrated
resonance and sensitivity in Figure 33. This plot is additionally overlaid with the referenced value
of the Commercial hydrophone and an estimated upper limit of the printable lattice frequency.

Only 4 lattices are shown here due to damages in the assembly as expressed in the discussion.
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Figure 33. Results of the latticed hydrophone sweeps. The only high-density sample to perform
without damage to the assembly is the high-density foam sample. This yielded the highest sensitivity as
well due to a dominant sensitivity influence from relative density.

The working range agrees with the range expected from the latticing capabilities discussed in
chapter 2, and the dense honeycomb lattice demonstrates a sensitivity greater than other elements

measured.

5.5. Independent Element Discussion

The results were analyzed in context to the predicted values from Chapter 2. Further
considerations for the data with regard to its being damaged are considered separate from reasons

for variation from the predicted values, and the limitation imposed by COVID-19 are discussed.
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The physical testing and remanufacture of some elements were unfortunately cut short as discussed

in this section.

5.5.1. Meaning of Results

When comparing the results from testing to the theoretically predicted values, it was expected
that impurities in manufacturing would yield reduced sensitivity across the board. The resulting
values from the low relative density samples demonstrated this behavior. Whereas the expected
sensitivities of the 15% relative density samples were -198dB and -187dB for LA and LH
respectively, the data tests produced significantly lower results. This drop of approximately 15 dB
is allocated to the error in production method causing reflections and suboptimal gn values. This
same error is believed to be the reason for the switching in behavior between the auxetic and foam
structures, since it was expected that the auxetic structure would produce the weakest signal. The
LF sample has suffered these handling damages to a degree that the operation of the element was
at the noise level, preventing usable data from being obtained. On the upside, the increase in ds;3
and stiffness from the micro-architected design produced an expected increase in sensitivity and
resonance behaviors, increasing performance with screw angle between the LA and LH samples
shown.

The only functional high-density sample, unlike the low-density samples, performed at the
expected sensitivity level. The increased impedance of the composite element was expected to
produce greater reflections and worse performance than the low-density samples. A potential
explanation for the high-density sample’s improved performance is the unaccounted-for

interaction effects on d constant from changes in relative density.
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An additional consideration is that, at higher frequencies such as those being tested, the gaps
between struts become too large for the structure to act as a single composite material. The small

wavelength may influence echoes within the structure, confounding the data.

5.5.2. Data Considerations

While the data successfully captured shows promise in its analysis, there were multiple points
which presented potential for error in the element performance or measurement system. Some
prominent aspects are discussed briefly.

It was observed in the initial small tank trials that, despite the setscrew maintaining a hold on
the cable, the element itself would not fully rotate. In this case, wire within the rubber sheathing
was shifting. The shifting lead to breaking of the brittle electrode connections and cracks in the
watertight seals. This rendered attempted test samples useless. In addition to electrical connection
problems, the resonance modes of the small tank discussed in section 5.2.2. concentrated pressure
at specific points in the small tank. This rendered directionality useless and made readouts appear
randomized.

Moving to the Large tank, these problems were minimized, however damage to the brittle
electrodes, while reduced, may have still been present, introducing error into the measurements.
Inconsistencies in the waterproof coating of the hydrophone elements and the water-permeability
of the selected coax cables may have influence variance in all response parameters slightly and

sensitivity over time, respectively.

5.5.3. COVID-19 limitations

Despite great progress with respect to the manufacture and testing of transducers, the onset of

COVID-19 had imposed limitations on the extent of testing to be carried out. Some uncertainty
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within the data could not be retested to the extent of interest, and extended projects were made to
be placed on hold indefinitely.

Complications of lab access from COVID-19 prevented the finalization of design and testing
for the HIFU transducer, so the application of the transducer design framework to the printed
curved elements is the extent of the contributions within this space.

Nevertheless, progress was made in manufacture and testing of additively manufactured

acoustic elements.
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Chapter 6: Integrated Lattice Testing

With the independent verification of tunable hydrophone characteristics of frequency and
sensitivity, we may move forward to consider the tunability of directivity pattern, or beampattern,
through integrated lattices, meaning multiple screw angles in a single element. While there are
expected to be interaction effects on frequency, the tuning of beampattern at a single frequency is
tested. This chapter is decomposed into the specific scope of beampattern control, the

manufacturing of integrated lattices, modifications to setup, methods, results, and discussion.

6.1. Directivity Pattern Control

Elements were designed with multiple selected lattice screw angles adjacent to each other, such
that the response of the beampattern, is tuned. These PZT elements were manufactured to
demonstrate the control of beampattern in the XY plane at a constant frequency.

Ideally, this is applied to a cylindrical element-or even spherical to ensure constant distance
from the source during rotation. These tests, however, were not carried out within the time frame

prior to onset of COVID-19, so tests shall be omitted from this work.

6.2. Multi-lattice (Integrated) Element Manufacturing

Combining various lattices, the lattice elements were printed using the same system in section
4.1. In the event of excess wear on the PDMS film from too many print layers, the prints could be
segmented into two separate prints to be adhered together via PEGDA during post processing. The
sintering step would enable removal of the additional PEGDA while the PZT undergoes
densification, combining the lattices.

2 lattice combinations were selected to demonstrate the tunability of beampattern due to
differing screw angle and relative density. The Low-density Honeycomb (LH) lattice and High-

density foam (HF) lattice were selected for their representativeness of the designable range of

75



frequency and responsiveness. These lattice elements are seen as separate elements in the 0. The
two combined elements formed a rectangular prism formed from 4 lattice elements oriented in a
square. The selected screw combinations are observed in the results such that two adjacent HF
lattice elements are combined with 2 adjacent LH elements. This was compared to an element

consisting of 2 HF and 2 LH Ilattice cubes (Figure 34) matching only on the diagonals.

Figure 34. (Left) low density honeycomb, 120 degrees (Right)high density foam, 90 degrees

Updating casing design—The casing was updated according to the case design workflow
established above. The resulting cases fit each element as intended, and electrodes were applied to
the top and bottom of the elements during assembly, ensuring electrode contact with all lattice

element subcomponents.

6.3. Setup for Integrated Element Testing

While the setup for the 2D beampattern samples used the same electrical systems and the
mechanical rigging for the speaker, the testing of a 2D beampattern demanded modifications.
Fixture design was necessary to enable a minimum of 8 angular datapoints.

An initial design of an angle-controlling mount for the small tank was developed, granting 8
measurement positions. The fixturing used a setscrew to hold the hydrophone tightly in-place as

the hydrophone was rotated 45 degrees at a time. A closely tolerance cylinder with 8 set points
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ensured accurate angle changes. Issues presented themselves as expressed in the discussion section
below, and the final fixture was developed for the large tank.

In the large tank, A PVC dial seen in Figure 35 was built, identifying 22.5. degree intervals
about the joint to enable 16 test points. The wiring was adhered to the rotating vertical PVC pipe

to prevent wire-kinking, and wire was gently handled to prevent any damage to electrodes.

Figure 35. PVC fixture dial for large-tank directivity measurement at 22.5-degree divisions. Markings
are aligned between the T-joint and the vertical PVC mounting piece to achieve controlled angle steps of a
fixed amount.

The 15-degree offsets for speaker placement on either side of the of the of the centerline
enabled the twisting of wires on rotation was not interfering with the signal. Though, it was noted
that the resonant pressure field produced by a circular tank may amplify differences observed, so

this “sanity check” was not used for quantitative data collection.

6.4. Integrated Element Test Methods

To test the tuned beampattern of the combined lattice elements, each of the two lattices
elements is measured at a constant distance of 3.5 meters from the speaker held at 7KHz. 16
measurements are taken per combined element, one at each angular position set on the PVC fixture
dial. The response at 7KHz signal, read out through an FFT function of the oscilloscope, was
manually recorded with the angular position. The resulting signals were normalized using equation

1.8 and plotted on a polar coordinate system. The expected response is calculated based on the
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selected elements being used, applying their sensitivities, and the prediction is scaled to match the
outer bound of test results, thus eliminating any error in constant inefficiencies between the
experiment and prediction.

The calculated and normalized beampattern is then compared to a predicted response. The
prediction considers the sensitivity of each element and maps it, to 16 points, wherein each element
is responsible for 3-4 angular intervals. A smooth line connects the points for ease of visual

interpretation. Further limitations of this representation are discussed in section 4.3.3.

6.5. Tuned Directivity Pattern Results

The resulting elements and respective directivity pattern shows are shown in Figure 36,

normalized from 0 to 1 to observe the change in sensitivity with respect to element orientation.
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Figure 36. Integrated elements for tuned directivity pattern and their respective testing results vs
expected results: (Left) Diagonally matched lattice element design for low-density honeycomb, LH, and
high-density foam, HF; (Right) Adjacently matched lattice element design for LH, HF.
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6.6. Discussion

The responses of the combined lattice elements closely resemble the expected results of the
test, validating our hypothesis for tunability and design of an acoustic directivity pattern via micro-
architected lattice elements. The results presented in Figure 36 additionally align with the
unexpected relative density relationship observed in Figure 33 wherein the higher relative density
resulted in a higher sensitivity, since the HF lattice has a normalized value of 1, greater than the
LH lattice.

The slight variance from the predicted results additionally appears to be systematically skewed,
meaning that the data is more partial to one direction, losing sensitivity on the mirrored side. This
may be a result of the transducer being angled one direction while the waterproofing sealant dried.
Since the sealant may drip, a tilt while drying may weight 1 side of the hydrophone with more
signal attenuation than the other. This would yield a directional skewing of the directivity pattern.
Alternatively, if the wire itself contained a slight bend, the element itself may have been shifted
marginally towards and away from the speaker as it rotated. Small variation such as this are even
visible with existing commercial hydrophones.

Major sources of error in the measurement stemmed from wire handling, despite efforts to keep
this type of error to a minimum.

To minimize bending in the wire, the wire was maintained in front of the PVC cross-section;
this required starting with the wire slightly bent ~180 degrees from the back in the initial and final
positions of testing. The 180-degree mark enabled a completely straight wire.

The wire handling and the water-permeability of the low-cost coax cables gradually
accumulated noise in the signal over the course of testing. This limited the repeatability for a single
element’s testing; however, the retest of an initial position would produce only a small reduction

of ~1% of the signal. The change in sensitivity relative to angular position exceeded this, affirming
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that this did not confound the validation of results. This signal error over time may be the source
of the gradual reduction of signals around a constant lattice type, wherein the expected beampattern
is constant.

Other reason for the tested result’s variance from the expected result is based in the current
manufacturing method. The method of manufacture combines 4 independently printed elements
sealed together in postprocessing. The combined element on the left can be seen to house a defect
at the joining between the two lattices. This results from the variations between samples of the
same type and the meshing of lattices of different types. For early stages of prototyping and proof
of concept, this error was acceptable. In a similar vein, these lattices are not continuous at a lattice-
changing interface, so the produced beampattern should not be expected to be continuous. For
simplicity, the portrayal of the beampattern efficiently communicates the concept, however, and
the discontinuity at the interfaces can be observed such as that shown in the testing result of the
right lattice at 123.75 degrees. Lastly, the geometry of the assembled cubes confounds with the
ideal expected beampattern. Ideally all outer faces of the lattice will be equidistant from the center
point in a form such as a cylinder.

Future work unexpressed here has already taken steps to manufacture and test a cylindrical

lattice element for precisely this reason.
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Chapter 7. Product Framing for Industry

After confirming the fundamental functions of the technological hypothesis, a product was
generated, pushing the technology to perspective potentials. The theoretical product is rendered to
communicate the product concept and bring it to reality as to reachable potential, and a workflow
is developed to enable a high-speed design generation and ease of tuning for an even more

industry-ready system.

7.1. Geometric Design for Multi-planar Beampattern Design

Beampattern design is demonstrated across the X-Y plane in this work, however the application
of this technology does not stop in a single plane. Future work enables the application of this
tunable within all 3-dimensional space with respect to both a polar angle and an azimuthal angle
in a spherical coordinate system. This tunability is theorized through the tuning of lattice structures
within a sphere by modifying the localized microarchitecture and thickness.

This extended work is initially explored through the generation of a spherical lattice element
which is designed via Autodesk inventor, parameterizing the design of a unit cell with respect to
radius of the sphere, the length of the center strut of a unit cell, the strut angle, and the strut
thickness. Similar to 0, but curved based on the defined radius, the lattice unit cell was rotated
about both the x axis to form a ring and the z axis to generate a sphere. Interlinking nodes needed
to be generated to ensure the complete geometry. These nodes were parameterized based on radius
and strut length as well.

Segments of various lattice structures were paired together to achieve a tuned beampattern
wherein the center band of the sphere is more responsive than its top and bottom components. This

lattice had the casing workflow applied to it and was brought into Fusion 360 for figure generation.
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7.2. Realistic Rendering

A workflow was developed to bring in the inventor-generated lattices to Fusion 360 for
rendering of the design. Figure 37 shows the rendered output from Fusion 360 after design

practices are exercised.

Figure 37. Realistic render of tuned lattice element for designed beampattern in all axes. The left
render reveals the variability between lattice structures

By rapidly visualizing the produced element as a realistic rendering, stakeholders of the project
can more easily come to an understanding of expected outcomes, can grasp the concepts, and assist
in financially pushing a project forward. Members of a team will benefit from a realistic portrayal
of a product through an instant understanding of expectations for manufacture intent. This early-
on detailed communication will surface potential design flaws earlier and garner motivation within

the team to bring the prototype to reality.

7.3. Enabled Mass-customization via Field-Driven Design

To make the design process feasible for industrial use and to enable the true freedom of design,
rapid design changes and selective spatial tuning of lattice type and lattice thickness must be

continuous. The use of “Field-driven Design,” as used in the nTopology software enables such
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design freedom [86]. Additionally, the recent contributions of Liu offer insight into potential future
options for merging lattice types in a continuous manner.

To enable user design of such a space, a Microsoft Excel file was generated to take in polar
coordinates and associated amplitudes (resembling an intended sensitivity value). The file converts
the user inputs into a cartesian point cloud which is imported into the nTopology software. An
automated modular workflow was developed within nTopology to take in the input, generate a
continuous field from the user data, and output a lattice with variable thickness in accordance with
the designed sensitivity field. In a similar way, a field can additionally be generated similar to the

output of a stress analysis for automated transducer design for a specifically designed use case. An

example field and its associated lattice formation are shown in Figure 38.

Figure 38. (left) planer slice of user-input sensitivity requirements. (middle) cross section of Auxetic
lattice with strut-thickness tuned according to the user-input sensitivity field. (Right) Full lattice tailored
to specific needs of the user.

The development of such a workflow, combined with the technological advances presented
within this paper open the gates for very low-cost, low power, compact monitoring systems as well

as acoustic detection specifically designed for minimal noise specific to a selected space.
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Chapter 8: Customer and Value Chain Discovery

An advancement in technology is beneficial for advancing science, but to initiate widespread
change in the world around us, we must take the technology a step further to discover the scope of
customers and value chain who care about and benefit from such a technology. More than this, we
must seek to realize if the benefit provided will be valued by the perceived users by filling a need
they have. It is reasonable to research a fascinating technical problem for curiosity and interest,
however as scientists and engineers we should seek to develop the science around problems that
matter. By establishing this link to industry, advancing the early technology readiness level (TRL)
of critical science, and demonstrating its importance to society, authors will enhance their impact
and recognition, gaining recognition as a leader in their field while making a greater impact on

society.

8.1. Methods Considered

Steve Blank expresses the Lean Launchpad methodology through the NSF I-Corps program
curriculum and process as a means to discover customer segments who can not only benefit, but
who have a present need for the capabilities enabled by the newly developed technology [4]. Dr.
Alejandro Salado expresses the systems approach for eliciting customer needs and defining a
problem space through which a solution space can be mapped [87]. Tools from both the Lean
Launchpad method and Salado 2021 are used to seek out, identify and clarify a problem space

fitting of this solution.

8.2. Approach and Initial Hypotheses

In this chapter, I present the customer discovery process through a lens of “technology push”
in search of a “market pull” to validate the value of the newly developed technology as a means to

directly address the problems faced by customers all throughout the value chain. I take the final
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step to bridge technology from a novel research concept to a profitable business opportunity. In
this way, I am mapping a series of hypothesized solution spaces and testing for the presence of a
matching problem space in and around each solution space.

The push-validation process is iterative, wherein the exploration of an initially hypothesized
solution space leads to not only the validation or rejection of the hypothesis but also the discovery
of a newly emergent hypotheses. The search for evidence-based validation (or rejection) from
customers and the value chain in both the original and the new hypothesized spaces continues until
there is sufficient support to confirm or reject the hypothesis. The amount of support needed to
feel confident will vary with the risk tolerance of an individual along with other confounding
factors. The ways in which questions are asked will influence bias, drawing out validation or
influencing rejection. Overconfidence and attachment to an idea may also drive bias within the
one who is testing the spaces. The objective is to eliminate as much bias as possible to understand
the true pains, gains, and perceptions of a potential user [5].

The process is broken down here into 2 stages: initial hypothesis generation and problem space
validation/identification. As discussed, the process is iterative, so the findings of problem spaces
will exceed the initial hypotheses generated for the spaces. Both the initial and new problem spaces
are consolidated into stage 2 of this work. A list of questions asked to prompt responses that
identify and validate a matching problem space are included in appendix B. 17 interviews were
conducted to date, and all names/organizations are anonymized to the associated or neighboring
markets to which they operate in.

To draw a mechanical parallel to the situation, imagine a plane with varying point masses
scattered about. Each mass represents a group of customers (the “customer mass”) which is

correlated to how much how many customers exist and how badly they want a solution. Each
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customer mass has an associated gravitational pull (the “customer pull””) which expresses this need;
the more customers there are and the more they want a solution the more the customers will pull
one who moves into the space towards a solution. From an initial point on the plane, we launch
into three point-clouds (our 3 industries) in search of the greatest customer pull while getting pull
from many directions. I call this representation the “Mapping gravity of the problem,” since this
plane on which the problems exist enables the mapping of various problems and the gravity of that

problem. A generalized depiction of this representation can be observed in Figure 39.

........... : \....... Connection/Interviewee

Field of View

[Limits the perception of problems]

-based on proximity to problems (experiences)
-extended thorough others (connections)
-expanded through due diligence (research)
-limited by personal assumptions (bias)
-enabled growth by questioning expectation
and mental models

N

Gravity of the Problem
-# people expressing the problem
-x average level of pain/passion

Figure 39. Identifying and Mapping Gravity of the Problem (Space). The representation of the gravity
of the problem and the process means through which it can be mapped shows that you start with an initial
field of view through which you are aware of existing problems (some you are more aware of than
others). Some problems, such as P4, are completely unknown, yet hold great potential. Problems such as
P5 may be discovered through the expressions of a connection or an interview. This may influence a
hypothesis to investigate the problem. Depending on where you set your course (hypothesis) through the
space, you may encounter problems along the way and be pulled in different directions. If you are willing
to question your expectations/mental models as expressed by Peter Senge, you will be open to feel the
pull of the customer’s needs, which may lead to discovery of something even greater.

8.3. Initial Hypotheses

Initial hypotheses were developed in three industries. The first of the industries works in close

collaboration with the lab (Underwater Naval applications), and the other two industries are rapidly
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growing, with perceived applicability for the presented technology (medical devices and

automation).

8.3.1. Underwater Hypotheses

Underwater acoustics at the ultrasonic range was hypothesized to assist ships, submarines and
testing systems, providing clearer signals from reduced noise reflected into the sensing element.
The tuned beampattern could produce an element designed for the vehicle or testing facility to
achieve the intended result. SONAR (specifically passive) and communications were additional
areas of interest in the space wherein the signal to noise ratio (SNR) could be improved, and
specific frequencies could be selected to be heard. These applications were expected in both the
public and private sectors.

The hypotheses we propose here are: Sonar SNR is currently a major concern for the US Navy.
Underwater testing facilities will become more effective with customized directivity patterns made

to the space.

8.3.2. Medical Hypotheses

Medical device applications were hypothesized to benefit from the complex element forms that
could be created to fit in hard-to reach locations and to generate greater pressures in HIFU
applications. It is believed that such higher pressures could enable faster wireless charging of
implants and extend the limits of current methods of pressure treatments. In the diagnostic space,
the tunable beampattern is hypothesized to enable catheters and echo-ultrasound systems to have
improved signal amplitude by blocking out noise from specific parts of the sensing device.

The hypotheses here are: Implants and treatments seek to achieve higher acoustic pressures

outputs? SNR is major concern for the Ultrasound imaging.
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8.3.3. Automation Hypotheses

In the spaces of automation, hypotheses were developed initially around autonomous driving
vehicles. It was believed that problems exist in the use of ultrasonic sensors to obtain clear data.
Thus the use of beampattern tuning could improve automation through clearer data collection. This
would reduce the amount of processing time and thus power which must be applied to enable
automation. Through interviews, this hypothesis, was extended into the industrial automation
sector where robotics and collaborative robotic arms are becoming increasingly prevalent.

Hypotheses in this space are: Ultrasonic sensors used in automobiles/robotics demand greater
signal to noise ratio. Designers of autonomous systems need reduced processing time and reduced

power consumption from sensors.

8.4. Identified Problem Spaces

After establishing hypotheses, interviews were conducted with those who could affirm or reject
the hypotheses. The problem spaces they express are consolidated into the three initial areas:
underwater problem spaces, medical problem spaces, and automation problem spaces. Extensions
adjacent to the spaces are included within, and all interviews consider the context that the tuning
of directivity pattern in this way will not directly solve the problem. It is simply a step in the

direction of achieving a solution to the identified problems within the problem space.

8.4.1. Underwater Problem Spaces

Multiple Naval interviews and online sources validated the hypothesis that SNR is a major
concern [55], [64], [67]. This was particularly found to be the case in the application of sonobuoy,
devices dropped into the ocean to identify and track submarines, marine life, ocean contours, etc.
based on the changing needs of a given sonobuoy, there must be multiple elements with various

directivity patterns at once on one of these single-use devices. The customization of elements in
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the ways presented in this paper may enable the consolidation of such element needs. In addition
to sonobuoy, there are towed and conformal arrays for passive sonar systems on ships and
submarines. During operation, these vessels emit large acoustic signatures from onboard systems,
propulsion systems, etc. These confounding signals demand that the towed array of sonar elements
is towed hundreds of yards from the back of the ship. According to Jon Greene, having served
decades in the navy, blocking this direction of sound response offers a much-needed improvement
in SNR, and any improvement on this front is valuable. In these conversations, it also emerged
that the frequencies utilized in these spaces are often sub-ultrasonic. This is valuable to note, as
there is still tunability into this range, and this leads into an additional concern around attaining all
frequency ranges (you never know what frequency the enemy will be operating at) (J. Greene,
personal communication, April 7, 2021).

Going against the expectation of the original hypothesis for a considered problem, it was
realized that underwater testing facilities are not of too much concern. Whereas this transducer
was expected to impact test facilities, interest was always averted to on-board applications.

Other problems were additionally expressed offering new problems to investigate. While still
untested, these are: achievement of more direct communication through more precise signal
emission and (less concerned) signal reception. It was expressed that the nonlinear pathways of in-
ocean propagation make knowing the direction of a signal difficult, and there was even talk of
autonomous underwater systems which can certainly benefit from the improved SNR discussed
above. Lastly, the on-board monitoring for cracks upon submersion and maintenance monitoring
via acoustics was brought up around the incredibly important need to know that a submersible
system will not fail at high pressures such as those experienced by submarines. While not tested,

these show even greater unexplored value from the technology.
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Within this space overall, the SNR is deemed as a major priority, the hypothesis for facility

needs is rejected, and new opportunities for hypotheses have emerged for the future.

8.4.2. Medical Problem Spaces

Conversations on medical devices were difficult to come by, based on the busy schedules of
doctors in this pandemic season. This brought about a significant space of catheter application in
detecting pneumonia; there is a need to navigate, visualize, and in some cases interact. A single
element for sonar in this case only gives a single point of information, but through the work
presented here there may be an opportunity to provide greater insight from a similarly sized
element. On this front, improvements in interaction (potentially through acoustic pressures),
navigation and visualization could be achieved through improved SNR. While this seemed
promising, an interview with Dr. Eli Vlaisavljevich revealed that needs of catheters in the space of
sonar are not in SNR, but moreso in size consolidation of arrays (E. Vlaisavljevich, personal
communication, April 27, 2021). Since it is still unclear as to the extent of meaning which can be
garnered from a single tuned element in a catheter, this interview influenced a rejected outlook on
the first of the medical hypotheses.

While no interviews could take place with wireless implants, there were interviews around the
difficulties of implants in general, leading to the rejection of the hypothesis that higher pressure
would be beneficial. This rejection is based on the regulations of pressure by the FDA emitted into
the body. The main points of concern in this space are based in the doctor’s code for “do no harm”.
According to a doctor from UCLA Health, all efforts should be made to reduce the invasiveness
of a procedure, and while this is promising for the creation of complex geometries to enable

minimally invasive devices, this does not validate our hypothesis of a need for improved SNR (no
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direct uses were discovered in this space outside of the Sonocloud™ technology) (UCLA Health
Doctor, personal communication, March 3, 2021).

Other areas expressed are the need for higher frequencies for better resolution in small animal
research uses of ultrasound imaging. For ultrasound imaging, there is satisfaction around the
current solutions for gel used in echocardiograms or other external imaging systems, and there was
a significant irritation around the need to hold your hand very still when imaging small parts of
living beings. While there may be solutions for these problems, the high cost of systems outside
the ballpark of $100k were not perceived valuable enough to be purchased.

One final significant issue that existed in the extraneous spaces was the ability to monitor
moving animals, such as rats. Currently, almost all research is conducted in the space of animal
studies on drugged rats for ultrasonic imaging. A conformal solution to stay on the rat while
uninhibited could yield great impacts in the field of live animal studies (Animal Ultrasound Doctor,
personal communication, March 23, 2021).

Within this space overall, the SNR does not appear to create a significant enough need from
medical device users, and higher pressure for acoustic implants is not desired. These findings reject
both initial hypotheses in the medical device problem space, however there may be potential in

other discussed problems to have surfaced along the way.

8.4.3. Automation Problem Spaces

The final problem space uncovered addresses the selection of sensors in robots and
autonomous vehicles. While there are sufficient sensors currently used for distance sensing in
vehicles, the single point that is yielded by an ultrasonic echo is not believed to be valuable enough
to be integrated into an autonomous system more fully. This applies to both vehicles and robots;

in robots a simple laser can measure the same result with greater reliability and a similar cost. This
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brings up the decision factors of a sensor being selected by a system designer: ease of access
(which we cannot do anything about), reliability, and performance. With this, our hypothesis for
improved SNR benefiting robotic/driverless systems is partially confirmed (Collaborative
Robotics Designer, personal communication, March 23, 2021). Since the interviewed individuals
did not currently use sonar systems because of excess noise, this reveals a clear need in the sonar
space. The combination of directivity pattern control in arrays may overcome the other
shortcomings of current sonar sensors.

While the concern for power being used was never expressed, nor a need for data processing
reductions, there was talk of the large data output from cameras that can be difficult to handle.
Nevertheless, this hypothesis is rejected (D. Conte, robotics researcher, personal communication,
April 35, 2021).

One additional problem which became prominent enough to be considered and tested as a new
hypothesis is the following: designers of automated systems seek out low-cost sensing redundancy.
LIDAR sensors (used in both the automotive and robotics spaces) are very expensive but have
blind spots. In autonomous vehicles, some methods to fill these spots still cost in the ballpark of
$10k. Providing a low-cost solution to identify if an object has entered the blind spot could provide
autonomous vehicles with significant cost reductions. These concepts open up the conversation
around gaps or redundancies in any security system-not just robots and cars (Autonomous Vehicle
PM, personal communication, March 15, 2021). Compounding this need with the customization
presented within this work, the precise region of need can be monitored by a designed element as

seen in Figure 40, even avoiding ground reflections.
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Figure 40. Customized directivity pattern, possible through the presented work, covers front blind
spots on a Waymo autonomous vehicle [81].

Within this space overall, the SNR has a clear need for improvement of sonar in automated
systems, validating our first hypothesis. Our second hypothesis: the need from designers for
reduced signal processing and power consumption through reduced data transfer in automated
systems was rejected. In addition to the two initial hypotheses, a third hypothesis was additionally

created and validated that low-cost redundancy is needed in autonomous system design.

8.5. Confidence in Findings

Upon completion of 20+ interviews, there were many discovered problem spaces, but only a
limited few expressed explicit interest in a way where the technological advancement was a
genuine need for an existing problem. For the spaces of robotics, automotive, and entertainment,
there is significant need for greater technology advancement. In the medical spaces, catheters
appear to be the closest device in-need of the tunable beampattern, however even they are satisfied
with current existing solutions. This is even moreso the case for ultrasound devices—though the
size of market for echocardiogram advancements is large. The space of naval applications, as it
relates to the voiding of significant acoustic noise emitted from a ship in the application of towed
hydrophone arrays, is a great need. The technology for directivity pattern control is an ideal fit for
the job along-side that of sonobuoy. Rob Bishop, a knowledgeable operator of the naval weapon

systems stated, “If we can affect our directivity index, it will further enhance our ability to increase

93



that probability [of keeping the country safe].” Nevertheless, there were only 4 interviews
discussing this topic, so at least 1more interview with stakeholder(s) from another organization
will enable a great enough confidence to move forward, enabling a broader use of the technology
in a public space.

An additional consideration to dive deeper is the late-considered security systems for sonar
(not underwater). While this may only work for small spaces due to signal attenuation, the
conversation of robotic security/safety systems revealed the high-cost solutions that currently exist
in these spaces. This space shows potential as a new innovative technological solution which
currently non-existent in markets. The customer validation will need to be very significant before

diving deeper into such a space, but this discovery process would be well-spent exploring.

94



Chapter 9: Conclusion

9.1. Conclusion

In conclusion, the concept for a tunable ultrasound sensor was taken from a concept to a
technology directly beneficial to a multitude of commercial spaces. The hydrophone sensitivity,
resonance and beampattern were predicted through models from chapter 2 and tested in chapters
5 and 6. While the results varied from the expected response, trends of tunability were observed
in the data, showing promise in the concept. A framework for transducer manufacturing was
developed and carried out through chapters 3 and 4, including the contribution of a mathematical
model for printability in a bottom-up MIP-SL system. The model effectively considers exposure
time and layer count as it relates to PDMS wear in the calculating the suction force on a part
throughout the printing process. In chapter 7, the technology was considered in a context of
commercialization by developing a rendered spherical transducer and rapid workflow for
customization of a lattice in a continuous workspace, as opposed to the discrete lattice
combinations tested in chapter 6. Finally, a method of technology push was set up by adapting the
NSF lean launchpad approach. Through a series of hypotheses and tests, the naval application of
towed arrays shows the greatest promise for the technology as a commercial application.

The significance of these results is grounded in laying a foundation for future success. The
contributions on the front of the tuned hydrophone beam pattern lay a groundwork for successful
tests soon. The development of methods in the space of the transducer and continuous element
tuning accelerates prototyping into the future and open opportunities for more funding, allowing
for further developing the technology. The resulting identified problem spaces enable the greatest

impact to be made once the technology reaches an appropriate readiness level. This impact spans
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national security, local security, improved diagnosis of disease, lower cost solutions for

autonomation solutions, and more.

9.2. Future Work

Moving forward with the foundation set for accelerated success, the most immediate action to
take is to remanufacture and retest the samples. Minor modifications may be made to assist in the
encountered issues of brittle electrode connections and poor waterproofing of the wiring. The
spherical lattice element and continuously tuned lattice element are to be printed and tested, using
the methods within this thesis, and once at a functional point, steps may be taken to partner with
and enable solutions for those who were identified to benefit from the technology. Additionally,
since the only spaces considered here were high-frequency, investigation of low-frequency scaling
for the technology should be investigated as well. There may be opportunities to improve the world

waiting below the places you least expect (that is below the frequencies we addressed within this

paper.)
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