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ABSTRACT

Linear or planar arrays of acoustic transducers are ustretband focus acoustic energy through active
phase delayand amplitude weights provided ttee individual transducers. These acoustic transducer arrays
are used in numerous important applications includingdical imaging, sonagnd communications.
Exiting acoustic transducer arragrechallenged in their easof implementation and portability due to the
number and spatial distribution of transducers that are required to achieve substantial acoustic energy
focusing. Thus origarmspired acoustic transducer arraygt change shape through simple mechanical
folding of the arrayare created to provide solutions to existing beamforming obstddiesefoldable
acoustic transducer arrdyave severaldistinct advantages diercurrent technologyncluding decreased
computational complexity, increased portability, and ease of implementation. This research seeks to
characterize hovarraysinspired by different origamiessellationsand folding arrangements affect the
guiding of acoustic energyn this research, aimple, iterativecomputational approacis created to
facilitate the design of origarmspired acoustic transducer arrays which can direct and focus sound as
desiredFirst, a selection of different origartessellationsare chosen asses for new acousticansducer

arrays Thesetessellationsare choserirom or inspired by existing origantessellationsin literature or
createdthrough origami topology optimizers which assistthe creation of newessellations The
tessellationsarethenfolded in an origami simulator and visually inspected to determine ifekieipit the
characteristicgécluding compactible folding shapesamatic change in position of facets through folging

and lendike curvaturesThetessellationsare therevaluated in a model that utiizes a boundary element
methodthatsimulatesthe corresponding sound radiation properties of an acoustic transducer or transducer
array fashioned according to the tessellated geoméhgse results show howew origami inspired
transducers and transduegraysmay significantly direct and focus acoustic waves udifigrent degrees

of folding the tessellated transducer shape
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1 Introduction
1.1 Background

The guiding of acousticenergy in real time is an important procassriany engineering applicatians
Phased acoustic arrays are used to determine the sources of noisglj{2¢tand in rocket enginelg].
Acoustic arrays of source and receiver transduttexsrequire focused sourate used irbiomedical
ultrasonic imaging[4] [5]. Lithotripsy is a process of destroying kidney stoties uses focused sound
waves to target and fragment the kidney st¢pJitrasonic therapy is also used to treat cabydocally
heating the locations where tumors exist, via focusing acoustic Wgves

Given this interest iguiding acoustic energy, techniques have arisen that allow for théimeaguiding

of acoustic energy. One technique, known as beamforming, is to assemble acoustic treinszaceys

in order to create a desired sdufield [8]. Phase delays between thetivation of the transduceasnd
amplitude weights among the transducars utiized in order to artificially create constructive and
destructive interferencallowing for acoustic beants bedirectedor focused5]. Yet, such digital control

of the acoustic wave fieldsome with a set ainique challenge®rraysthatrequirebetter focused or more
directive sound energynust employ many transducers distributed over large spacesating a
computational burden for retsine control, limiting portability, and increasing complexityof
implementation[9] [10]. These problemsnotivate the exploration of unconventional methods of shaping
and focusing acoustic energyhe use of origaminspired acoustiransducearrays has been examined as
a way tobypass these challengd4].

Origami has served asanspiration for innovation in the fields efrchitecture and engineeringhe
mechanical propertiesf an origami foldcan be tuned through small adjustments to the crease patterns of
the fold[12] [13]. They canalso be used to designfiddable, deployable structures,which fold to smaller
shapes for portability14]. Origami patterns areuilt on periodic patterns of planar facets, and this research
team leveageghe similaritiesbetweenthese planar surfaces andthe planar surfaces of acoustic transducers
in order to propose a new idea: that of a foldable acoustic transducerfatjaparne and LynflL1] have
previously explored development gluch arrays

1.2 Previous research efforts

Harne et a[11] has observed that the planar acoustic transducers may be bonded to the planar facets of
origamj creating an acoustic treducer array that folds like the origatassellation[11]. The position of

the transducers is easily adjusted through simple foldingl these dramatic changes in topology can
greatlyinfluencethe pattern of acoustic energgoduced by the arrdg1]. Thus, this team leaves behind

the active phase delays of the existing technology to instead focus or+ifallingd changes in topology

to guide acoustic energpll transducers are kept in phaaed are driven or sensed in parallel, greatly
simplifying implementation of the arrays. Finally, origangpired patterns may be folded into compacted
shapes for ease of portabilty. In these ways, the new technology of a foldable acoustic transgucer arra



bypasses the challenges of the existing acoustic transaiuaginitial researchy this teantoncentrated
on the development @i arraynspired by the Miursori fold [11] [15].

Miura-ori was chosen as a subject for study as it is an extensively studied ofiding pattern that has
several unique propertiaghich make it useful as a substrate for a foldable transducer Roragstance,

the Miuraori tessellationis flat-foldable, so stch an array may be compacted for ease of transport. It has
single degre®f-freedom motion that allows the positions of transducers which are bonded to the facets of
the origami pattern to be rearranged simgsilythrough the folding motions of the asigni tessellation

[16]. Theacoustic propertiesf a Miura-ori-inspired acoustic transducer arvagredeterminedhrough the

use of computer simulation and experimentatidnich validated the model

Miura-ori-inspired acoustic transducer arrays were shown to greatly influence the radiation of acoustic
energy through simple, foldirgduced topological change¥et, Miura-ori is limited in its folding
capabilties; unlike many other origairalding patterns, it is a planafolding pattern that undergoes only
2-dimensional deformation3he next step to this research is to explore the capabilties of different origami
folds in order to characterize how differeiatssellationamay direct or focus energin uniqgue waysyYet

due to the breadth of origami tessellations available in literature, let alone the additional number that may
be derived or newly created) ardered process is necessary to guide efforts to design and evaluate new
origami tessellationsas bases for foldable acoustic transducer arrays.

1.3 Research goal

The goal of this researchisdbaracterize thmfluences oflifferenttessellationsnd folding arrangements

on thesound radiation characteristics of s@ghorigaminspired acoustic transducartransducearray

To aid in this explorationa streamlined, iterative design process is created which allows for the efficient
design and evaluation of new transducer arrays. This work seekarane this praessby creating and
evaluatingseveral newiessellationdo seehowtheydirect and focus energy.

1.4 Overview of thesis

This thesis describes a set of integrated procedures to design new tessellations to be used as foldable,
adaptive acoustic transducersd arraydased on a series of computational modeling techni@exgion

2.1 overviews the experimental methagsed to develop or design a new origdatiling pattern. Section
2.2outlines the use of computer simulations that create a mesh of the dtade of the origanéessellation

for evaluation inboundaryelementmethod (BEM) computations. BENImulatesthe acoustic behavior of

the designSection Jutlines four origamtessellationcreated using this process and provides an overview

of the results of BEM analysis, as well as discusses their significance. Section 4 summarizes the conclusions
made in this work angdrovides recommendations for future works.
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2 Desigq Process

As established in this researdiete are three primary steps in the demwelent and evaluation of a new
tessellation to be considered as a foldable acoustic transducer or transducde piaiag by the flowchart

in Figure 1. The first step is the development of a nessellation through topology optimizers or through
inspiration from existing literature. The second step uses computer simulation to fieldséliation The

final step evaluates the acoustic propertiehietassellationby utiizing the Boundary Element Method to
simulate the sound pressure level at points in space around the center of the array. These steps are
explained further in the following sections.

Goal: Tessellation 2zl e Rigid Origami Boundary Element
Pattern for Origami- Mechanism Simulator Method Model
Inspired Acoustic Topology . DK — .
Transducer Array for Optimizer COD sn
Direcling and Literature =T - A
Focusing Sound Inspiration

Figure 1: There arehree steps in the creation of a new origami tessellation and the evaluation of its effectiveness as a substrate
for an acoustic transducer arr&irst, an origamiessellatioris designed either throughe use of an origami topology optimizer

or by takng inspiration from literature. Thessellatioris then folded in the Rigid Origami Simulator and the coordinates of the
folded states imported into a Matlab model to make a mesh. A model that uses the Boundary Elemenadd&thednesh to
simulatehowsound emitted by the array radiates in space

2.1 Designing a new origantéssellation

Centralto the creation of new acoustic transducer arrays is the design of new éoiggugpatterns upon
which the array can be based. In this research, there aralseharacteristics that #ssellationmust
display to be most useful.

To maintain ease of assembly, it is important (hathe folding pattern of the substrate be created from
simple mountain and valley folds on a single sheet of plastiesgellatiormust alsq(ii) be foldable to an
extent that increases its portabilityvhere flatfoldabilty, which is a full elimination of volume, is
considered as the most portable of an origami tesseldtimn origamifolding pattern shouldii) display
large topological change through folding, as these foldiigced changes are what affect changéisan
guiding of acoustic energfinally, it is advantageous to produce a design(iatlemonstrates signs of
lensing as characterized by thevelepment of satellitdke shapes through foldingas these curved shapes
may produce a focal point atwhittere is greater sound enefggusing Thesefour design characteristics
are referenced in the design of new tessellatiodetrmine if thesaew folding patterns exhibit the ideal
characteristics of a foldable transducer arhayhe following sections, we characterize two approaches to
designing new origantessellations

2.1.1 Literature-inspiredtessellation

The first approach in creating a nerigami folding patternis to take inspiration from lterature. There are
a wide variety of existing origantessellationsn academic lterature that can be explored in the selection

11



of a new acoustic transducer array deslfwans[14] characterizes several rigidly foldable tessellations,
including the Yoshimura patter Miura-o r i and B a Baeh tara Gaedili] NU8]rhave 0
characterized isomorphic and Asomorphic adjustments to Miwai. In these paperthey have shown
that adjustments to the commonly studied Miarepattern canbe used to create newftitable origami
tessellations that are globally plamarglobally curved17] [18]. Both planar and curved origami patterns
provide unique opportunities for directing or focusing acoustic energy.

In our research, we adopt the techniques of Sareleaest[17] [18] of adjusting existindolding patterns

to develop new ones that display desired characteristics. A baseline folding pattern such-as Miura
created in aoftware applicationhtat accommodates vector images (SVG, scalable vector grafikécs),
Inkscapeor Adobe InDesignwhere the positions of lines anddes can be manipulated easily.

Onefolding pattern adapted from literature is the waterbomb awdhich is shown irFigure 2. Red lines
indicate valley folds, while blue lines represent mountain fditie waterbomb unit celshown inFigure
2(a)is a common constituent other origat@ssellationsin part of this work, it is modified into the design
shown inFigure 2(b). This allows it to be assembled into the arrafyigure 2(c), where the top and bottom
rows areshifted by haff a cell away from the middle rowigure 2(d,€) depict two of the folded
configurations of thigessellation The inward, cylindrical folded shape magroduce a focal point where
near field focusing may occur so thessellationwil be considered in the following acoustic assessments

(a) (b) (c)

Figure 2: The waterbomb unit cell in (& modified slightly to its form in (b), in ordéo enable the assembly of the array h (c
The cells in the top and bottom rows of the array sliéted by half a cell with reference to the middle row. Two folding
arrangements are depicted ind §lightly folded configuration togf more foldedconfiguration. This tessellationforms a
cylindrical shape as it is more folded which may be advantageous for near field focusing.

Both the single waterbomb constituentagure 2(a) and the array depicted ffigure 2(c,d,e) display three
dimensionalfolding shapes that may introduce focusiBgth the waterbomb unit cell and theray will
be exploredn Sections 3.1 and 3.3

2.1.2 Computergenerated origami designs

Using inspiration from lteraturean be a time&onsuming procesbecause one mufitd folding patterns

that displayseveral specifidesired physicatharacteristics. Aomputeraided process could significantly
reduce the time it takes to createh @essellation This part of the process is in part faciltated by the use

of origami topology optimizers. Topology optimizers have been studied extensively. Bendsoeuahd Kik
[19] developed a topology optimization method to solve structural problems. Optimization techniques have
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since been adopted and used to develop origami topology optimizing program$2@jadeveloped the
TreeMaker software, which utilizes a nonlinear constrained optimization code. This software has been
especially effective in the exploration and simulation of origeessellationsOne important application of

this type of simulation is in ¢ simulation of the folding of airbad20] [21]. Fuchi et al[22] have
investigated the use of topology optimization in the design of orbgasg@d mechanisms. Their
methodology seeks to create a way to design compliant mechanisms based in origami by creating an
optimization problem of distributing fold and facet stiffness.

In this work, the Origami Mechanism Topology Optimizer (OMTO) software is utiized to faciltete
design of new origamfolding patterns that demonstrate desired characteristics, including origami
mechanismg22]. Based on several input conditions described in detail in the following paragraph, the
software generatespattern of mountain and valley folds that satisfy the input conditions. OMTO was
chosen as the best software for use in this process for several reasons. Foklingheattern OMTO
generates exists on a single sheet and consists of only mountairallegdfalds, allowing for ease of
assembly. Second, OMT&lows the placement of input conditions in three dimensions, which is useful in
designing origami with owbf-plane folding behaviors. On the other hand, OMTO does not alow a
condtion that will spcify flat-foldability, sofolding patterns must be tested manually to determine if this
condition is met. Some small adjustments may need to be made to a getess#ationto ensure that
thefolding pattern may be folded enough to be portabiet, this software is a valuable tool in the design

of new origamitessellationsand the following steps outlined in this paper allow the user to simply
determine the acoustic behaviors of bémmers based on thetessellations

Onefolding pattern created using OMTO is termed the foointed starFigure 3 displays thenputs and
outputs of OMTO that produce this desidkt the top left is an image difie conditions that are input into
OMTO. These includenatched and fixethoundary conditions, input forces, and optimization points along
aground structuré&ked squares representapplied forces, blue triangles represent fixed boundary conditions,
cyan trangles represent matched boundary conditions, and green circles represent optimized output nodes.
The program then generates fold lines along the ground stralcatisatisfythese input conditionsThe

image at the bottom right of this figudepicts theold lines that are generated for these input conditions.
The top right image shows a model of the foldedsellation In order to make thigessellationmore
compactible, a slight adjustment was made to the OMTO output, which is shown in the imageggtd t

of the graph. Two diagonal valley lines were added tédding pattern, as indicated by the green lines in

the folded configurations ifigure 3. Those tvo images represent the folded configurations of this new,
adjustedtessellatiorof the fourpointed star.
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Figure 3: The figures contained in the graph on the left indicate the OMTO inputs and outputs that producegbimfedistar
tessellationThe top left image indicates the input conditions, including boundary conditions, input forces, and optimization points,
that are placed on a ground structure. The images to the right represent the folding pattern produced and a model of what the
tessellatiormay look like folded. A slight adjustment in the form of additional valley lines, as shown by the green lines in the
images at the right, allows thessellatiorto be compacted for greater ease of transftwt final two folded images represent two

folded configurations of the findblding pattern of the foupointed star.

The principles of thigessellationcan be adoted and expanded for differemssellation. Atits core, this

folding patterrpresents an alternating mountain and valley selquencéhat meet at the center of a square
with angled outer edge featurd@$e radial symmetry of thigessellationcan beeasily adaptetb produce

a star with more pointgrigure 4(a) depicts the fodpointed statessellationandFigure 4(b) depicts the
six-pointed statessellation where red lines stand for mountain folds and blue lines for valley k.
tessellatios have alternating mountain and valley folds that meet at the centavalie threelimensional

folding shapesThe outline that connects these alternating lines in both figures is a mountain fold, and its
pr oj ect i olike sbape aee wlinsgiveathremssellation their names. Blue valley folds are used to
connecttb outer vertices of the fistar o0 3Heasipilertes o t he
betweenthesessellation are evident by comparirkigure 4(c) with the folding shapes of the fepointed

star as indicated iRigure 3. Studying the acoustical properties of #ir-pointed star as compared to the
four-pointed star cald provide information about how very small adjustments to folding pattern may affect
the radiation acoustic waves frdhe surfaces of thedelding patters.
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Figure 4: Thetessellatios of the fouspointed star (a) and thexgiointed star (b) are presented. The shared characteristics between
t hem are most evident in the red, mount ain folds t&ate out!l in
center. The unfolded, slightly folded, and more foldedfigurations of the sipointed star are in (c)

2.2 Rigid Origami Simulator

Oncetessellatiop, such as the waterbomb array and the-fpointed star, are created, it is hecessary to
evaluate the usefulness of acoustic transducer diratygse thestiessellatios as a substraté&his is done
through the use of theoundary element methd@EM) to simulate acoustic wave propagation in space.
However, the BEM code requires a mesh oftéssellationthat is being tested in order tmdertake the
simulatons. The coordinates of the different folding arrangements digbsellation are required.

Toidentify all of the tessellatidn sode locations and element reconfigurations associated with the folding
operatons we tur n t o To mamiSimdatorTRAS}23]. KRGS ukliZzeg a rdjid ddigamig
model to simulate the folding of an origataessellationn discrete stepg®4]. Thefolding patterris created

in an SVG editor and@nported inb the ROS prograniThere are several benefits to using ROS. First,
becaus¢éhe ROS generatemn image of théessellationas the folding steps are increased, researchers may
visually inspect dessellatiod s f ol di ng char act e fitinecéssarysequireonents,e t e r mi
such as cylindrical or spherical folding shafgéss allows for a simple and efficient iterative design process
as small adjustments tolding patternscan be made relatively easiffhe alternative would be to
physically create the origamiessellatios out of paper or plastic, which is a much more time consuming
process that will result in wasted materi@gcond, ROS outputs the coordinates of the verticelseof t
origami tessellation These coordinates can be extraaed imported into the BEM code to reconsteuct
mesh of the origantiessellationin that specific position.
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2.3 Using theboundary element methaol model

The boundary element method is used to find solutions to boundary integral eq@afioRer this work,

it is used to solvehe Helmholtz integraéquationto determine the sound pressure level (SBPhJ is

radiated from the sourcén this study, the BEM simulations aieplemented in the openBEM code
architecture 37 in MATAB. All computations are conducted on a computer outfitted with an Intel Core
i7-4790 processor and 32 GB of memofe boundary element messhareclosed around the activated

areaof the foldable acoustic transducer or transducer array, similar toenbtmsure around a loudspeaker.

Due to standard requirements for accuracy in BEM simulations, all results reported hereafter use at least 6
elements per acoustic wavelength to ensure acoofrtite numericakimulationsis ensured.
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3 Results and Discussion

Fourtessellation areproduced using the process outlined in the preceding settiiadjusted waterbomb
array shown irFigure 2(c), thefour-pointed statessellationin Figure 3, the waterbomb unit cell iRigure
2(a), and the sipointed statessellationin Figure 4. These fourttessellatios arestudiedusing the BEM
modelto computehow they radiate sound.

There are two types @fcoustic waveuiding featureghat areof specific interest in many applications
directivity and focusingDirectivity is theangular variationof acoustic wave radiation ime far field. A

location in space is said to be in the acoustic far field when the spherical waves emittaddrooeare

most similar tgplane waves~ocusing is defined as in increase sound pressure level emitted by a source as
the radial distancéncreases between source and receif#®cusing does not occur naturally, and is
artificially createlusing technology like acoustic transducer arr&gsusingis only a property observed

in the near field.

Thefolding of theadjusted waterbomb arragtiled in SectiorB8.1suggest&n opportunity both fonear
field focusing and fochanges in directivity based on folding and frequembg.folded configurations fo
thefour-pointed statessellationin Section3.2may indicatedifferences in far field directivity between two
folded configurations and between four differezimuth angles. SectioB.3 compares the sanrszed
waterbomb unit cell and spointed statessellatios and their ability to focus sound in the near field.

3.1 Watebombarray

Two configurations of the waterbortéssellatiorare simulated using BEM, one more folded than the other.
The BEM resultdor a frequency of 3000 Hare depicted ifrigure5 below. The column on the lefFigure
5(a,c,g, are the BEM results for the less folded configuratidran increasingadial distancef 0.0194 m,
0.125 m, and 0.625 m respectivekhe third row,Figure 5(e,f)simulatesSPL in the fafield, while the
first two rows Figure 5(a,b,c,d), arevaluatedn the neafield. The column on the rightrigure 5(b,d,f),
shows thaBEM results for the more folded configuratianthe same radirheextent of foldingis depicted

in the inserts in each quadrant of the figufach of the surface plotepresents the sound pressure level
(SPL)in dBthat is radiegd from the center of the arrago that the radial distance from a point (0,0,0) in
the figure and the associated color are both used to indicate the SPL at that radial location. Thepace
results are depicted at elevation angles frog90g where an elevation angle oé @ along the line
perpendicular to the unfolded plane of the tessellalibis elevation angle is termed as broadside.

There isa 13 dBincrease in broadside SRk the radius increases frén®194 m inFigure 5(a) t00.0125

m in Figure 5(c). This significant increase in broadside SPL indicates that focusing occurs at this radial
distance Likewise, the more folded configuration sees an increase in broadside SPL beiyveeb(b)

to Figure 5(d), though this increase is only around 6 dB. This agdioates the focusing abilties of this
array, though it does demonstrate that folding reducesfetee to which the beam is ampilified.
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Folding also influences the sound radiation patterns at the realimédistanceThe area of low SPL, also
called anode at the radius of 0.125 irecomes deep@om the less folded configuration kfigure 5(c) to
Figure5(d). There is also a significar8PL reductiorpresent inFigure 5(a) which is not presentat the more
folded configuration ofigure 5(b).

In the far field, there is @eduction from 88 dB to 87 dB betweEigure 5(c) andFigure 5(f) as the
tesellation becomes more foldeddditionally, thedepth of the node pictured in boBigure 5(c) and
Figure 5(f) reduceghrough folding. At this low frequency, the acoustic wave radiation is largely uniform,
so there are less clear differences between the far field radiation of the two folded configuinefigose

6, the same folded configurations of the waterbomb array are examined atl khiz.set of results, the
influences of folding on far field radiation are more clear.
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(a) Frequency: 3 kHz (b) Frequency: 3 kHz
Radius: 0.0194 m Radius: 0.0194 m

| Broadside SPL:82 dB | | Broadside SPL:90 dB |

(c) Frequency: 3 kHz (d) Frequency: 3 kHz
Radius: 0.125 m Radius: 0.125 m
| Broadside SPL:95 dB | | Broadside SPL:96 dB |

(e) Frequency: 3 kHz (f) Frequency: 3 kHz
Radius: 0.625 m dB Radius: 0.625 m dB
100 100
| Broadside SPL:88 dB | w | Broadside SPL:87 dB | w
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Figure 5: BEM results of two different folded configurations of the waterbomb array at a frequency of 3 kHz. The left column
(a,c,e) displays aless folded configuration, while the right (b,d,f) is slightly more foldedadifkedistances (a,b) 0.0194 m,
(c,d) 0.125 m, and (e,f) 0.625 m.

Figure 6 displays the BEM results for the same two folded configurations Figure 5, but at 9 Kz and
at increasing radi of 0.0326 m, 0.125 m, and 0.625This figure demonstrates the abilties of the
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waterbomb array tguide acoustic energyBetweerFigure 6(a) andFigure 6(c), broadside SPL increases

by only around 1 dB; however, the number of lobes increases dramatickiyuire 6(c) as compared to

Figure 6(a). One of these lobes, while not at broadside, has an amplitude of 94 dB, which is anincrease of
5 dB from the maximum amplitude Figure6(a). The more folded configuration also sees focusing at this
radial distance. As the radial distance is increased betitigemre 6(b) andFigure 6(d), broadside SPL
increases by 6 dB.

Folding also is shown to have iafluence ontheangularpattern of acoustic radiatioithere is a reduction
in SPL onFigure 6(b) that is not present lRigure 6(a). The surface plot ifrigure 6(d) is at approximately
uniform SPL, whereakigure6(c) shows more nodes than its more folded caoyate anda narrower beam
at broadside.

Finally, folding is shown to have an influence on far field radiation. Tligeege significant reduction in
broadside SPL ifFigure 6(f) as compared téigure 6(c): the less folded configuration hada field
broadside SPL of 94 dB while the more folded configuration Hasfeld broadsié SPL of81 dB, which

is a significant reduction of 13 dB simply through foldirighe general trend in the lobes and nodes in the
far field is also of interesEigure 6(e,f) demonstrate mostly uniform sound radiation in one direction, while
displaying a number of nodes in the perpendicular direction.

The acoustic transducer array that is inspired by the waterbomb array displaysirgevesting acoustic
features, including focusing both through folding and at differaditil distancefrom the center of each
array.
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Figure 6: This figure displays the BEM results of two different folded configurations efitsterbomb array at a frequency of 9
kHz. The left column displays a less folded configuration (a,c,e), while the right (b,d,f) is slightly more foldeati@hdistance
is (a,b) 0.0326 m, (c,d) 0.125 m, and (e,f) 0.625 m.
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