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Aarushi Bhargava
ABSTRACT

Smart materialsare intelligent materials that change their structural, chemical,
mechanical, or thermal properties in response to an external stisudhsas heat, light,

and magnetic and electric field#/ith the increasén usageof smart materials in many
sensitive aplications, the need 6r a remote, wireless, efficienand biologicdly safe
stimulus has become crucial. This dissertation addresses this requirement by using high
intensity focused ultrasound (HIFU) as the external trigg&flU has aunique capability

of maintaining both spatial and temporal contemid propagating over long distances
with reduced losse$p achieve the desire@sponse of themart materialTwo categories

of smart materials are investigated in this reseaibhpe memory polymers (SMRand

piezoelectric materials.

SMPshave the abilityto storea temporary shape and returning to their permanent or
original shape when subjected am externaltrigger. On the other hand, piezoelectric
materials have the ability to convert mechanical gydo electrical energy and vice
versa. Due to these extraordinary properties, these materials are being used in several

industries including biomedical, robotic, noisentrol, and aerospace.



This work introduces two novel concepts: First, HIFU actuabbrSMP-based drug
delivery capsules as an alternative way of achieving controlled drug delivery. This
concept exploits the prgetermined shape changing capabilities of SMPs under localized
HIFU exposure to achievihe desired drug delivery rat&econd,solving the existing
challenge of low efficiency by focusing the acoustic energy on piezoelectric receivers to

transfer powewirelessly

The fundamental physics underlying these two conceptsxplored by developing
comprehensive mathematical models tpabvide an in-depth analysis of individual

parameters affecting the HIF&mart material systems, for the first time in literature.

Many physical factors such as acoustic, material and dynamical nonlinearities, acoustic
standing waves, and mechanical bebtlawf materialsare explored to increase the
developed model s6 accuracy. These mat hemat i c
of serving as a basic groundwork for building more complex smeteriatbased

systems under HIFU exposure.
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GENERAL AUDIENCE ABSTRACT

Smart materials ara type of intelligent materials that have the ability to respond to
external stimuli such as heat, light, and magnetic fields. When thassials respond,

they can change their structural, thermodynamical, mechanical or chemical Daigite.

this extraordinary property, smart materials are being used in many applications including
biomedical, robotic, space, microelectronics, and aubdlondustry. However, due to
increased sensitivity and need for safety in many applications, a biologically safe,
wireless, and efficient triggas requiredto actuate these materials. this dissertation

sound is used as aexternal triggerto actuag two types of smart materials: shape

memory polymer§SMPs)and piezoelectric materials.

SMPshave an ability to store a temporary (arbitrarily deformed) shape and return to their
permanent shape when exposed to a trigger. In this dissertatoisedsound induced
thermal energy acts as a trigger for these polymArsiovel concept of focused
ultrasound actuation of SMPased drug delivery capsules is propoasda means to

solve some of the challenges being faced in the field of controlled drug geliver

Piezoelectric materials have an ability to generate electric power when an external

mechanical force is applied and vice versa. In this ssmynd pressur@aves supplyhe



external force required to produce electric current in piezoelectric, dsles method for
achieving power transfer wirelessly. This study aims to solve the current problem of low

efficiency in acoustic power transfer systems by focusing sound waves.

This dissertatiormddressethe fundamentgbhysics of high intensity focusedtnasound
actuation ofsmart materialsdoy developingcomprehensive mathematical models and
systematic experimental investigatiprthat have not beeperformedtill now. The
developed models enable an-depth analysis of individual parameters including
nonlinear material behaviogcoustic nonlinearityand resonance phenometiaat affect

the functioning ofthese smart systems. These mathematical frameworks also serve as

groundwork for developing more complex systems
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Chapter 1 : Introductio n

1.1. Smart materials

Smart or intelligent materials are engineering materials that resparetdernal stimulsin a
pre-determined controlled manngk]. These materials can respond by @hag their structural

or material properties including change in shape, color, magnetic properties, thermal status,
density, mechanical and radiation properties. The stimulus can be of chemical, thermal,
magnetic, photo, electrical, and mechanical natDtes to these extraordinary properties, smart
materials are increasingly being used in a wide range of applications including wearable devices,
biomedical purposes, space industry, as sensors and actuators in m@ico nane

electromechanical systems, roibst and environmental and structural engineefing].

Based on the response and the external stimulus, smart materials can be of different types. For
example, shape memory polymers and alloys change their shepdéodchange in elastic
modulus in response to heat, light, as well as chemi6hls’iezoelectric materials generate an
electric current on the application of externalechanical force and vie versa [7].
Electrorheological fluids consist of electresponsive particleshat change the rheological
propertes of the material including viscosity, and shear stress, in response to an external
electrical field [8]. Magnetostrictive materials consist of a magnetic body that converts the
energy applied from an external magnetic field into elastic eng@ngyundergoes deformation

[9]. Few other examples of such smart materials include thermochromic, thermotropic,

thermoelectric, photovoltaic and magnetorheological materials, which are currently incorporated



in many objects used in daily lifd0, 11] This work primarily focuses on two categories of

smart materials: shape memory polymers (SMPs) and piezoelectric materials.

In recent years, shape memory polymers have received increased attention due to many
advantages includgh biocompatibility, flexibility of mechanical properties, ease in
manufacturing, low cost, lighwveightiness and ability to undergo large changes in li2p#4].

These polymers can be broadly categorized as phtiteme, and thermeresponsive, based on

the nature of external triggering mechanism. Based aon themical structure, there are four
classes of SMPs: class I, covalently crosslinked glassy thermosets; class I, covalently
crosslinked sermtrystalline networks; class Ill, physically crosslinked glassy copolymers; and
class 1V, physically crosslinked sewtystalline copolymer$l2]. SMPs can undergo oiweay

and multiway shape memory effect based on the width and the ewofttransition zones in

their thermomechanical cycle. In em@y shape memory behavior, only one temporary shape
can be attained. Whereas, in mwy behavior, multiple temporary shapes can lead to the same
permanent shape. A tweay shape memory effees also seen where two different stimuli are
employed to create a heatingpoling effect, thus attaining a reversible shape memory behavior
[15, 16] This work focuses on the glassy thermegponsive SMPs exhibiting omeay shape

memory effect.

The other category of smart material explored in this work is piezoeleaaterial. The direct
piezoelectric effect involves the polarizationtbé material and alignment of dipole moments,

on the application of a mechanical force, while the reverse is true for the converse piezoelectric
effect[17]. One of the most common piezoelectric material is PZT {f@adnatetitanate) due

2



to its large piezoelectric edficient, easily tunable properties, and cheap availalili8}. With

this unusual property, piezoelectric materials are useshany devices including biomedical,
robotic, sensors, actuators, and energy harvesters. Dagde¥irah [19] used a stack of
biocompatible piezoelectric actuateensor pairs to measuthe mechanical properties of skin
[7]. Piezoelectric induced electrical stimulation has been shown to motivaselemaoell
differentiation by stimulating the functioning of transcription fac{@®. Piezoelectric materials
also form the ideal choice for low power, portable, and ssiaéid energy harvesting devices,
particularyy for applications where use of conventional sources of energy is not possible.
Ambient vibrations are the most common sources of energy for piezoeleasad energy
harvesters. Several works have investigated energy harvesting from oscillations tihgibra
structures placed in turbulent wind and fluid floj24-23]. Piezoelectridoased energy harvesters

in wearable devices and biomedical implants have played a significant role in the advancement

of healthcare indstry[23-25].

1.2. Actuation mechanisns

With an increase in the usage of smart materials, the need for a suitable external stimulus for
actuation, without hindering the syrsensitive mat er
applications such as in biomedical, space, and nuclear industry, use eiramive and remote

trigger is important. Whilenanyremote mechanisms such as electrical and magnetic fields, and

light have been used to actuate different typesmért materials, they require presence of

responsive particles in the mater[@6-29]. Such particles when not inherently present can



compromise the structural and chemical integrity of the material. Thus, a mongatble

trigger is needed. In this work, acoustic actuation is investigated to fulfill this requirement.

In biomedical industry, ultrasound has been in use for many years for several purposes including
therapy, imaging, tumor ablation, lithotripsy, amone healing30-33]. These applications rely

on thermal, mechanical, and gas cavitation effects induced by ultrasound. Focused ultrasound
(FU) has also been used for drug delivery using sound responsive micrahulpmsomes,
emulsions, nanodroplets, and micell@d4-37]. Ultrasound has also emerged as one of the most
promising methods to transfer energy wirelessly duebitdogical safety, high-frequency
operation, longdistance transmission, and no electromagnetic losses in acoustic[@@jvahe
concept of acoustic energy transfer has advanced many applications including wireless charging
of biomedical implants, througiall transmissio, and wireless operation of sensors in
automobiles, space and other remote locati@% 40] Grahamet al [41] used ultrasound
power transfer (UPT) technique to facilitate data transmissieth Nlbps) and communication
through entosure walls of a naval vessel. Maledi al. [42] designed an ultrasound powered

micro-oxygen generator implant which can provide in situ tumor oxygenation.

This dissertation aims to use high intensity focusedsdtund (HIFU) as a means to actuate and
transfer energy to SMPs and piezoelectric materials. As compared to ultrasound generation from
unfocused sourcefU enables concentration of energy in a tight focal spot. This localization of
energy enables lower sfiipation of energy to the surrounding and higher efficiency of the
complete sourceeceiver system, as compared to systems having spherical or-ljston

acoustic sourceg3, 44]



1.3. Outline of the dissertation

Thisresearch broadly addresses two themes. First, ultrasound induced thermal actuation of SMPs
(chapters #4) and second, focused UPT in piezoelectric receivers (chap®ysBwoth these
themes explore the fundamentals of acoustic wave propagation in legteusgmediums,
acoustic-structure interaction, and the consequent thermomechanical behavior of SMPs and
electroelastic response of piezoelectric disks. Through experimewsdithated multiphysics
mathematical frameworks, this work aims to provide adedpth understanding of dynamics of

smart materials in HIFU fields.

In chapter 2, the concept of HIFU actuation of SMPs is addressed with the aim of introducing a
novel mechanism to address the current challenges in the field of controlled drug delivery
(CDD). CDD refers to the methaaf transporting a medication/drug compound into human body

in a safeand controlledmannerand delivering drugs aa desired target locatiorDespite
significant recent achievemenits this field, controlled drug releasing sgshs still face major
challenges in practice including chemical issues involved in synthesizing biocompatible drug
containers, manipulating the releasing time of drugs in the body, delivering the drugs at a
targeted location and utilizing a safe and nonave trigger to initiate drug releags]. In this
research, wintroduce the concept af thermeresponsive SMbased drug delivery system and
guantify its activation under FUFor the first time in literature, w@erform multiphysics
analytical and numerical modelirtg estimate the Fl$timulatbn of SMPs. Proobf-concept
experiments are conducted for a simple SMP filament to validate the mathematical model. The
underlying mechanism of the proposed concept is based on FU indecedation ofa
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concentratedhermal fieldinside the polymer. Thithermal fieldallows activation of the shape
recovery process only in a selected part of the polyleading to a spatially controlled shape

changeof the SMP.

Chapter 3 extends the mathematical model developed in cl2aptestimate SMP actuation in a
multi-medium environment. The model is modified to simulate response of a drug delivery
capsule kept inside the artery of a heart. The modified multiphfrsiceworkis validated with

finite element simulations and shows how SMP actuation is affectedodaeoustic waves
propagation through multiple layers of tissues in a human body. The model is used to propose
several geometrically optimized capsule designs that can prthadesired drug delivery rate
in-vivo, just by manipulating the FU operatingirpmeters. This chapter also experimentally

explores 3d printing technique as a method to realize accurate and flexible capsule designs.

The work presented in chapter 4 addresses the requiremenbwipgehensive understanding of

the thermomechanical press of shape recovemnder FU, as grecursorto building complex
systems in any applicatiofhe past two decades have observed several constitutive models to
capture the shape memory behayis, 47] Followingthe constitutive model developed by Liu

et al [46] in combination with acoustithermal equationsthis chapter develops for hfirst

time, dynamic equations governing the motion of an ultrasound actuated SMP cantilever in all
four shape recovery stagesnother aim of this chapter is to develop a simplified analytical
expression to estimate the FU induced shape recovery folesirapmetries of the polymer. The
intention behind this aim is to eliminate the computationally intensive numerical modeling,
proposed in chapt&. To achieve these aimte behavior of temperature dependaeichanical
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properties of SMP during ultrasoumkposureis studied usinglynamic mechanical analyzer
(DMA) tests. A model is builincorporating these properties fwedict the shape memory
behavior of a SMP based cantilever beam subjected to pure bendéegpverning equations of
motion are derivedusing reduced order mathematical modelfigally, a simplifiedanalytical
dynamic solution is developed to estimdte) inducedshaperecovery using perturbation
techniques for a weakly geometric nonlinear SMP cantilever. The scope of this work
encompases all applications of thermally actuated SMPs requiring shape recsténations

such as SMP based switches and dreige€ry containers among others

In chapter 5, the Fihduced shape recovery is investigated for cases when SMP is completely
immersedin water. The need for this research arises due to increasing number of robotic,
MEMS, and biomedical applications in underw#teid environments. For such purposes,
demand of SMPs is rising to provide an enhanced flexibility and functionality to uaigerw
devices[48, 49] However, the shape memory effect is significantly affected in underwater
environments due to additional fluid loading and thermal cooling effects, as compared to SMP
operation in air. Thus, th chapter performs an -thepth analysis of how these two effects
influence the underwater SMP function when exposed to FU. The previously built framework in
chapter4 is extended to include the fluid loading effects. Experimental investigations and finite
element simulations are also performed to quantify and segregate the degree of influence of these

two effects on the shape recovery behavior of a SMP filament.

In chapter 6, UPT has been addressed from a novel perspective of achieving wireless energy
transfer using HIFU. UPT has emerged as the most promising of all the other practiced
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techniques to wirelessly transfer enerfBf]. In recent years, UPT has found increasing
applications in biomedical technology, data delivery and thrauglh transmission38, 51]
Although several works have showed the feasibility of this conceguy challenges including

low UPT efficiency and lack o$ystematic investigations on understanding ghgsicsof the
system,are essentially nonexister@onsequently, this work proposes to study the fully coupled
physics by introducing a comprehensive multiphysics mathematical model. The problem of
efficiency is solved by introducingU actuation of piezelectric receivers. Focusing of energy
provides higher efficiency as compared to current acoustic sources as the entire energy is
concentrated at the receiver location. This work also investigates the effects of finite size of the
disk and acoustic nonliaeity; factors that have remained unreported in literature for UPT
systems. Experimentally validated finite element multiphysics model is developed to explore the

influence of individual parameters in the HIRUPT system.

In chapter 7, experimental invegitions are reported for a finite size piezoelectric thslated

in a FU standing wave field. The need for this research arises thhemequirement oéfficient

UPT underFU excitation for powering of piezoelectric supported devices. However, under
long duration of excitation, standing waves form which significantly affect the performance of
the receiver Thus a detailed investigation of performance enhancement techniques needs to be
done for designing efficient systems. Thus, in this work, adeph analysis is done to
understand the interplay of several factors for the first time. These factors include acoustic and
material nonlinearities due to high levels of acoustic excitation, and acoustic resonance effects on

aHIFU-UPT system.



Lastly, in chater 8, a summary of conclusions of all the chapters is presented. Discussion on

broader impacts, intellectual merits and future scope of this dissertation is done.
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Abstract

Contolled drug delivery (CDD) technologies have received extensive attention recently. Despite
recent efforts, drug releasing systems still face major challenges in practice, including low
efficiency in releasing the pharmaceutical compounds at the targeiibh with a controlled
time rate. We present an experimentafhlidated acoustithermoelastic mathematical

framework for modeling the focused ultrasound (#hduced thermal actuation of shape
2



memory polymers (SMPs). Thishapter also investigates thdeasibility of using SMPs
stimulated by FU for designing CDD systems. SMPs represent a new class of materials that have
gained increased attention for designing biocompatible devices. These polymers have the ability
of storing a temporary shape and retognto their permanent or original shape when subjected

to external stimuli such as heat. In this work, FU is used as a trigger for noninvasively
stimulating SMPbased systems. FU has a superior capability to localize the heating effect, thus
initiating the shape recovery process only in selected parts of the polymer. The multiphysics
model optimizes the design of a SNBBsed CDD system through analysis of a filament as a
constituting basstructure and quantifies its activation under FU. Experimentalat&ios are
performed using a SMP filament submerged in water coupled with the acoustic waves generated
by a FU transducer. The modeling results are usexdmine and optimize parameters such as
medium properties, input power anéduency, location, geatry andchemical compositionf

the SMPto achieve favorable shape recovefy potential drug delivery system

2.1.Introduction

In the field of medicine, delivery of drugs in a controlled manner is being realizekkeggactor

for treating infectios, cancer andgnanyother disease®rug delivery refers tahe methods for
transporting a medication/drug compound into human body in a safe manner. Controlled drug
delivery (CDD) technology has received extensive attantioring the past three decadéas,

mainly because of numerous advantages of this technology compared to the conventional
method§2]. Despitesignificant recent achievementgntrolled drug releasing systems still face
major challenges in practice including chemical issues involved in synthebimiogmpatible

3



drug containers, manipulatinge releasing time of drggn the body, delivering the dregt a
targeted location and utilizingsafe and noninvasivieiggerto initiate drug releasg3, 4]. In this
research we leverage the experimental, analytical and computational techrtigjuegestigate
the feasibility of using shape memory polymers (SMPs) and focused ultrasound (FU) for
designing a CDD systemThe design is used ira conceptual novel mechanism fo
simultaneously opening the drug container and pushing the particles out, which will significantly

improve the rate of drug releasing at a targeted location.

Smart materials are engineering materials that have one or more properties, which can be
changedby external stimulisuch as temperature, electfield, magnetic field or streg®-8].

SMPs are a relatively new class of smart materials that have the ability of storing a temporary
shape and returning thieir permanent or original shap@] when subjected to external stimuli

such as heat, light or ultrasouipti0-14]. The shape mmory responses to these stimuli fall
broadly into three categories namely, chemsponsivg15, 16] thermaresponsive and photo
responsive. While thermmesponsive SMPs absorb heat to generate molecular motion and
modify stiffness above a transition temperature for shape recovery, the shape memory effect in
chemaeresponsive SMPs is due to interaction with a solvent which alters/softens the transition
component in the SMP. The plasticizing effect of the bound sbiwetecules on the bonds of

SMP molecules such as seen in the peak shift of C=0 bond in SMP in DMF solvent evidenced
by Lu et al [16], alters the transition temperature dfeencresponsive SMPs to initiate shape
memory effect. Compared to other shape memory materials such as shape memof§7alloys

19] and shape memory ceram[@0]. SMPs are light weight, inexpensive, and can recover large



deformationg21-23] in a controlled manner. Development of Si&sed deices for medical
applications such agtens for cardiovascular systems and gagfhtening sutures has gained a lot

of attention recentlyf3, 9, 24, 25] Xue et al [26] developd selfexpandable stents which
exhibited © %98 shape recovery at body temperature at a much fastecaadeared tahe best

known selfexpandable stents. Because of thebeaatages, during the past deca8®IPs have
received increasl interest in biomedical applicatiofi27] and advancin@€DD systemg28]. At
present, he commercially available drug release devices still lack the capability of delivering
drugs in a spatially and temporally conteallmannef29]. The combination of SMPs ar€DD

leads us to a multidisciplinary research in order to redtree drug side effects in patient body

and frequency of taking drugs by patient, which means having more reliable and accurate

treatment.

The shape memory effect of SMPs relies heavily on the external trigger provided. Foiiruse in
vivo applications, themal activation through body heat has often been relied upon to trigger
shape recoverjd]. However,there is a need for more flexible stimuli as compareitkénl body

heat temperature. Consequentipninvasive triggers such as ligf80-32], magnetic field[33,

34], electrical field[35, 36} and radiofrequency was¢34] have been employedh&se triggers
require special components such as magneticoedtent particles to generate response, which
cancompromise the biodegradability and biocompatibility of SMHAws, use of a safer and
effective trigger is of utmost importance to achieve remotely ctiedireshape recovery. The use

of FU an as externaktimulus fulfils the above criterialhe underlying mechanism involves

focusing ultrasound into a tiglspotin domain area of millimetescale, which causes selective



and controlled heating of theediumat the spotThis localized heating also eliminaté® need
of incorporatingspecial or responsive particlesthe mediumas shape deformation occurs due

to heating caused by viscous shearing oscillation of molecules under ultraspasdre

Employing highintensity FU has been researched for ni@dical purposes for many yeaf37,

38]. The higher penetrating ability of acoustic waves as compared to light has been used for
selective tissue necrosis in controlled volun&sidies have been conducted reporting the use of
ultrasound in eoustic energyransfer systemf39-42] and for drug delivery43-45] especially
from polyelectrolyte micrecontainerg46], multilayered capsulejgl4, 47] and polymemicelles
[48-51]. In their study, Koskt al. [43] irradiated ultrasound on a polymer matrix for releasing
drugs entrapped in the matrix.u_et al. [52] and Hanet al .[53] conducted proebf-concept
experiments using FUotdemonstrate shape recovery process of SMPs and olatdous
intermediate shapes with the help of Flhe research done in recent yedesmonstrating the
effect of FU on shape recovery behavior of polymers has been experimental in natweryThe
limited literature lacks fully coupled modeling efforts to analytically solve the underlying

problem and optimiza SMRbasedCDD design.

In this research, for the first time, we perform a multiphysics analytical and numerical modeling
to optimize the design & thermeresponsive SMiased drug delivery system and quantify its
activation under FU. This model provides the foundation for designing and testing SMP
capsules, an example of which is schematically shown ireHigand further will be discussed in
sedion 2.4. The proposed design has the unique capabilitie odléasing the loaded drug at a
controlled rate andiij releasing the drug accurately at localized areas, thus, addressing the two

6



major challenges of designing CDD systems. This design sedb@an the mechanism for
simultaneously opening the drug contaiaad pushing the particles out, which will significantly
improve the drug release ratdhe developed model in Fi®.1, usesFU asa trigger for
stimulating the drug capsulés orderto cantrol the location of drugeleaseFU localizes the

heating effect on a small area (about mn¥). This concentrated thermal field allows the
activation ofthe shape recovery process only in a selected part of the polguaer for the
polymer mmersed irwater or living bodyf3, 52, 54, 55]By turning off the ultrasound beam the
shape recovery process can be paused at any time, which allows the polymer to have an
intermediatebut a stable shagd8, 55]. Therefore, by using FU we are able to relehsdoaded

drug in a switchable manner.

Permanent shape THG Shape recovery
posed to

FU thermal
actuation

_ Heating and
/" loading

“- - 400.00
Releasing 4§ y
valve

Valve Loading

()

Fig. 2.1. 3D (top) and 2D(bottom) schematic representation of the concept for shape nyemadymer

" Pushing :
diaphragm

Diaphragm
i IEEX]

(SMP) containeunder focused ultrasound (FU) irradiation. From left to rite: SMPcontainerwith a
permanent shape isaded with the particles then heated aleformed to a temporary shap&’hen
delivered to the desired location, the camta undergoes shape recovery underifdiiced thermal

actuation and releases the loaded particles. The color bar is temperature in K.



In this chapter we implementa comprehensive set of analytical, numermadl experimental
studiesto design, analyze dntesta coupled FU and SMP representativechanism at a
millimeter-scale frameworkThe model studies the acoussizucture interaction oFU with
SMP-based filaments to establish the relationship between input parameters (such as input power
andfrequency) with the acoustic, thermal asttess fields and shape recovef\sMPs.Medium
properties such as absorption and nonlineawtyich significantly affect the pressure field of a
propagative wavé¢b6], are studied to analyze their influence on the shape memory behavior of
polymer. The analyticahumerical modeis validated tihough experiments usinghagh-intensity
focused transducer in a water tank. Various concepts can be considetezldesign of &MP
container subjected to FWimilar to the examplshown in Fig.2.1, however,the modeling

effort is focused on the special case of a filament, as fundamental element of any container,

stimulated byFU.

2.2.Theory

To design a SMibased drug deliveryystem, developmerdf a robust theoretical model which
predics the FU induced acoustic anttiermalfields andsubsequertnechanical behavior of SMP
is essential.In this work, we present multiphysics acoustiethermoelastic modeling for
ultrasound actuatio of SMP filaments. The analyticahumerical model iglivided into three
interconnected partd he first part studies théocusedacousticpressure fieldn a multilayer
domain which includes &MP filament submerged in fluidusing KhokhlovZabolotskaya
Kuznetsov (KZK)equation[57, 58] The equatioris solvedin a hybrid timefrequency domain
using operatosplitting method and accounts for the effects of absorption, diffracand

8



nonl i near distortion in the medi um. The secon

equation59] to estimate the thermal field developed in SMPs as a redkll. oFhetemperature
distribution of the polymer obtained from the second part is given tothivel part which
provides a framework to predict the mecicah stresses developed in SM&sd consequent
shape recoveryA mechanical model is formulated by a compressible Hieokean constitutive
equation, which assumes the SMPs behave as a thermoelastic raagipi@dicts thehermally
induced shapenemory effect under FU. The constitutive model is numerically implemented in a

user matesdl subroutine (UMAT) in ABAQUSo0 modelthe deformatiorof the filament.

The two common modelssed for simulating focused acoustiaves are KZKand Westervelt
equationg[57, 58 60]. In both modelsthe approach isased orthe equations of continuum
mechanicsHowever, aisting analytical solutions fail to accurately incorporate the effects of
nonlinearity, diffraction and absorption which strongly affect #weusticwave prgagation
Therefore numerical approa@s have been adopted to obtaithe solutions of focused
hydroacoustic problemg1]. The KZK equation is #ised on parabolic approximati@amd is
applicable for quagplanar waves of limited higfrequencieg58]. The equation hokl good for

directional sound beams and for focused transducers with small aperture angles éntitamor

16 - 18) [62, 63] Howevea, Sonesoret al [64, 65] have proved the applicabilityf dzZK
equation at higher aperture angles with good accuracy. The metsuines forward/iave
propagation with nonlinear distortion in a direction normal to the propagation pl@nethe
other hand, Westervelt equation is a-fulive solution for wider apeure angles and highly

focused beams. However, Westervelt equation requires fine discretiadtiolm makest more



time and memory inefficient. In this work, KZK equation is chosen to model the acoustic field of

FU to reduce the computational cost.

Seveanl theoretical models have been developed based on KZK equation, which adopt different
numerical techniques tsolve forthe effects ofabsorption, diffraction and nénearity in the
medium However, the numerical algorithms become very time and memonguoang.
Therefore, to reduce the computational burdsveral approximations are maf®, 66, 67]

which include assuming onsay (forward) wave propagatid68], solving governing equations

in 2D when the system is axisymmetri69], optimization of spatial grid70] and using a
perfectly matching layer at the boundaries of compamal grid domain to reduce spatial grid

size andto avoid reflectons from the edges of the giii7]. The most widelyusednumerical
techniqueto solve KZK equatioris a frequencydomain technique called the spectral method
[71]. The method substitutes a Fourier expansion of sound pressure in the KZK equation and
then solves numerically. The method originadlgsigned for monochromatic waves and tone
bursts was later modified to idade the calculations for far fiel#2], focused beamf6] and
nonraxisymmetric sourcef/3]. In order to overcome the problem of high computational time
required for solving nonlinearity term with spectral method, hylbnethodwas adopted by
several researchefg4, 75] The hybrid method based on KZK equation solves for the effects of
absorption and diffraction in frequency domain and of nonlinearity in time domain. iBestod
Blackstock [76] validated the combined time and frequenrdgmain approachesthrough

experiments to study the propagation of plane, fiaitglitudesound in the mediumSeveral

10



others also adopted a pure thohemain algorithm to solve KZK equation for computational

efficiency[70, 77}

The novel feature of thmultiphysicsmodel aeveloped in this work is to us€&ZK equationwith

the hybrid methodo study the behaviocof SMPsin an acoustic field (where multiple domains

are involved and medium nonlinearity is pronounced)@ngpk it with thermal and mechanical
models to build a comprehensiframework for acoustithermailstructural study of SMPs. The
theory is divieed into three interconnectesbctions(2.2.1:2.2.3. Section2.2.1 predicts the
focused acoustic pressure field of SMPs immersed in water using nonlinear KZK equation which
includes the effects of nonlinearity, absorption and diffraction (a linear ardlytimdel for the
pressure field due to focused transducers without including any nonlinear effects is given in
supplementary document). We adopt the hybrid {ireguency approach using operasplitting
techniqug61] which accounts for these three effects separately at every integratioSestgpn
2.2.2provides a model for calculating the the field developed in SMPs as a result of focused
acoustic pressure. It uses the acoustic pressure field calculassttion A as an input to
evaluate the heating response of the polymer. This FU induced thermal field triggers a
mechanical response ihea polymer and deforms the SMPection2.2.3 provides a framework

to estimate these mechanical stresses using the absorbed heat calcidatén.2.2as an

input to the framework and predicts the consequent shape recovery of the SMP.

For validationpurposes, first we verify our coupled acoustiermoelastic theoretical model
with simulations in COMSOL Multiphysics and experiments under linear conditions. Then, the
developed coupled KZ#P e nne 6s Bioheat theoreti calimamodel

11



the acoustic and thermal fields under nonlinear effects, which cannot be easily simulated in a
standard FEM environment. It is worth n@ithat although applying the nonlinear parameters in
the COMSOLfinite-element frameworks practically difficut, it is still a valuable tool as it
enabls us to base the further analysis for optimizing the design of-8&4ed drug delivery
systems with complex geometrical 3D configuratiomfe simulation (ABAQUS) predicted

deformation in SMRipon shape recovepyrocesss compared with experiments as well.
2.2.1.Multiphysics modeling dacoustic SMP interaction; norinear acoustic model

KZK equation is usetb predict the nonlineaacousticpressure field in fluid an&MP domains
(shown in Fig.2.2) using a nurrical approach. This model incorporasdsorption, diffraction
and nonlinear effects of thmediumin the wave equatiorKZK equation is derived from mass

and momentum conservation equations. In cylindrical form, it is givgsi7as$8, 60]

Xﬂ) b
ep 5 thi 2@ th @)

where z is thedistance in axiatlirection Z, tj is the retarded timeti=t -z/ c, for the sound
wave to travel with speed and p is the acoustipressure at arbitrary observation poi,

(Fig. 2.2). The first term on the rigktand side of théq. 1 represents diffraction, the second

term signifies absorption witk as diffusivity parameter and néinearity is given by third term

where b =1 #B/2A is the coefficient of nonlinearity an&8/ A is defined as the ndinearity
parameter. The Laplacia®? in Eg. 1 in axisymmetric coordinates is given as

P 5 Y Rt /RIB, where R is the radialdistance in Y coordinateThe boundary
12



conditionfor the characteristic source pressupg, of the focusedtransducer witlfocal distance

D, is given asp=p, RRt +R/2cD|., [56, 70} where E(R,t+ R /2cD) shows the

dependence of time on spatial dimensiosanrce planeA nondimensional form of the KZK

equation is
wp_ 1 5 z B B P

where the notdimensionalized pressyr@, is given asp = p/ p,.

\Z
' Focal point

Fig. 2.2. Schematic representation (left) and firgdlement simulation snapshot (right) of acoustic wave

from a focused wave source to a shagenory polymer filament
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Since the spherical spreading occurs from the focal @oed it becomes wre convenient to
normalize thez parameteto focal distance. The nesimensional form of propagationstiance,

Z in Eq.2is Z=z/ D. The retarded tim¢ is normalized with angular source frequenaey

and is given by = gt -z/ ¢ . In Eq.2, thenondimensional paramete®, B and A account

for focusing gain, ndmearity and attenuation effects in theedium,respectively. The focusing
gain is given byG = z / D, where z, is the Rayleigh distance of the unfocused source, given as
z =w,a / 2c with a as the radius of the transduc&he nonlinearity termis B = D/ z,, where
z=rcl b is the plane wave shodkrmation distanceln addition, the parameteA is
defined asA=a D, wherea =x W/ 2c® is the attenation coefficient afrequencyw. The non

dimensionalzed form ofLaplacian in Eq.2 is given by B? =( 4 Ti1 /F i), where
r =R/ a. The source condition in nedimensional form become® = ﬁ?,t 61%)|,,, which

is valid for spherical transducers under the followihgee assumptionsgiven assin®g < <2,

G< Bp/sirt ¢, andl< ka <l& /sin ([56]. Here g is the half aperture angle, Figla,

and sing =a/D. While the first assumption is a relatively weak restriction which requires the
half aperture angle to be less thah , the other two are analogous and restrict the maximum
focusing gain for a given aperture angle. Thereftine,given assumptionimit the domain of
validity of KZK equation for a focused transducer. Since, the transducer geometry used for this
research satisfiesvo of the necessaryconditions, KZK equation is used to predict acoustic

pressure field in SMP for timand memory efficiency.
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Absorption refers to the thermaiscous attenuatioof the waves as they propagate through a
medium leading to loss of energy of the wave. KZK equation includes the absafiEionin

Eq. 2 with the term

3

1SS
>
= |5

where A depends on the attenuation coefficiefite attenuatioroefficientfollows an arbitrary

power lawdependence on frequency givera8]

a(f)=a, " (4)

where @, represents attenuation source frequencyy,. Classical therral-viscous attenuation

uses a squared frequency dependency of the attenuation for fluidg? with However, for
tissues various experiments show that ranges from 0.60 2. A popular approacls to take
n =1 for soft materials and polymerbut specific values o7 vary according to the type of
material[79]. It is assumed thatttenuation in SMPs follow a similfrequency dependence law

with n=1.

Nonlinearity arises due to variations pifessure with variation of density of the medium. It can
also be expressed in terms of variationsadndvelocity of a propagating wava a medium.
For example, as the wave proptasg the peaks of the wave may travel faster than the troughs

thus distorting the structure of the water a statep = p(r, 9 wheres is the specific entropy,

Taylor series expansion expressing the variatiopre$surep with density r under adiabatic
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conditions is given ap={p, *Ar -p/ ¥y B r)r}iz ... -, [58, 80} where
=p(ry ). Here r, and s, represents the density and the specific entropy in the
unperturbed state, respectiveljhe coefficientsA and B representhe first and second order
variation of pressure with density and are given &&=r,(p/ pl., and
B=ry( p/ M)|.,. The quantityB/ A is known as the nonlinearity parameter and is

expressed as

B r,aup |0 apld
TA:Z(; a p > |0 :Zfocoge—:: 6 (5)
=M i

where ¢, is the small signal speed. He®/ A incorporates the effects of namarity on the
speed of the wave through coefficient of nonlinearity where 6 =1 B/2A). In the

dimensionless KZK model, the parametBr integrates into the KZK equation. Thus, the

nonlinearity term in KZK equation, neglecting any diffraction and absorption effects, is

expressed as

SRR
I
N | ol

N 6
0 (6)

Equation (6) has its origin in a simpler ond e | known as [Bll.rBguerrgbesr 6 s qu
eguation models quadratic nonlinearities and absorption effects riopagating wave. It is a

basic model to understand shock wave formation and propagation. The fuimensionalized
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form of Burger 6s pp/qmu aAt*fdortA pBp¥ g Eqvaton (§ bsythe

inviscid form of Burgerds equation.

The numerical pproachto solve KZK equation was first introduced by Let al. [70] The
approach known as operatgplitting method involves solving for each of tharee effects
independently at each integjom step and combining the effects before proceeding to the next
step. Therefore, KZK equation, ER, can be expressed in terms of independent terms as

W/ B &(P oD QE&P, where first, second and third operators represent diffraction,

absorptionand nonlinear effects respectively. The current model uses operator splitting method
to solve Eg2 in a hybridfrequencytime domain approacl82] for harmonic acoustic actuation

of a submerged SMP filamenthe pressure field is expressed in time domain as
1.5 i §
D(RZD=§a['\/L(R1é‘“ +M( R)z'€"] (7)
n=1

where M, is the complex presire amplitude corresponding tth harmonicand M is the

complex conjugate of pressure amplit@d]. Substituting Eq7 in Eqg. 2 and converting it into

frequency domain, the nedimensionalized KZK equation becomes

U_\in+ ' PA, + V. Egé_vm(vnm 2V+ ) n 1,2=.. (8)
974 4nG 4 m=1

whereV, =M _/ pand  is a complex numbeepresenting attenuation terr, in frequency

n

domain. The real part of , follows thefrequency dependent power law, Eq. (8he imaginay
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part of accounts for dispersion effects which occur because of arbitrary frequency

n
dependencef phase velocity. The dispersion effects aeeessary to maintain the causality of

the system and are determined using Krametsronig relations as
1/cw)=(2/ p)fj {[a( W -a M “*w->}ut " [78], where w representxonjugate of the

angular frequencgnd c(w) is the phase velocityf the acoustic wave.

At each integration step, the lareterms of EQ8, givenby,

Wo, 1 pAr +v, 0= n 12 (9
KZ 4nG

are solved in frequency domawhile the remaining nonlinear terms are solved in time domain.
For integrating EQ2 in time domain the restricted size of the source and a fitiitee duration

limits the integration domain withinz2 0, 0 &&* &_, 7, ¢ & The values of

in

loo [ min @nd f., are chosen such as to minimize numerical errors and depend on geometry of

max?

the transducembsorption and nonlinearity parameters. Boundary conditions used for solving Eq.
2 for a focused transducer are givenp@,z,t,.,,)=0, p(7,z,7,.,)=0, p(T,..Z.t)=0, and
Mo/ Al-, ©. The time windw is chosen large enough to incorporate the effects of absorption,

waveform steepening and asyngularities[70]. The lower and the upper limits of the time

window are chosen as_ = {G i, 16 yand ¢, = W, 20 where T, is the time

duration of sourcavave
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At eachintegration step, the nbnear terms in Eq8 are converted into timeéomain using
Inverse Fast Fourier Transform (IFFT) and solMed norlinear pressure field using E®.
Sonesoret al [83] proposed a&riterionto determine the cases for which fhinear effects can be
neglected without significant errgr$o improve computing efficiency in time domaimhe
criterion uses attenuation and nonlinearity parametersand N respectively,to determine a
cutoff value anddecide if linear model is sufficient for the analysis. Thus, in this worgrée
the model computes for nlimearity, a threshold cutofimplitudeis determinedIf the pressure
amplitude at each grigtep is greater than the cutoff valuben the model accounts for
nonlinearity and integrates E®. using upwind methodl'he solution is then convertecdk to
frequency domain and the numericab de mar ches to t hd50neSMP st ep
a nd 3.60=in watef58, 84]incorporate the ndimear effects in wave propagatio®n input
pressure at 6 W is used. The number of harmonicm¢luded in the model are given hy= 2¢,

wherek is an nteger. To accurately model rimear effectskO 6 i s used.

To solve for absorption and diffraction effects in frequency doniisgonally Implicit Runge
Kutta (DIRK) and CrankNicolson (CN) method$85, 86] are used The second order IRK
methodis used in the near fieldear boundarieto reduce oscillations while Cramicolson is
used in the far fieldegion[82]. The transitiorfrom DIRK to CN method is made ah axial grid
length of Z ° 0.3. The methods use an axial step size of 0.06witim an axial grid length ofip
to 78 mm and radial stegizeof 0.12 mmwith a radial grid length ofipto 32 mm. A time t&ep
of 7.8 €% is applied for both methods. The axial grid stepakeh smaller to account for

noninearity and providea stable and accurate solution. In Sit#nain &, of 82.5dB/MHz/m
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and in water, a value of 0.22 dB/MHz/mused[84] The mehods vyield a tridiagonal finite

difference matrix which can be solved using Thomas algori@sh

The results of the numerical code in MATLAB are further validated using COM202-D
axisymmetric modeis developedo solve foracousticpressure in frequency domain alader
for heat transfer in time domain. Thgut paramegrs of the transducer and t8&IP properties
(density, thermal conductivity and specific heat capacisg obtained from expeimental

measurements.
2.2.2.Thermal modeling

The effects ofFU on soft tissues are well document§gi7-89]. A mathematicaformulationto
analyze the effects of wultr as cguatdn whioh models s ues
the transfer of heaand generation of thermal field the tissue domainin this work, similar
frameworkis used to evaluate the temperaturerise of thesoft polymer as a result dfU

heatingThenmo di f i ed P &t equatian $or BIP & biven 9]

rc. M= BT H (10
ut

where heating ratél is given by

k
:%a Re@, ) p,| wheren= 1,2. (11)

m~m n=1
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In Eq.10, r,,, C,, and k denote the density, specific heapacityand thermal conductivity of
polymer. Parametec, in Eq. 11denotes the soundpeedin polymerand p, denotes the

pressure field associated with each harmonic predicted by KZK equatsettion2.2.1 The
thermalequation is coupled with KZK equation through heating Hatéieatng rate takes into

account the cumulative heating by all harmonidse absorptiorg, in polymerassociated with

each harmonian obeys the frequency depend@owerlaw given by Eq. 4) wheren =1. The
numerical algorithm in thishaptersolves Eq10using CrankNicolson operatorfor 40 swith a

time step of 0.10 s. The radial and the axial step sizeszte1in and 0.25 mm, respectively.

2.2.3.Mechanical modeling of SMPs

Having obtained the temperature distribution freattion2.2.2 in this section, &SMP filament
is modeled to predict the shape recovery process Uflddsy applying the obtained thermal
boundary conditions SMPs are categorized as sarystalline shape memoryolymers
(CSMPs) and glassy shape memory polymers (GSMPs). GSMPs havanbarphous and glass

regions, withT defined asthe glass transition temperature above which SMPs exist in

amorphous formin this study, theselectedconstitutive model takes into account the stsain
response which depends on thermal expansion of polymers to predict the glass transition of
GSMPs[90-92]. The constitutive model involves four steps, the logdijamorphous phase),
cooling (phase transition), unloading (gkagbhase) and heating (phase transitioithe polymer
flament The constitutive model is numerically implemented in a user material subroutine

(UMAT) in ABAQUS, a commercial finiteelementsoftware, to model the deformation and
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shaperecovery of an kshapedfilament which is thermally activated biU. The governing
equations calculating the stresses during the whole @yaethe eolution rulesfor the glass

volume fractiorare giveras folowing [90].

SMPs above the glass transition temperature shewtiaracteristics of an elastomer. The stress

A in the amorphos part of the SMPs is given as
A=c m, (12)

where T is the Lagrange multiplier due to the constraints of incompressililisyan identity

tensor, B, is the left Cauchy stretch tensor amg is the shearmodulusof the amorphous
phaseHere B, is related tadeformation gradierih amorphous phasdf,ka, asB, = Ifka Ifk:_ The
stored energy function fahe amorphous phas¥,, is given as
-~ (1 1 5 2
Y, =Culle 3 =+, 1~ (13
a Dl
where C,=m /2 and D,=2/K, are the coefficients related to slar modulus and bulk

modulus K, of the amorphous phaseespectively.Here le, =tr(Bx,) and J, is the volume

ratio that can be determined by =det (B_ }*.

During cooling, aghe temperature goes below the glass transition temperature, the glassy phase
starts forming and both amorphous and glassy phase coexist at the same time. The stress for

cooling phase of the cycle is given by
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A =gl (& n)m , By * (14

where m is theshearmodulus of the glassy phase ahdis the glassy volume fractiom Eq.

14, Bkg is left Cauchy stretch tensarhich is related todeformation gradienin glassy phase,

F .asB =F

9 9

.
kg .
After cooling stops and the polymer is beldy the formatiorof glassy phase stops. While the

amorphous phase may not totally transit to glassy phase, the stress in the mixture is still given by

Eqg. 14.The stored energy function for the ghaghase Y  is given as,

Y, Colly 3 30, 1 (19

2

where 620:@/2 and D, =2/K, are the coefficients related to shear modulus and bulk

modulus K, of the glasg phase respectivelynd I_cg = tr(§kg) .

In the heatingophase, SMPs return to the original shape as the temperature goed aldowe to

the melting of glassy phase, the fingts of the material is stress free and is givenAby0.

The activation criterion foheating (starting of phase changgeyjoverned by
A-n)m B +gh B cl: (16)

In a thermomechanical cycle, the change of glassy volume fraction controls the strain storage

and release. Corstent with experimental resulf92], this volume fraction is assumed to be a
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function of temperatur@ only. Based on this assumpti@aphenomenological function is given

by [93]
T=1— 1
al - T
1+expps"—-
C Z

where T, is the reference temperatuif@4] at which the recaary stress has a maximum value.
Here z isthe parameter determining the width of the phase transition zorhbis study, weset
T =328Kand z=1.5. These two parameters are obtained from cdittiag of the

experimental results in previous literatuf@4].

To implement the constitutive model in ABAQUS, UMAT provides the updated stress and the
local tangent stiffness matrix,¢, . Here ¢, is a fourthorder tensor which is termed as the
Jacobian matrix and provides the relationship for the stress and strain. The required Jacobian

matrix format is given as

J
e (18)
J ub

where ¢’ is theJaumann rate oKirchoff stress defined as’ =J A +’. Substituting?”’ into

Eq. 18 gives, = A A +’Ji B, where fora mixture of amorphous and glggshases,, is

given as
¢ =1 AM)] & ) (19)

24



Solving EQs.18 and 19 delivers ¢, , which relates stresses to strains thus predicting shape
recovery based on the detdilderivationgiven by Barot[95]. In Egs.12-16, the shear modulus

of the amorphous and glassy phaseg, and m, are given asm=E,/2(1 +7) and
m =E,/2(1 +3) wheren, =049 and n, =040 ar e Poi ssonOribbearyaand os f o
glassy phasesespectively27]. The bulk modulusK, and K, in Egs. 13 and 15 are given as

K,=E,/3( -27,)and K, =E,/3(L -21,).

2.3. Experimental results and modelvalidation
2.3.1.Experimental setup and SMP filament preparation

Experiments are conducted for a flat 25 mm long, 3 mm wide, 1.5 mm thick 95%TBA
5%DEGMA polymer filament. The H044A SONIC Concepts FU transducer rests on the
bottom of the tank (FigR.3a and2.3b). The tank of water is filled to a depth such that the focal
point of the FU transducer is located at the surface of the water. Special care is taken to ensure
the water doesnodt spray when the trasilswducer
enough to prevent sample degradation. In an attempt to prevent acoustic interference, a rigid
sample holder is placed outside of the tank to suspend the SMP sample at the surface of the
water. The sample is suspended in a way such that the lovfecesis submersed in water, and

the upper surface is exposed to air. The FLIR C2 thermal imaging camera is fixed so that the
images are focused around the exposure area of the FU, as showrRi8.Figne camera has an
imaging rate of once every four sewls. Duration of sinusoidal exposure is 20 continuous

seconds, with most thermal measurements reaching 40 seconds to capture cool down. Data is

25



processed with FLIR Tools software. Exposure power can be vaiiboh the sample damage

range.Figure2.3c slows shape recovery of a SMP filament exposed to FU.

The monomer and the crosslinker that are utilizeddbrication of the SMP filamertturingthe
experimentsare Tert-Butyl acrylate (TBA)andDi (ethylene glycol) dimethacrylate (DEGMA)
(molecular weigh50) respectivelyThe photeinitiator used for the UV curing process is 2,2
Dimethoxy-2phenylacetophenone. All chemicals are purchased from S#lehach, and are

not altered prior to use. Molds are created with dimensions of 150 mm x 100 mm from clear
ultra-scratch resistant acrylic, and sealed with Loctite silicon sealant. Thickngsslyofier
filaments developed varied as per the needs of the experimentjdaiypically 1.5 mm. Curing

is completed with a 100 W BlaRay B-100 AP high intensity UV Lamp.

Depending on the desired composition, TBA is mixed with DEGMAdifferent wolumetric
ratios of 8620; 9010; 955; and 1060, respectively. The crosslinkenonomer combination is
mixed well for ten minutes with a stir plate after adding 1 wt% phat@tor. The mixture is
then transferred to the acrylic molds for curimge UV light exposure lasts 20 minutes for each
mold. The prepared SMP is then removed fitve mold. All SMP samplebave apermanent
shape of dlat rectangle. The SMP film is cub the desired geometry by either scoring the

material or use of a rotary tool.
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Fig. 2.3. (a) lllustration of experimental setup; (1he transducer resting on the bottom of the tank, (2)
shape memory polger sampleis suspended by the sample holder at the surface of the water, (3) thermal
imaging camera directed at the fogalint of the transducer (indicated by a red circle), (4) and (5) the
water tank and the stand. (b) Experimental setup and (c) stequvery of a SMP filament exposed to

FU at different time steps during 20 seconds of FU exposure

Dynamic mechanical analysis (DMA) is done for each of the aforementioned compositions.
DMA measures storage modulus, F2ya and Tan delta, Fig.4b (Lossmodulus and stiffness

values are given in the supporting information;sF&2a andA2b, respectively). The ratio of the

loss modulus to the storage modulus is the Tan delta and is often called damping. It is a measure

of the energy dissipation from a maat A TA InstumentsQ800 DMA is used with an
oscillation rate of 1 Hz. The data is collectedOirs C steps, and the temperature is ramped at a

rate of 2C per minute. DMA analysis and the preliminary expenms for shape recovery

behavior show that 95%TBA%DEGMA is the most suitable composition and is used for all
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further experiments and theoretical analysis in thigpter The preliminary tests show that the
other compositions are either too brittle toused practically or are easily damaged even at low

input power to the transducer.

(a) ot - - ‘ ; (b) 10
- —20% DEGDMA (80% tBA)
E &\ — 10% DEGDMA (90% tBA)
&, \ 5% DEGDMA (95% tBA)
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Temperature [°C] Temperature [°C]

Fig. 2.4. (a) Storage modulus and (b) Tan delta obtained from DMA tests for different compositions

A hot disk thermalcongantsanalyzer is utilized for evaluating thermal properties of the SMP
filament The hot disk hardware consists of a Keithley 2000 voltmeter, a Keithley 2400
sourcemeter, a Hatisk bridge, and a computational device. After fabricabb8MP films 14

disks of 15 mm diameter and 1 mm thickness are cut with a rotary tool. These sheets are clamped
tightly in the sample holder for testing. The measurement method is verified with solid porcelain
and sheets of PMMA with known thermal properties. The valuesaexfhanical and thermal
properties extracted from DMA analysis amat disk experiment for 95%TBA%DEGMA are
reported in Tabl.1. These values atater used in the entire research work for theoretical and

experimental analysis of SMP filaments. The ltssabtained from DMA testare also used to

set the values of following parameters for the mechanical modeling in ABAQULS, &0.28,

C,, =375, D, =0.072 and D, =0.00054.
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Table 2.1. Mechanicaland thermal properties of 95%TBE3% DEGMA polymer

Property Value

Ty 72°C

Density, 7, 1100 Kg/nd

Amorphous phase 1.66 MPa
elastic modulus,
E

a

Glassy phase 2100 MPa
elastic modulus,
E

g
Thermal 0.175 W/m/K
conductivity, k
Specific heat 1050 J/kg/K
capacity,C, .

2.3.2.Experimental results and acoustithermoelastic modeValidation

The acoustithermoelastic model isection2.2 is used to study thEU inducedacoustic and
thermal field as well as the shapeemory behavior of the crossédked polymer. The
theoreticalacoustic pressunmodelis validated by finiteelemant simulationin COMSOL (Figs.

2.5a and2.5b) and experimest The SMP filamentis exposed tdocused acoustic waves in fluid
domain (water), and boundaries of the fluid domain are defined to allow no reflection by
employing perfectly matched layems COMSOL For harmonicactuationat the resonance

frequency 0.5 MHz) of the FU transducer and 6 W input power, Rda shows theelative
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acoustic pressure fieldf the fundamental harmonaong axis of symmetry of the transducer
obtained from the KZK andfinite-element models.The calculated acoustipressureis

normalized with respect to source pressure amplitugg. A good agreement is observed

betweenthe finite-element simulations and proposed analytimainerical multiphysicsnodel.
The sudden jump observadthe pressure field a @62 mm in Fig. 2.5ais due to the amplified
effects of diffraction at the focal point anchonlinearity in the polymer. Figure 2.5b
experimentallyvalidates the temperature oktlthermal field developed at the focal point for a
sonication period of @ s with finiteelement analysisThe overall agreement of temperature and
pressure values between experimgfitste-element analysis analcoustiethermoelastianodel
proves the rolbistness of th theoretical model developed in this woilhe parameters used in
the acoustic model, accounting forgain, attenuation and nonlinearity effedts water and

polymer are listed in Tab2.2.

Table 2.2. Parametes for absorption, ndimearity and gainused inKZK model

Parameter Medium

Water SMP
a,(dB/MHz/m) 0.217 82.5
b 3.5 45
G 20.87 11.25
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Fig. 2.5. (a) Relativeaxial pressurearnd (b) temperature rise vs. tima¢ focal pointof transducer

Figure 2.6 shows the thermal images of the polymer to demonstrate the temperature rise with
respect to time corresponding to FB5b. The heating of polymer is due to absorption of
acoustic energy as a result of viscous shearing exerteditiagound focused waves and
subsequent relea®f energy in the form of hefd2]. In the images, the highly concentrated spot

in the center has the maximum temperature while the immediate surroundings outside of th
focal spot has significantly lower temperatur@&his shows a sharp temperature gradient from
center to the edges of the polyntemonstratinghe highly localized heating effect 61J. As

seen in the temperature curve in F&pb, after 20s, the ultraound is switched off and the
polymer immediately begins cooling down which is shown by the sharp temperature decay. This
ability to change the temperature of the polymer in short range of time showapiueility of

FU to control the heating effect whide an important parameter to consider in designing of

SMP-based CDD systems.
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Fig. 2.6. Thermal images of the SMP filament exposed to ultrasound at the focal point of the transducer
and the correspondingefbrmation with time; heré denotes the initial angle at temporary shape fand
denotes the final angle after shape recovery. The red and blue triangles define the highest and lowest
temperature locations in the image (the triangles only account for thienpof the image within the

circle)

Having validated the acoustibermal model results and identifitkle mechanical and thermal
parametersa three dimensional filament is modeled to investigate the shape recovery of SMPs
thermally induced by¥U. Thes i mul at i ons of SMPO6s recovery pr
commercially available finitelement software package ABAQUS (version 6.14, Dassault

Systems Simulia Corp., Providence, RI, USA), with a user material subroutine (UMAT).

The SMP filaments modeled in ABAQUS using the properties given in Tdble For the
filament, the symmetry ir-direction andy-directionis applied to nodes that are on the central
cross sectiorand perpendicular to the-y directions Referring to Fig.2.7, a punch ana die,
defined as analytical rigid parts, are also introduced for modeling the loading process. The die is

fixed and the punch is constrained nandy directions, u, =0 and u, =0, while only z
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direction movemest is allowed. Contact between the punch/die parts and the filament is modeled
as frictionless and we assume there is no thermal transfer between punch/die parts and the

filament.

The initial temperature is set above the glass transition temperatureediidrttent is deformed

at different angles ranging fro®0° to 120. After cooling and unloading, ultrasound thermal
field data from acoustithermal model is imported and applied as a mapped temperature
distribution field in the finiteelementmodel, to 8nulate the heating stage of the mechanical
model, at 6 W poweonf the transducer as shown in F&j7. The thermal field data obtained from
section2.2.2is exported from @o 20s, divided into 4 sub steps~0 1~5, 5~10, and 10~2@)

and applied as bodary conditions successively in the heating stage in the model. The inset in
Fig. 2.7 compares the experimental and model predicted values of change in deformed angle
against time for a filament with temporary initial angle of.68ccording to Fig.2.7 and Table

2.3, the simulation results show a good agreement with experiments.

Table 2.3. Expeimental andsimulationpredicted change in initi@ingle (degree) upon shape recovery

procesf the SMP filament

Initial angle, D, Final angle, D, Angle changeD
Experiment Model Experiment
60 84.06 85 24.19 25
90 110.14 110 20.23 21
120 135.38 135 15.52 15

33



Permanent sha 400.00
pe Temporary shape 400.90
383.33

. s
Heating ) ) 4 358.33
and loading Coolmg/ — Unloadmg/ — 35589

-

+Model
OExperiment

\/\/\/\/ 2"
=)
£ 60
=
(o]

Fig. 2.7. Graphical representation of four stages specified in the mechanical (sedibn 2.2.3. The

Heating ----=--=-=cmmocmmcmmm oo + Shape recovery

SMP is first deformed into a temporary shape and cooled down, followed by unloading. It is then heated
by the emperature distributions obtained from the acottsgcmal model to facilitate shape recovery;
the color bar is temperature in K. The inset shtiveexperimental and model predicted values of change

in deformed angle of the SMP filament vs. time

2.3.3.Effects of various parameters

Experiments are conducted to estimate the threshold input acoustic power to the SMP filament
beyond which the polymer gets damaged. Polymer filaments are exposed to input power ranging
from 0-100 W. The filaments are then obsed under OMETOP metallurgical microscope RM

3041 at a resolution of 1@G0 n. Experiments revedhat after a certain range of power, actuating
polymers at higher powers result in surface scarring and cracking of the polymemfilasne
shown in Fig.2.8. Besides visible changes, the polymer also undergoes struttarajes such

as temporary melting during ultrasound exposure which lead to unpredictable arepetitive
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rise in temperature of the polymerhe threshold power rargs found to be withi® -10 W for

the1.5 mm thickfilament above which the observed changes in temperatar®nuniform.

Fig. 2.8. Surfaceimagesof the polymer filament exposed to (a) maousticpower, and(b1) 25W (b2)
50 W (b3) 75V (b4) 100W

In the usage ofFU technologycombined with SMPs fodesigring an ultrasound responsive
SMP-based CDD systenfipcusedacoustic wavesre strongly affected byhe mutualinfluence
of diffraction, absorption rd nonlinearity of the mediumTherefore, investigating thefluence
of these effects the focalarea, on the FU inducdteatgenerationin polymer and the resultant
shape recovenare clearly of importanceln this section, various acoustic parameteese
investigatedn the polymer domaiandthe resulting acoustic and heating respomlsesxplored
in both the time and frequency domaifi$ie nonlinearacoustiethermal modeis then coupled
with the constitutive equations of SMRs explorethe dependece of shape recovery on the
nonlinear parameters and compared with the results reportée literature. Specifically, the

input power and frequeneyependent nonlinear effects on shape recovergtacied

Nonlinearity is a property which arises dtee variation of speed of a propagating wave in a
medium. Presence of higher harmonics due to transfer of energy from fundamental to higher
harmonic components and distortion of waveform characterizes a nonlinear wave. The

localization of the fundamental ggsure field as well as the harmonics at the focal point is of
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utmost importance in evaluating the thermal effects of FU on SMP filament, because the amount
of energy deposition is directly proportional to frequedependent absorption and on higher
frequenciesaccording to Eql1. Thus, stronger nonlinear effects leadstoonger and higher
number of harmonics creating enhanced localized energy deposition and therefore enhanced

shape recovery of SMP.

The relative pressure against axial distarficen the transducerand thetime histories of the
relativeacoustic pressura the focal point, located in tipwlymer domainare shown in Fig.
2.9, in response to harmonic excitatioh the transduceat6 W and 0.5 MHzTo study the
nonlinearity effects and disrtion of pressure waves in our experimeatsimulation using KZK
equation is performed for the experimental case studgeation 2.2 with the parameters
mentioned in Tabk2.1 and2.2. Figure 2.9a shows thathe fundamental component has the
highest pressure amplitude whichndicatesthat most of the energy is concentrated in the
fundamental componenwith the second harmonic having only small amount of energy due to a
low pressure amplitude. The remaining harmonics have negligible pressure arapéndie
therefore, negligible energy.he results in Fig2.9b show that the transducer settings assigned
for the experimental case study to obtain the results in2Bgresult in a weak distortion of the

waveform from the linear casedue to low value ofmonlinear parameterb, and energy

contribution of only two harmonics (fundamental and second).
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Fig. 2.9. (a) Relative axial pressumaagnitudeand (b) linear and ndinear relaive pressure waveforrat
6 W and0.5 MHz

Having validated the analyticalumerical acousticmodel in Fig. 2.5a againstFEM
simulationsfor the experimental case study with weak nonlinear efféicite cases with
strong nonlinearityare considered next (uch cannot beféciently simulatedin a standard
FEM environment).With increase inb alone for the polymer, the variation of speed with
pressure in the polymer increases, which leads to stronger nonlinear effects with stronger
harmonics and more distorted waveform as shown inZFif). The waveforms are obtained at
higher power and frequency (20 W ah& MHz) to observe the nonlinear effects at a reasonable
spatial scale and these values are different from input values usexp&rimentsWith increase

in 6 in Fig. 2103 the peak amplitude of the wavef@rhecome narrower anthcrease
drastically due to cumulative effect of stronger harmonics. iBhiarther demonstrated in Fig.
2.10bwhere the ineased transfer of energy from fundamettabther harmonicomponers

with 6 leads to decrease in the relative pressure amplitude of the fundamental frequency and

increased pressure amplitudes of higher harmonics.
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Nonlinear effects become more dominant with distanceeds[58]. The speed of a particle is
different at various points in the waveforkigure 2.11 shows the distortion of the waveform at
four different points along the pragation axis at 1.5 MHz and 20 W of power with=12 in

water andb =13 in polymer. The values ob are chosen to observe the nonlinear effects at a
reasonable spatial scal&he increasd distortion of the waves with distance is due to the
increased strength of harmonics with wave propagation in the medium2.Eid. In other
words, nonlinear effects cumulate with distance. However, we observe that at the focal point
where SMP filamenis located, the narrowing of the waveform and the strength of the harmonics
is the maximum. This is due to the presence of polymer at the focal point which has athigher
as compared to water and thus has increased nonlineat effethe propagating acoustic

waveform as compared to distance.
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Absorption causes loss in the transmitted energy of the wave as it passes through a medium. The
effect of absorption on wave attenuation is explainedseiction 2.2.1 The contribution of
absorption to the pressure field is incorporated through the attenuation coefiicierthe KZK

model. To evaluate the influence of variation of attenuation coefficient of SMP at source

frequency, &,, on the distortion of waveform and generation of harmonics, simulations are

performed at 20 W and 1.5 MHz, keeping other properties of the polymer according te Table
2.1 and2.2. Figure2.12 shows that with increase in attenuation coeffit of the polymer, the
relative pressure amplitude and the number of harmonics do not increase or decrease.
Attenuation counters the nearfield and nonlinearity effects. However, for focused si@fiices

the effect of absorption on the waveform is significantly less in the nearfield region due to
dominant effects of nonlinearity. Similar observations by leagl. [56] confirm the suppression

of dissipation effets and their negligible influence on pressure field in the nearfield region.

39



Figures 2.13 andA3 show the relative pressure amplitudes at focal point in time and frequency
domains for various excitation frequency and input power level, respectivelppAspower is
increased at a particular frequency, the amplitudes of all the harmonics increase, adding more
energy available to each harmonic; however, there is no change in number of harmonics, Fig.
A3Db. This results in low distortion of the waveform focreasing input power, Fi@.13b. On

the other hand, increase in frequency at a fixed power level gives rise to more number of
harmonics and significant distortion of waveform, Figsl3a andA3a. This occurs due to
increased change of sound speedhim tnedium with increase in frequency. It is inferred that
between the two transducer input parameters, frequency plays a more significant role, as
compared to input power, in inducing nonlinearity in acoystssure field exposed to the SMP.

The effectsof acoustic nonlinearity on the induced thermal field in polymer is explained further

in Fig. 2.14.
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Fig. 2.12 (a) Relativepressuravaveformsand (b) amplitude$or first five harmonics tafocal point for

various attenuation coefficieng,
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The concentration of the acoustic pressure fields of the higher harmonic components at the focal
point leads to increased energy deposition because higher frequencies significantly influences the
heating response of polymefq. 11. From FigsA3a andA3b, it is seen thaat a particular
acoustic pressure field in SMP domain, an increment in input power level causes more energy
distribution from the fundamental to higher harmonics. Therefstnger high frequency
components appear, as compar@applying an increment in the source frequency. Increase in
power level enhances more localized energy deposition on the surface of SMP and therefore
rapid increase of temperature. Figtd4 shows thatthe temperature rise rate in SMP with
power variations is significantly higher than the temperature rise rate due to increase in
frequency. As a result, the rise in input power level onsets an earlier shape recovery aad plays
more influential rolein triggering heating effect in the polymer filamehrtowever, increasing

power should be done with casice the experiments in Fig8 show that actuatingolymers at

higher paver levels result in surface damages. It is concluded that, the acoustic niglinas

a significant role in controlling the onset of shape recovery in ultrasoundBisE systems;
increment in excitation frequency results in smoother shape recovery whereas increase in power

level makes a sudden shape recovery of the SMP.
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Simulations are performed to explore the effects of polymer constitutive composition on the
shape recovery behavior of SMP filament at a fixed ultrasound actuation power. Reference
temperature,T, in Eg. 17, andthe elastic modulus of amorphous phagg, are the two

parameters considered as variables in the simulations, while all other parameters are kept

constant. Figur@.15a shows that the onset of shape recovery is delayed for tRen@Mhigher

42



characteristic recovery temperatuf€ =328K), howeverthe recovery ratios do not show a

uniform trend. Figure.15b shows that the SMP with higher elastic modulus in rubbery phase

gives better shape recovery and therefzhieves larger change in initial angle. The reason is

that the polymer with high elastic modulus (hard material) has a higher stored energy under the

same deformation during loading stage as compared to a softer polymer with lower elastic

modulus. Sincefor different compositions, the elastic moduli in glass phase are same, the

polymer with larger stored energy has a better recovery ratio.
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The effects of increasing the crosslinker content on material properties are shown R4-igs.

andAZ2. In Table2.4, the results from simulation show that the sample with heavier crosslinking

(with higher elatic modulus in amorphous phase) will have more shape recovery, which is

consistent with Fig2.15b. It is worth emphasizing that in Fig.15, the reference temperature

and elastic modulus of amorphous phase are the only parameters which are varied in the

simulations which is not the case in TaBld (both reference temperature and elastic modulus

are different for various compositions).
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Table 2.4. Smulationpredictedfinal angles(degree) upon shape recoy@rocesdor various polymer

compositions

Composition (%TBA -%DEGMA) T4[C] Final angle, D, Angle changeP

70-30 106 105.20 45.20
80-20 78 87.87 27.87
90-10 82 79.36 19.36

To study the effect ofjeametric parameters and input power on the thermally induced shape
recovery behavior of polymers, simulations are performed for varying thickness, width, initial
angle of bending curvature of the filament and input power to the transducer. Eifiaeshows

the final angle (the angle of the deformed area after undergoing shape memory behavior) with
time for a 3 mm wide filament with initial deformation of 6& 6 W of input power for varying
thickness. The change in final angle and therefore shape redevexyre in thicker filaments.

The reason behind this trend is the increase in the available sample volume with increased
thickness for absorbing heat, resulting in increased bulk temperature of the exposed sample and
therefore more shape recovgbp]. Thus, thickness plays an important role in determining shape

memory behavior of a given filament

Figure 2.16b explores the effect of change in width of polyrfierment on shape recovery

behavior for a 1.5 mm thick filament with initial bending curvature of &06 W. The increase
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in width delays the onset of shape recovery and decreases the amount of shape recovery. It is
observed that angle recovery onset timeelated to the temperature at the edge nodes. Since the
filaments have different width, the time taken by edge nodes of filaments with larger width to
reach glass transition temperature is more. Thus, a larger width increases the zone of phase
transfomation and requires more time and energy to transform the overall exposed area and

initiate the shape recovery, resulting in lesser change in initial angle.

The simulations of the filaments for various initial radii of curvatieare conducted for a 3

mm wide and 1.5 mm thick filament heated at 6 W powdflaf Figure2.16¢ shows that even

though the filaments have almost same onset time, a sharper bending area leads to a larger
deformation. Since the filaments have same witll, time for edge nodes on central cross
section to reach the glass transition temperature is approximately the same. Hence, the filaments
with different bending radius but same width have almost same recovery onset time. However,
for a sharper bending aethe spreading phase transformation zone easily covers the whole

bending area which results in a larger deformation for the sharper filament.

Figure2.16d shows the final angle with respect to time at various input powers. The thickness of
the polymer flament is kept constant at 1.5 mm and initial angle ofi€@sed for all powers. It

is seen that higher input power results in higher shape recovery (more change in initial angle) of
the polymer. This is expected as the increase in power will resuicirase in absorption of
energy, Eq. 11, due to higher internal friction and therefore increase in energy subsequently
released as hefi5]. As power increases, the bulk temperature crosges an earlier time ep

thus intiating early shape recovery.
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Fig. 2.16. Final angle vs. time fovarious(a) thickness andb) width of theSMP filament, (c) initial

bending curvatueof the deformed aréa mm, andd) translucerinput powes.

2.4.SMP container design

The theoretical model in this research aims to develop a mathematical framework for optimizing
and evaluating the role of different input parameters, geometrical configuration, and medium
properties on ultrasmd actuated shape memory behavior of polymers through experimental
validation. The efforts lead to propose a design for an ultrasound activated drug delivery
container. A possible design for such a container is shown in2Ed. The 0.3 mm wide
(diamete) container is a 2D representation of FAdL and is composed of 0.01 mm thick layer of
95% TBA5% DEGMA kept at the focal point of the ultrasound transducer. Fgdie shows

the simultaneous displacement of the valve and diaphragm with timntheuntermediary stages
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due to shape recovennder FUat 6 W. The color contour gives the temperature distribution

inside the container.

The designpropose a novel mechanism for simultaneously opening the drug container and
pushing the particles out, which Wiignificantly improve the rate of drug releasing. The
movement of valve with respect to diaphragm is shown in EiBa. Figure2.18b shows the
normalized velocity (normalization is done with respect to the maximum velocity) of the
diaphragm and valvesimaximum within first five seconds suggesting the maximum release of
drug particles occurs within first 5 seconds of ultrasound exposure. The time at which the
normalized velocity attains maximum can be manipulated by varying the input power or
geometric parameters of the container, thus controlling the drug release rate. Since the
diaphragm velocity is lower than the valve velocity as shown in FEigc, the drug release of
particles is expected to be uniform, unhindered and regulated. It is worth heteghat we are

only showing a proof of concept and the developed experimenitaputational framework can

be utilized for designing various ultrasound activated drug delivery containers, specifically
tailored for different applications depending on thige of drug particles, target time for
releasing the particles, and the size/shape of the container. This is the topic of a future

communication by the authors.
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Fig. 2.17. Thermal distribution ofa contaner kept at focal point of the transducéne color bar is
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2.5.Conclusions

This chaper aims to presernd combined acoustithermalstructural model to predict the shape
recovery behavior of polymers under focused ultrasqiit). The numerical model provides

the basis for designing spatially and temporaibntrolled drug deliver(CDD) systems.A
theoretical frameworks used to predict acoustic pressure field due to focused transdacers

the acoustic model is coupled withthermal model to predict the developesmperature field

due toFU. The thermal fieldis then coupled tahe mehanical modelwhich solves for the
stresses developed in the polymer and predicts the shape regbtlerysystemExperimentsare
conducted to validate the numerical model. In addition to successful model validations against
3D finite-element simulatiosy a study on the effects of several system parameters is performed.
The model is used to explore thdeets of medium properties (namearity and absorption),
geometrical properties (thickness, width and initial deformation of the polymer filament) and
input parameters (power and frequency) on shape recovery behavior of the polymer. The results
show that while input source fregncy has more influence on fioearity, input power plays a
major role in achieving high temperature rise rates and theretey tasset and increased shape
recovery. Observations related to medium propershow that the coefficient of dovearity of

the medium plays a significant role in distorting the waveform and generating more harmonics,
thus increasing the energy depasitiat the focal pointand enhancinghe shape recovery
behavior. Our results will pave the way foesigningmore efficient drug delivery capsslat

meso tonanoscale, and will shed lighito the details of utilizing-U for stimulating SMPbased

mechanimsin drug delivery applications.
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Appendix A

Al. Focused ultrasound (FU) induced pressure field in medium; linear

acoustic model

An analytical model is developed to obtain the ultrasound pressure field from a spherical
concave transducer in fluid domainh® mo d e | i s based on OO0ONeil 0
calculate a linear pressure field at the focal point of the curved trang@8¢dt is assumed that

the amplitude of acoustic waves is sufficiently low so that the acoustic field can be peshside

linear where the effects of absorption and nonlinear distortion are negligible. Diffraction effects

are also neglected as the diameter of the transducer is assumed to be considerably large as
compared to the wavelength of the transducer. The arellygolutions describe the pressure

field along the axis of symmetry and in the focal plane of the transducer having the geometric
properties as shown in Fig.2 [63, 96] Under the given assumptions, the velocity poterfial

in the region of a curved transducer is given as

~ W
F = e dS (A1.E1)
N5

where u is the harmonic normal velocity of the transducer surface givan=ag € and u, is

the velocity amplitude. The surface thie transducerS, is composed of several point source
elements, which focus acoustic waves at the focal point. IN8gEQ), | is the distance from a
source point lying in surface elemed§, to the poinh of observatiorQ. The wavenumbek is
defined ask=w/c 2 p/ where c is the sound velocityw is the angular frequency of
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acoustic wave in the domain ard is the wavelengthi (s unit imaginary number). Using Eq.
(Al1.ED) the acoustic pressure field is defined@s r u F t pike r , where r is the acoustic

medium density.
Al.1.Acoustic pressure along axis aymmetry of transducer and in focal plane.

For ease in calculations, the velocity potential in E&L.E1) is converted from cylindrical

(Z,Ry ) to spherical ¢,g, ) coordinates. From Fi@.2, the spherical geortry of transducer
is related to its dimensions & =rcosg and R=rsing. The velocity potential in spherical

coordinates is

2pri i
F(r.9) =% iR ridrdi b (AL.E2)

00

where rj is the distance from the center of the transducer to the edge boundary given as
ri’eh® 4° and ri=2D cosa as shown in Figs2.2 and Al. The termridr div in Eq.

(A1.E2) represents the surface elemei®, in Eq. A1.E1), in spherical coordinates. The focal
depth is represented wiih, a is the radius of the transducer ahds the depth of & concave

surface. In EqQ.AL1.E2), bi= y t J(yi is the azimuthal angle at the transducer surfad#),

represents a small change in angli and | in spherical coordinates is given as

| =(r® -2risina sin gcos bmr > Yi, where m=1 -2h7/r’(z is the axial distance from

origin O at the transducer surface to point of observatgn The wavelengtly and depthh
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are assumed to be comparatively small as compared to radmisatisfy the assumptions used

in Eq. A1.El).

For obtaining acoustic prag® on the axis of symmetryjvanishes anéq. (A1.E2) becomes
Fedl == u(e™ e*P) (ALE3)
m

where Dj is the distance o (located on symmetrical axis) from the edge boundary; &tFig.
Al) and given asDi=(z%i+mr?)% ifez B &’ To separate the amplitude and the
phase factors in Eq.AL.E3), two parametersy and C are introduced as/=Dj -z and

C=(Di ©&){2. Equation A1.E3) in terms of d and C iS

F =u(e €% %) &/ ikm g P&"/ | where P=2sin(kd/2)/m. The corresponding
axial acoustic pressure is given assik s ¢ F # rcy P& 9 | FigureAlb shows the relative
pressure along symmetrical axis wheggis the characteristic acoustic pressure at the surface of
the transducer; the maximum pressuracdkieved at focal poingj/ D=1. For a transducer with

an input power,Pj, the characteristic source pressupg, is calculated ag,= (27 cP;/ )2

[97].
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Fig. Al. (a) Geometrical details of the transducer with point of observation on the axis of symmetry, (b)

relative acoustic pressure along axis of symmetry and (c) in focal plane

To calculate acoustic pressure in the fgdane zi= D, Eq. A1.E2) is modified as
B p ée-ikr =~
F(r,g) = gS Al.E4
09 s WS 59 (ALE4)

where F(g):(2/g)ajzo(-l)" (h/a? J,,,(9 and the variable g is expessed as

g=( -i/kr)kasing kasin . Here J,,,;(g) represents the Bessel function. Figukdc

shows relative acoustic pressure at the focal plane where peak pressure occurs at focal point

(R=0). The
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closedform soltions are possible only for linear regime. To account for nonlinearity, absorption
and diffraction effects in both fluid and polymer domains, numerical approach is adopted to

obtain the acoustic pressure field by focused transducers, which is discuss=dilinn the

following section.

A2. DMA reported loss modulus and stiffness for various TBADEGMA

compositions
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Fig. A2. (a) Loss modulus and (b) stiffness curves obtained from DMA tests for different compgsitions
the legend used in these two plotsdagmsistent with Fig2.4.
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A3. Fast fourier transform of pressure waveforms at focal point for various

power and frequency; corresponding to Fig2.13

(a) (b)
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Fig. A3. Relative pressure (with reference as source presgyjeat focal pomnt in frequency domain (a)

for various source frequency and 20 W input power (b) for various input power at 1.5 MHz
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Chapter 3: Analysis of ultrasound actuated shapememory
polymer based drug delivery containers in heterogenous

environments
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Abstract

Advancements in controlled dyudelivery (CDD) technology still face major challenges in
practice, including chemical issues with synthesizing biocompatible drug containers, releasing
the pharmaceutical compounds at the targeted location in a controlled time rate, and using an
effective and safe trigger for initiating the drug release. This work aims to overcome these
challenges by employing biodegradable shape memory polymer (SMP) basedeliragy
containers. Besides biological safety, biodegradability ensures that no furthery swiitydre

needed for the removal of the containers. Focused ultrasound (FU) is used as a trigger for
noninvasively stimulating SMBased drug capsules. FU has a superior capability to localize the

heating effect, thus initiating a controlled shape recopeogess only in selected parts of the
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polymer. The current research uses a mathematical multiphysics model which performs an
acoustiethermoelastic analysis, to optimize the design of SMP containers. The proposed designs
exploit various acoustic parametesuch as nonlinearity, absorptiand diffraction effects, as

well as input power and frequency of the propagating acoustic wave to attain the desired shape
recovery. The acoustihiermoelastic effects on the SMP containers are studied with the help of
finite-element methods. Multilayer simulations are performea raillimeter scale to mimic the

in vivo conditions of a drug delivery container travelling inside an artery. It is shown that
velocity of the drug particles can be controlled and directed ttsvar desired location by
manipulating the shape recovery rate and consequent motion of the SMP containers. In order to
realize the drug capsule designs, several geometrically simple 3d printed samples are tested to

understand how 3d printed patterns aftbet shape recovery behavior.

3.1.Introduction

The method of drug administration is of utmost importance as it affects drug pharmacokinetics
inside the body. Conventional drug delivery mechanisms involved administration of drugs in the
form of oral tablés or injecting intravenous/intramuscular solutions. Such delivery methods limit

drug efficacy due to lack of targeted delivery, need of higher dosage, frequent drug

administration, higher toxicityand adverse side effedty.

In order to achieve drug efficacy among patients, recent years have seen immense growth of drug
delivery systems to achieve therapeutic specificity, localemed controlled delivery. Equally
important is to suppress opsonization and prevent cytotoxicity due to the material of the device

and its degradation produdt®, 3]. Polymers are one such class of materibét have shown
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immense potential for manufacturing controlled drug release systems because of their ease in
manufacturing, availability, cost and tunable physical and chemical strueturéncreasing
efforts are being made by scientists to use polymers for making biodegradable and biocompatible

micro and nanoscale drug carriers.

Common categories of microscale CDD systems include radsred systems, reservoirs and
chambers, chemidig regulated degradable or erodible devices, microscale puamaksvalves
among otherd4]. Cell chambers which can manufacture drugs within the chambers, while
remaining isolaté from immune response show controllable release rates of the desired
therapeutic compounds. However, such chambers have limitations on the continuity of the
nutrient supply to the chamber cells after implanta{bh Injectable CDD systems such as
hydrogels regulate drug release by controlling the mesh size of the swollen polymer networks.
Cellulosebased seHassembling hydrogels provide sustained release of proteins for up to 160
days[6]. Microspheres are another class of CDD which can transport drugs acrossiaood

barrier and tumocells due to their small sif&].

However, in the last ecade, CDD systems have experienced a significant shift towards
nanotechnology because of the advantage of smaller size and high surface to volume ratio.
Polymerbased nanopatrticles, liposomaad micelles are the dominant class of nearige drug
releasanechanisms. PEG coatings and ligand based targeting have enhanced the[8{adility

the specificity of nanoparticlg®]. Effective penetration of neuroleptics across Htood brain

barrier was achieved with poly(oxyethylerm)ly(oxypropylene) block copolymer micelles
conjugated with antibodie§10]. N-(2-Hydroxyl) propyt3-trimethyl ammonium chitosan
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chloride nanoparticles sized 180 nm showed 90% encapsulation efficiency of bovine serum

protein[11].

The above mentioned examples are only a handful of the extenseagalesione in the field of

micro and nano drug delivery systerfi®]. However, most of the research is still largely
experimental and not in commercial use. Nano devices though promising, have only proved to be
successful for targed drug delivery to tumors. High initial burst release, low bioavailalpdity

and premature release due to hostile environment are few of the hurdles limiting effective CDD
devices. D overcome some of the challenges of the existing drug delivery systems, scientific

community has increased its attention towards intelligent and combinatorial mechanisms.

Intelligent or smart devices provide an active and a more controllable form odieliugry. Use

of smart materials with properties sensitive to various stimuli in the surrounding environment, in
combination with optimum sized micro and naseale devicesis the emerging trend in
nanomedicingl3, 14] pH-responsive multiblock glyurethane nanocarriers exhibited controlled
release of paclitaxel with excellent antitumor activity in mité]. Ding et al [16] prepared
smart coreshellcorona hybrid nanogels by entrapping magnetic nanoparticles inside a silica

shell and encapsulating the Bheith thermo-responsive polymer

This work aims to provide a novel alterivatapproach to make CDD systems by combining the
shape memory properties of thermsponsive polymers with a controllable and “orasive
stimulus; focused ultrasound (FU). $ka memory polymers (SMPs) are ligheight,
inexpensive, able to undergo large deformations, have good mechanical strength, aad have

controllable physical and chemical struct{t&, 18] These properties are some of the essential
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attributes of drug delivery devices.ddical community is increasingly adopting biocompatible

and biodegradable SMPs in medical applications such as stents for cardiovascular applications
and scaffolds for tissue engineering among otfiE9s21]. In pallel, the use of FU has been

well researched for biomedical purposes especially for drug delivery from polyelectrolyte micro
containerd22], polymer micelle§23, 24] and multilayered capsulef25]. FU provides a non
invasive, biologically safe and a more flexible thermal trigger as compared to body heat.
Focusing ultrasound in an area of approximately millimeter scale causesveeand localized
heating of the target mediurf26, 27] Recently in our group, Bhargavet al [26, 28]
demonstrated the effect of various parameters such as geonmmetrimaterial properties of
SMPs, power and frequency of the applied acoustic pressure field on the shape recovery of a
polymer filament, during 20s oFU actuation. By considering a polymer filament as a
fundamental element for design of any SMP based dteliyery container, the authors
demonstrated the controllability of FU on the thermally induced shape memory response and
consequently the drug delivery rate from SMP containers. Thus, ultrasound actuated thermo
responsive shape memory polymers have samf potential as a more active and

biocompatible method to nenvasively control the drug delivery rate.

In this chapter we study the effects of FU on artesgale SMPs in heterogenous environments.
We use our previously built analytical acougtiernoelastic mode[26] to analyze then vivo

shape memory response of biocompatible polymers. The model effectively predicts the@flue

of acoustic source, propagating medium and polymer geometric properties on the deformation

behavior of a SMP inside a blood artery model. It is also shown that by varying the different FU
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and SMP parameters, the desired drug delivery rate can be exthrewn the drug carrying
containers, solvingomeof the challenges of existing drug delivery mechanisms. Various drug
delivery capsule designs are proposed based on the optimum conditions predicted by the
analytical model. One of the proposaesignsis of a container shape inspired from a flower as
shown in Fig3.1. Figure3.1 depicts the cyclic shape recovery behavior where the first stage is to
forcibly deform the permanent structure (open shape) of the containea tetoporary closed

shape on heatiy thereby enclosing the drug particles inside the container. The second stage is
fixing the temporary shape by cooling it while the drug particles remain inside it. At this stage,
the container can be injected into the body. The third stage is expo&ingothainer to
ultrasound irradiation which results ithe shape recovery of the container. The shape recovery
mechanism is built on the idea of simultaneously opening the container and letting the drug
particles out at a desired rate by pushing the dagphr(bottom portion of the design) upwards

at a desired speed determined by ultrasound induced thermal actuation. In order to realize
different drug capsule geometries, different 3d printing patterns are looked at to assess how the

printed patterns affechape memory behavior.

3.2.Theory

The multiphysics theoretical model developed in this work studies the aeth#sticoelastic
interaction of SMP filaments with FU. The model is divided into three interconnected parts. The

first part analyses the acoustizessure field p, using KhokhlovZabolotskayaKuznetsov

(KZK) equation[29, 30]in a multilayer domain, starting from skin up to the deepestyanaH

inside heart. The SMP is placed inside the artery to achieve maximum drug delivery to the target.
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The equation takes into account the diffraction, attenuation andineam effects of the wave
propagating medium and numerically solves it using atpesplitting method ira hybrid time
frequency domain. The second part evaluates the thermal field developed inside SMP due to
absorbed acoustic ener gy,Eq uGaf chgpterP@@h The thid Bi o he
part calculates the thermally induced mechanical strains inside the SMP. The subsequent shape
recovery is estimated using a constitutive modstction 2.2.3)which is numerically
implemented in a user material subroutine (UMAT) in ABAQUS. The #upus below are a

brief review and the complete analytical model is explained in detail in our previous [&6rks

28]. The results from the analytical model are verified using COMSOL Multiphysics for a
multilayer comain. The model is then used to optimize the complex 3D designs of drug delivery
containers, which are then implemented in the fieitEanent method to study the controlled drug

delivery behavior under biologically safe thresholds.

3.3.Results

3.3.1.Model validationfor multi-medium environment

The analytical model developed iour previous work studied the acousdtiermoelastic
behavior of SMP submerged in a water domain and exposetd.tdhe model was validated

with finite-element methods and expednts to accurately predict the shape recovery behavior

of a polymer filamen{26]. To understand this behavior @nin-vivo environment, the SMP is
considered to be placed inside a blood artery of a heart so that maximum drug delivery to the
target (heart) can be achieved. The current work makes use of the previously built validated

analytical model to show the effect of multiple donsafmultiple layers between skin and artery)
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on the acoustic and thermal fields of SMP exposed to FU. In order to emphasize the effect of
multiple layers of tissues inside the body, a comparison is drawn between a SMP filament kept in
water domain and a SRfilament kept inside the body (Figd2 and3.3). The predicted values

of acoustic and thermal fields from the analytical model are validated with-dieibeent
simulations in COMSOL and a good agreement is observed. The acoustic and thermal properties

for various tissues and polymer are taken from literature and our previous study, respectively

‘ Cool with deformed shape fixed

[32].
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Fig. 3.1. The graph depicts the heating and cooling cg€la flower shaped drug delivery comar that
undergoes ultrasound induced thermal actuation in the last stage, leading to release of the enclosed drug

particles at the last stage.
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Figure 3.2 shows the relative acoustic pressure field of the fundamental harmonic along axis of
symmetry of thetransducer at sourcefrequency (0.5 MHz) and 15 W input power of the
transducer. The reduction in relative pressure amplitude in-fayér domain is due to the high
attenuation coefficients of tissygsarticularly of fat. The amplified effects of difaction and
nonlinearity inside SMP as compared to surroundicgsse a sudden jump in the pressure
amplitude at the focal point of transdu¢er@s2 mm). The oscillations in the prfocal region
areassumed to be due to standing waves, mer i c a | di spersionf33land Gi
Figure 3.3 shows temperature rise of the polymer at the focal spot during 20 s of ultrasound
exposure. The percentage of temperature reduction at focal point between single and multiple
domain modedtheis higher as compareo pressure reduction betwetre two models. This is

due to the dominance of nonlinear effects over attenuation effects in the nearfield region which
leads to significantly lower influence of absorption coefficient on pressure field as compared to

thermal field in polymer, EdLO of dhapter 2 and Ref§26, 34]
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Fig. 3.2. Relative axial pressure along axis of symmetry of transdacéx) water domain (b) blood

artery inside heart. Both domains have SMP placed at the focal point. Normalization is done with respect

to source pressurpg, .
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Fig. 3.3. Temperature ris at the focal point of transducer in (a) water domain (b) blood artery inside heart
at 15W and 0.5 MHz. Both domains have SMP placed at the focal point.

3.3.2.Acousticthermal study of wave propagation in a mufiyer domain

One of the major concerns the medical community related to the use of thermal trigger for
effective drug delivery is of potential damage to the surrounding environment. The use of FU
and a SMP is a promising solution to this problem. Fig#eshows twedimensional acoustic

and trermal fields in a multlayer domain calculated using finite element methods. It can be seen
that most of the energy is concentrated in the focal region inside SMP, whereas the level of
acoustic and thermal energy concentration in all tissues is well bélewFDA approved
threshold energy level (SpatiBeak Pulsélverage Intensity =190 W/ch) [35, 36] This is
further demonstrated in Fi®.4d which compares the temperature rise inside different tissues
along thepath of ultrasound actuation of SMP, for 20 s of sonication period. It is seen that the
maximum temperature in blood and artery w&l57°C) is attained for less than a second which

is insufficient for causing thermal ablatidB7]. Thus, it is inferred that FU actuated drug

delivery containers can be operated at biologically safe conditions and are capable of producing

localized responses.
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3.3.3.Geometrical investigation of drug delivery capsules

The multtddomain acoustithermeelastic model is an efficient way of optimizing and
customizing external properties such as FU power, source frequency and geometrical properties
of the polymer. Having validated the thermal safety of using FU actuated SMPstivesiutely,

few designs othe drug delivery containers are proposed based on the analytical modal5 Fig.

In order to maintain brevity, only one of the designs is explained in detail in this work. The
purpose of demonstrating these CDD container designs is to elaborate thad#sibility of
designing at different length scales which SMPs offer as compared to other drug delivery
mechanisms. The external FU induced shape recovery has an advantage of offering mechanical
control on drug release over chemically controlled systdfigure3.6 shows the displacement

and normalized velocity profiles of a 2 (diameter) x 2 mm flower shaped capsule at 15 W of
power and 0.5 MHz. These geometrical dimensions enable the capsule to flow freely inside an
artery having a lumen diameter ofrém. The simultaneous angular movement of valve with
respect to upward displacement of diaphragm exhibits a quadratic relationshif.§&)g.This

shows that the valve moves faster, thus pushing the drug particles (resting on the diaphragm
initially) out of the container unhindered. This is further detailed in Bigb where a higher
normalized velocity of valve as compared to diaphragm insures a regulated and uniform passage
of drug patrticles into the bloodstream. A small jump in the velocity profisggptoximately 10 s

can be seen. It is due to the method of implementing thermal data in ABAQUS to analyze

mechanical stresses. The thermal data is divided into two halves from O to 10 s and 10 to 20 s
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which results in a smooth response in these ranges distontinuous response between the two

OcCcurs.
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Fig. 3.4. 2D representations of (a) acoustic pressure field (Pa), (b) acoustic intensity (W/m2) and (c)
Thermal field fC) in a multilayer domain. (d) Tempéuwae rise in different tissue layers during
ultrasound actuation of SMP insitlee artery.

3.3.4.Effects of acousticparameters on drug delivergontaine® sotion

To study the amount of controllability that FU offers on the drug release, simulations are

performed for various power and source frequencies of the transduce3.{lidt is observed in

Fig. 3.7a and3.7c that withanincrease in power, the onset of shape recovery is accelerated and

both angular and axial velocity increase by one order gninade for 250% increase in input

power. This is expected as higher power leads to more energy deposition in the gag8jmer
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leading to faster and more shape recovery. A similar behavior for axial velocityelsrethsvith
increase in acoustic wave frequency, howeitereffect on the velocity magnitude is less than
that of power (Fig.3.7b and 3.7d). This is due to the increase in number of harmonics
concentrated at the focal point leadingatoincrease in theumulative heating rate of polymer

(Eq. 21 of Ref. [26]) and consequently developing higher thermal stresses with increase in
frequency. A higher normalized angular velocity is seen at 0.5 MHz as compared to 1 MHz in
Fig. 3.7d. It is reasoned that this l@hor is due tdoetteruniform distribution of temperature at
resonant frequency (0.5 MHz) as compared to 0.75 MHz and 1 MHz, thus giving higher angular
velocity to the valve and better shape recovery. The variation in shape recovery with power and
frequerty can be exploited to choose the onset time and the amount of drug release as required.
Figure 3.7 shows that by varying these two parameters, an efficient control on different parts of
the container design can be achieved, which consequently infludnecdeug delivery rate, thus
solving some of the challenges in CDD such as high initial burst release, maintaining the order of

delivery rate, and bioavailability among others.

(b)

Fig. 3.5. Proposed capsule dgas. (a) A flower shaped SMP capsule. (b) A box shaped capsule. (c) A
star shaped capsule where dpagticlesarestored in the individual arms of the star and releases upon

actuation of each arm separately.
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3.4.3d-printed SMPs

To realize the proposed drug capsule designs shown in3Fg.3d printing technique is
considered. 3d printing is a powerful techniqughwhe capability of producing wide variety of
complex shapes with high accuracy. 3d printing of SMPs, also known as 4d printing, has recently
gained attention due to reduced costs, ability to print multiple materials into one object, and
simplicity of the printing procedur¢38]. Many printing techniques such as fusiposition
modeling, direct ink writing, and stereolithography are currently being used to achieve 4d
printing of polymers[39-41]. Geet al [42] used projection microstereolithography technique to
photocure methacrylate based copolymerghwiighly tunable thermomechanical properties. In
this work, extrusion based 3d printing using Ultimaker 3 is performed in collaboration with
Medshape company. Vario@s printedpatterns and shapes, as shown in 8, arecomposed

of a thermoplastic gdgmer, Polyurethane. These samples have a transition temperature of

approximately 68C, asdeterminedby the DMA analysis shown iappendixB. Out of these
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patterns, various samples with different geometries are obtained from Medshape3.T dibte
the geometrical properties of these samples. The table assigns a sample number to each unique

sample with its corresponding shape and pattern shown i3 .Big.
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Fig. 3.7. Normalized axial velocity of diaphragfor various (a) input power and (b) source frequency.

Normalized angular velocity of valve for various (c) input power and (d) source frequency, during 20 s of
ultrasound actuation.

76



Fig. 3.8. Dogbone bape with (S1) crissross and (S2) longitudinal 3d printed patterns. Rectangular
samples with (S3) crissross, (S4) longitudinal, and (S5) transverse 3d printed patterns. Hollow gyroidal

shape samples with (S6) small width and (S7) large width.

To find the optimum 3d printed pattern and geometry for maximum shape recovery, experiments
are conducted using the setup in our previous @8k The setup consists of a 61.5 x 31.8 x
32.5 cni water tank lined with absorbing sheets to avoid sound reflection from the tank walls,
Fig. 3.9a. Degassed water is used to avoid any bubble cavitation at high levels of ultrasound
intensity. A H104 SONC Concepts high intensity focused ultrasound (HIFU) is placed at the
bottom floor of the tank, Fig3.9a. The polymers are suspended at the focal point of the

transducer as shown in Fi§9b using a positioning system. The polymers are first deformed in
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a V-shape by applying force under a heat gun. At high tempesattive polymers are in
amorphous phase and thus, easily deformable. Once cooled;siep¥ is fixed. The polymers
are then suspended in the water tank to examine shape recovery undeundtiegposure. Two
sets of experiments are conducted; first, when polymer is mostly exposed to &9Fig.and

second, when the SMP is completely immersed in water 3[02).

Table 3.1. Geometry of thesamples used in experiments

Sample number ( Length (mm) x width (mm) x
corresponding shape) thickness (mm)
1 (S1) 17.4 x 3.7 x 1.4 (middle neck)
2(S2) 17.4x 3.7 x 1.4 (middle neck)
3 (S3) 50x25x2
4 (S4) 50x25x2
5(S5) 50x25x2
6 (S3) 50x9x2
7(84) 50x9x2
8 (S5) 50x9x2
9 (S6) 32x16x 8
10 (S7) 32x9x8

Figure 3.10 shows the amount of shape recovery of the samples listed in I abieterms of
angle change. This angle change is the angle between the lines joining the red doB.BbFig.
with the tip of the free polymerrin, at the beginning and the end of ultrasound actuation. For
gyroidal shapes, it is difficult to measure the angle change dtleetbulk expansion of the

sample. Figre 3.11 shows the shape recovery graphically for wide and thin gyroidal samples in
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air and underwater, as observed in experiments. It is seen that shape recovery is higher in air as

compared to underwater for all samples.

(a)

&)

Fig. 3.9 (a) Schematic of the experimental setup consisting (1) Flsdeeer, (2) SMP filament, (3)
positioning system, and (4) water tank. (b) Magnified images of a temporarily deformed SMP filament
suspended in (bl) air and (b@)demvater. The polymer is kept such that the focal point lies inside the

bent thickness of thidament.

Two possible reasons for this behavior are, first, fluid loading effects which provide added
damping to the motion of the sample in dense fl{d®. Since water is 1000 timekense than

air, the former provides higher added damping and reduces the amplitude of recovery response
more as compared to air. Second possible reason is the thermal cooling of water whichdeads to
lower temperature rise in water as compared to aith&semperature rise is proportional to the
amount of shape recovery, as seen from the mechanical constitutive model, the shape recovery
reduces in water. It is also seen that samples thitHeast width show the maximum shape
recovery.Here, abgbone saples 1 and 2 have the highest shape memory response. This is also

in agreementvith our previous resultg chapter 2where it was argued that large widths have
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more area which has to undergo phase transformation. Thus, large widths show less recovery for
a given duration of FU actuation. Among the various 3d printed patterns;coss 3d
patterning (sample 1,3, and 6) for the same width has shown the best shape recovery. Since 3d
printed pattern directly determines several thermomechanical parametergostulated that
crisscross pattern may be exhibiting higher heat capacity, better thermal conductivity, or lower
elastic modulus. These parameters ultimately contribute to better shape memory behavior of the

crisscross polymer as compared to othdrpBinted patterns.

Another interesting behavior is seen in gyroidal samples. It is observed that when these polymers
are compressed, they do not show any recovery response for all levels of source input power.
However, when these samples are somewhat Bsrshown in Fig3.11, the sharp angle allows

strain concentration which enables the polymer to respond. This behavior agrees with our
previous results where it was concluded that sharper bent angles exhibit better shape recovery.
Since highly bent zorsehave a small zone of strain concentration, the size of the zone becomes
comparable to the focal area of incident ultrasound. Thus, they tend to recover fasteraand by
higher amount as compared to the samples where the strains are distributed irageta(gach

as in compressed samples). The overall performance in shape recotrergywbidal sample is

the lowest as compared to dogbone and rectangular samples. It is hypothesized that the hollow
pattern of the gyroi dal mpeatme disgisutiod dsetserpblymera | | o w
initiates shape recovery once all or most of the volume has transformed to amorphous phase, this
irregular temperature distribution transforms the phase in random pockets, which hinders the

shape recovery response.
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Fig. 3.10. The amount of ultrasound induced shape recovery for different samples in3Tgblkhen
polymer is suspended in air (Fi§.9b1l) and underwater (Fi®.9b2). The angle change is the angle
betweenrthe lines joining the center of the bent area (red dot ind3g) with the tip of the free polymer

arm at the beginning and end of shape recovery.
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Fig. 3.11 Shape recovery for (a) thin and (b) widergjgal samples in air, and (c) thin and (d) wide
gyroidal samples immersed in water. The red dot traces the movement of the tip (red circle) as the sample

undergoes shape recovery due to ultrasound actuation.

3.5. Conclusions

This work aims to extend theqvious work of the authof6, 28]and to demonstrate the ability
of FU actuated biocompatible SMPs to perform controlled drug deliveny-vivo conditions.
The acoustithermoelastic model is used to analyse dnug delivery behaviour of SMiBased

capsules inside an artery of a heart. Validation of the analytical model with COMSOL
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multiphysics simulations shows good agreement for a +daltain system. Comparisons
between acoustic and thermal fields of SMP imgle and multiple domains are performed to
emphasize the attenuation and nonlinear effects of different tissue layers. Maximum
concentration of ultrasound energy and localized temperature rise of the SMP shows that the
usage of SMP based systems is bi@ally safe, without any thermal damage to the surrounding
environment. Various arterscale designs are proposed to emphasize the advantage of using
mechanically controlled active drug delivery systems due to flexibility of design, ease of
manufacturingcontrol on the order of drug release rate and availability of the drug at the target
site. Variation in external parameters such as source power and frequency further elaborates that
different desired drug release rates can be achieved with simple maaipofaFU. To realize

the capsule designs further, 3d printing technique is examined. Various 3d printed samples are
tested with geometrically simple shapes to examine the effehe phttern of printingon shape
recovery behaviour under FU, experimdigtaOur work provides an efficient and potential
alternative to the existing controlled drug delivery mechanisms and paves the way for intelligent

microscale CDD devices.

Appendix B

DMA results of the dogbone samples obtained from Medshape shown i3 Bigkl and 3.8.S2.
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Figure B1. (a) Storage modulus, (b) Loss modulus, and (c) Tan delta of S1 and S2 samples obtained from

DMA analysis
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