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SOMMAIRE
Les polymères à mémoire de forme (PMFs) possèdent la capacité de changer leurs formes
en réponse aux changements de conditions environnementales. Généralement, ces
matériaux dans une forme permanente peuvent être manipulés et fixés dans une forme
temporaire. Cette déformation temporaire reste stable jusqu'à ce qu’un stimulus soit
appliqué pour déclencher la reprise de la forme permanente, induit par la libération de
l'énergie élastique stockée dans la forme temporaire. Cette capacité de se souvenir des
formes différentes dans des conditions différentes a suscité beaucoup d'intérêt de la part
des scientifiques et des ingénieurs en raison de l'énorme potentiel des PMFs pour de
nombreuses applications telles que les implants médicaux, appareils intelligents et
actionneurs. Au cours des dernières années, la recherche et le développement sur les
PMFs croissent rapidement. Toutefois, les méthodes de déclenchement pour la reprise de
forme sont toujours limitées à l'utilisation d'une poignée de stimuli, y compris le
chauffage direct, l'exposition à la lumière, au champ électrique, au champ magnétique, et
à un changement de pH ou de l'humidité. Il y a encore un besoin de développer de
nouvelles méthodes pour contrôler les PMFs. D'autre part, pour plus d'applications, il est
intéressant d’avoir des PMFs combinés avec d'autres propriétés ou fonctionnalités stimulisensibles, telles que la conductivité, la perméabilité, la libération de médicaments ou
l'auto-guérison. Le thème principal de cette thèse est de développer des PMFs avec un
nouveau mécanisme de stimulation, à savoir, l'exposition aux ultrasons, et avec des
fonctionnalités supplémentaires. Nous avons utilisé des ultrasons pour déclencher la
reprise de forme des polymères, y compris l'usage des ultrasons focalisés de haute
intensité (UFHI) pour un PMF amorphe et l'utilisation des ultrasons thérapeutiques pour
un hydrogel biocompatible à mémoire de forme. L’utilisation des ultrasons pour contrôler
la récupération de forme présente plusieurs avantages par rapport à d'autres stimuli, tels
que l'activation à distance, le contrôle spatiotemporelle et, plus important encore, une
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pénétration profonde dans les tissus biologiques. Pour les PMFs multifonctionnels, nous
avons développé des PMFs combinés avec la libération de médicaments ou la propriété
d'auto-guérison. Les travaux de recherche accomplis dans cette thèse portent
principalement sur deux sujets présentés dans quatre chapitres. La première partie est
l'étude sur l’utilisation de l’UFHI pour contrôler la reprise de forme et, simultanément, la
libération de médicaments à partir de PMFs solides. La deuxième partie est consacrée au
développement de nouveaux hydrogels polymères possédant à la fois la capacité de
mémoire de forme et la propriété d'auto-guérison, dont la mémoire de forme peut être
déclenchée par un appareil à ultrasons thérapeutique.
Dans notre première étude sur les PMFs contrôlés par l’UFHI, nous avons préparé un
copolymère statistique composé de méthacrylate de méthyle et d’acrylate de butyle,
P(MMA-BA), comme un PMF modèle. Sous l'exposition UFHI, le polymère peut être
chauffé à plus de 100 °C en quelques secondes, permettant le controle de la mémoire de
forme par les ultrasons. En faisant usage de ce chauffage rapide et localisé induit par
l’UFHI, nous avons réalisé le contrôle spatiotemporel sur le processus de récupération de
forme, démontrant que les différentes parties déformées peuvent être activées séparément
pour entreprendre la récupération de forme, et que le processus de récupération de forme
peut être interrompu à tout moment pour obtenir plusieurs formes intermédiaires stables.
En outre, nous avons démontré que la libération contrôlée de médicaments peut être
réalisée dans le processus de récupération de forme simultanément. En effet, le chauffage
sous UFHI augmente la mobilité de chaînes ainsi que le coefficient de diffusion de la
matrice polymère, ce qui entraîne la libération du composé chargé dans le PMF. Les
caractéristiques intéressantes de l'utilisation de l’UFHI dans le contrôle de la mémoire de
forme sont prometteuses pour une large gamme d'applications, notamment dans les
domaines biomédicaux.
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Sur la base du premier projet, afin de mieux comprendre la mémoire de forme contrôlée
par l’UFHI ainsi que la relation entre les propriétés des polymères et leurs comportements
en réponse a l’UFHI, nous avons utilisé le P(MMA-BA) en tant que polymère modèle et
préparé des échantillons en rajustant plusieurs paramètres ou propriétés, y compris
l'épaisseur, la composition des deux monomères et la teneur en agent de réticulation. Les
résultats indiquent que pour une puissance de sortie ultrasonore donnée, il existe une
épaisseur optimale de l'échantillon pour l'effet thermique induit par l’UFHI et par
conséquent le taux de récupération de forme. En outre, les résultats révèlent des effets
significatifs de la composition de copolymère et de la densité de réticulation sur le
comportement en mémoire de forme. Le plus important est qu'il y a une relation directe
entre le paramètre viscoélastique de tangente de perte, tan δ, du polymère et l'élévation de
la température induite par l’UFHI. Nous avons constaté qu’une valeur plus élevée de tan δ
du polymère donne lieu à une élévation de température supérieure qui, à son tour,
détermine le comportement de récupération de la forme sous UFHI. La conclusion de
cette étude fournit une compréhension importante pour la conception et la préparation des
PMFs UFHI-sensibles.
Sur un autre front, nous avons développé deux méthodes simples et générales pour
préparer l’hydrogel à base du poly(alcool de vinyle) (PVA) possédant à la fois la mémoire
de forme et la propriété d'auto-guérison. Il est difficile de préparer un hydrogel à mémoire
de forme en raison de la grande quantité d'eau présente dans le matériau. Lorsque le PVA
est soumis à un traitement de congélation/décongélation, il peut former un hydrogel
physique avec des micro-domaines cristallins jouant le rôle de points de réticulation. Une
étude précédente de notre groupe a également trouvé que l’hydrogel physique du PVA a
la capacité d'auto-guérison de manière autonome en raison de nombreux ponts-H entre les
groupes hydroxyle dans le polymère. Basé sur ces connaissances, nous avons développé
deux stratégies pour préparer des hydrogels à mémoire de forme. Dans le premier cas,
nous avons mis en évidence qu’en ajoutant une petite quantité de mélamine comme agent
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de réticulation pour former de multiples liaisons-H avec le PVA, l'hydrogel résultant,
étant mécaniquement renforcée, peut être déformé et la déformation peut ensuite être
fixée par le traitement de congélation/décongélation. Cela signifie qu’une forme
temporaire de l'hydrogel de PVA/mélamine peut être obtenue, et que la reprise de forme
peut être déclenchée par chauffage au-dessus de la température de fusion des microdomaines cristallins du PVA. Nous avons démontré, pour la première fois, que la
récupération de forme d'un hydrogel polymère peut être déclenchée à l'aide d'un appareil à
ultrasons thérapeutiques en vente dans les pharmacies pour le soulagement de la douleur.
Cette réalisation est une étape importante vers des applications des PMFs contrôlés par les
ultrasons.
Dans la deuxième étude concernant les hydrogels à mémoire de forme, nous avons
développé une nouvelle stratégie pour transmettre les propriétés recherchées de mémoire
de forme et d'auto-guérison à des hydrogels réticulés chimiquement. Par voie
d’interpénétration de deux réseaux, un réseau chimique du poly(éthylène glycol) (PEG) et
un réseau physique du PVA, nous montrons que cet hydrogel de double-réseau est non
seulement mécaniquement fort, mais aussi doté des propriétés de mémoire de forme et
d’auto-guérison découlant du PVA. La forme temporaire, à nouveau, peut être obtenue en
soumettant l'hydrogel déformé au traitement de congélation/décongélation. Par ailleurs,
profitant de la structure à double-réseau, nous avons fait la première investigation sur
l’effet de l’anisotropie sur le comportement d'auto-guérison dans un hydrogel allongé. Les
résultats indiquent que l'efficacité d'auto-cicatrisation est différente selon la direction de
mesure par rapport à la direction d’étirement de l’hydrogel (direction d'orientation de
chaines), et que ce phénomène pourrait être issu de différentes densités des ponts-H le
long de différentes directions dans un hydrogel anisotrope.
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ABSTRACT
Shape memory polymers (SMPs) have the ability to change their sizes or shapes in
response to environmental condition changes. Usually these materials with an original
(permanent) shape can be manipulated and fixed into a temporary and dormant shape.
This temporary deformation is stable until a stimulus is applied to trigger the shape
recovery of the material to go back to its original, stress-free condition, driven by the
release of elastic energy stored during the temporary shape processing. The ability to
remember different shapes at different conditions has arouse much interest from scientists
and engineers because of the great potential of SMPs for applications in medical implants,
smart devices, information recorders, actuators, and so on. In recent years there is a rapid
development in this research field; versatile SMP systems with various formulations or
functionalities have been produced. However, the shape recovery triggering methods are
limited to the use of a handful of stimuli, including direct heating in most cases, and also
exposure to light, electric field, magnetic field, pH change or moisture. There is still a
need to develop novel triggering methods to control SMPs. On the other hand, for the
development and utilization of SMPs in a broader application spectrum, producing
polymer systems combining the shape memory property and other stimuli-responsive
functionalities, such as conductivity, permeability, drug delivery or self-healing, is also of
considerable interest. The main topic of this thesis is to develop SMPs with a new
stimulation mechanism, namely, ultrasound, and with additional functionalities. We
utilized ultrasound to trigger shape recovery of polymers, including the use of high
intensity focused ultrasound (HIFU) to trigger an amorphous SMP and the use of
therapeutic ultrasound to control a biocompatible shape memory hydrogel. Using
ultrasound to control shape recovery has several advantages compared to other stimuli,
such as remote activation, spatiotemporal control and, more importantly, deep penetration
into biological tissues. For SMPs with additional functionalities, we developed SMP
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systems combined with drug delivery or self-healing properties. The research works
accomplished in this thesis mainly covers two topics, reported in four chapters. The first
part is the investigation of HIFU in triggering the shape recovery and, simultaneously,
controlling the drug delivery from polymers in the solid state. The second part is focused
on the development of new polymer hydrogels possessing both the shape memory and
self-healing functionalities and whose shape memory can be controlled using a
therapeutic ultrasound device.
In our first study regarding ultrasound-controlled SMPs, we prepared an amorphous
random copolymer poly(methyl methacrylate-co-butyl acrylate) (P(MMA-BA)) as a
model SMP because both its shape fixity ratio and shape recovery ratio are nearly ~
100%. Under HIFU exposure the polymers can be heated to above 100 °C within several
seconds while the environmental temperature increases only moderately. This rapid and
prominent ultrasound thermal effect makes it possible to control SMPs. By making use of
HIFU-induced localized heating, we have realized spatiotemporal control over the shape
recovery process, showing that different parts of deformed SMP can be triggered to
undergo shape recovery separately, and that the shape recovery process can be halted at
will to obtain several intermediate shapes. In addition, we have demonstrated that
controlled drug release can be achieved in the shape recovery process simultaneously.
Upon increase of the temperature chain mobility as well as the diffusion coefficient of the
polymer matrix are both enhanced, resulting in release of loaded compound. The
appealing features of using HIFU to trigger polymer shape recovery hold promise for a
wide range of applications, especially in biomedical fields.
On the basis of the first project, in order to further understand HIFU-controlled shape
memory and the relationship between polymer properties and their behaviors under HIFU,
we used P(MMA-BA) as a model polymer and adjusted several properties, including
thickness, monomer composition and crosslinker content, to investigate the temperature
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rise and shape recovery behavior of the polymer under HIFU. The results indicate that for
a given ultrasound output power, there is an optimal sample thickness for the ultrasoundinduced thermal effect and thus the shape recovery ratio. Moreover, the results reveal
significant effects of the copolymer composition and the crosslinking density on the shape
recovery behavior, showing that there is a close relationship between the viscoelastic
parameter loss tangent, tan δ, of the polymer and the HIFU-induced temperature rise. We
found that a higher tan δ value of the polymer at the operating temperature gives rise to a
greater temperature rise rate that, in turn, determines the shape recovery behavior under
HIFU. The finding of this study provides useful guiding rules for the design and
preparation of HIFU-responsive SMPs.
On another front, we developed two simple and general methods to prepare poly(vinyl
alcohol) (PVA)-based shape memory hydrogels possessing both the shape memory and
self-healing properties. It is challenging to prepare shape memory hydrogels because of
the large amount of water present in the material. When PVA is subjected to
freezing/thawing treatment, it can form a physical hydrogel with crystallized microdomains acting as crosslinks; a previous study of our group also found that such PVA
hydrogel has the ability to autonomously self-heal due to the extensive H-bonding
between hydroxyl groups on PVA chains. On the basis of the above knowledge, we
developed two strategies to prepare shape memory PVA hydrogels. In the first case, we
show that by adding a small amount of melamine as a small-molecule crosslinker to form
multiple H-bonds with PVA, the mechanically enhanced hydrogel can be deformed, and
the deformation can be subsequently fixed when the deformed hydrogel is treated with
freezing/thawing due to the formed network structure. This means that temporary shape of
the PVA/melamine hydrogel can be obtained, and that the shape recovery can be triggered
by heating the hydrogel above the melting temperature of PVA crystalline micro-domains
formed during the freezing/thawing treatment. We went to demonstrate, for the first time,
that the shape recovery of a polymer hydrogel can be triggered using a therapeutic
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ultrasound device on sale in drugstores for pain relief. This achievement is a significant
step forward towards applications of ultrasound-controlled SMPs.
In the second study concerning shape memory hydrogels, we further developed a new
strategy to impart the shape memory and self-healing functionalities to chemically
crosslinked polymer hydrogels. By interpenetrating a poly(ethylene glycol) (PEG)
chemical network in the PVA physical network, we show that the shape memory property
is enabled in this strong and tough double-network hydrogel, together with partial selfhealing capability arising from PVA. The temporary shape again can be obtained using
the freezing/thawing treatment on deformed hydrogel; higher shape fixation can be
achieved using repeated freezing/thawing cycles as stable crystalline micro-domains of
PVA with higher crystallinity are formed in the hydrogel. Moreover, taking advantage of
the double-network structure, we made the first investigation on the anisotropic selfhealing behavior in an elongated hydrogel. The results indicate that the self-healing
efficiency is different between the directions along or perpendicular to polymer chain
orientation direction, and that this phenomenon could be originated from a difference in
H-bonding density in the anisotropic hydrogel.
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摘要
形状记忆聚合物是刺激响应聚合物中的一类，他们具有响应外界环境刺激而改变自
身形状的能力。通常情况下，这些材料的初始形状可以在特定环境下被改变并固定
为其他临时形状，这些固定下来的临时形状在通常情况下是稳定的，只有当对其被
施加一外界刺激之后，材料响应这一刺激并激活其链段运动能力，在之前编程过程
中储存的弹性能的作用下材料最终回复到其最初的形状。这一具有“在不同环境下
具有不同形状”能力的材料引起了科研人员们的巨大兴趣，因为这些材料在如智能
器件，信息记录，传感器等许多领域都有着巨大的应用前景。近年来形状记忆聚合
物领域有着巨大的发展，许多具有不同构成及功能的形状记忆材料被报道。然而，
形状记忆材料的回复手段迄今为止只局限于少数几种刺激源，如光，电，磁场，pH
，溶剂等。刺激手段的局限性正逐渐成为制约形状记忆在更广阔领域发挥作用的一
个问题。另一方面，制备同时具有其他功能的形状记忆聚合物，如同时具有导电性
，渗透性，药物释放或自修复等功能的形状记忆聚合物，也是形状记忆研究领域的
一个热门方向。本论文的研究主旨是制备同时具有其他功能的新型刺激响应形状记
忆聚合物，即超声响应的形状记忆聚合物。我们实现了聚焦超声装置作为刺激源，
实现了无定型形状记忆聚合物定时，定位可控的形状记忆回复过程，以及利用理疗
超声实现了形状记忆水凝胶的形状回复。与其他刺激手段相比，超声波具有几个方
面的优势，例如，可以远程控制形状记忆回复过程，可以实现不同部位分别回复的
定位可控形状记忆，形状记忆过程中的可控性，以及在生物组织中高穿透性等，因
而这一手段在生物医用领域具有巨大前景。同时，我们同时将其他功能引入到了形
状记忆聚合物体系中，包括药物的控制释放，与自修复性能等。本论文中所涉及的
研究工作包括两个主题，分别在 4 章中进行论述。第一个主题是聚焦超声响应的固
体形状记忆聚合物的形状记忆与药物释放行为。第二个主题是制备具有超声响应性
的同时具有形状记忆与自修复功能的水凝胶。
在第一个关于超声响应形状记忆聚合物的研究工作中，我们制备了聚（甲基丙烯酸
甲酯-co-丙烯酸丁酯）无归共聚物作为模型形状记忆聚合物，因为它的形状固定率
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与形状回复率均接近 100%。在聚焦超声的作用下，所用形状记忆聚合物可以在几
十秒内被加热至 100 °C 以上，同时将材料周围的环境温度保持在一相对稳定的范
围内。这一快速且显著的超声热效应使其用于刺激形状记忆聚合物成为可能。通过
利用聚焦超声的局部加热效应，我们实现了定时定位可控的形状记忆过程：不同部
位的形变可以分别利用超声刺激进行回复；单一形状回复过程也可被任意控制，获
得回复过程中的多种临时形状。此外，我们还证明了药物控制释放可以与形状回复
过程在在超声刺激下同时实现。聚焦超声的这些特点使其在许多相关领域，尤其是
生物医学领域，有着巨大的应用前景。
在第一个项目的基础上我们进一步研究了聚合物在聚焦超声作用下的形状记忆行为
，以及聚合物自身性质与其在聚焦超声作用下的升温效应及形状记忆行为的关系。
我们使用聚（甲基丙烯酸甲酯-co-丙烯酸丁酯）作为模板聚合物，通过改变聚合物
的厚度，聚合单体比例以及交联剂含量等，来研究这些性质对聚合物在聚焦超声下
行为的影响。结果表明，在特定功率的超声作用下，聚合物存在着一最佳厚度值来
达到最强的热效应以及最佳的形状回复率。此外，聚合物的单体组成以及交联剂含
量对其在超声下的行为有显著的影响，且聚合物的粘弹性系数损耗因子（tan δ）
与其超声响应行为有着密切联系，损耗因子（tan δ）值的大小决定了聚合物在某
一特定温度值时的升温速率以及形状回复速率。这些结果将为设计与制备超声响应
形状记忆聚合物提供重要参考。
另一方面，我们使用两种不同的方法制备了同时具有形状记忆与自修复功能的聚乙
烯醇形状记忆水凝胶。与固体形状记忆聚合物相比，制备形状记忆水凝胶的难点在
于大量水分子存在于水凝胶体系内。聚乙烯醇的水凝胶可以通过冷冻解冻循环工艺
使水凝胶内形成微小的结晶相来制备。在我们之前的工作中，我们发现冷冻解冻循
环方法制备的聚乙烯醇水凝胶具有优良的自修复性能，在材料形成断裂面之后水凝
胶中聚乙烯醇分子链上的羟基可以通过再次形成氢键作用来修复断面。本论文中我
们开发了两种不同的方法来制备聚乙烯醇形状记忆水凝胶。在第一种方法中，我们
引入了一种小分子交联剂，它可以通过与聚乙烯醇分子链形成多重氢键来形成水凝
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胶，同时当这种水凝胶变形后，形变可以通过冷冻解冻循环来固定。通过加热水凝
胶使其温度升高至微晶区域融融温度以上，可诱导水凝胶回复至其初始形状。此外
，我们还证明了形变后的聚乙烯醇形状记忆水凝胶的形状回复过程可以通过一种在
药店中购买的，用于治疗肌肉疼痛的理疗超声器械来刺激实现。这一成果是超声刺
激形状记忆聚合物在应用方向的巨大进步。
在另一工作中，我们研究出了一种制备具有形状记忆与自修复性能的化学交联水凝
胶的新方法。通过在聚乙烯醇水凝胶中引入一化学交联网络，可形成具有互穿网络
结构的水凝胶，并利用这一双网络结构，我们实现了形状记忆行为以及基于聚乙烯
醇的自修复性能。形变通过冷冻解冻循环来固定，重复这一循环可形成更加稳定的
微晶区域从而获得较高的形状固定率。此外，通过利用水凝胶的双网络结构，我们
首次研究了拉伸形变后的水凝胶各向异性的自修复行为，我们发现在沿拉伸方向与
垂直方向上具有不同的自修复效率，造成这一结果原因可能与水凝胶基体在这两个
方向上氢键密度的不同有关。
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at the Université de Sherbrooke, for their kind help during my Ph.D study in the
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Fonds de recherche du Québec: Nature et technologies (FQRNT), and the Université de
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INTRODUCTION
Stimuli-responsive polymers, or smart polymers, are playing an increasingly important part in a
diverse range of applications (1,2). These materials can adapt to surrounding environmental
changes, usually slight changes in environment are sufficient to induce greater responsiveness in
the polymer’s properties, like transportation of ions and molecules, wettability, adhesion of
different species, external color or appearance, and solubility in water (3-5). So far most interests
are focused on a number of environmental factors, such as temperature, humidity, pH, light,
electric or magnetic field. Among the stimuli-responsive polymers, shape memory polymers
(SMPs) and self- or stimuli-healable polymers (SHPs) are two main branches. SMPs have the
ability to change their shapes according to environmental changes (6-41), while SHPs are
capable of healing cracks or ruptured surfaces to regain homogeneity and mechanical properties.
Regarding SMPs, these materials are three-dimensional networks comprising net-points and
molecular switches. We can easily recognize a shape memory polymer by comparing it with an
elastomer: if an elastomer is stretched, it will go back to the original length instantly upon
removal of external force; while for a shape memory polymer, once it is deformed in the “switch
on” state, the deformation can be kept by “switch off” of the chain mobility, and the deformation
will be retained until the chain mobility of the polymer is switched on again. The net-points are
used to keep the polymer chains from slippage during deformation and thus “remember” the
original shape, while the molecular switches are responsible for retain and release of the
deformation. So far direct heating remains the most used stimulus to control the molecular
switches and shape memory process, but other stimuli, like light (14-29), electric or magnetic
filed (30-34), and redox or moisture (37-41), have also shown their appealing features to control
SMPs.
From both scientific or application point of view, materials that can heal the micro-cracks or
fractures can greatly extend their working life, reduce the maintenance costs and avoid the
inconvenience to manually repair the damage that often is invisible. Literally, self-healing
materials have the build-in ability to repair damage caused by mechanical usage over time. The
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concept of self-healing polymeric materials was proposed in the 1980s, and some more recent
works further inspired worldwide interests in these materials. A representative work reported by
White et al. in 2001 showed that if a healing agent is microencapsulated and embedded into a
structural composite material, upon formation of cracks, the microcapsules can be ruptured and
release the healing agent (monomer) that, in contact with a catalyst, can be polymerized at room
temperature to bond the crack faces (42). In a broader sense, self-healing polymers or selfhealable polymers can be expected to activate the healing process autonomously or under
external stimulation (43-89). In most cases the healing process requires an external trigger,
which helps to enhance the chain mobility and activate the functional groups or components to
reform interactions between the cracks to mend the damage and regain the mechanical strength.
In the following sections we will focus on the relevant literature about SMPs with new
stimulation mechanisms or structures. Since using ultrasound induced thermal effect to activate
shape recovery of SMPs is the main topic of this thesis, we will start by reviewing and discussing
the stimuli methods used to trigger SMPs based on indirect heating. Representative examples of
each stimulus in the literature will also be mentioned to show the most recent advances.
Afterwards the mechanisms and applications of ultrasound on stimuli-responsive polymers,
especially on drug delivery, will be introduced to better understand the responsiveness of SMPs
under ultrasound stimulation. In the second part different approaches to make shape memory
hydrogels and self-healing hydrogels will be introduced to set the background of our research
about the second topic, i. e., hydrogels possessing shape memory and self-healing abilities. The
Introduction will be closed with a statement of the objectives of the thesis work.
1. SMPs Triggered by Stimuli-Induced Heating
The research and development in SMPs accelerated in 1990s and gained a big momentum over
the recent 5-10 years. Several hundred papers on this topic were published annually in these
years. The formulations of SMP systems are so diverse that they can hardly be classified into one
or a few models. Most SMPs are triggered by heat, for these SMPs, the deformation must be
performed above their transition temperatures, which act as switches to retain the temporary
deformation and recover the initial shape. The transition temperature (Ttrans) can be glass
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transition temperature (Tg) for amorphous SMPs, melting temperature (Tm) for semi-crystalline
SMPs or liquid crystal-isotropic phase transition (Tni) for liquid crystal SMPs (1-6). Ideally, the
macroscopic deformation should correspond to the changes in the molecular chain conformation
or entropy, when cooled below Ttrans, the deformation imposed onto SMPs will be maintained
due to the absence or reduction of chain mobility, thus storing the deformation energy arising
mainly from entropy decrease. When heated above Ttrans again, the activation of chain mobility
enables the release of entropic energy, and the shape recovery occurs as a result of the movement
of polymer chains going back to their high entropic state. The molecular mechanism of SMPs
can be seen in Figure 1.

Figure 1. The molecular mechanism of thermally activated SMEs. Black dots: netpoints; blue
lines: molecular chains of low mobility below Ttrans; red lines: molecular chains of high
mobility above Ttrans. [4]
The most common way to heat SMPs is to directly increase their environmental temperature
using hot gas or liquid, but such methods are not applicable in many cases. One evident example
is SMP devices in aerospace field (4). It is impossible to increase the temperature of the devices
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by heating the outer space temperature or blowing hot air or liquid. This limit can be resolved by
incorporating functional fillers into the SMP matrix, and when exposed to stimuli like light,
electric field or alternating magnetic field, the fillers can absorb the exposed energy and
subsequently release it in the form of heat, which elevates the surrounding temperature of the
polymer matrix above its Ttrans, and thus triggers the shape recovery process. Moreover, based on
such stimuli-induced thermal effect, the shape recovery process can be controlled remotely,
locally and momentarily. Under the stimuli exposure like light or magnetic field, shape recovery
can be activated far from the SMP; and due to the poor thermal conductivity of polymers, the
heating is localized in the exposed region, which allows the shape recovery to be selectively
triggered in different parts of the SMP. Also, the heating rate and heating efficiency can be much
faster and greater as compared to direct and bulk heating. Since the stimuli-induced heating is
directly on or inside the material, the surrounding temperature change is not necessarily
involved. In what follows, the aim stimuli used for SMPs will be introduced and discussed.
Conductive fillers, such as carbon particles, carbon nanotubes (CNT), carbon fibers (CF), carbon
black (CB) and Ni powders, can be incorporated into SMPs. These fillers can form conductive
paths within the shape memory matrix and thus impart the conductivity to the composites. When
electric current passes through, these SMPs can be triggered via Joule heating effect. In a
representative work reported in 2008, the SMP system (SMP/CB/Ni) were prepared by adding Ni
particles and carbon black powders into a polyurethane (PU) SMP matrix (34). CB powders were
aggregated and distributed uniformly within the PU matrix, while Ni powders were aligned into
chains within the polymer matrix induced by magnetic field in the preparation step, which act as
conductive channels to bridge CB aggregates together. Reference systems like SMP/CB/Ni with
randomly distributed Ni particles, as well as SMP/CB which no Ni particles incorporated, were
also prepared for comparison of the inductive heating and shape recovery behaviors under
electric field. Results in Figure 2 show that the system with aligned Ni particles has a
significantly reduced resistivity and higher resistant heating compared to the reference systems,
and thus a more complete shape recovery within 120s under electric field.
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Figure 2. Temperature changes and shape memory of the composites under electric field. Topleft inset, dimensions of sample; middle-left inset, prebent shape; bottom-left inset, temperature
bar (in °C) Sample (a): SMP/CB/Ni (chained) system, 10 vol% of CB, 0.5 vol% of chained Ni;
sample (b): SMP/CB/Ni (random) system, 10 vol% of CB, 0.5 vol% of randomly distributed Ni;
and sample (c): SMP/CB system, only 10 vol% of CB and no Ni powder incorporated in the
shape memory composite system. [34]
Similarly, incorporating magnetic particles, like Fe2O3 and Fe3O4, into SMPs can enable
magnetically controlled shape memory behaviors. Under high frequency alternating magnetic
field, the electromagnetic energy can be transformed into heat by these particles. The mechanism
of heat generation is hysteresis loss and/or related processes that are direct result of
superparamagnetism. Lendlein et al. reported the first example of magnetic field controlled SMP
in 2006, which Fe3O4 particles having average diameter around 25 nm dispersed in a polyether
urethane (PEU) based thermoplastic SMP matrix through extrusion (31). Results show that glass
transition temperature (74 °C) of the poly(tetramethylene glycol) (PTMG, soft segment of PEU)
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that acts as switch temperature in the shape memory process was not affected after addition of
these magnetic fillers. Under magnetic field (f = 258 kHz, H = 30 kAm-1) the composite
displayed a rapid temperature rise (from 20 °C to around 90 °C within 150 seconds), and the
shape recovery behavior under magnetic field showed a similar behavior comparable to that
obtained with direct heating. Photos in Figure 3 show the shape recovery of the composite under
magnetic field.

Figure 3. Photos showing the macroscopic shape-memory effect of the prepared composite with
10 wt% of magnetic particles. The permanent shape is a plane stripe and the temporary shape is a
corkscrew-like spiral. The pictures show the transition from temporary to permanent shape in a
magnetic field of f = 258 kHz and H = 30 kAm-1 in an inductor. [31]
In terms of light controlled SMPs based on photothermal effect, plenty of photo-reactive species,
including organic dyes, ligands, carbon nanotubes, graphene, black ink, gold nanoparticles
(AuNP) and gold nanorods, have been adopted to achieve inductive heating and trigger shape
recovery process of SMPs. These species have the ability to absorb optical energy and convert it
into heat through a non-irradiative energy dissipation of electrons from excited state to ground
state. Vaia et al. prepared a polyurethane/carbon nanotube composite displaying infrared light
controllable shape memory behavior (18). The elongated deformation was kept by strain-induced
crystallization of soft-segment chains, with a melting temperature around 48 °C. Under infrared
light exposure, the absorption of photons by CNT generated heat and elevated the internal
temperature of the material above Tm of the crystallized soft-segments and induced the melting of
the crystalline domains that formed in the deformation process, and thus remotely triggered the
shape recovery (Figure 4).
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Figure 4. Optical images showing strain recovery induced by infrared light irradiation. Infrared
absorption, non-irradiative energy decay and the resulting local heating are constrained to the
near-surface region of a stretched ribbon, resulting in strain recovery of the near-surface region
and curling of the ribbon towards the infrared source (exposure from the left) within 5 seconds.
[18]
Gold nanoparticles and gold nanorods have also demonstrated their efficiency as functional
fillers to achieve light-controlled shape memory behaviors. The photothermal property of these
species lies in their localized surface plasmon resonance (SPR) attributes. The electrons on
surface of the gold nanofillers are subjected to a periodically varying distortion in alternating
electric field against the restoring force generated by the positive nuclei, and the electrical field
drives the electrons to collectively oscillate in phase if the frequency of incident light matches
the intrinsic frequency of the surface electrons (90-94). The advantages of using nanofillers to
induce photo-thermal effect reside in the fact that they display very high molar absorption
coefficients (about 107-109 M-1cm-1 for nanoparticle size from 5 nm to 40 nm) to absorb photons,
and the absorption spectra can be tuned in a wide range depending on their size and shape. Gold
nanospheres or gold nanoparticles usually absorb light in the visible range and, depending on the
size exhibit absorption within a quite limited spectral range (500 – 550 nm). Once anisotropy is
introduced into the shape of these gold nanofillers, like gold nanorods, the absorption spectra are
greatly shifted to longer wavelength. For gold nanorods there are actually two surface plasmon
resonances, one belongs to the transverse oscillating electrons and the other is related to the
longitudinal oscillating electrons. The former has absorption spectra similar to gold nanoparticles

7

while the later displays longer wavelength absorption spanning from 700 nm to 1100 nm with
increasing the aspect ratio (length over diameter). Example spectra are shown in Figure 5.

Figure 5. Surface plasmon resonance absorption peaks of gold nanoparticles (AuNPs) as a
function of gold nanospheres’ size and gold nanorods’ aspect ratio (AR). [90]
In a work reported in 2009 (25), gold nanorods (AuNRs) were added into a biodegradable
polymer synthesized using tert-butyl acrylate (tBA) and a macromer crosslinker (A6) (chemical
structures shown in Figure 6). The crosslinker A6 can be degraded through hydrolysis of ester
units. The samples of photopolymerized SMP have Tg ranging from 40.7 °C ~ 53.3 °C, altered
by the gold nanorod concentration. Under 770 nm light exposure for 5 minutes the temperature
of the material can be raised to around 60 °C, and this temperature rise process can be repeated
for several times with a good repeatability. The light controlled shape recovery process for one
sample is shown in Figure 6. A temporal spiral shape was firstly prepared. Under 0.3 W of IR
light irradiation, the exposed part responded very quickly and the whole shape recovery process
completed within several minutes. The results indicate that the embedded AuNRs can rapidly
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elevate the local temperature of the SMP in the exposed area and thus activate light-controlled
shape recovery in a remote manner.

Figure 6. Structures of macromer A6 and monomer tBA used for network formation (top) and
images of shape transitions of polymers fabricated from 15:85 A6/tBA networks with nanorods
after exposing to 0.3 W IR light (bottom). The complete transition took several minutes since the
sample would change shape and move from the path of the light, yet shape changes were nearly
instantaneous when the light was directed on the sample. [25]
Besides heating the SMP above its Ttrans by applying a stimulus an alternative approach to
activate the shape recovery process is by diffusing small molecules into the polymer, for the socalled solvent-induced shape memory. The mechanism for this approach is that the diffused
small molecules can act as plasticizer to lower Ttrans of the SMP matrix (below room
temperature) and weaken the inter-molecular interactions, such as H-bonding, and thus increase
the flexibility of the macromolecular chains. Polylactide (27), poly(vinyl alcohol) (28) and
polyurethane (37) were reported to show water triggered shape memory effects. Likewise, some
Tm-type SMPs containing hydrophilic crystalline poly(ethylene glycol) chains also showed
similar recovery behaviors (38). This approach is quite attractive in biomedical fields due to the
natural presence of large amount of water in human body and the difficulty to apply heating
method in those instances. One issue to consider is the shape recovery speed that is determined
by the diffusion process of the molecules and thus can last from several minutes to 1~2 days.
This means the size or shape of the bulk material is quite important. In addition, the shape
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recovery stress generated through solvent-induced shape recovery process is often very small
compared to the SMPs triggered through inductive heating, which may limit their applications.
2. Ultrasound and Its Application in Drug Delivery
Ultrasounds are sound waves with frequencies higher than the upper audible limit of human
hearing (20 kHz). As a kind of longitudinal wave, when ultrasound passes through media like
gases or liquids, it forces the molecules in the medium to periodically oscillate in the direction of
the ultrasound wave propagation, resulting in alternative regions with high and low density (95).
There are two main effects that happen during ultrasound propagation: thermal effect and
cavitation effect. Thermal effect is generated by ultrasound attenuation during ultrasound
propagation, which occurs mainly by both scattering and absorption. Cavitation effect is the most
significant effect of ultrasound, which is related to the process of formation, growth and collapse
(inertial cavitation), or sustained oscillatory motion (stable cavitation) of microbubbles when
ultrasound waves transmit through a liquid medium (96). In inertial cavitation, bubbles oscillate
in an unstable manner around their equilibrium, expanding to 2-3 times of their resonant size
before violently collapsing in half of a single compression cycle (97). By contrast, microbubbles
in stable cavitation can sustain for several or even more acoustic cycles, while the radius of each
bubble varies around an equilibrium value. Ultrasound cavitation can generate extreme local
temperatures and pressures as high as 5000 K and 500 atm, with heating and cooling rates higher
than 109 K/s and accompanied by strong shock waves and microstreaming (98). Generally,
ultrasound can be divided into 2 categories according to the frequency: low frequency ultrasound
(20-200 KHz) and high frequency ultrasound (>200 KHz). Ultrasonic waves with lower
frequency have deeper penetrability into human body and lower attenuation when propagate in
the medium, but they can produce stronger cavitation effect and are more difficult to be focused
due to their long wavelength. Strong cavitation should be avoided if the ultrasound is applied in
human body, since it can destroy healthy and vital tissues. In the case of ultrasound with high
frequency, the cavitation is less prominent, and the ultrasonic waves can be focused into a small
area, which is also referred as high intensity focused ultrasound (HIFU).
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Figure 7. Mechanisms of ultrasound cavitation. (a) Acoustic streaming: cavitation bubbles can
oscillate around their resonant size and generate velocities inducing shear stresses. (b)
Sonochemistry: sudden collapse of bubbles generates momentary high temperatures in the
bubble core. The hot bubble can induce chemical changes in the surrounding medium, including
free-radical generation. (c) Shock waves: sudden collapse of cavitation bubbles leads to the
formation of shock waves. (d) Liquid microjets: collapsing bubbles near a surface experience
non-uniformities in their surroundings that result in the formation of high-velocity microjets.
[96]
The HIFU beams are emitted from a specially designed and curved transducer or phased arrays.
Since the emitted ultrasound waves are focused into a small volume of several cubic millimeters,
the ultrasonic intensity in the focal area is the highest while increasingly becoming away from
the focal spot. A typical HIFU system consists of a signal generator, a power amplifier and an
acoustic lens transducer. Ultrasound signals with certain frequency and initial amplitude are
generated from the signal generator, which is subsequently amplified by the power amplifier.
The acoustic lens transducer receives these amplified signals and generates desired ultrasound
beams. The ultrasound beams are focused into a tight spot, and the dimensions of the focal spot
is determined by the geometry (aperture and focal length) and the operating frequency of the
transducer. As a kind of trigger, ultrasound, in particular with HIFU, may have several
advantages compared with other types of stimuli. It is noninvasive and nonionizing, has no longterm cumulative effects, and thus it can be repeatedly applied for many times. Ultrasound can
penetrate deep into human body in a noninvasive and remote way, by selecting the time of
ultrasound exposure and the targeted action area (around the focal region of the sound beams).
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HIFU treatment can also raise the tissue temperature in the focal area in seconds due to the
viscoelastic characteristics of human tissues, and maintain this temperature for one or several
seconds. Moreover, since the dimension or size of the focal spot is determined by the acoustic
lens transducer, specific shape and size of a larger HIFU target can be achieved by combining
several acoustic lens transducer into one matrix format.
Ultrasound has been used in a broad spectrum of applications dependent on the frequency and
intensity, like welding, cleaning, chemical reactions, medical diagnosis, tumor treatment, drug
delivery, and so on (99-101). Ultrasound has been extensively investigated as an effective tool to
trigger release of drugs in recent years. Low intensity ultrasound at a frequency of 20 kHz (< 1
W/cm2) has been directly used to enhance drug transport through human skin. In the field of
controlled drug release, polymeric carriers, like micelles (102-104), liposomes (105,106) or bulk
matrix (107-110), can also be used to release drugs under ultrasound stimulation. The polymer
micelle is formed by self-assembly of amphiphilic copolymers, which include at least one
hydrophilic block forming the shell and at least one hydrophobic block forming the core.
Developing copolymer micelles are of great interest due to their amphiphilic nature, as they can
encapsulate various poorly water-soluble pharmaceuticals in the hydrophobic core, and can be
soluble or dispersible in aqueous environment due to the hydrophilic corona. When drug-loaded
polymeric micelles get into human circulatory system, they may accumulate at tumor tissues by
the enhanced permeability and retention effect, in addition to other advantages such as better
solubilization of hydrophobic drugs and prolonged drug circulation time period. Drug delivery
with the use of normal polymeric micelles without stimuli-responsiveness is mainly driven by
diffusion and/or slow degradation, and the release process is usually uncontrollable. By contrast,
using stimuli-responsive micelles the release of loaded drug can be controlled by external
stimuli. In recent years, there has been growing interest in using ultrasound to trigger the drug
release from copolymer micelles, and the underlying mechanisms can be mainly ascribed as
“physical breakdown” or “chemical disruption”. The former mechanism can be described as
follows: under ultrasound exposure, the micelle is disrupted or disassembled due to cavitation
effect or mechanical effect, resulting in drug release; once the ultrasound ceases, the micelle can
be reassembled and the payload can be re-encapsulated. Rapoport, et al. have carried out
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systematic studies in this field (111-114). Their used micelles are mainly FDA-approved
Pluronic micelles which are composed of triblock copolymer of poly(ethylene oxide)poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO). Some structure designs, like
radical crosslinking of micelle cores, introducing vegetable oil into the Pluronic solutions, and
polymerization of thermosensitive hydrogel in the core of Pluronic micelles, were also used to
stabilize the micelle structure and to obtain controlled release. Regarding the effect of ultrasound
parameters on drug release of polymeric micelles, they found that low frequency ultrasound is
more effective to trigger drug delivery, while the released amounts of payload under continuous
or pulsed ultrasonic waves are comparable. They also did some important works on ultrasound
triggered in-vitro drug release to different cancer cells, such as MDR ovarian carcinoma,
promyelocytic leukemia HL-60 and breast cancer cells MDA-MB-231, A2780, MCF-7. In-vivo
experiments were conducted as well, like with rat hind leg with a colon carcinogen
DHD/K12/TRb tumor cell, and mouse with colon or breast cancer. All in-vitro and in-vivo
experimental results indicate that the cellular drug uptake was improved and consequently cancer
cells were destroyed under ultrasound irradiation.
Inspired by the concept of light-breakable micelles, Xia, Zhao and their collaborators proposed
the mechanism of using ultrasound to break the polymeric micelles through chemical disruption
and thus to trigger irreversibly the release of loaded cargos. The block copolymer design is based
on introducing molecular structures labile to ultrasound in the copolymer micelles. When the
micelle solution is exposed to ultrasound, the micelles could be degraded as a result of the
ultrasound induced chemical reaction that shifts the hydrophobic/hydrophilic balance. Based on
this idea, several block copolymer micelles with novel structure design were investigated. For
instance, with the micelle self-assembled from a diblock copolymer poly(ethylene glycol)poly(lactic acid) (PEG-b-PLA) (115), it was found that about 65 % of loaded Nile Red (NR) was
released under HIFU exposure for 1 hour, while no release was observed in the control system of
PEO-PPO-PEO micelle. It was assumed that the chemical breaking of the micelle structure was
due to the scission of the ester bonds that link the PEG and PLA blocks. In order to improve the
chemical disruption efficiency of the ultrasound-responsive micelle, Li et al. introduced disulfide
bond into the micelle structure, and prepared PEG-S-S-PLA micelles (116). The disulfide bonds
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is mechano-labile and can also respond to redox stimulus (dual stimuli responsiveness). Sensitive
response and rapid drug release was observed when the two stimuli, HIFU and glutathione
(GSH), were used; and experimental evidence proved that the fast breakage of the micelle is due
to the liable disulfide bonding (Figure 8).

Figure 8. HIFU-responsive behaviour of the PEG-S-S-PPG micelle. [116]
Similarly, metallo-supramolecular copolymer micelle could also be used for ultrasoundcontrolled drug delivery. This kind of novel micelle contains a metal-ligand coordination bond
located at the junction between two blocks, which is highly directional and can be broken under
ultrasound exposure. Since the interaction strength of the metal-bond can be changed by
choosing the types of metal ion and ligand, the prepared micelles can be triggered at different
ultrasound intensities (118). Other types of ultrasound-responsive micelles, like block
copolymers with ultrasound cleavable side groups in the hydrophobic segment, block
copolymers with a LCST temperature that can be changed by HIFU exposure or copolymers with
multiple labile bonds in the hydrophobic segment were also reported (119-121).
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Researches on ultrasound-controlled drug delivery from solid polymers are also of much interest,
as they can be produced as implants or artificial stents for long-term use and are capable of
storing a large amount of drugs per unit volume. An early work reported by J. Kost et al. in 1989
demonstrated that the enhanced drug release rate from biocompatible polymeric matrices could
be achieved under ultrasound exposure. The used two matrices are biodegradable polyglycolides
matrix and nonerodiable ethylene/vinyl acetate copolymer (EVAc) copolymer matrix. When
exposed to ultrasound, up to 5-fold reversible increases in degradation rate and up to 20-fold
reversible increases in the release rate of encapsulated molecules were observed with the
biodegradable matrix, and up to 10-fold reversible increase in release rate within the nonerodible
matrix was observed. The release rate was found to increase in proportion to the intensity of
ultrasound. Identical experiments conducted in a degassed buffer solution, in order to minimize
cavitation, resulted in minimal increases in both the polymer erosion and drug delivery rates,
thus suggesting that acoustic cavitation by ultrasonic irradiation played a significant role in
polymer degradation and drug release, while the thermal effect was relatively minor. Two effects
of acoustic cavitation are believed to be responsible for this behaviour. Microbubble collapse
induced by acoustic cavitation at a polymer-liquid interface forms high-velocity jets of liquid
directed at the polymer surface, which are strong enough to blast away material at the surface of
the polymer device, causing an increase in the erosion rate of the polymer (122). Additionally,
acoustic streaming, a process in which the microscopic turbulence that accompanies cavitation
enhances mass transport at a liquid surface interface, can act to increase the release rate of a
molecule from a polymer matrix. In a following work, they investigated ultrasound-controlled
release of salicylic acid loaded in the EVAc copolymer matrix. (123) The results showed that the
swollen matrix had a much higher response to ultrasound compared to the non-swollen matrix
loaded with hydrophobic cargos. The phenomenon can be explained as follows: the ultrasound
can penetrate through the more-swelled matrix much easier and act within the matrix to enhance
mass flow and thus increase the release rate, while for non-swollen matrix ultrasound can only
act on the surface, which is less effective. In a more recent work, Kwok et al. developed a barrier
membrane that was sensitive to ultrasound and achieved pulsatile release with an ultrasonic
signal (124). The membrane was a copolymer of 2-hydroxyl methacrylate (HMEA) and PEG-
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dimethacrylate, loaded with particulate insulin and PEG; the surface of the polymer was coated
with methylene chains. The baseline release rate was controlled by the degree of order of the
methylene chains coating the polymer surface; longer coating times result in a more ordered and
effective barrier (125). Upon exposure to ultrasound the methylene chains became disordered,
allowing the insulin molecules to diffuse out of the matrix.
Although ultrasound-controlled drug release based on thermal effect is less elucidated, it is
possible because the absorption of ultrasound energy by polymers is substantially higher than
that of water or human tissues. Based on the fact that ultrasound waves propagate through
polymers by oscillating and vibrating polymer chains, a part of ultrasonic energy will be
attenuated due to chain friction, which generates heat. Moreover, the glass transition temperature
Tg of polymers can be used as a non-destructive switch for on-demand drug delivery. This is
possible because the typical value for diffusion coefficients of small molecules in rubbery matrix
are in the order of 10-12 m2/s, while for the glassy polymers it is in the order of 10-18 m2/s.
Keurentjes et al. reported an example using photothermal effect. In that study, ibuprofen particles
were loaded into a poly(D, L-lactic acid) (PLDL) matrix having a Tg of about 56 °C. (126).
Quaterrylenebis (dicarboximide) derivative, a dye, was coated on the surface of the polymer
sample to enable NIR-responsiveness. Under NIR laser exposure the coated dye molecules can
absorb photons and raise the temperature of the polymer matrix to well above its Tg, inducing the
release of incorporated drugs. Extremely high drug release ratio (>1000) was obtained under
repeatedly on-off switch of the NIR laser exposure in the in-vitro drug delivery experiments; the
results are shown in Figure 9.
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Figure 9. Surface temperature increase of a PLDL strand dip-coated with dye-doped PLDL
([QBDC]: 6000 ppm) at different laser powers (left) and repeated on–off switching of a PLDL
strand oversaturated with ibuprofen and dip-coated with dye-doped PLDL ([QBDC]: 15000
ppm) in PBS (T = 37.8 °C) induced by NIR laser at a power of 750 mW. [126]
3. Shape Memory Hydrogels
Stimuli-sensitive hydrogels have the ability to alter their properties, like shapes, when exposed to
external stimuli such as temperature, pH, light, electric signal or chemicals. Typically, stimulisensitive hydrogels are crosslinked water-swollen networks bearing environment sensitive
groups. Their shape changes are often non-programmable because the responsiveness of the
sensitive groups is usually to change their affinity with water rather than form additional
crosslinks when exposed to different stimuli (4). Investigation on hydrogels is attractive, not only
because of their stimuli sensitivity, but also their mechanical strength similar to human tissues,
biocompatibility and ability for fast molecule exchange with surrounding environment.
Shape memory hydrogels (SMHs) set them apart from typical stimuli-sensitive hydrogels due to
its programmable feature. As early as in mid-1900s, Osada and coworkers reported the first
example of hydrogel with shape memory properties (127). The thermally triggered SMH was
produced by copolymerizing acrylic acid, stearyl acrylate, and methylene bisacrylamide
(crosslinker). The prepared hydrogel behaved like a hard plastic at room temperature, however,
once the temperature of the gel was raised above 50 °C, the Young’s modulus decreased by 3
orders, and the gel became quite soft and stretchable. These drastic changes were ascribed to the
reversible order-disorder transition of the alkyl side chains of the stearyl acrylate units. The
results showed that good shape memory behaviors could be obtained by playing with this orderdisorder transition. Another example of thermally triggered shape memory hydrogel was
produced by free-radical copolymerization of poly(ε-caprolactone) diisocyanoethyl methacrylate
(PCLDIMA) and poly(ethylene glycol) monomethyl ether monomethacrylate (PEGMA) (128).
The hydrophilic PEGMA network was used to retain the permanent shape of the hydrogel
network, while the hydrophobic PCLDIMA can generate crystalline domains that act as
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switching segment. By changing the composition of the two monomers, the crystallinity,
swelling ratio and mechanical properties are greatly changed. The hydrogels also exhibit
pronounced dual-shape memory properties. More recently, Weiss et al. reported a Tg-type shape
memory hydrogel that was synthesized from quard-polymers of N, N-dimethylacrylamide
(DMA), 2-(N-ethylperfluoro-octanesulfonamido) ethyl methacrylate (FOSM), hydroxyethyl
acrylate, and 2-cinnamoyloxyethyl acrylate (128). Crosslinks are formed by photo-crosslinking
of the cinnamate groups, and the glass transition of the nanodomains formed by FOSM species
due to microphase separation can act as the switching temperature in the shape memory process.
The shape fixing effectiveness of the hydrogel showed a time-dependent behavior due to the
viscoelastic nature of the glassy nanodomain crosslinks. Molecular structure and shape memory
behavior of this hydrogel are shown in Figure 10.

Figure 10. Molecular structure of the quard-polymer hydrogels (left) and the shape memory
behavior of the hydrogel (right): (a) the original shape of the gel (length = 26.3 mm, width = 1.7
mm, thickness = 1.1 mm); (b) gel heated in 65 °C water and stretched to 45.2 mm; (c) the shape
of the gel immediately after cooling to 10 °C (temporary shape) and removing the stress; (d) after
24 h soaking in 10 °C water, the length of gel decreased to 43.0 mm; (e) after reheating gel in 65
°C water without any external stress (recovery back to permanent shape), the length of sample
recovered to 26.0 mm. [128]
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In addition to thermal stimulation, molecular switches have been increasingly applied to prepare
hydrogels with shape memory properties that respond to various other stimuli. Once a hydrogel
is deformed, the interactions formed by the molecular switches are capable of holding the
deformation, and upon stimulation the formed interactions can be interrupted to initiate the shape
recovery process. For instance, applying metal ion-organics complexation to hydrogels can
enable them with shape memory effects through controlling the oxidative state of metal ions.
Yang et al. reported an example using copolymerized isopropenyl phosohonic acid (IPPA) and
acrylamide (AM) to prepare shape memory hydrogel network (129). Based on the fact that Fe3+
ions can interact with the phosphate groups in IPPA monomers to form the linkage while Fe2+
ions cannot, the temporary shape of the hydrogel was obtained by incorporation of Fe3+ ions into
the gel network after deformation, and the shape recovery process was triggered by reducing Fe3+
ions to ferrous ions (Fe2+) using a reducing agent, or using a competitive ligand, to induce
disassociation of the ion-phosphate physical crosslinking (Figure 11). Similarly, copper ions can
also be applied to design redox-responsive shape memory hydrogels (130), as they can form
reversible complex with pyridine ligands. The formation and interruption of the complex can be
controlled by tuning the oxidative states of copper ions (Cu+ and Cu2+) chemically or
electrochemically; and the fixation and release of the temporary shape can be realized. The
mechanism of copper ions induced shape memory is depicted in Figure 12.
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Figure 11. Molecular mechanism of iron ion-induced shape-memory effect. [129]

Figure 12. Copper-ion induced shape memory effect [130].
Another strategy to design hydrogel with shape memory property is using host-guest
interactions. Cyclodextrins (CDs) are well known host compounds in supramolecular chemistry
whose molecular structure consists of a hydrophilic rim and a hydrophobic cavity. The cavity
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can capture hydrophobic guest molecules with a smaller size compared to the space of the cavity
to form host-guest complex. Some of the complexes exhibit reversible assembly-disassembly
behaviors as the guest molecules change their size when exposed to external stimuli, like light,
redox and pH, and thus can be used to design stimuli-responsive hydrogel. Zhang et al. prepared
a hydrogel based on crosslinked alginate networks bearing β-cyclodextrin and diethylenetriamine
(DETA) side groups (131). DETA showed a hydrophobic nature in base condition (pH = 11.5) in
the prepared hydrogel while in a neutral medium it became hydrophilic due to the partial
ionization of amine groups. By controlling the pH value of the medium, the temporary shape can
be fixed by the formation of β-CD-DETA complexes in base condition, and shape recovery can
be triggered by placing the deformed hydrogel in a neutral medium to allow the disassociation of
the formed complexes (Figure 13a).
Some hydrogels prepared using biomaterials also exhibit shape memory properties. These
materials are attractive because of their biocompatibility and biodegradability for applications in
biomedicine. Jasper van der Gucht demonstrated the shape memory behaviors of a triblock
telechelic biopolymer whose structure consists of a random coil-like middle block and collagenlike end blocks (132). The permanent shape of the hydrogel was stabilized using a crosslinking
agent to connect lysine residues in the middle block, while the end block can self-assembly into
triple helices to retain the temporary shape. When heated to a temperature above the melting
point of the triple helices, the hydrogel can go back to its permanent shape (Figure 14). In
another work, Willner et al. prepared a shape memory hydrogel by copolymerizing nucleic acidfunctionalized acrylamide monomers (133). They used two kinds of nucleic acids to prepare the
hydrogel network, and one of them showed redox-responsiveness: the self-assembled nucleic
acid crosslinks was stable at pH = 5.0 but dissociated at pH = 8.0. The shape memory behavior
was observed by changing pH environment of the hydrogel (Figure 13b).
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Figure 13. a: Molecular mechanism of the pH-induced shape memory effect based on host-guest
interactions. [131], b: shape memory hydrogel based on self-assembly of nucleic-acid groups
[132]

Figure 14. Shape memory hydrogel based on self-assembly of telechelic polypeptides. [133]
4. Self-Healing Hydrogels
Besides SMHs, hydrogels with self-healing or stimuli-healable properties that can restore their
functionalities and structures after damage are also widely studied in recent years. Various
methods like hydrophobic interactions, host-guest interactions, hydrogen bonding and polymernanocomposite interactions, have already been developed to produce such hydrogels (134-139).
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It is of particular interest to employ one type of chemical interaction for either shape memory or
self-healing hydrogel, if this interaction can accomplish different functions in different
situations. For example, if a kind of hydrophobic interaction is introduced into a hydrogel
network, the breakage and reformation of hydrophobic interaction can be used to retain and
release the deformation in a shape memory process, while when damage happens on the
hydrogel, the mechanical properties can be restored by reforming the hydrophobic interaction
between the fractured surfaces. Hydrogels have unique advantages in performing self-healing
behaviors, since the water molecules contained in hydrogel can facilitate the inter-penetration of
the polymer chains across the fractured surfaces, and thus enhance the reconstruction of
interactions among the polymer chains. In the following paragraphs the main methods for
producing self-healing hydrogels are briefly reviewed.

Figure 15. pH-controlled self-healing hydrogels based on β-cyclodextrin and ferrocene. [134]
As mentioned above, cyclodextrin (CD) has been widely used to prepare host-guest gels, the
hydrophobic internal cavity of CD accommodates hydrophobic binding sites for a variety of
appropriate guest molecules. Nakahata et al. developed a self-healing hydrogel with redoxresponsiveness using 6-amino-β-cyclodextrin (6β-CD) as the main host and ferrocene (Fc) ions
as guest molecules (134). The two functional groups were grafted to poly(acrylic acid) (PAAc)
respectively, and a transparent hydrogel was quickly formed by mixing (6β-CD) grafted PAAc
and Fc grafted PAAc. Sol-gel transition of the hydrogel was observed when exposing it to redox
stimulation, the mechanism of which is based on the high-to-low affinity change of Fc to β-CD
when Fc was oxidized to Fc+ state (Figure 15). When the hydrogel was cut into two half pieces
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and then brought into contact to conduct the self-healing test, the results showed that G´ (the
storage modulus) of the hydrogel recovered to 90% of its original value within 20 s. Mechanical
tests also showed that the adhesion strength on the joint surface recovered 84% of its original
breaking stress.

Figure 16. The host–guest networks of PMMA-DB24C8-benzyl/cyclohexyl gels cross-linked by
PMMA-DB24C8 with bisammonium having phenyl and cyclohexyl terminals. [135]
Similar to cyclodextrins, crown ethers can also be applied as host groups. A pair of crown etherbased host-guest self-healing organogels have been developed (135). Pendent dibenzo crown8(DB24C8)-modified poly(methyl methacrylate) (PMMA) was crosslinked using two kinds of
crosslinkers respectively, i.e., bisammonium terminated with cyclohexyl and phenyl groups, and
two gels PMMA-DB24C8-benzyl and PMMA-DB24C8-cyclohexyl were formed (structures
shown in figure 16). Both hydrogels showed rapid self-healing behaviors: the former can recover
95% of its initial G´ and G˝ (loss modulus) values in ~ 30 s and the latter could be fully
recovered in 10 s. The self-healing mechanism is based on a combined contribution of host-guest
interactions, electrostatic interactions and hydrogen bonds.
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Figure 17. Hydrogen bond-based PA6ACA and poly(DMAEMA-co-SCMHBMA) self-healing
hydrogels. Left: Self-healing mechanism of PA6ACA hydrogels: at low pH, the pendant side
chains in the hydrogen bond lead to self-healing, whereas at high pH, the deprotonated carboxyl
groups prevent the healing process due to electrostatic repulsion between the side chains. [119]
Right: Chemical structure of poly(DMAEMA-co-SCMHBMA) and the dynamic multivalent
hydrogen bonds dimerized by UPy. [137]
Hydrogen bonding is arguably the most used non-covalent interaction that has also been applied
to prepare SHHs. One example is a hydrogel prepared by loosely crosslinking poly(acryloyl-6aminocaproic acid) (PA6ACA) that bearing terminal carboxyl groups and aminocaproic acids. It
could exhibit self-healing property, which is contributed by the reformation of hydrogen bonding
between terminal carboxyl groups and amide groups of aminocaproic acids after breakage (136).
The self-healing ability of this hydrogel can be switched to on or off state by controlling the
solution pH. When the terminal carboxyl groups are protonated at low pH, they can form
hydrogen bonds with each other or with amide groups between the fractured interfaces, resulting
in rapid self-healing behavior (~ 2 s) of the hydrogel. At high pH, the terminal carboxyl groups
are deprotonated and the induced electrostatic repulsion will prevent the formation of hydrogen
bonds; consequently, the gel loses its self-healing property. The mechanism is depicted in Figure
17a. In another work (137), self-healing was observed in a hydrogel prepared by copolymerizing
2-(dimethylamino)

ethyl

methacrylate

(DMAEMA)

and

2-(3-(6-methyl-4-oxo-1,4-

dihydropyrimidin-2-yl)-ureido) ethyl methacrylate (SCMHBMA). The dynamic multivalent
hydrogen bonds dimerized by 2-ureido-4-pyrimidone (UPy, structure shown in Figure 17b) units
(from SCMHBMA) conferred the self-healing ability to this hydrogel. The formed hydrogel also
showed a pH-responsive sol-gel transition behavior, which is due to the breakage and
reformation of the hydrogen bonding formed by dimerization of the UPy units in acidic and
alkaline conditions, respectively.
Self-healing behaviors were also observed in hybrid nanocomposite hydrogels that are composed
of polymer and inorganic nanoparticles. The self-healing capability in this kind of hydrogel is
usually generated from interactions between the incorporated nanoparticles and the polymer
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networks. For example, a self-healing hydrogel can be prepared by simply mixing dendritic
macromolecules (G3-binder; 3 is the dendrimer generation number) with clay nanosheets and
sodium polyacrylate in aqueous solution (138). The gelation and self-healing properties
originated from the salt-bridge formed between the multiple guanidinium ion pendants at the
termini of G3-binders and the oxyanionic groups of clay nanosheets through electrostatic
interactions (Figure 18). Similarly, the hydrogels prepared by polymerizing (N,Ndimethylacrylamide) (PDMAAm) or (N-isopropylacrylamide) (PNIPAAm) in the presence of
clay nanosheets also exhibit self-healing behavior, and the self-healing capability is mainly
attributed to the hydrogen bonds formed between the clay surface and polymer chains as well as
between the polymer chains. It is noteworthy that the cut surfaces still sustain the self-healing
properties for a long separation time (~ 120 h).

Figure 18. Polymer–nanocomposite interaction-based dendritic self-healing hydrogel. (a)
Schematic structures of dendritic macromolecules (G3-binder). (b) The illustration and photos
showing the fabrication procedures of the SDM hydrogel. “ASAP” in the figure means as soon
as possible. [138]
5. Objective of the Thesis
The main objective of this thesis is to explore the use of ultrasound-induced thermal effect to
control shape memory polymers and hydrogels. In addition to investigating the new triggering
mechanism, we also target novel materials with other functionalities like drug delivery and selfhealing. The accomplished research works can be divided into two parts, being presented in four
chapters in the form of published papers. The first part of the thesis reports the progress we made
in developing ultrasound-responsive shape memory polymers. In Chapter 1, we have made the
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first demonstration of using high intensity focused ultrasound (HIFU) to control polymer shape
memory and simultaneous release of loaded species. We found that under HIFU exposure, the
used SMP could be heated above 100 °C within seconds, triggering the shape recovery process in
a spatiotemporally controllable manner. Various intermediate shapes could be obtained during
the shape recovery process, which was accompanied by release of loaded species in an on-off
fashion. In Chapter 2, we report a systematic investigation on the effects of several parameters
on the HIFU-induced shape memory behavior. Most important is the finding that the efficiency
of the localized temperature rise under HIFU is closely related to the viscoelastic properties of
the SMP, which provides a selection rule in choosing appropriate polymers for effective
ultrasound-controlled shape memory.
The second part of the thesis deals with shape memory polymer hydrogels. In the research work
described in Chapter 3 we made the first demonstration of using a therapeutic ultrasound device
to trigger the shape recovery of a hydrogel. We have been able to study the triggering
mechanism by designing a new physical hydrogel composed of PVA and a small amount of
melamine added as a H-bonded crosslinker. We found that the crystalline microdomains of PVA
that act as crosslinks in fixing the temporary shape of the hydrogel could be melted by the
thermal effect generated by the therapeutic device on sale in drugstore for patients’ pain relief.
This achievement is significant because the ability of using a therapeutic ultrasound device to
control SMHs offers new perspective for biomedical applications. In Chapter 4, we report a new
and general approach to imparting both the shape memory and self-healing properties to a
chemically crosslinked hydrogel. The method is based on interpenetrating a chemical hydrogel
inside the physical PVA hydrogel. The double-network structure makes the temporary shape
fixation possible for shape memory and in the same time, provides self-healing stemming from
PVA. Moreover, we have proposed, for the first time, the concept of anisotropic self-healing in
an elongated hydrogel.
In Chapter 5, we present overall conclusions on the accomplishment and significance of the
conducted research in this thesis. We also propose some future works that are worth being
pursued.
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CHAPTER 1 SPATIAL AND TEMPORAL CONTROL OF SHAPE
MEMORY POLYMERS AND SIMULTANEOUS DRUG RELEASE USING
HIGH INTENSITY FOCUSED ULTRASOUND

1.1 About the Project
Developing new triggering method is one of the major aspects in the research field of SMPs. So
far the commonly used triggering methods are limited to the use of a number of stimuli like
temperature change by direct heating, light, pH, electric field, magnetic field or solvent.
However, each stimulus has some advantages and disadvantages, and it may not be convenient in
certain application circumstances. Ultrasound, particularly high-frequency diagnostic highintensity focused ultrasound (HIFU), has not been much exploited to control SMPs. Previously,
HIFU was mainly utilized as an extracorporeal tool for the treatment of tumors due to its thermal
effect. Ultrasound offers easy controllability of the output pattern in both spatial and temporal
manner by selecting the time and location of ultrasound application. It can also be applied a long
distance away from the transducer to the targeting area. These features make HIFU attractive to
control polymer shape memory. For example, if the polymer implants in the minimally invasive
surgical techniques are made of SMPs, we can easily control the deployment process of the
implants by choosing the output pattern of HIFU and the time of exposure. In order to investigate
the feasibility of ultrasound-controlled polymer shape memory, in the present study we used
poly(methyl methacrylate-co-butyl acrylate) P(MMA-BA) as a model SMP, which not only has
both high shape fixity ratio and shape recovery ratio, but also a tunable Ttrans determined by the
feed ratio of the two monomers. A detailed investigation was conducted on HIFU-induced
thermal effect, HIFU triggered shape memory, the concomitant release of a drug loaded in the
SMP matrix, as well as spatial and temporal control of the shape recovery process.
This work was published in Journal of Materials Chemistry, 2012, 22, 7692-7696 by Guo Li,
Guoxia Fei, Hesheng Xia, Jianjun Han and Yue Zhao. This research work was conducted in the
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Sichuan University under the supervision of Prof. Xia and co-supervision of Prof. Zhao. I
prepared all the shape memory samples and performed all the characterizations reported in the
paper, Guoxia Fei gave me a lot of useful suggestions about this project and Jianjun Han helped
me with some experiments. I wrote the first draft of the manuscript. Prof. Zhao finalized the
manuscript with revision contributions from Prof. Xia.
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Spatial and Temporal Control of Shape Memory Polymers and Simultaneous Drug Release
Using High Intensity Focused Ultrasound
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1.2.1. Abstract
In this paper, we report a new modality enabling the simultaneous control of shape memory
polymers (SMPs) and release of loaded drugs. The approach uses high intensity focused
ultrasound (HIFU) and explores localized heating of SMPs upon HIFU exposure. We show that
the HIFU-triggered shape recovery process can be spatially and temporarily controlled, allowing
the shape memory effect to manifest in selected regions on demand, endowing SMPs with the
capability of adopting multiple intermediate shapes and synchronizing the release of loaded
drugs in a switchable manner. To our knowledge, this is the first time that HIFU is utilized as a
trigger to reveal these appealing features of SMPs.
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1.2.2. Introduction
In the area of minimally invasive surgical techniques, important research efforts are being made
in designing multi-functional and stimuli-responsive intelligent polymer-based implants, and
developing novel non-invasive stimuli means. Shape memory polymers (SMPs) are a class of
smart materials which can be deformed and fixed into a stable predefined temporary shape and
have the ability to recover to their original permanent shape under external stimuli such as
temperature change.1 Since the report of using SMPs as a self-tightening suture for minimally
invasive surgery,2 designing new SMP structures, materials and microdevices for implant
applications has attracted more and more attention.3–6 Recently, multifunctional polymers
combining thermally induced shape-memory capability, controlled drug release and
biodegradability were also designed and studied.7–9
For biomedical SMPs, the stimuli used to trigger the shape recovery are important. Direct
heating, which is the most common stimulus, is not always practical for in vivo applications. 10
The transition temperature of this type of SMPs must be below the body temperature so that the
shape recovery can occur by body heating. The fixed body temperature at 37 °C does not always
allow the shape recovery to proceed in a well controlled way regarding the recovery magnitude
and kinetics. Moreover, those SMPs with a low transition temperature, for example, poly(methyl
methacrylate-co-butyl acrylate) P(MMA-BA) copolymer, may have a low modulus (weak
mechanical strength). Particularly, the desirable spatial and temporary control in activating the
shape recovery process requires new and more controllable stimulating means. Interestingly, a
variety of promising triggering mechanisms have been reported through the application of the
external stimuli such as light,11–13 magnetic field,14,15 electrical resistance heating,16,17
radiofrequency waves18 and solvation techniques.19
However, the use of ultrasound, especially the high intensity focused ultrasound (HIFU), as a
remote and controlled stimulus for SMPs has been less explored. In the present study, we
demonstrate, for the first time, that HIFU could be used to spatially and temporally control the
shape recovery process of SMPs and to obtain multiple intermediate shapes. HIFU was originally
developed as an extracorporeal tool for the treatment of tumors due to its thermal effect.20 The
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HIFU beam can be collimated into a tight focal spot of a small area in the millimeter scale at a
distance from its source. Being focused, HIFU can also have a prominent selective heating effect
on SMP materials, since they can absorb the mechanical energy generated by viscous shearing
oscillation exerted by focused ultrasound and subsequently relax, releasing the energy in the
form of heat. HIFU may have some unique advantages over other stimuli: in addition to the
possible temporal and spatial control by selecting the HIFU exposure time and the position of its
action (around the focal region of the sound beams), the ultrasound wave possesses the ability to
penetrate much deeper into the interior of the body than light.
On another front of research, ultrasound is also known as a powerful physical modality for
spatial and temporal control of drug delivery.21–23 Langer et al. proposed the concept of releasing
drugs entrapped in a solid polymer matrix under ultrasound irradiation. Their results showed that
cavitation plays the main role in the enhanced drug release.21 Bruinewoud et al. demonstrated an
ultrasound controlled on–off release behavior of ibuprofen loaded in a poly(butyl methacrylateco-methyl methacrylate) P(BMA-MMA) random copolymer matrix.22 The underlying
mechanism is that ultrasonic irradiation raises the temperature of the bulk polymer matrix to
above the glass transition temperature Tg and thus enhances the diffusion coefficient of the
polymer, resulting in the release of entrapped drug molecules (on-state), while the release is
stopped when the polymer is cooled back to below Tg once the ultrasound irradiation is turned
off (off-state). Recently, ultrasound triggered release from polyelectrolyte microcontainers,24
multilayered capsules,25 and block copolymer micelles26–29 has been investigated.
Therefore, another novel concept we aimed to develop consists in using HIFU for simultaneous
spatial and temporal control of shape recovery and drug release from the same polymer. Since
HIFU can bring acoustic energy to a small spot (about 3 mm) and polymers generally are poor
thermal conductors, the sound waves can readily be directed to interact with polymer chains in a
selected area and heat the polymer locally. This makes it possible to activate the shape recovery
process and drug release, due to the heating effect, only in the selected region. As the
environmental temperature is fixed to be below the transition temperature, the polymer is cooled
once the HIFU is off. This allows the shape recovery and drug release to be halted at anytime,
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and enables multiple intermediate shapes. The spatial and temporal control of shape recovery and
concomitant drug release as well as the multi-shape memory effect realized just by switching on
and off the ultrasound power are schematically illustrated in Fig. 1, showing how these appealing
features can be achieved by three separate HIFU irradiations at selected areas. As will be shown
in the paper, we confirmed experimentally what is depicted in Fig. 1. This novel modality using
HIFU will broaden the biomedical SMP materials selection range for that it is no longer limited
to those SMPs with a transition temperature slightly below the body temperature. It is of
particular interest for applications where a spatially controlled shape recovery is needed.

Figure 1. Schematic illustration of the HIFU-enabled spatial and temporal control of shape
recovery and drug release.
1.2.3. Results and Discussion
To experimentally verify the concept illustrated in Fig. 1, we synthesized crosslinked P(MMABA) copolymers. There are two advantages by selecting the P(MMA-BA) copolymer: (1) it can
be biocompatible and extensively used for clinical applications as bone cement and (2) its Tg,
which is the transition temperature Ttrans for shape recovery, and mechanical properties can
readily be adjusted by changing the ratio of hard monomer MMA and soft monomer BA, while a
crosslinked network can be formed by using a crosslinking agent such as ethylene glycol
dimethacrylate (EGDMA, 1.12 wt%). We prepared several samples of various compositions and
found that with increasing the MMA content from 54% to 81%, the Ttrans changes from -8 °C to
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60 °C. Details of the polymer syntheses and characterizations are given in the ESI†. Copper
sulfate was used as a model compound of therapeutic relevance because copper ions can regulate
the activity of hypoxia-inducible factor (HIF-1α),30 induce the regression of cardiomyocyte
hypertrophy, thus facilitating tissue reconstruction and vascular regeneration,31 and can also
stimulate proliferation of human endothelial cells,32 to name a few. As shown below, the
incorporation of copper sulfate within the range of 5 wt% does not affect the Ttrans of cross-linked
P(MMA-BA). Unless otherwise stated, the sample used to study the HIFU-enabled spatial and
temporal control of shape memory and drug release is loaded with 5 wt% copper sulfate, has a
molar ratio of MMA/BA = 2.5/1 and displays a Ttrans at ~47 °C.
The use of HIFU for controlling the shape memory effect and the copper sulfate release from the
crosslinked P(MMA-BA) sample was first investigated. Representative results are summarized
in Fig. 2 to highlight the underlying mechanism and the general behaviors. Firstly, it is important
to understand the HIFU heating process on the SMP in order to use ultrasound to trigger its
shape recovery and also to accelerate the diffusion of the entrapped drug through the polymer
matrix. Fig. 2a shows the temperature changes for the surface of the polymer, the interior of the
polymer and the water surrounding the polymer in the reactor when subjected to HIFU beams
periodically (the reactor is a glass tube submerged in a water bath, illustration of the setup in the
ESI†). In this experiment, a piece of the polymer (3 cm in length, 7 mm in width and 2 mm in
thickness) was immersed in water in the HIFU reactor with a thermal couple placed either on the
surface or inside the sample allowing for the temperature measurement. In each of the three
cycles, the HIFU beam was on for 10 min and then turned off for 10 min. At the used HIFU
power output of 25 W, once the HIFU is turned on, the temperature of the interior of the polymer
matrix increases rapidly from ~37 °C to ~103 °C in about 10 s, and then remains unchanged. By
contrast, the temperature of the surrounding water bath only has a slight increase from 37 °C to
39 °C and the temperature of the surface of the polymer matrix increases from 37 °C to 49 °C. A
higher HIFU power of 50 W could result in an even higher temperature increase to ~140 °C
inside the polymer (data in Fig. S5†). When the HIFU is turned off, the temperature of the
interior of the polymer matrix decreases rapidly to the temperature of water bath in ~40 s. The
HIFU on–off cycle was repeated three times and reproducible temperature-change profiles were
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observed. The results suggest that HIFU can be used to selectively heat a polymer without
heating the surrounding water. The prominent temperature rise of the polymer matrix is due to
absorption of acoustic energy caused by viscous shearing and relaxation induced by focused
HIFU mechanical waves.22 Heating the polymer to temperatures above its Ttrans is the basis for
HIFU-induced shape recovery and concomitant drug release.
Fig. 2b compares the thermally induced shape recovery behavior of the cross-linked P(MMABA) sample with and without loaded copper sulfate using the typical thermomechanical cycle
test. Generally, the thermally induced shape memory process can be depicted as follows: after
programming at T > Ttrans, the temporary shape is fixed by vitrification upon cooling the sample
to T < Ttrans. Subsequently, heating to T > Ttrans activates the recovery from the temporary to the
permanent shape. This cycle of deformation and recovery can be repeated several times and the
temporary shape can be varied in different cycles. For the experiments in Fig. 2b, the two
samples were equilibrated at 90 °C for 30 min before deformation. In a cycle consisting of four
steps, they were (1) elongated to 50% strain corresponding to the maximum strain (εm) at a
constant rate of 10mm min-1, (2) cooled at a rate of 10 °C min-1 to 10 °C to fix the deformation
under a constant stress, (3) held at 10 °C for 10 min to obtain a fixed strain (εu) upon unloading
of the stress and (4) reheated at a rate of 10 °C min-1 to 90 °C and held at this temperature for 10
min, allowing the shape recovery to complete to obtain a recovery strain (εp). In a
thermomechanical cycle, the shape fixity ratio (Rf) and shape recovery ratio (Rr) are defined as
below:
Rf(%) =

εu
εm

Rr(%) =

× 100

εm− εp
εm

× 100

The results in Fig. 2b show that both samples exhibit an excellent shape memory behavior, with
a shape fixity ratio of ~ 99% and a shape recovery ratio of near 99% as well. Incorporation of
copper sulfate particles only has the effect of slightly lowering the modulus of the polymer.
Repeated cycles of the thermomechanical test yielded very similar results (data in Fig. S4†).
The HIFU controlled shape recovery of the cross-linked P(MMA- BA) and the release of copper
sulfate were investigated by conducting two separate sets of experiments. In the experiment
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described in Fig. 2c, a sample was folded (right-angle) at 90 °C, followed by cooling to room
temperature to fix the temporary shape. By immersing the sample in the water bath of the HIFU
reactor at 37 °C, the HIFU-induced shape recovery was examined under different ultrasound
powers. As can be seen, no recovery occurs without HIFU exposure. At a power output of 25 W
or higher, the sample can rapidly recover to the permanent shape in 60 seconds and the shape
recovery ratio can reach ~90%, indicating heating of the polymer to T > Ttrans (~47 °C). At lower
HIFU power outputs (20 W or below), the shape recovery occurs but is incomplete with lower
shape recovery ratios. The large difference in temperature between the polymer interior and
surface (Fig. 2a) implies that there is a temperature gradient in the bulk polymer sample
subjected to the HIFU treatment. It is easy to picture that at a low HIFU power output, the
temperature in the interior of the polymer matrix is higher than Ttrans, while the temperature in
the surface region is lower than Ttrans, which accounts for the incomplete shape recovery. Under
the used experimental conditions (sample dimension and water volume), a power output of 25 W
could ensure essentially complete shape recovery. In the second set of experiments whose results
are shown in Fig. 2d, HIFU-mediated release of copper sulfate from the crosslinked P(MMABA) was investigated. In this case, a copper sulfate-loaded sample was placed in the water bath
thermostatted at 37 °C, and the amount of copper sulfate released from the polymer over a period
of 10 min with either the HIFU beam turned on or turned off was measured by using atomic
absorption spectroscopy. The results obtained with two power outputs, 25 and 50 W, show a
significantly increased release rate of copper sulfate from the polymer under HIFU exposure.
Interestingly, the rapid HIFU heating and subsequently rapid cooling of the polymer regulate the
release rate and impart an on–off behavior switched by the exposure and removal of the HIFU
beams. As will be discussed later, the HIFU triggered drug release from the solid polymer matrix
appears to be related to a process of polymer network swelling, water penetration and drug
dissolution and diffusion.
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Figure 2. (a) Temperature change upon cyclic HIFU exposure and removal for water in the
reactor, polymer surface and polymer interior, the ultrasound power being 25 W. (b) Shapememory thermomechanical cycle test for blank crosslinked P(MMA-BA) and the same polymer
containing 5 wt% copper sulfate. (c) Shape recovery ratio vs. time for crosslinked P(MMA-BA)
containing 5 wt% copper sulfate upon exposure of HIFU at different powers. (d) HIFUcontrolled ‘‘switching’’ of copper sulfate release from the same polymer at two ultrasound
powers.
The above results confirm that HIFU could indeed trigger the shape recovery process of a SMP
immersed in water and, at the same time, enhance the release of drug molecules loaded in the
polymer due to a rapid heating effect on the polymer. Since the ultrasound beam can be focused
on a spot area with HIFU, it would be possible to localize the heating and hence activate the
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shape recovery process only in a selected part of the polymer. Moreover, as the temperature of
the polymer upon HIFU drops quickly once the ultrasound beam is turned off, the shape recovery
process can be halted at anytime, which allows the polymer to adopt an intermediate but stable
shape. Knowing that the multi-shape memory effect is an important advance in the area of shape
memory polymers,33–35 such combined features of spatial control of shape recovery and easily
accessible multiple intermediate shapes by using HIFU are of great interest. We carried out
experiments to investigate these properties. The experiment described in Fig. 3 shows the spatial
control of the shape recovery and the obtaining of multiple intermediate shapes. A sample of
cross-linked P(MM-BA) with a permanent shape ‘‘M’’ was processed into a temporary shape
‘‘I’’ (folded at T > Ttrans followed by cooling to T < Ttrans) and immersed in water. The focus of
the HIFU beam was first directed to the bottom folding section; only this area underwent the
unfolding, while the shapes at other places remained unchanged due to the poor thermal
conductivity of the polymer. The ultrasound beam was then exposed to the upper folding
sections in two separate steps, completing the shape memory process from temporary shape ‘‘I’’
to intermediate shape ‘‘V’’ to intermediate shape ‘‘N’’ and to permanent shape ‘‘M’’. All the
intermediate shapes are stable in the absence of HIFU (see a movie showing the process in the
ESI†).

Figure 3. Spatially and temporally controllable shape recovery of cross- linked P(MMA-BA)
under HIFU irradiation (output power 25 W) at room temperature. The sample with a permanent
shape ‘‘M’’ was deformed to a temporary shape ‘‘I’’, and then three deformation sites (foldings)
were exposed to HIFU beams at three different times. The temporary shape can be recovered to
the permanent shape in three steps and two more intermediate shapes can be easily created. The
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size of the polymer sample (in the centimeter scale) is indicated by a rule below the sample. A
video showing this experiment is provided in the ESI†.
Using HIFU as the trigger, a synchronized shape recovery and drug release process can also be
realized. This is shown with the experiment in Fig. 4. A copper sulfate-loaded polymer sample
was folded into a temporary shape (photo on the left). When HIFU was turned on for 20 seconds,
the shape recovery (unfolding) started, and the loaded drug was released simultaneously. Once
HIFU was turned off, the shape recovery halted immediately retaining the temporal shape, and
the drug release nearly stopped. Several cycles of HIFU-on and HIFU-off followed to complete
the shape recovery process, and the concomitant switching behavior for the drug release could be
repeated (see the movie showing this shape recovery in the ESI†). The simultaneous control of
the shape recovery process and the drug release from the sample polymer under HIFU is of
interest. The drug release synchronized with the shape memory process may reduce the risk of
operation infection when used as the polymer implant in minimal invasive surgery.

Figure 4. Synchronized shape recovery and drug release of a copper sulfate- loaded P(MMABA) sample controlled by HIFU (output power is 25 W). In each cycle, the HIFU was turned on
for 20 s and then turned off for 1 min. A video showing this experiment is provided in the ESI†.
The possible HIFU triggered release mechanism of copper sulfate is proposed as follows. Under
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HIFU treatment, water may penetrate into the interior of the solid polymer matrix due to the
thermal and cavitation effect, and swell the polymer network to some extent. Consequently,
incorporated copper sulfate particles will dissolve and diffuse into the surrounding water medium
by means of osmosis. Under the action of ultrasound, the diffusion of water into the polymer
matrix should be accelerated due to a significant increase in the diffusion coefficient as a result
of the heating of polymer to T > Ttrans. Bruinewoud et al. reported that ultrasound could enhance
the diffusion coefficient of the polymer from 10-18 m2 s-1 to 10-12 m2 s-1 by exceeding the glass
transition temperature.22 Keurentjes also reported that on–off release could be achieved in a
diffusion-controlled polymer matrix due to the large variation in diffusivity near the glass
transition temperature.36 We performed experiments in order to find evidence supporting this
mechanism. On the one hand, we investigated the swelling behavior of cross-linked P(MMABA) under HIFU treatment and found that the swelling ratio increased upon HIFU exposure
(ESI†, Fig. S5). Both samples without and with loaded copper sulfate showed improved water
uptake amounts when exposed to HIFU. These results suggest that under the action of HIFU it
became easier for water molecules to penetrate into the polymer and enhance the drug release.
Compared to blank P(MMA-BA), the copper sulfate-loaded copolymer samples have a higher
swelling ratio, suggesting that the presence of copper sulfate makes the polymer matrix more
vulnerable to water. On the other hand, HIFU can produce cavitation effects27,28 contributing to
the drug release. When ultrasound waves pass through the liquid medium, a large number of
microbubbles form, grow and collapse in a very short time (about a few microseconds)
generating high speed microstream and shock waves on the surface of a polymer matrix,37 which
can also enhance the diffusion of water into the polymer matrix. In order to confirm this effect,
we conducted a release experiment under two different cavitation environments, i.e. in degassed
water (weak cavitation) and in water with SF6 micro-bubbles (strong cavitation). SF6 is a sort of
ultrasound contrast agent and is used in biomedical applications such as sonography and
dynamic imaging of the pulmonary system.38,39 It is known that in the presence of SF6, bubbles
improve the cavitation effect. Indeed, we found that the amount of released copper sulphate in
the SF6 micro-bubbles solution was higher than that in the degassed water (Fig. S8), indicating
that the cavitation effect under HIFU could contribute directly to the drug release from SMPs,
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and that adjusting the cavitation intensity can be an additional means to control the drug release.
The above results demonstrate unambiguously that HIFU can be utilized as a trigger to activate
the shape recovery of SMPs in a spatially selective fashion, and to control the release of drugs
loaded in the SMPs simultaneously. The mechanism based on the HIFU-generated localized
heating has several advantages over other stimuli, in addition to the spatial control. (1) The HIFU
heating rate is very fast even with the polymer materials in an aqueous solution environment,
while once HIFU is turned off, the cooling of the polymer also occurs quickly due to the low
temperature of the surrounding medium. This allows for fast shape recovery (under HIFU) and
shape fixation (upon HIFU removal), which is the origin of the readily accessible multi-shapes.
Moreover, the temperature rise of the polymer can be easily controlled by adjusting the HIFU
intensity, making possible the control of the shape recovery speed. (2) Using HIFU to trigger the
shape recovery removes much of the restriction regarding the environmental temperature and the
shape memory transition temperature Ttrans. For instance, for thermally induced shape memory
biomedical implants, the Ttrans of the polymer is required to be lower than 37 °C in order to allow
the body temperature to activate the shape recovery after the implants are installed. By contrast,
when using HIFU as the trigger, the Ttrans of the polymer can be over 100 °C, much higher than
the body temperature. In this case, an implant remains stable and the shape memory effect
manifests only upon exposure to the HIFU beam. The localized heating of the polymer to above
100 °C activates the shape recovery without warming seriously the surrounding water or tissues.
(3) Many applications of SMPs require a low thermal transition temperature and good
mechanical properties often characterized by a high modulus. With conventional thermally
activated SMPs, these requirements are difficult to meet because they are antagonists. For
example, in the case of crosslinked P(MMA-BA), if the ratio of hard monomer MMA and soft
monomer BA is higher in the synthesis, the resulting material will be harder and have a higher
modulus. However, a higher MMA/BA ratio may significantly raise the Ttrans, to surpass the
body temperature. Using HIFU, one may well use SMPs having both a high modulus and a high
Ttrans. This combination will also produce a high recovery force. (4) A majority of polymers can
be rapidly heated by HIFU due to their intrinsic viscoelastic properties. Unlike a polymer heating
effect induced by light, magnetic or electrical field, the HIFU-induced heating requires no
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incorporation of any additional components into the SMP matrix. (5) The use of HIFU makes it
easy to obtain multiple intermediate shapes just by controlling the HIFU exposure time; there is
no need for introducing additional switching segments that may involve complicated chemistry.40
1.2.4. Conclusions
In conclusion, we have reported the finding that HIFU can be utilized to spatially and temporally
control the shape recovery process of SMPs and to simultaneously mediate the release of drug
compounds loaded in SMPs. Using crosslinked P(MMA-BA) loaded with copper sulfate, we
found that both the shape recovery and drug release could be activated at the same time by HIFU
exposure as the polymer absorbs sound energy resulting in its heating to a temperature well over
its Ttrans. Since the HIFU induced heating is localized inside the polymer and the cooling of the
polymer to temperatures below the Ttrans is fast once the HIFU is turned off, the shape recovery
can readily be made to occur only in a selected part of the polymer, and multiple intermediate
shapes can be obtained simply by switching on or off the HIFU exposure. Moreover, the kinetics
of the synchronized shape memory and drug release processes can be tuned by adjusting the
HIFU exposure intensity and time. This demonstrated HIFU modality has potential for
applications with polymer implants used in minimally invasive surgical techniques.
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1.2.5. Supporting Information
1.2.5.1. HIFU Experiment Setup

Figure S1. Schematic illustration of the experimental setup (left) and photo of the high intensity
focused ultrasound (HIFU) apparatus (right). 1: Arbitrary waveform generator, 2: RF power
amplifier, 3: Latex membrane, 4: Ultrasound beams, 5: Acoustic lens transducer, 6: Glass
container, 7: Drug-loaded polymer, 8: Water bath 9: Translation stages, 10: HIFU focal spot.
1.2.5.2. Synthesis and Sample Preparations
Chemicals: Methyl methacrylate (MMA) and butyl acrylate (BA) (both from Chengdu Kelong
Chemical Reagent Factory) were distilled in vacuum prior to use. Copper sulfate (Chengdu
Kelong Chemical Reagent Factory), Sulphur Hexafluoride Microbubbles (SF6 microbubble,
Shanghai Bracco Sine Pharmaceutical Corp. Ltd.) and Ethylene dimethacrylate (EGDMA,
ACROS Organic, Vlaanderen, Belgium) were used as received. 2,2’-Azobis(isobutyronitrile)
(AIBN, Shanghai Chemical Reagent) was used after recrystallization.
Synthesis of crosslinked P(MMA-BA). Crosslinked P(MMA-BA) copolymers were prepared
by using free radical polymerization. Briefly, monomers MMA and BA with a certain mole ratio
were mixed with EGDMA (varying amounts for various crosslinking densities) and AIBN (0.56
wt% of the reaction mixture). Subsequently, the mixture was transferred into a glass mold (100
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mm in length, 100 mm in width and 2 mm in height) sealed with silicon rubber and polymerized
at 60 °C for 24 hour. The resulting polymer was then taken out from the glass mold and vacuum
dried at 80 °C for 3 h to remove unreacted monomers.
Preparation of P(MMA-BA) containing copper sulfate. Copper sulfate particles were first
milled and sieved with a 500 mesh (pore size is ~28 μm) decimate sift; then a certain amount of
copper sulfate was added into the MMA/BA monomer mixture and the suspension was filled into
the glass mold. Subsequently, the glass mold was placed in ultrasonic cleaner (KQ- 250DE, Kun
Shan Ultrasonic Instruments Co., ltd) and the polymerization proceeded at 60 °C for 24 hour
under ultrasound vibration. Afterward, the resulting sample was taken out from the glass mold
and vacuum dried at 80 °C for 3 h to remove unreacted monomers. For thermometric probeembedded polymer samples, a thermometric probe was placed in the glass mold before the
reaction mixture was poured into it, and during the polymerization the probe was fixed inside the
polymer.
1.2.5.3. Characterization of Polymer Samples Using Dynamic Mechanical Analyzer
The dynamical mechanical tests were performed on a Q-800 instrument (TA Instruments, USA)
with dual cantilever mode. The storage modulus (G´) and loss factor (tan δ) were measured in the
temperature range of 0-180 °C at a heating rate of 3 °C/min. The strain amplitude used was 50
μm and the test frequency was 1 Hz. The results summarized in Figure S2 and Table S1 show the
effect of the molar ratio of MMA and BA on the Ttrans of the resulting crosslinked P(MMA-BA)
copolymers.
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Figure S2. Storage modulus and Tan delta of crosslinked P(MMA-BA) copolymers with
different monomer ratio (MMA: BA).
Table S1. Ttrans of crosslinked P(MMA-BA) copolymers with different monomer ratios.

*: Ttrans is defined as the onset temperature of the glass transition the from DMA test.
The results summarized in Figure S3 and Table S2 show the small effect of loaded copper sulfate
of varying amounts on the Ttrans and mechanical properties of cross-linked P(MMA-BA)
copolymers.

Figure S3. Storage modulus and Tan delta of a crosslinked P(MMA-BA) copolymer loaded with
different amounts of copper sulphate.
Table S2. Ttrans of a crosslinked P(MMA-BA) copolymer with different copper sulphate contents.
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Four cycles of the thermomechanical tests were performed with the sample containing 5 wt% of
copper sulfate. The results in Figure S4 show that very similar results can be obtained indicating
no deterioration of the shape memory properties.

Figure S4. Repeated shape-memory thermomechanical cyclic tests for crosslinked P(MMA-BA)
containing 5 wt% copper sulfate.
1.2.5.4. HIFU Experiments
HIFU-Induced Heating. In addition to the date in Figure 2a obtained under 25 W HIFU
exposure, the temperature change profiles for the surface of the polymer, the interior of the
polymer and the water surrounding the polymer in the reactor were also recorded with 50 W
HIFU upon periodic ultrasound-on and off. The results are shown in Figure S5. As expected,
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higher temperature increases can be obtained.
Tests of HIFU controlled shape recovery. Using the setup in Figure S1, the spatial and
temporal control of the shape recovery process by HIFU was investigated by programming the
samples to a temporary shape and then monitoring the recovery to the original shape under
different power outputs of HIFU. Generally, the samples were processed into straight strips as
their permanent shape, after heating the samples to T>Ttrans, an external deformation was applied
to obtain the right-angle shape (temporary shape), which was subsequently fixed by reducing the
temperature to T<Ttrans. For the shape recovery, the samples were immersed in the water bath and
subjected to HIFU beam exposure at different power outputs (0-30 W). During the recovery
process, the angle of the deformed part was recorded by a goniasmometer after every 10 seconds.

Figure S5. Temperature change upon cyclic HIFU exposure and removal for water in the reactor,
polymer surface and polymer interior, the ultrasound power being 50 W.
Tests of HIFU controlled drug release. The drug release behavior of copper sulfate-loaded
samples under HIFU was investigated by exposing the samples to HIFU beams using the setup in
Figure S1. The samples were programmed into straight strips and weighed before being placed in
the container, then 200 mL PBS buffer was filled in and the container was sealed with latex
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membrane. The HIFU power output was set at 0-50 W and an on-off HIFU exposure cycle was
applied. The cycle was repeated for 7 times and the environmental water bath temperature was
kept constant at 37 °C. The amount of released copper sulfate was measured by SpectrAA 220FS
Atomic Absorption Spectroscopy.
Tests of synchronized shape recovery and drug release. A copper sulfate-loaded sample was
processed into a T-shape (permanent shape) and then deformed into a temporary shape after
heating it to T>Ttrans; the sample was then cooled to 10 °C, below Ttrans, to fix the temporary
shape. Subsequently the sample was placed in the container mentioned above, then 200 mL PBS
buffer was filled in and the container was sealed with latex membrane. An on-off cycle for HIFU
exposure was applied to trigger or stop the shape recovery process and to control the drug
release. The stepwise shape recovery process was recorded by using a digital camera (E350,
Olympus), while the amount of released copper sulfate was measured by SpectrAA 220FS
Atomic Absorption Spectroscopy.
1.2.5.5. Swelling Behavior of Crosslinked P(MMA-BA) with or without Loaded Copper
Sulfate
Several experiments were carried out to examine the swelling behaviors of cross-linked P(MMABA) copolymer. In the first experiment, dried samples (sample weight: W 0) were immersed and
swelled in 200 mL PBS buffer (0.01M, pH=7) at different temperatures (between about 33 °C
and 90 °C). The weight change of each sample was recorded at regular time intervals (24 h) until
the sample weight (Wt) remained constant (reaching the swelling equilibrium). Changes in the
swelling ratio (defined as below) at equilibrium as a function of solution temperature are shown
in Figure S4. It is no surprise to observe an increased swelling with increasing the temperature.
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Figure S6. Plot of the equilibrium swelling ratio vs. solution temperature for cross-linked
P(MMA-BA) copolymer.
In the second set of experiments, the swelling behaviors of cross-linked P(MMA-BA) samples
with or without loaded copper sulfate at a constant solution temperature of 37 °C (in 200 mL
PBS buffer, 0.01M, pH=7) were investigated. And in each case, the measurements were made
both in the absence and in the presence of HIFU exposure (25 W). The results are shown in
Figure S5. In both cases (with and without copper sulfate), the polymer swelling is greater under
HIFU exposure. The difference is much more prominent for the drug-loaded polymer. In the
absence of HIFU, the loading of copper sulfate appears to increase significantly the swelling of
the polymer matrix, which is likely due to a greater porosity caused by the insertion of copper
sulfate.
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Figure S7. The swelling behaviors of cross-linked P(MMA-BA) samples with or without loaded
copper sulfate (5 wt%) in 37 °C water, both in the absence and presence of HIFU exposure (25
W).
1.2.5.6. Control Tests of Drug Release
We also performed a number of drug release control tests. On the one hand, thermally activated
release of copper sulfate from cross-linked P(MMA-BA) was investigated. In this experiment, a
drug-loaded sample was immersed in 20 mL PBS buffer at 37 °C (below Ttrans) and 80 °C water
both (above Ttrans) respectively. 5 mL PBS solution was taken out at a certain time interval (24 h)
to measure the released copper sulfate while 5 mL of fresh PBS buffer was added in the flask to
maintain a constant solution volume. The concentration of released copper sulfate was measured
by SpectrAA 220FS Atomic Absorption Spectroscopy. Actually, almost no release was observed
at 37 °C after 30 days. This result supports the hypothesis that the polymer heating to T>Ttrans
induced by HIFU should be responsible for the HIFU triggered drug release from polymer
matrix. Figure S7 shows SEM images of the drug-loaded polymer surface before and after 30
days in solution at 80 °C (recorded on a JSM-5900LV SEM with an acceleration volt 15 kV).
The high porosity should be caused by the polymer swelling at this temperature.
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Figure S8. The release behavior of cross-linked P(MMA-BA) copolymer containing 5 wt%
copper sulfate immersed in PBS buffer solution at 37 and 80 °C, respectively. The released ratio
is defined as the amount of released copper sulphate compared to the original loaded amount.

Figure S9. SEM images of cross-linked P(MMA-BA) containing 5 wt% copper sulfate before
(A)and after (B) swelling for one month in water bath at 80 °C. The scale bar in both images is
20 um.
On the other hand, the HIFU induced release of copper sulfate in different cavitation
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environments was also investigated. In this case, the samples were cut into straight strips and
placed in the container, then 200 mL degassed water or SF6 microbubble solution was filled in
and the container was sealed with a latex membrane. Setting the HIFU power output at 25 W,
after every 10 min 5 mL the samples of the solution in the container was taken out for measuring
the amount of released copper sulfate, while 5 mL of fresh water or SF6 microbubble solution
was added in the container to keep the solution volume constant. The results in Figure S8 show
that the HIFU induced drug release is related to the cavitation effect.

Figure S10. The release behavior of copper sulfate from cross-linked P(MMA-BA) in degassed
water and in SF6 microbubble solution at 37 °C at a HIFU power output of 25 W.

56

1.3. Conclusions of the Project
In this project, we investigated the HIFU-controlled shape memory and drug release from the
poly(methyl methacrylate-co-butyl acrylate) P(MMA-co-BA) copolymer. The synthesized
materials exhibited good shape memory properties, with shape fixity ratio and shape recovery
ratio both close to 100%. The HIFU induced thermal effect was prominent as the temperature of
the material could rise to above 100 °C within several seconds while keeping the environmental
temperature in an acceptable range. Under HIFU exposure the shape recovery was also fast, with
the process completed in 120 s; and the obtained shape recovery ratio increased with increasing
the HIFU output power. Thanks to the feature that the ultrasonic waves can be focused into a
small area, spatially controlled shape memory was realized. In the study we demonstrated an
example that by applying the HIFU to different area of a deformed sample in separate steps, the
sample with a temporary shape “I” could be deformed to stable intermediate shapes “V” and “N”
before being recovered to its permanent shape “M”. We showed that the shape recovery could
also be obtained in a temporal manner, as the recovery process could be halted immediately upon
turning off the HIFU exposure, while the recovery process resumed once the HIFU was switched
on. Moreover, HIFU controlled on-off release of copper sulfate loaded in the shape memory
polymer was also observed.
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CHAPTER 2 SHAPE RECOVERY CHARACTERISTICS FOR SHAPE
MEMORY POLYMERS SUBJECTED TO HIGH INTENSITY FOCUSED
ULTRASOUND
2.1. About the Project
Different from other stimuli used to trigger shape memory of SMPs, ultrasound, especially
HIFU, has several unique advantages, such as high penetrability as well as spatial and temporal
controllability, and these features are easily obtainable by tuning the ultrasound output pattern
and the position where it is applied. We have demonstrated in Chapter 1 that HIFU is capable of
triggering shape memory spatiotemporally and simultaneously drug release based on HIFUinduced prominent thermal effect. Using ultrasound to trigger shape memory is appealing, but
research on this is still in the very beginning stage, much effort is still needed to explore the
shape memory behaviors of different types of SMPs under ultrasound and the mechanism
behind. In this project we conducted a systematic investigation on the relationship of different
properties of a model SMP and its behaviors under HIFU. Poly(methyl methacrylate-co-butyl
acrylate) P(MMA-BA) was chosen and the parameters like sample thickness, monomer ratio and
crosslinker content were altered to affect the ultrasound-induced temperature rise behaviors and
thus the shape recovery process. The results show that the lose tangent value of the polymer is
closely related to the temperature rise and shape recovery rates, and that an optimal thickness
exists at a certain HIFU power output.
This work was published in RSC advances, 2014, 4, 32701−32709, being authored by Guo Li,
Guoxia Fei, Bo Liu, Hesheng Xia and Yue Zhao. This research work was conducted in the
Sichuan University under the supervision of Prof. Xia and co-supervision of Prof. Zhao. I
prepared all the polymer samples and performed all the experiments described in this
publication, Guoxia Fei and Bo Liu gave me some useful suggestions. I wrote the first draft of
the manuscript. Prof. Zhao finalized the manuscript with revision contributions from Prof. Xia.
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2.2. Paper Published in RSC Advances, 2012, 22, 7692.
Shape Recovery Characteristics for Shape Memory Polymers Subjected to High Intensity
Focused Ultrasound
Guo Li,ab Guoxia Fei,a Bo Liu,a Hesheng Xia*a and Yue Zhao*b
a

State Key Laboratory of Polymer Materials Engineering, Polymer Research Institute, Sichuan
University, Chengdu, China. E-mail: xiahs@scu.edu.cn
b
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2.2.1 Abstract
High intensity focused ultrasound (HIFU)-triggered shape memory has distinct features due to
the unique heating mechanism based on polymer chain shearing and friction activated by
ultrasonic energy. In this study we chose crosslinked poly(methyl methacrylate-co-butyl
acrylate) P(MMA-BA) as a model polymer and studied in detail the HIFU induced thermal effect
and shape recovery characteristics. It was found that HIFU heating for polymers is quick and
spatially localized, and can be controlled by the ultrasound power, which allows for a
spatiotemporally controllable shape memory process. The effects of various parameters
including sample thickness, copolymer composition and crosslinker content on the HIFUinduced thermal effect and shape recovery were investigated. Under HIFU irradiation, there
exists an optimum sample thickness for a maximum thermal effect and thus better shape
recovery, which is different from conventional heating. Moreover, both the copolymer
composition and the crosslinker content have a profound effect on the HIFU-induced
temperature rise and thus the shape recovery. These effects can be related to changes in the
viscoelastic parameter loss tangent (tan δ) of the copolymer around the glass transition
temperature Tg that is the transition temperature for the shape recovery process.
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2.2.2 Introduction
Shape memory polymers (SMPs) are a class of stimuli responsive polymers that are sensitive to
environmental condition changes by displaying shape changes. SMPs have potential applications
in medical equipment, aerospace, textiles or electronic devices, etc.1–4 In most cases, SMPs are
crosslinked polymer networks, which have one “permanent” shape and one or several
“temporary” shapes. The network can be either physically or chemically crosslinked, enabling
the polymer return to its permanent shape after deformation without any damage to its structure,
and the network elasticity determines temporary shapes and each temporary shape is fixed by
vitrification or crystallization.5,6
Heating is the most conventional stimulus type to trigger the shape recovery of SMPs. Direct
heating is not always practical in some special circumstances. Particularly, the desirable spatial
and temporal control in activating the shape recovery process requires new and more controllable
stimulating means. The external stimuli such as light,7–9 magnetic field,10,11 electrical field12,13
and radiofrequency wave14 have been investigated as promising triggering mechanisms.
However, these stimuli usually need incorporation of responsive moieties or particles in the
SMPs, which may raise technical difficulties and restrict their application potential in some
fields.15-17
The use of ultrasound, especially the high intensity focused ultrasound (HIFU), as a remote and
controlled stimulus for SMPs has been less explored.18–21 In addition to the temporal and spatial
control by selecting the HIFU exposure time, intensity and the position of its action, ultrasound
wave possesses the ability to penetrate much deeper than light in materials or tissues.22
In a previous study, we made the first demonstration that HIFU can be used to spatially and
temporally control the shape recovery process of SMPs and to obtain multiple intermediate
shapes.19 The HIFU beam can be collimated into a tight focal spot of a small area in the
millimeter-scale at a distance from its source. Being focused, HIFU can also have a prominent
selective heating effect on SMP materials, since they can absorb the mechanical energy
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generated by viscous shearing oscillation exerted by focused ultrasound and subsequently relax,
releasing the energy in the form of heat.23
An important advantage for HIFU stimulus is that there is no need to incorporate responsive
particles or functional groups into SMPs, as most polymers can be heated under ultrasound
exposure within seconds. However, it was reported that different polymers possess different
HIFU-induced thermal effect by our group due to the various inner friction behaviors of
macromolecular chains.20 For example, polypropylene has a much more significant HIFUinduced thermal effect than polyethylene and polystyrene. This endows HIFU triggered shape
memory a unique characteristic, different from conventional heating. Under conventional
heating, almost all polymers will have a similar temperature rise and be heated to a similar
temperature. For HIFU triggered SMPs, in addition to the characteristic Ttrans of the polymer, the
HIFU-induced thermal effect, being related to the inner friction of polymer molecular chains and
sound absorption coefficient of the materials, is an important factor for the shape memory
behavior. If a SMP doesn't absorb sound or has a low HIFU induced thermal effect, it will show
no or poor HIFU triggered shape memory capability. Moreover, for a same SMP, samples of
different dimensions should experience different HIFU-induced thermal effects under the same
irradiation conditions, which can also affect the HIFU triggered shape memory behavior.
In order to obtain an optimal design of HIFU responsive SMP materials for different
requirements and a better control capability under the use of HIFU, it is necessary to achieve
better understanding of HIFU-induced thermal effect as a function of the polymer viscoelastic
properties, and the relationship with the shape memory behaviour.24,25 In the present study, we
used shape memory P(MMA-BA) as a model copolymer and investigated the effects of sample
thickness, copolymer composition and crosslinking density on the HIFU-induced thermal effect
and the concomitant shape memory behavior, as well as the relationship between them. An
Infrared Thermal Imager (ITI) was used as an advanced tool to measure the HIFU-induced
temperature rise in the SMP.
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2.2.3 Experimental
Materials
Methyl methacrylate (MMA), butyl acrylate (BA) and 2,2’-azobis-(isobutyronitrile) (AIBN)
were purchased from Chengdu Kelong Chemical Reagent Factory. MMA and MA were distilled
in vacuum, and AIBN was recrystallized prior to use. Ethylene dimethacrylate (EGDMA) was
obtained from J&K Technology CO., Ltd. and used as received.
Synthesis of P(MMA-BA) sheet samples
Crosslinked P(MMA-BA) copolymers with different thickness were prepared by in situ free
radical polymerization. Typically, monomers at a given MMA/BA molar ratio (2.5 : 1) were
mixed with EGDMA (crosslinker, 1.12 wt% of the reaction mixture) and AIBN (initiator, 0.56
wt% of the reaction mixture). The mixture was then transferred into the glass mold and sealed
with silicon rubber of different thickness (0.38 mm, 0.51 mm, 0.78 mm, 1.05 mm, 1.89 mm, 2.91
mm and 3.78 mm) and polymerized at 60 °C for 24 hours. The resulting polymer sheet was then
taken out from the glass mold and vacuum dried at 80 °C for 3 h to remove unreacted monomers.
Using the same procedure, P(MMA-BA) with different monomer composition were prepared by
changing of MMA/BA feed ratio (1.5 : 1, 2 : 1, 2.5 : 1, 3.5 : 1 and 5 : 1, mol mol -1); P(MMABA) with different crosslinking densities were synthesized by changing EGDMA content (1.12
wt%, 5 wt%, 10 wt% and 15 wt%).
Setup of HIFU and infrared camera imaging system
The setup of HIFU and Infrared camera imaging system are shown in Fig. 1. There are three
major components: a HIFU generator and transducer module, a sample-holding module and an
infrared camera imaging system. The HIFU transducer (H-101, Sonic Concepts, USA) with an
active diameter of 64.0 mm and a geometric focal length of 62.6 mm is mounted at the bottom of
a tank filled with water and the beams of ultrasound are pointed upwards and focused on a
circular spot with a diameter of about 3 mm. The ultrasound power output can be adjusted in the
range of 0–200 W and the frequency of ultrasound is 1.1 MHz.
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In every run the sample was subjected to HIFU irradiation for 1 min, with the IR camera realtime recording the temperature fluctuation. A Thermovision A20 infrared (IR) camera (FLIR
Systems Inc., Wilsonville, OR, USA) equipped with thermal-CAM researcher software (version
2.9) was used in the experiments. The IR camera was positioned directly on the test sample to
record the temperature change by thermal imaging. This instrument has a sensitivity of 0.12 °C
with an operating temperature range of 0-900 °C. The IR camera recorded the surface
temperature of the target by chronophotograph, with a speed of one image per second. After each
test, the recorded data could be converted to a series of temperature versus time (T vs. t) curves.
This non-invasive temperature recording technique is able to preclude temperature artifacts
caused by implanting thermocouple and reduce the temperature errors.

Figure 1. Experimental setup: (a) function generator, (b) power amplifier, (c) tank filled with
degassed water, (d) sample holder, (e) ultrasound transducer, (f) Infrared camera and (g)
computer used to record data.
A home-made polystyrene (PS) support was used to fix the sample in position. There was a small
hole at the central place of the PS support for ultrasound waves passing through without
dissipation. The sample height was fixed to make the downside surface of the sample just in
contact with water, as shown in Fig. 1. By using this setup, the sample can be horizontally fixed
in the same position in each run during the whole experiment. The test should be operated
carefully to avoid water sputtering on the top surface of polymer sample during the HIFU
treatment. To reduce the scattering of ultrasound waves caused by the gas bubble and cavitation,
degassed water was used as HIFU transmission medium. The water temperature was kept
64

constant at 37 °C. By using the sample holder and the degassed water, the reproducible and
reliable temperature data can be obtained (at least three runs were conducted for each sample).
The HIFU power should be kept sufficiently low to prevent the occurrence of sample
degradation.
Shape memory behaviour of crosslinked P(MMA-BA)
The crosslinked P(MMA-BA) samples were processed into a straight stripe as their
original/permanent shape. Then the sample was heated to T > Ttrans and deformed to obtain a
right-angle bent stripe as the temporary shape, which was fixed by subsequently cooling the
sample to room temperature (below Ttrans). For conventional heating-triggered shape recovery,
the deformed sample was placed into an oven at 120 °C to start the shape recovery process,
which was monitored by measuring the shape recovery ratio Rr defined as Rr(%)=[(θt —
90)/90]×100%, where θt is the deformation angle at the time t.
For HIFU triggered shape recovery of P(MMA-BA), the sample of temporary shape was fixed
on the sample holder with the downside surface of the sample in contact with water and the
upside surface exposed to air, and the deformed part of the sample (folding area) was placed at
the focal spot of HIFU. Once the HIFU with a frequency of 1.1 MHz at a power output of 1–6 W
is turned on, the shape recovery starts. The shape recovery, i.e., the unfold process was recorded
by a digital camera and the shape recovery ratio was calculated.
2.2.4. Results and Discussion
HIFU-induced rapid and localized heating effect
HIFU-induced localized temperature rise was investigated. Unless otherwise stated, in this study
P(MMA-BA) copolymer prepared from a MMA/BA monomer ratio of 2.5 : 1 and with a
crosslinker content of 1.12 wt% was used, with a sample having a thickness of 1.89 mm. The
recorded infrared thermal images are shown in Fig. 2a. It is seen that at a 2 W power output, the
temperature of the polymer at the focal spot increases very fast, while the temperature beyond
the focal spot, over about 3 mm, drops quickly, indicating an excellent local heating in the
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polymer. Nevertheless, it is visible that during HIFU irradiation, the size of heated area expands,
and a temperature gradient from the center to the fringe within this area is formed. Fig. 2b shows
the temperature distribution in this area upon HIFU irradiation. The temperature in the center of
heated area increases from its initial 37 °C to 100 °C within only 9 s at a very low HIFU power
of 2 W, and reaches a thermal equilibrium temperature of 120 °C after 15 s. The initial heating
rate, defined as the temperature rise of polymer in the first 10 s, is 7.3 °C s-1. Bruinewoud et al.23
reported that the temperature of PMMA disc under conventional ultrasound with 1 MHz
frequency and 0.7 W cm-2 intensity increased by only ~14 °C, with an initial heating rate of
~0.48 °C s-1. This indicates that HIFU heating for polymers is rapid and can be more effective
than conventional ultrasound or direct heating. Repeatability is technically important for HIFU
induced thermal effect of polymers. Five on-off cycles under different HIFU output powers were
conducted, and the data for the equilibrium temperature in the focused area are plotted in Fig. 2c.
In every cycle, the equilibrium temperature changes very little, indicating excellent repeatability.
Moreover, as can be expected, the equilibrium temperature increases with increasing the applied
ultrasound power, but quite surprisingly, the high rate of temperature rise upon HIFU irradiation
appears unaffected by changing the ultrasound power from 1 to 6 W. So is the fast temperature
drop after turning off the HIFU beam. All these features point out the excellent controllability of
HIFU-induced polymer heating, which provides the basis for SMPs spatiotemporal control by
means of HIFU.
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Figure 2. Localized, fast and repeatable temperature rise in P(MMA-BA) under HIFU
irradiation. (a) Infrared Thermal Images recorded within 15 seconds of HIFU irradiation at 2 W.
(b) Changes in the temperature distribution in the irradiated area of polymer over time, the
curves being obtained from images in (a) and the temperature maxima corresponds to the HIFU
focal point. (c) Temperature change profiles upon five consecutive HIFU on-off cycles at
different powers output (1, 2, 4 and 6 W). In each on-off cycle, the HIFU beam was turned on for
90 s and turned off for ~120 s.
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Effect of sample thickness on HIFU-induced thermal effect and shape recovery
The ultrasound propagation is highly directional, and ultrasound absorption is related to the
sample dimensions. To investigate the effect of the sample thickness on the HIFU-induced
thermal effect and shape recovery, a series of P(MMA-BA) sheets of different thicknesses
ranging from 0.37 mm to 3.79 mm were prepared, and the HIFU induced temperature rise and
shape recovery were measured. The results on temperature rise under 2 W HIFU irradiation are
shown in Fig. 3a. The rates of initial temperature rise and the equilibrium temperatures are listed
in Table 1. At a thickness of 0.38 mm, the equilibrium temperature can reach just ~48 °C with a
rate of initial temperature rise of ~4.7 °C s-1, while at a thickness of 1.89 mm, it can reach a
much higher temperature of ~136.5 °C with a rate of initial temperature rise of ~5.9 °C s-1. The
rate of initial temperature rise increases first and then decreases with increasing the thickness,
and reaches a maximum value at a thickness of 1.05 mm at a power output of 2 W. The
equilibrium temperature shows a similar trend as the rate of initial temperature rise. It reaches a
maximum value at a thickness of 1.89 mm at a power output of 2 W. These results clearly show
that thickness is an important parameter for HIFU-induced heating. When the polymer sample is
thin, like 0.38 mm, the ultrasound waves can easily penetrate through the polymer and only a
small portion of sound energy is absorbed and converted into heat, which leads to a slow
temperature rise and a low equilibrium temperature. With increasing the thickness, the sample
volume interacting with the HIFU beam is enlarged; more sound energy can be absorbed by
chain friction to generate heat, which results in increased temperature rise rate and achievable
equilibrium temperature. However, after reaching the maximum amount of absorbable sound
energy, a further increase in the thickness, meaning increase in the volume and mass of the
sample, leads to a decrease in the rate of initial temperature rise and equilibrium temperature.
Besides, decreasing the sample thickness means increase in the ratio of surface to bulk, which
may result in enhanced heat flux and thus decreased equilibrium temperature.

68

Figure 3. Results on P(MMA-BA) samples of different thicknesses from 0.38 to 3.78 mm: (a)
temperature rise under 2 W HIFU irradiation; (b) shape recovery behaviour under 2 W HIFU
irradiation; and (c) shape recovery behaviour under conventional heating at 120 °C.
Table 1. HIFU-induced thermal effect and shape recovery for P(MMA-BA) samples of different
thicknesses at a power output of 2 W. Monomer composition and crosslinker content for all the
samples were fixed at 2.5 : 1 (MMA : BA in molar ratio) and 1.12 wt%. The rate of initial
temperature rise and the rate of initial shape recovery were determined in the first 10 s of HIFU
irradiation.

Shape recovery behaviors of P(MMA-BA) samples of different thicknesses under the same
HIFU irradiation conditions were investigated and the results are shown in Fig. 3b. Data of the
initial rates of shape recovery and final shape recovery ratios are listed in Table 1. For the sake
of comparison, the shape recovery rate obtained by direct heating at 120 °C was also measured
for each sample and the results are shown in Fig. 3c. Under 2 W HIFU irradiation, the shape
recovery can occur, but the rate and magnitude depends very much on the sample thickness,
which is in sharp contrast with the conventional heating that leads to total shape recovery after
20 seconds and for which the thicker sample has a slower shape recovery process. From Table 1,
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under 2 W HIFU irradiation, the rate of initial shape recovery increases first and then drops with
increasing the thickness; it reaches a maximum value at the thickness of ~1.05 mm, which is
consistent with the change trend in the rate of HIFU-induced temperature rise. The final shape
recovery ratio has a similar change trend and reaches a maximum value at the thickness of ~1.89
mm, which also is in agreement with the change trend in the thermal equilibrium temperature.
All P(MMA-BA) samples have the same Tg or Ttrans regardless of their thickness. From the
above results, it is clear that the rate of HIFU-triggered shape recovery depends on the rate of
HIFU-induced temperature rise, and the final shape recovery ratio depends on the HIFU-induced
thermal equilibrium temperature. Under the used HIFU irradiation condition (2 W) and the setup
for exposure of the sample to ultrasound, the shape recovery is slower and less complete than the
outcome by direct heating of the whole sample to 120 °C. Nevertheless, the distinct feature of
using HIFU to trigger the shape memory effect is the controllability for the shape recovery
process, since clearly the ultrasound-induced temperature rise rate and equilibrium temperature
can readily be adjusted by HIFU power, sample dimension and the way ultrasound beam is
applied to the deformed area of the sample.
Effect of copolymer composition on HIFU-induced thermal effect and shape recovery
For P(MMA-BA) copolymer, the transition temperature Ttrans for shape recovery (Tg in this case)
and mechanical properties can be varied by changing the composition of the two monomer units
MMA and BA, i.e., the ratio of hard MMA to soft BA. It is known that with increasing the MMA
content, the Ttrans of P(MMA-BA) copolymer increases. The changing Ttrans and mechanical
properties may affect the HIFU-induced temperature rise and thus the shape memory behaviour.
To study the possible effect, several P(MMA-BA) samples of different compositions were
synthesized by varying the feed ratio of MMA/BA ranging from 1.5 : 1 (softest) to 5 : 1(hardest).
Using the same experimental setup, their HIFU-induced temperature rise and shape recovery
were measured by using samples with the same thickness of 1.89 mm and same crosslinker
content of 1.12 wt%, with different HIFU powers output (1-4 W). The results are shown in Fig.
4a–c. In order to understand the relationship between Ttrans and the ultrasound-induced
temperature rise and shape memory, dynamic mechanical analyses (DMA) were also conducted
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on these copolymers and their measured tan d (ratio of loss modulus to storage modulus) are
shown in Fig. 4d.

Figure 4. HIFU-induced temperature rise of P(MMA-BA) copolymer with different MAA/BA
ratios and at different ultrasound power outputs: (a) 1 W, (b) 2 W, (c) 4 W; and (d) tan delta of
the samples.
From the temperature rise curves (Fig. 4a-c), it can be seen that upon HIFU irradiation, the
sample temperature first rises relatively slowly and then quickly to reach a final equilibrium
temperature. This two-step temperature increase is more prominent under lower HIFU powers (1
and 2 W) and for harder P(MMA-BA) copolymer (MAA/BA ratio 3.5 : 1 and 5 : 1). By
differentiating the curves, a peak can be obtained which likely is related to the glass transition of
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the polymer. Knowing that HIFU-induced temperature rise is determined by the amount of heat
converted from the ultrasonic energy absorbed by polymer chains undergoing viscous shearing
and relaxation motions, the early slow temperature rise implies that the harder copolymers
(higher Tg) were in the glassy state at the early stage under HIFU irradiation (lower
temperatures). As a matter of fact, when ultrasonic wave passes through the polymer matrix, it
forces the polymer chains to vibrate in a confined area, which produces the shear force in the
polymer chains and lead to inter- or intra- chain friction and thus result in generation of heat.
Table 2. HIFU-induced thermal effect and shape recovery for crosslinked P(MMA-BA) with
different MMA/BA ratio, at 2 W power output. Thickness and crosslinker content of all the
samples were fixed at 1.89 mm and 1.12 wt%.

On close inspection of Fig. 4a–c and Table 2 where are summarized the data including the rate of
initial temperature rise and the equilibrium temperature calculated from Fig. 4b (2 W HIFU), and
Ttrans taken as the peak maximum of tan δ in Fig. 4d, more insight into the ultrasound-induced
local heating can be obtained. It is noticeable that with increasing the MMA/ BA ratio the rate of
initial temperature rise decreases, while, reversely, the equilibrium temperature increases. This
phenomenon is observable for different HIFU powers from 1 W to 4 W. It can be explained by
the change trend of the loss factor tan δ at different MMA/BA ratios (Fig. 4d). The loss factor tan
δ, being the ratio of loss modulus to storage modulus, is a measure of the lost energy with respect
to the recoverable energy, and represents the internal friction or mechanical damping in a
viscoelastic system. A high tan δ value is indicative of a material that has a high non-elastic
strain component, which generates more heat during ultrasonic vibration, and a low tan δ value
indicates more elastic response, which generates less heat. From Fig. 4d, it can be seen that with
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increasing the MMA/BA ratio the tan δ value decreases at the lower temperature region (below
Tg), but increases at the higher temperature region (above Tg), as marked by red arrows in the
figure. In the beginning stage of HIFU irradiation, the temperature is low (below Tg), P(MMABA) copolymer with a higher MMA content has a lower tan δ value compared to the one with a
lower MMA content. Thus the heat generated by ultrasonic vibration is lower, and the rate of
temperature rise is slower. The situation is reversed in the later stage of HIFU irradiation when
the reached temperature becomes high (above Tg), P(MMA-BA) copolymer with a higher MMA
content has a much higher tan δ value, which means that more heat can be generated to lead to a
higher equilibrium temperature.
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Figure 5. The shape recovery behaviour of P(MMA-BA) copolymer with different compositions
under HIFU irradiation at applied power of (a) 1 W, (b) 2 W and (c) 4 W; and (d) under
conventional heating at 120 °C. (e) Photos of shape recovery behaviour of P(MMA-BA)
copolymer with different composition under HIFU. The sample with a permanent shape “I” was
deformed into a temporary shape “L”, and then the deformation area was exposed to HIFU, The
power output was changed from 1 W to 6 W gradually.
The variations of shape recovery ratio for P(MMA-BA) copolymer of different MMA/BA ratios
under HIFU irradiation are shown in Fig. 5a–c. A couple of observations can be made. First, a
higher ultrasound power results in faster shape recovery and a higher shape recovery ratio for all
P(MMA-BA) samples due to an increased HIFU-induced thermal effect at higher powers.
Second, both the shape recovery rate and the final shape recovery ratio of P(MMA-BA)
copolymer decrease with increasing the MMA/BA ratio, which is consistent with the rate of
temperature rise and the equilibrium temperature under HIFU irradiation (Fig. 4). Table 2 shows
the data for samples at a HIFU power of 2 W. The shape recovery ratio for the sample with the
lowest MMA/BA ratio of 1.5 : 1 can reach ~98% in 30 s. By contrast, for the sample with the
higher MMA/BA ratio of 5 : 1, even though the equilibrium temperature reaches ~160 °C in 60 s
at a HIFU power of 2 W, the shape recovery ratio is only about 44%. The main reason for these
observations is that the Tg of P(MMA-BA) increases with the MMA/BA ratio. For samples with
a higher Tg, it takes a longer heating time to reach that temperature to start the shape recovery
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process, resulting in a slower rate of shape recovery. To better understand the limited shape
recovery ratio for harder P(MMA-BA) samples with a higher Tg, the shape recovery ratio for all
samples directly heated to 120 °C was measured. As seen in Fig. 5d, similar behaviours are
observable for the samples with various MMA/ BA ratios. For these samples, 120 °C (under
conventional heating) is in their Tg region and the restricted chain mobility results in restricted
chain relaxation and thus limited shape recovery. This result suggests that in the HIFU-induced
shape recovery tests, all strained polymer chains in the deformed area may not experience the
same temperature above Tg as revealed by the HIFU-induced temperature rise tests (Fig. 2). This
issue will be further discussed later.
Fig. 5e shows the photos of shape recovery behaviour of a sample (MMA/BA ratio: 2.5 : 1,
thickness: 1.89 mm, crosslinker content: 1.12 wt%) under gradually increased HIFU power
output. The sample was first programmed into a temporary shape “L”, then it was fixed on the
sample holder and the deformed area was placed at the ultrasound focal spot. At 1 W power
output the deformation recovered to a certain extent. Further increasing the power output resulted
in an increasingly higher recovery ratio, illustrating that multiple intermediate shapes can easily
be obtained by adjusting the HIFU power. The permanent shape was recovered only at a HIFU
power of 6 W. The photos in Fig. 5e give a hint on why the shape recovery ratio is still limited at
a HIFU power of 4 W (Fig. 5c) for harder P(MMA-BA) samples (MMA/BA ratio: 3.5 : 1 and 5 :
1) despite the high ultrasound-induced temperatures above Tgs of these samples (Fig. 4c and d).
This incomplete shape recovery is likely caused by the experimental setup. With the deformed
area of the L-shaped sample exposed to the focal spot of the HIFU beam, it is possible that part
of strained polymer chains in the deformed area don't experience a temperature above T g due to
the distribution of ultrasound-induced temperature rise inside the sample, which is dependent on
the HIFU power. A power higher than 4 W is necessary to allow all strained polymer chains in
this folded area to experience temperatures above Tg, which is required for complete chain
relaxation and for complete shape recovery.
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Effect of crosslinker content on HIFU-induced thermal effect and shape memory
The crosslinking for P(MMA-BA) copolymer is necessary to assure a good shape memory
behaviour as the network enables the polymer to return to its permanent shape under HIFU
irradiation. The network crosslinking density, which is determined by the crosslinker content,
should be another structural parameter that influences the HIFU-induced temperature rise and the
related shape recovery of P(MMA-BA). To investigate this, P(MMA-BA) copolymers
crosslinked to various extents by using different crosslinker contents while keeping the
MMA/BA ratio at 2.5 : 1 were synthesized. For all the experiments described below, the sample
thickness and molar ratio was retained at 1.89 mm and 2.5 : 1, respectively.

Figure 6. (a) HIFU-induced temperature rise for P(MMA-BA) copolymer with different
crosslinker content under an ultrasound power of 2 W. (b) Tan delta of the samples. (c) Rate of
initial temperature rise under HIFU irradiation at various powers (1, 2, 4 and 6 W) vs. crosslinker
content.
Table 3. HIFU-induced thermal effect and shape recovery for P(MMA-BA) with different
crosslinker contents under 2 W HIFU irradiation. Monomer composition and thickness were
fixed at 2.5 : 1 (MMA : BA in molar ratio) and 1.89 mm
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First, the temperature rise for P(MMA-BA) with different crosslinker contents under 2 W HIFU
irradiation was measured and the results are shown in Fig. 6a. The rates of initial temperature
rise and the equilibrium temperature for all samples are listed in Table 3. With increasing the
crosslinker content, the rate of initial temperature rise decreases, while the equilibrium
temperature increases. The sample with a crosslinker content of 1.12 wt%, has a rate of initial
temperature rise of ~5.9 °C s-1 and a thermal equilibrium temperature of 136.5 °C, while for the
sample at a crosslinker content of 15 wt%, these numbers change to ~2.3 °C s-1 and 158.6 °C,
respectively. The effect of crosslinker content on the HIFU-induced thermal effect is similar to
the effect of the MMA/BA ratio as discussed above, suggesting the same origin of viscoelastic
properties. This indeed was confirmed by the measured loss factor crosslinker content, while the
opposite is seen at the high-temperature side (indicated by arrows). Consequently, at the
beginning of HIFU irradiation, the temperature is low; the heat generated by HIFU is more
important for samples at lower tan δ as shown in Fig. 6b. It is clear that with increasing the
crosslinker content, the Tg of the sample increases. Also, at the low-temperature region, the value
of tan δ decreases with increasing the crosslinking degrees which are closer to the glass transition
and have greater tan δ. Reversely, in the late stage of HIFU irradiation, the temperature reaches
above Tg for all samples and the amount of heat generated by HIFU is greater for samples at
higher crosslinking degrees due to higher tan δ values. The effect of the crosslinker content on
the HIFU-induced thermal effect is similar as the effect of the MMA/BA ratio as stated above.
Fig. 6c shows the rate of initial temperature rise for all samples subjected to HIFU irradiation at a
power output between 1 W and 6 W. As expected, the rate of temperature rise increases with
increasing the ultrasound power. However, at a given HIFU power, the effect of crosslinking
density on the temperature rise rate remains the same, i.e., decreases with increasing the
crosslinker content.
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Figure 7. Results on P(MMA-BA) copolymer with different crosslinker contents: (a) shape
recovery ratio vs. HIFU irradiation time at an ultrasound power of 2 W; (b) plots of final shape
recovery ratio as a function of HIFU power; and. (c) shape recovery under conventional heating
at 120 °C.
The shape recovery behaviour of P(MMA-BA) copolymer with different crosslinker content
under 2 W HIFU irradiation is shown in Fig. 7a. Extracted data on the rate of initial and the final
shape recovery ratio are also reported in Table 3. It is no surprise to notice that the rate of initial
shape recovery decreases with increasing the crosslinker content, since it is dictated by the rate
of initial temperature rise. A somewhat surprising finding is shown in Fig. 7b. Although the
achievable final shape recovery ratio increases with increasing the HIFU power, it seems little
affected by the crosslinker content at a given ultrasound power. Considering the effect of the
copolymer composition, the final shape recovery ratio would be expected to become lower for
samples with a higher crosslinker content because of the higher Tg. The possible explanation for
this observation is that for SMPs with higher crosslinking density, the strain energy stored in the
temporary shape usually is greater, which favours the return to the permanent shape. This
positive effect for shape recovery may offset the unfavourable effect of increased Ttrans. To
complete the tests, shape recovery behaviour of P(MMA-BA) with different crosslinker contents
under conventional heating to 120 °C was also investigated. The results in Fig. 7c show that the
shape recovery process is nearly complete regardless of the crosslinker content.
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2.2.5. Conclusions
We have conducted a comprehensive study on HIFU-induced thermal effect and temporary-topermanent shape transition of crosslinked P(MMA-BA) copolymer chosen as a model shape
memory polymer. The results show that HIFU-induced heating is quick and spatially localized,
and can be controlled by the ultrasound power, making HIFU an effective remote stimulus to
trigger and control the shape recovery process. Under HIFU irradiation, samples of different
thickness can experience different HIFU-induced thermal effects and there exists an optimum
sample thickness for a maximum thermal effect and thus better shape recovery, which is
different from conventional heating stimulus. The shape recovery rate and ratio first increase and
then decrease with increasing the sample thickness, which is related to the rate of temperature
rise and the equilibrium temperature under HIFU. Moreover, crosslinked P(MMA-BA) at lower
MMA/BA ratio displays faster temperature rise and thus quicker shape recovery rate and higher
shape recovery ratio. Upon increase of the MMA/BA ratio, while the rate of temperature rise
decreases, the equilibrium temperature increases, which can be attributed to smaller loss tangent
of the copolymer in the low temperature region (below Tg) and greater loss tangent in the high
temperature region (above Tg) with the MMA/BA ratio. Finally, increasing the crosslinking
density has the same effect on the HIFU-induced temperature rise and shape recovery as that by
increasing the content of hard MMA in the copolymer, which can also be explained by the
changing trend in the loss tangent of the sample. This study helps understanding the
characteristics of the HIFU trigger for controlling shape memory polymers.
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2.3. Conclusions of the Project
In this project, we synthesized P(MMA-BA) as a model SMP to systematically investigate the
HIFU induced thermal effect and HIFU triggered shape recovery. Various parameters, like
copolymer composition (varying the ratio of monomers), sample thickness and crosslinker
content, were altered in order to clarify the relationship between polymer properties and the
shape memory behaviour under HIFU. We found that there exists an optimal sample thickness
for a maximum thermal effect controlling the shape recovery. This is different from direct bulk
heating, for which the thickness has little effect on the shape recovery behaviour. Moreover, the
viscoelastic parameter of loss tangent (tan δ) plays a decisive role in HIFU-induced temperature
rise and shape recovery, as the tan δ value is directly correlated to the temperature rise rate and
shape recovery rate for all investigated samples with different MMA/BA compositions and
crosslinker contents. The ultrasound thermal effect mainly emerges in the glass transition
temperature range, as evidenced by the finding that the temperature rise becomes much faster
when the temperature of the sample enters the glassy-rubbery transition region, and that the
highest temperature under HIFU is obtained with the sample around the end of the glass
transition temperature range. Our results support the proposed mechanism that the thermal effect
is due to the polymer chain friction. It is now understood that the SMP having a higher lose
tangent value absorbs more ultrasound energy whose dissipation results in faster temperature
rise.
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CHAPTER 3 THERAPEUTIC-ULTRASOUND-TRIGGERED SHAPE
MEMORY OF A MELAMINE-ENHANCED POLY(VINYL ALCOHOL)
PHYSICAL HYDROGEL
3.1. About the Project
Hydrogels are three dimensional hydrophilic polymer networks containing a large amount of
water. Compared to the rapid development of SMPs in the solid state in recent years, reports on
hydrogels with shape memory properties are quite rare. The main difficulty in obtaining shape
memory hydrogels is that the presence of water makes the glass transition or melt transition lose
the effectiveness to store the elastic energy and fix the temporary deformation. Developing shape
memory hydrogels are quite attractive because they are mechanically similar to biological tissues
and they have great potential for application in biomedical fields, like artifical stents or wound
dressing. Shape memory in reported hydrogels are generally enabled by some kind of
crosslinkable side chains or reversible supramolecular interactions, and those hydrogels are
responsive to temperature, pH or ionic strength change. However, how such stimuli can be
applied in practical applications often is not clear. In the present study, we focused our effort on
developing new shape memory hydrogels that can be triggered by ultrasound. We found that
shape memory PVA hydrogel could be obtained by adding a small amount of melamine
molecules that act as a physical crosslinker. Since the temporary shape of this hydrogel can be
fixed by a network structure arising from crystalline microdomains of PVA with a relatively low
melting temperature, the thermal effect induced by a therapeutic ultrasound device, on sale in
drugstores for patient’s pain relief, is sufficient to trigger the shape recovery process of the
hydrogel. To the best of our knowledge, this is the first demonstration of using therapeutic
ultrasound to control polymer shape memory. Besides good shape memory properties, the
obtained hydrogel is mechanically strong, biocompatible and self-healable.
This work was published in ACS Appl. Mater. Interfaces, 2015, 7, 12067−12073, by Guo Li,
Qiang Yan, Hesheng Xia and Yue Zhao. This research work was conducted in the Université de
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Sherbrooke under the supervision of Prof. Zhao and co-supervision of Prof. Xia. I prepared all
the polymer samples and performed the experiments described in this publication. I wrote the
first draft of the manuscript. Prof. Zhao finalized the manuscript with revision contributions from
Prof. Xia.
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3.2.1. Abstract
Therapeutic-ultrasound-triggered shape memory was demonstrated for the first time with a
melamine-enhanced poly(vinyl alcohol) (PVA) physical hydrogel. The addition of a small
amount of melamine (up to 1.5 wt %) in PVA results in a strong hydrogel due to the multiple Hbonding between the two constituents. A temporary shape of the hydrogel can be obtained by
deformation of the hydrogel (~65 wt % water) at room temperature, followed by fixation of the
deformation by freezing/thawing the hydrogel under strain, which induces crystallization of
PVA. We show that the ultrasound delivered by a commercially available device designed for
the patient’s pain relief, reduction of muscle spasm, and increase of blood flow, could trigger the
shape recovery process as a result of ultrasound-induced local heating in the hydrogel that melts
the crystallized PVA cross-linking. This hydrogel is thus interesting for potential applications
because it combines many desirable properties, being mechanically strong, biocompatible, and
self-healable and displaying the shape memory capability triggered by a physiological stimulus.
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3.2.2. Introduction
Shape memory polymers (SMPs) have the ability to fix a deformation and afterward recover to
the original shape upon exposure to a stimulus, such as temperature change, light, moisture,
electric field, and ultrasound.1−5 They hold promise for applications in many areas, including
medical devices, textiles, aerospace, and so on.6−11 So far, most research on SMPs has been
focused on solid polymers. Only in recent years has there been regained interest in shape
memory hydrogels that are swollen 3-D hydrophilic polymer networks containing a large amount
of water and are particular attractive for biomedical applications due to their elastic properties
comparable with those of biological tissues.12 The shape memory effect in the reported hydrogels
is generally enabled by some kind of side chain, such as n-stearyl acrylate (SA), two
cooperatively cross-linkable DNA elements and oligomeric chain segments, addition of metal
ions as functional crosslinkers, or use of copolymers with crystallizable segments.13−17
Nevertheless, hydrogels that can undergo the temporary-to-permanent shape transition while
containing a large amount of water and being triggered by a physiological stimulus remain very
rare. Herein we report such a hydrogel.
The hydrogel studied in the present work was designed on the basis of consideration of the
following important aspects. A first challenge is to find out a way that allows one to process the
temporary shape of a hydrogel with high water content and fix it. This cannot be done by using
the typical procedure for solid SMPs, for which the polymer can simply be deformed above the
phase transition temperature Ttr (glass transition temperature Tg or melting temperature Tm)
followed by cooling below Ttr to freeze the temporary shape. For hydrogels, the temporary shape
needs to be preserved by a second network structure that is formed within the deformed hydrogel
to retain the strain energy.15,18,19 A second requirement is that the shape memory effect can be
triggered by a physiological or physiologically tolerable stimulus. Most known shape memory
hydrogels were thermally activated, and their shape recovery process was triggered by either hot
water or hot gas,12,14,17,18 while for those with ionic cross-linkers or supramolecular interactions,
a change in ionic strength or pH can activate the shape memory effect.16,17 It is not obvious how
those triggers can be applied in biomedical applications.20 By processing the temporary shape in
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the dried state, the shape recovery of a hydrogel can also be triggered by absorption of water,
which reduces Ttr by a plasticization effect.21,22 The latter mechanism is fundamentally different
from fixation of a temporary shape of a wet hydrogel. Previously we reported the use of highintensity focused ultrasound (HIFU) to trigger shape memory of solid polymers.5,23,24 This
stimulation mode has spatiotemporal control and can propagate much deeper in human tissues
and organs than light or other stimuli, making it particularly appealing for triggering the shape
recovery of a hydrogel in the human body. The last requirement is that the hydrogel should be
biocompatible and possess sufficient or high mechanical strength. Due to the nature of wet and
soft material with a high water content, hydrogels generally have relatively poor mechanical
properties. Many approaches have been established to improve the mechanical strength and/or
toughness of hydrogels, such as a slide ring, tetra-PEG, a nanocomposite, or double-network
gels, to name only a few.25−28
In this paper, we show that, by adding a small amount of melamine to poly(vinyl alcohol)
(PVA), two types of physical cross-links can be formed in two separate steps, which not only
result in a mechanically enhanced and biocompatible PVA gel, but also allow for the
deformation of the wet hydrogel (~ 65 wt% water) and fixation of the temporary shape.
Moreover, we show for the first time that therapeutic ultrasound can be used to trigger the shape
memory effect of the hydrogel. The employed ultrasound source is a commercially available
device that can be used by a patient for pain relief, reduction of muscle spasm, and increase of
blood flow. At the same time, owing to the extensive hydrogen bonding, the melamine-enhanced
hydrogel also displays a self-healing function.
3.2.3. Results and Discussion
Design and Preparation of the Hydrogel. Figure 1 illustrates the formulation of our hydrogel
physically crosslinked by two separate steps and whose shape memory can be triggered by
therapeutic ultrasound. Knowing that the presence of melamine in PVA can improve both the
strength and extensibility of the PVA film due to H-bonded cross-linking,29 we expected a
gelation effect by adding a small amount of melamine to an aqueous solution of PVA. Each
melamine molecule has six nitrogen and six hydrogen atoms that can act as H-bond acceptors
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and donors, respectively. Surrounded by PVA chains, multiple H-bonds can form between
melamine and the hydroxyl groups on the PVA chains, which makes melamine an effective
physical cross-linker and, together with the H-bonds between PVA chains, generates a strong
and stable hydrogel (Figure 1a). To process a temporary shape, the melamine-enhanced, Hbonding cross-linked PVA hydrogel is deformed to the desired state (Figure 1b); then under
strain the hydrogel is subjected to the freezing/thawing treatment that results in the second
physical cross-linking by the microdomains of crystallized PVA chains.30−32 Since the second
cross-linking develops in the deformed hydrogel, it should be able to retain the deformed state (at
least to a significant degree) after removal of the external force (Figure 1c). When the hydrogel
of temporary shape is exposed to the therapeutic ultrasound, the shape recovery will be activated
if the absorption of the ultrasound energy by the hydrogel gives rise to disruption of the physical
cross-links and, consequently, relaxation of deformed PVA chains (back to Figure 1a). As shown
below, the targeted property and function of the hydrogel were confirmed.

Figure 1. Schematic illustration of the therapeutic-ultrasound-triggered shape memory hydrogel
of PVA with added melamine, which is physically cross-linked in two separate steps: (a) the
addition of melamine into an aqueous solution of PVA gives rise to the first physical network
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enhanced by multiple H-bonds between melamine and PVA chains; (b) the hydrogel can be
deformed; (c) the deformed shape of the hydrogel can be fixed by freezing/thawing of the
hydrogel under strain, resulting in the second network formed by crystallized PVA chains. From
(c) to (a) the shape recovery occurs under ultrasound exposure as the crystalline domains of PVA
absorb ultrasound energy and melt, releasing the retained strain energy. For the sake of clarity,
water molecules as well as H-bonding between PVA chains, PVA−water, and melamine−water
in the wet hydrogel are not depicted.
Details on the preparation and characterization of the hydrogel are given in the Supporting
Information. Typically, PVA (99+% hydrolyzed, Mw = 146000−186000 g/mol) was dissolved in
deionized water at a concentration of 35 wt%; after complete dissolution upon heating to 90 °C,
a certain amount of melamine was added and mixed with the PVA solution at the same
temperature. During the whole process the system was sealed to prevent water evaporation.
Afterward, the solution was cast into a Teflon mold before the mold was sealed and left
overnight. For the freezing/thawing treatment the hydrogel was cooled to −15 °C for 30 min and
then thawed at room temperature for at least 6 h. This procedure can be repeated for various
cycles. In the discussion below, the investigated samples are labeled either as xMA for the PVA
hydrogel with x weight percentage of added melamine (MA) or as xMA-y for the hydrogel
subjected to y cycles of the freezing/ thawing treatment.
Mechanical Properties of the Hydrogel. Figure 2 shows the mechanical properties of the
hydrogels, which confirm the existence of the two types of physical cross-linking of PVA chains
in separate steps. By adding melamine in PVA aqueous solution, the resulting hydrogel feels
more solid and tough than the hydrogel without melamine on touching. The difference can be
visually noticed by putting solutions of PVA or PVA with added melamine into a cuboid mold,
sealing the mold for 1 h, and gently removing the PVA or PVA with added melamine from the
mold. As is seen in Figure 2a, the 1.5MA hydrogel retained the rectangular shape well, but 0MA
deformed a lot after removal, revealing the network-strengthening effect of melamine due to its
H-bonded cross-linking of PVA chains. After freezing/thawing, the 1.5MA-3 hydrogel appeared
translucent due to light scattering from crystallized PVA microdomains. To observe the effect of
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melamine, dynamic mechanical measurements were carried out on the samples of 0MA and
1.5MA, showing changes in the storage (G´) and loss (G˝) moduli vs frequency at room
temperature and vs temperature at a fixed frequency of 1 Hz, respectively (Figure 2b,c). It is seen
that the presence of 1.5 wt% melamine raises the moduli and enhances the elastic response of the
hydrogel, with the elastic modulus G´ exceeding the viscous modulus G˝ over the entire
frequency or temperature range. The variations in the moduli upon frequency or temperature
change are significantly smaller for 1.5MA, which is indicative of a more stable and elastic-like
network in the sample.

Figure 2. (a) Photos showing the visual difference between the PVA hydrogels of (i) 0MA, (ii)
1.5MA, and (iii) 1.5MA-3. (b) Storage modulus (G′, solid symbols) and loss modulus (G′′, open
symbols) vs frequency at room temperature for the PVA hydrogels of 0MA (red) and 1.5MA
(black). (c) Storage and loss moduli vs temperature at a fixed frequency of 1 Hz for the same
samples as in (b). (d) Stress−strain curves of PVA hydrogels with different melamine contents at
room temperature. (e) Stress relaxation curves (100% elongation) for the same samples as in (d).
(f) Stress−strain curves of the 1.5MA hydrogel after different cycles of freezing/thawing.
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Moreover, tensile tests were performed on samples with different melamine contents. From the
stress−strain curves (Figure 2d), it is evident that adding even a small amount of melamine, such
as 0.5 wt%, to the PVA hydrogel can enhance the mechanical properties such as the Young
modulus, elongation at break, tensile strength, and, as a result, toughness. This beneficial effect
is proportional to the melamine content over the range investigated. For instance, while 0MA
breaks at about 325% elongation with a tensile strength of 0.74 MPa, the 1.5MA sample displays
a 525% elongation at break and a tensile strength of 3.11 MPa, which represent about 160% and
420% increases, respectively. The action of melamine can also be observed from the stress
relaxation results (Figure 2e). Although for all samples once the elongation (100%) stops the
stress drops rapidly and then continues to decrease slightly over time, the stress remaining after
10 min is much higher with MA even at 0.5 wt%, being ~29% for 0MA while jumping to 69%,
74%, and 83% for 0.5MA, 1.0MA, and 1.5MA, respectively. All these results can only be
explained by the formation of a large amount of H-bonds between the melamine molecules and
PVA chains.29 The multiple H-bonded cross-linking in the hydrogel leads to a stable and
mechanically strong physical network of PVA.
Lastly, what happens to the mechanical properties when further physical cross-linking by
crystallization of PVA occurs in the melamine-enhanced hydrogel subjected to the freezing/
thawing treatment? The answer can be found from the tensile test results obtained with the
1.5MA hydrogel after various cycles of freezing/thawing (Figure 2f). While the elongation at
break remains essentially the same, the tensile strength further increases with increasing number
of freezing/thawing cycles. It reaches about 4.2 MPa for 1.5MA-3 as compared to 3.11 MPa for
1.5MA, meaning also increased toughness of the hydrogel. Therefore, the second physical crosslinking added to the melamine H-bonded network further impacts the mechanical properties, and
the result is a mechanically strong and tough PVA hydrogel.
Thermally Activated Shape Memory. The shape memory effect of the melamine-enhanced
hydrogel was then investigated. As pointed out above, if the second physical cross-linking by
crystallized PVA chains can retain the deformation of a wet hydrogel, subsequent disruption
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(melting) of the second network should give rise to the recovery of the permanent shape. Figure
3a shows a visual observation. A piece of the 1.5MA hydrogel was first stretched to 100%
elongation (photos i and ii in Figure 3a). After three cycles of freezing/thawing under strain, a
substantial elongation indeed remained upon removal of the external force (photo iii), and the
recovery to the permanent shape was achieved by immersing the hydrogel in water at 60 °C
(photo iv), implying that 60 °C is sufficiently high to melt the crystallized PVA microdomains
formed in the freezing/thawing treatment. The characteristics of thermally activated shape
memory were measured for the 1.5MA hydrogel subjected to different freezing/thawing cycles.
For a given sample, after freezing/thawing, the external force was removed and the change in the
elongation degree was followed as a function of time until the stable fixation was reached.
Afterward, the hydrogel of temporary shape was placed in a water bath heated to different
temperatures, and the shape recovery, i.e., decrease in the elongation, was monitored at various
temperatures. From the results shown in Figure 3b, it is seen that both the retained elongation
(fixity) at 25 °C and the temperature for complete shape recovery increase with increasing
number of freezing/thawing cycles. These observations are no surprise and in accord with our
expectations. As a matter of fact, freeze/thawed PVA hydrogels have been much studied, and it
is known that more cycles of freezing/thawing will result in higher crystallinity and larger
crystallites of PVA as well as more stable crystalline microdomains with higher melting
temperature.30,31 In other words, a stronger physical cross-linking not only preserves better the
deformed state of the wet hydrogel after removal of the external force, but also is disrupted at the
higher temperature required for the shape recovery. The effect of the melamine content on the
shape recovery was also investigated (Figure S3, Supporting Information).
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Figure 3. (a) Thermoresponsive shape memory behavior of the 1.5MA hydrogel: (i) the original
shape; (ii) stretched to 100% elongation at room temperature; (iii) the retained shape after three
cycles of freezing/thawing and removal of the stress; (iv) after immersion in 60 °C water without
external stress. (b) Temporary shape fixation after 100% elongation followed by removal of the
external force as well as shape recovery on heating for the 1.5MA hydrogel subjected to various
cycles of freezing/thawing. (c) X-ray diffraction (XRD) patterns of the 1.5MA hydrogel after
various cycles of freezing/thawing and (d) XRD patterns of the 1.5MA-3 hydrogel at different
temperatures.
The above analysis for the observed thermoresponsive shape memory behavior was confirmed
by X-ray diffraction (XRD) measurements on the 1.5MA hydrogel treated with different cycles
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of freezing/thawing (Figure 3c) and on the 1.5MA-3 hydrogel heated to different temperatures
(Figure 3d).

Figure 4. (a) Photo showing the experimental setup used for monitoring therapeutic-ultrasoundtriggered shape recovery of the hydrogel. (b) Photos showing the shape recovery of the 1.5MA-1
hydrogel under ultrasound irradiation, with the sample of original shape being first processed to
a temporary twisted shape and then subjected to therapeutic ultrasound (2.0 W/cm2) for different
times (1−5 min). (c) XRD patterns of the 1.5MA-3 hydrogel before and after 10 min of
ultrasound exposure (2.0 W/cm2).
On one hand, the initial hydrogel prior to freezing/thawing already displays a small diffraction
peak at 19.4° corresponding to the 10 1 reflection of a typical crystalline PVA hydrogel
(reflection plane spacing 4.68 Å).33 This feature was observed for the hydrogels either with or
without melamine (Figure S1, Supporting Information). Thus, it appears that some crystallized
aggregates of PVA exist before freezing/thawing, likely due to the high molecular weight and
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high concentration (35 wt%) of the PVA sample, while most diffraction around the peak arises
from “free water” and swollen amorphous PVA chains.30 Quite surprisingly, unlike PVA alone,
for which the freezing/thawing-induced crystallization results in an increased diffraction
intensity of the 19.4° peak, i.e., enhanced crystallinity of the same crystalline structure (Figure
S1), the 1.5MA hydrogel displays a new diffraction peak at 21.4° following the freezing/thawing
treatment, and its intensity grows with increasing number of freezing/thawing cycles (marked by
an arrow in Figure 3c). This observation reveals that melamine molecules not only create Hbonded cross-linking with the surrounding PVA chains but might also modify the ordered
structure of the crystallizing PVA chains under the freezing/thawing treatment, since the new
peak at 21.4° implies a more compact crystalline structure (plane spacing 4.25 Å). This result
suggests that melamine in the PVA hydrogel could act as both a physical cross-linker via the
multiple H-bonds with PVA and a structuring molecule impacting the ordered structure of the
polymer. One speculation is that H-bonded melamine molecules could change the direction of
the −OH groups on the PVA chains, which has a drastic effect on the unit cell parameters.33
However, the exact crystalline structure corresponding to the peak at 21.4° and the role of
melamine remain to be clarified by future studies.

Figure 5. (a) Ultrasound-induced shape recovery of the 1.5MA hydrogel subjected to various
freezing/thawing cycles. The different initial deformation angles (at 0 min) reflect different
fixation degrees of the temporary shape, and the ultrasound output intensity is 2.0 W/cm 2. (b)
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Shape recovery behaviors of the 1.5MA-1 hydrogel under ultrasound irradiation of different
output intensities.
On the other hand, the change in the diffraction pattern of the 1.5MA-3 hydrogel at different
temperatures (Figure 3d) provides more insight into what leads to the shape recovery of the
hydrogel. The intensity of the new peak at 21.4° starts to decrease at 40 °C, reduces more
significantly at 50 °C, and essentially vanishes at 60 °C, whereas the peak at 19.4° appears
unchanged during the heating process. This observation clearly indicates that the crystalline
microdomains of PVA formed in the course of freezing/thawing have lower thermal stability,
i.e., a lower melting temperature, than the crystallized PVA existing prior to freezing/thawing.
Since the crystallization of PVA occurring during freezing/thawing is responsible for the fixation
of the temporary shape of the hydrogel, the apparent melting of the crystalline microdomains,
around 50 °C, disrupts the network and results in a release of the strain energy stored in the
temporary shape, thus activating the shape recovery process.
Therapeutic-Ultrasound-Triggered Shape Memory. Having understood how the shape
memory effect works for our melamine-enhanced PVA hydrogel and knowing that the transition
temperatures for the shape recovery are in a quite broad range of 40−60 °C, we investigated the
use of a therapeutic ultrasound device (sonicator 740, Mettler Electronics Corp.) to trigger the
shape memory process. The used device is designed to generate a deep tissue temperature
increase for the patient’s well being by causing an effect of pain relief, muscle spasm reduction
or increase in blood flow. It has a tunable frequency between 1 and 3 MHz with a maximum
power output of 2.2 W/cm2.
The photo in Figure 4a shows how the ultrasound-triggered shape recovery experiment can be
carried out. The hydrogel sample is placed in a water bath (400 mL) in front of the ultrasound
probe. Once the device is turned on, ultrasound waves are transmitted from the probe to the
water and can be absorbed by the hydrogel. The viscoelastic nature could convert the ultrasound
energy onto heat and thus raise the temperature of the hydrogel.34 The photos in Figure 4b show
an example of visual observation of the ultrasound-triggered shape recovery. A rod of 1.5MA
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was deformed into a helix and fixed by one cycle of freezing/thawing; under ultrasound exposure
(3 MHz, 2 W/ cm2), the hydrogel helix started to unwind. The shape recovery after 5 min was
substantial but not complete, indicating either some chain relaxation during the helix processing
or some unreleased strain energy in the hydrogel under the used ultrasound conditions. In this
experiment, the unwinding of the helix was halted once the ultrasound was turned off, which
allowed the hydrogel to be taken out of the water bath for picture-taking. Figure 4c shows the
XRD patterns of the 1.5MA-3 hydrogel before and after the ultrasound exposure (2 W/cm2).
After 10 min of ultrasound exposure, the diffraction peak at 21.4° almost disappears, while the
peak at 19.4° remains. These changes are similar to those observed following direct heating of
the hydrogel to 50−60 °C (Figure 3d), confirming that the mechanism of therapeutic-ultrasoundtriggered shape recovery is due to the melting of the crystalline microdomains formed by the
PVA chains in the presence of melamine during the freezing/thawing treatment. It should be
noted that ultrasound irradiation also raises the temperature of the aqueous solution as a whole.
However, the temperature rise of the used large-volume solution (400 mL) surrounding the
hydrogel sample after 10 min of ultrasound exposure is too small (about 2°) to account for the
melting of crystallized microdomains. Efficient heat generation by the viscoelastic hydrogel
upon ultrasound energy absorption is necessary for the therapeutic-ultrasound-triggered shape
memory behavior. It should be noted that all ultrasound tests were performed with the hydrogel
sample in water for up to 10 min, and within this period of time the temporary shape of the
hydrogel remained stable in the absence of ultrasound exposure, showing no water-induced
plasticization effect.
Obviously, a number of parameters can affect the efficiency and speed of the ultrasoundtriggered shape recovery of the hydrogel. We investigated the effect of the number of freezing/
thawing cycles as well as the effect of the ultrasound intensity in two separate experiments
(Figure 5). Here the temporary shape was obtained by folding a 1.5MA hydrogel by 90°
followed by fixation through freezing/thawing, and the ultrasound-induced shape memory was
monitored by measuring changes in the bending angle. First, for samples subjected to different
cycles of freezing/thawing (Figure 5a), it is seen that, under the same ultrasound irradiation (2
W/cm2), the final shape recovery ratios after 10 min of exposure are very different. While the
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recovery ratio for the sample with three cycles of freezing/thawing is only ~30%, the shape
recovery of the sample with one cycle reaches more than 80%. This situation is the opposite that
for the fixation degree of the deformed angle (deformed angle before recovery), which is higher
for the hydrogel with more freezing/thawing cycles. This result suggests that more cycles of
freezing/thawing result in higher crystallinity and more stable physical cross-linking, which is
good for temporary shape fixation but renders the shape recovery more difficult under ultrasound
irradiation, probably because of the difficulty of melting the crystalline microdomains. Second,
when the 1.5MA-1 hydrogel was exposed to ultrasound at different intensities (Figure 5b), not
surprisingly, the shape recovery process was faster and the achievable shape recovery ratio
higher with increasing ultrasound intensity from 0.8 to 2 W/cm2. Clearly this is also about the
melting of the crystalline microdomains in the hydrogel as a higher ultrasound intensity means
more ultrasound energy absorbed by the hydrogel and thus a greater ultrasound-induced heating
effect.
The above results imply that the therapeutic-ultrasound-induced heating mainly disrupt the
second physical network of the hydrogel by melting crystallized domains acting as the crosslinking points. What follows appears to be a reasonable explanation. The ultrasonic waves
propagate through the hydrogel by motions or vibrations of water molecules and PVA chains.
The first physical network is mainly formed by H-bonds between PVA chains and melamine
molecules in noncrystalline regions. Under ultrasound irradiation, most ultrasonic waves can
propagate through those regions without disrupting H-bonds and without generating a significant
amount of heat, because intermolecular friction among PVA chains is unlikely to occur due to
the large amount of surrounding water molecules. By contrast, the second networking is mainly
formed by crystallized PVA in the presence of melamine. Upon exposure to ultrasound, the
propagation of ultrasound waves in the crystalline regions could result in vigorous intermolecular
friction of the PVA chains, which generates efficient heat and allows heat to be confined in the
crystalline domains. Consequently, the absorption of ultrasound energy by the hydrogel with two
types of physical networks would induce a temperature rise mostly centered on the crystalline
domains of PVA, i.e., the cross-linking points of the second network formed by the
freezing/thawing treatment.
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Self-Healing Behavior. Finally, we reported previously that a physical PVA hydrogel prepared
through freezing/thawing can autonomously self-heal due to the extensive H-bonding between
the hydroxyl groups of the polymer.32 We wanted to know if this function is retained for the
melamine-enhanced PVA hydrogel. We carried out measurements by using a standard selfhealing test: cut a hydrogel into two pieces, bring the two fracture surfaces into contact without
delay, measure the elongation strength at break as a function of the contact time, and normalize it
with respect to the initial hydrogel before cutting to yield the self-healing efficiency. The content
of melamine and the number of freezing/thawing cycles were considered as two key parameters
that influence the self-healing efficiency. The results are summarized in Figure 6.

Figure 6. (a) Effect of the melamine content on the self-healing efficiency of PVA hydrogels. (b)
Effect of the number of freezing/thawing cycles on the self-healing efficiency of the 1.5MA
hydrogel.
As is seen in Figure 6a, a hydrogel with a higher melamine content exhibits a lower self-healing
efficiency, with the value decreasing from about 86% to 52% for pure PVA and 1.5MA,
respectively, after 48 h of contact. This can be explained by the fact that, by forming multiple Hbonds with PVA, melamine molecules largely enhance the strength and rigidity of the hydrogel,
resulting in reduced chain mobility and thus affecting the PVA chain interdiffusion and
formation of H-bonds across the fracture surfaces. From Figure 6b, it is seen that when the
1.5MA hydrogel was further strengthened by freezing/thawing, the self-healing efficiency
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declined further, especially for the hydrogel treated with three cycles of freezing/thawing. The
whole of the test results indicate that the melamine-enhanced PVA hydrogel retains the selfhealing ability; however, it is less efficient than that of the PVA hydrogel without melamine. The
self-healing efficiency appears to be reversely proportional to the strength of the hydrogel. It
should be mentioned that PVA-based hydrogels exhibiting both self-healing and shape memory
functions are known in the literature. Chen et al. reported a notable example.35 Supramolecular
hydrogels prepared using the dynamic interactions between PVA and phenylboronic acidmodified sodium alginate (Alg-PBA) were shown to be self-healable. As for shape memory, a
temporary shape could be fixed quickly by placing the hydrogel into a CaCl 2 solution due to the
formation of an alginate/Ca2+ complex, while the shape recovery was achieved by extraction of
Ca2+ in a Na2CO3 solution. The mechanisms of both self-healing and shape memory obviously
are different from those in the present study.
3.2.4. Conclusions
We have reported the use of therapeutic ultrasound to trigger the shape memory of a PVA
hydrogel containing a small amount of melamine (up to 1.5 wt%). Melamine molecules can act
as a physical cross-linker by forming multiple H-bonds with the PVA chains, which increases
both the strength and elongation at break of the hydrogel. A temporary shape of the melamineenhanced hydrogel can be processed by deformation at room temperature followed by
freezing/thawing under strain, which induces the second cross-linking due to crystallization of
PVA chains in the presence of melamine molecules and thus retains the deformation. We showed
that the ultrasound delivered by a commercially available device designed mainly for pain relief,
reduction of muscle spasm, and increase of blood flow, could trigger the shape recovery of the
hydrogel through an ultrasound-induced thermal effect inside the hydrogel that melts mainly the
crystallized microdomains formed during the freezing/thawing treatment. The PVA hydrogel
based on the two types of physical cross-links possesses a number of appealing properties for
biomedical use, such as being mechanically strong and tough, biocompatible, and self-healable
and displaying shape memory triggered by a physiological stimulus.
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3.2.5. Supporting Information
3.2.5.1. Experimental
Materials and Sample Preparation
Typically, a desired amount of PVA (99+% hydrolyzed, M w: 146,000 ~ 186,000, SigmaAldrich) was dissolved in deionized water by heating to 90 °C, after completely dissolution a
certain amount of melamine (MA, Sigma-Aldrich) was added in and mixed with the PVA
solution. In the whole process, the system was sealed to prevent water evaporation. Then the
solution was cast into a Teflon mold before the mold was sealed and left overnight. For the
freezing/thawing treatment, the hydrogels were cooled to -15 °C for 30 min and thawed at room
temperature for at least 6 h. This procedure can be repeated. All hydrogels were prepared at a
PVA concentration of 35 wt%, i.e., with a water content of about 65 wt%.
Swelling Ratio and Gel Fraction
Swelling characteristics of the hydrogels were measured. For each hydrogel, about 0.5 g of a
completely dried and extracted sample was immersed in 500 mL distilled water, with the
temperature kept at 37 °C. After days in water required reaching the equilibrium swelling state,
the sample was withdrawn from water and weighed after gentle surface wiping using an
absorbent paper. The equilibrium swelling ratio (SR) was calculated according to the following
equation: SR (%) = (Ws – Wd)*100/Wd, where Ws is the weight of the swollen sample and Wd
the weight of the dried sample. On the other hand, the gel fraction (GF) was determined
according to the equation: GF (%) = (Wr – Wd)*100/Wd, where Wr is the weight of the dry
sample after one week immersion in a water bath at 60 °C.
X-Ray Diffraction Measurement
Wide-angle X-ray diffraction (WAXD) measurements were carried out at room temperature on a
Bruker APEX DUO X-ray diffractometer. The hydrogel sample was cut to approximately 0.3 ×
0.3 × 0.3 mm3, glued with paratone oil on a sample holder and mounted. Six correlated runs with
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Phi Scan of 360 degrees and exposure times of 180 seconds were collected with the Cu microfocus anode (1.54184 Å) and the CCD APEX II detector at 150 mm distance. The diffraction
patterns were analyzed using Diffrac.Eva from Bruker.
Viscoelasticity Property Measurement
Dynamic mechanical measurements were made on a Perkin Elmer DMA-8000. A frequency scan
was conducted using shear mode from 0.01 Hz to 100 Hz at room temperature. And the
temperature scan was performed from room temperature to 80 °C at a constant frequency of 1
Hz.
Tensile and Stress Relaxation Tests
Tensile tests of the hydrogels were conducted using an Instron 5965 universal testing system. A
load cell of 500N was fitted into the instrument and the tensile tests were done at a speed of 10
mm/min. The data acquisition and processing were performed with BlueHill software. The timedependent stress relaxation tests were monitored using the same equipment under a fixed strain
of 100%.
Shape Memory Effect
Thermoresponsive shape memory behavior of the hydrogels was investigated by stretching the
samples to 100% elongation at room temperature, then, while the strain was kept constant the
samples were subjected to various cycles of freezing/thawing treatment. Afterwards, the stress
was removed and the sample in the deformed temporary shape was obtained. The recovery
process was conducted by immersing the samples in a water bath and heated to 70 °C with a
heating rate of 10 °C/min. The change in length of the sample was recorded with a digital
camera.
In the case of ultrasound induced shape recovery, the hydrogel sample with a given temporary
shape was placed and fixed in a water bath filled with 400 mL water. Therapeutic ultrasound (3
MHz at a given output intensity) delivered from a commercially available device (sonicator®
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740, Mettler Electronics® Corp), was applied to the sample. The ultrasound probe was immersed
in water that was about 1 cm away from the sample. After the ultrasound was turned on, the
change in the shape of the hydrogel could be recorded with a camera.
Self-healing Behavior
To quantify the self-healing efficiency, tensile testing experiments were performed using virgin
and healed hydrogel samples (40 × 8 × 8 mm3). The virgin gel samples were cut in the middle
and then the two halves were put into a homemade mold to make sure the cut surfaces were
closely in contact. The mold was sealed and after a certain time the tensile experiments were
conducted on the Instron 5965 universal testing system.
3.2.5.2. X-Ray Diffraction Recorded on Pure PVA Treated with Freezing/Thawing

Figure S1. X-ray diffraction (XRD) patterns of pure PVA hydrogel after various cycles of
freezing/thawing.
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3.2.5.3. Effect of Melamine on PVA Hydrogels

Figure S2. Swelling behaviors and gel fractions of PVA hydrogels with different MA content.
3.2.5.4. Effect of Melamine Content on PVA Hydrogels
Fig. S3. Shows that the hydrogel with 1wt% melamine displays a slightly smaller shape recovery
than the hydrogel containing 1.5wt% melamine. Reducing the melamine content to 0.5 wt% or
lower, the hydrogel became too soft upon heating (appearing viscous) to allow the thermally
induced shape recovery to be measured with certainty.
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Figure S3. Temporary shape fixation after 100% elongation followed by removal of external
force as well as shape recovery on heating for 1.0MA and 1.5MA hydrogels subjected to 3 cycles
of freezing/thawing.
3.2.5.5. Stability of Temporary Shape
As expected, the elongated temporary shape fixed by three cycles of freezing/thawing displays
the highest stability at room temperature over a period of 24 h.
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Figure S4. Stability of temporary shape for 1.5MA hydrogels subjected to different cycles of
freezing/thawing.

112

3.3. Conclusions of the Project
In this project, a new PVA-based hydrogel was prepared by adding melamine prior to
freezing/thawing treatment, while melamine molecules can act as physical crosslinker to form
multiple hydrogen bonds with hydroxyl groups on PVA chains. With only a small amount of
melamine (up to 1.5 wt%), the mechanical properties of the hydrogel (tensile strength, elongation
at break and toughness) improved considerably. More interestingly, the shape memory ability is
enabled as the temporary shape can be fixed by crystallization of PVA chains when subjecting
the deformed hydrogel to freezing/thawing treatment. Our characterization results revealed that
the temporary shape fixation comes from crystalline microdomains of PVA acting as crosslinks.
For the first time, a therapeutic ultrasound device was used to trigger the shape recovery process
of the hydrogel. This is made possible because the ultrasound induced thermal effect is important
enough to melt the crystallized PVA chains in the microdomains formed during the
freezing/thawing. Although the hydrogel has good mechanical properties, it still exhibits selfhealing capability thanks to H-bonding among the hydroxyl groups of PVA chains.
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CHAPTER 4 POLY(VINYL ALCOHOL)-POLY(ETHYLENE GLYCOL)
DOUBLE-NETWORK HYDROGEL: A GENERAL APPROACH TO SHAPE
MEMORY AND SELF-HEALING FUNCTIONALITIES
4.1. About the Project
Preparing hydrogels that possess both shape memory and self-healing functionalities are quite
challenging. So far the reported hydrogels having both properties are quite rare, and almost all of
them are based on sophisticated structural design, in which each function needs different
responsive groups, components or incorporated fillers. Combining different chemistries into one
hydrogel system will inevitably compromise some of its properties. In the previous chapter we
discussed the study of shape memory PVA hydrogel prepared by adding a physical crosslinker to
form a network with PVA chains through multiply hydrogen bonding. In this project we
followed up to develop a new and general approach to impart the two functionalities to
chemically crosslinked hydrogels based on the use of PVA hydrogel. The basic idea is to
interpenetrate another chemical network into the PVA hydrogel to hold the permanent shape,
while obtain the temporary shape by treating the hydrogel with freezing/thawing cycles to form a
crystallized PVA physical network. Since the melting of the crystalline microdomains of PVA
triggers the shape memory, the use of ultrasound as demonstrated in the previous study should be
applicable. To validate the double-network hydrogel design, chemically crosslinked PEG was
utilized in combination with PVA. The mechanical and viscoelastic properties as well as the
shape memory and self-healing behaviors of the obtained hydrogels were investigated.
This work was published in Langmuir, 2015, 31, 11709-11716, by Guo Li, Hongji Zhang, Daniel
Fortin, Hesheng Xia and Yue Zhao. This research work was conducted in the Université de
Sherbrooke under the supervision of Prof. Zhao and co-supervision of Prof. Xia. Hongji Zhang
helped me with preparing the PVA hydrogels. I prepared all the polymer samples, Daniel Fortin
performed XRD characterization and I performed the other experiments described in this
publication. I wrote the first draft of the manuscript. Prof. Zhao finalized the manuscript with
revision contributions from Prof. Xia.
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4.2.1. Abstract
A double-network polymer hydrogel composed of chemically cross-linked poly(ethylene glycol)
(PEG) and physically cross-linked poly(vinyl alcohol) (PVA) was prepared. When the hydrogel
(70 wt% of water) is subjected to freezing/thawing treatment under strain, the enhanced physical
network as a result of crystallization of PVA chains can stabilize the hydrogel deformation after
removal of the external force at room temperature. Subsequent disruption of the physical
network of PVA by heating allows for the recovery of the initial shape of the hydrogel.
Moreover, the double-network hydrogel exhibits self-healing capability stemming from the
physical network of PVA by virtue of the extensive interchain hydrogen bonding between the
hydroxyl side groups. This study thus demonstrates a general approach to imparting both the
shape memory and self-healing properties to chemically cross-linked hydrogels that otherwise do
not have such functionalities. Moreover, by making use of the fixed hydrogel elongation, the
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4.2.2. Introduction
Interest in developing polymer hydrogels with new functionalities continues to grow in view of
the potential applications in many areas.1,2 Among the current topics, self-healing hydrogels have
attracted great attention because they can be biocompatible and have similar mechanical
properties to natural tissues.3−11 The commonly used approaches to preparing self-healable
hydrogels are based on using either supramolecular interactions, such as hydrogen bonding,
electrostatic interaction, host−guest recognition, metal−ligand coordination, hydrophobic
association, and π−π stacking,7−13 or dynamic covalent bonds14 to construct the required network
structure. However, most of those hydrogels require specific structural or molecular design as
well as input of some kind of stimulus or energy, such as light, heat, or pH change, which may
limit their application potential especially in the biomedical field.7,11,13,14 Another much-sought
functionality for hydrogels is the shape memory effect. Such hydrogels have the ability of having
a temporary deformation fixed and afterward recovering to the original shape under the effect of
a stimulus, generally by heating.15−20 Shape memory hydrogels are difficult to obtain mainly
because the glass transition or crystal melting, which are the phase transitions used for shape
fixation and shape recovery in solid shape memory polymers (SMPs), basically loss the
efficiency in hydrogels due to the presence of a large amount of water molecules in the
network.21 To date, the main strategy for overcoming this obstacle, as demonstrated in the few
reports on this topic,22−28 is to promote formation of new cross-linking while having the hydrogel
in a given deformed state, which allows the deformation to be retained (at least partly) after
removal of the external force. Subsequently, breaking or disruption of the new cross-links allows
the strain energy stored in the hydrogel to be released, resulting in recovery of the initial form.
The formation of cross-links in deformed hydrogel can be achieved by various means, including
addition of metal ions as cross-linkers,22 grafting polymer chains with two complementary DNA
elements23 or crystallizable side chains,24 or using copolymers with crystallizable segments.25
Even more challenging is to prepare hydrogels that have both shape memory and self-healing
properties. Reported hydrogels of this kind are quite rare. One is obtained by mixing
phenylboronic acid-grafted alginate (Alg-PBA) and poly(vinyl alcohol) (PVA). In this system,
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the reversible PBA-diol ester bonding accounts for self-healing and also holds the permanent
shape of the hydrogel, while the cross-links formed by complexing Alg and Ca2+ can be used to
retain and release the temporary shape.29 A supramolecular hydrogel based on β-cyclodextrin (βCD)-containing poly(acrylamide) (PAAm) and poly(N-isopropylacrylamide) (PNIPAM) bearing
both adamantine (Ad) and ferrocene (Fc) was also demonstrated.30 In this case, β-CD can form
two types of host−guest complexes with Ad and Fc, respectively, which together contribute to
the self-healing, whereas the redox-responsive complex (cross-links) between β-CD and Fc was
used to retain and release the deformation in the shape memory test. Another system is a
poly(acrylic acid) hydrogel prepared by micellar copolymerization with 2 mol% of a
hydrophobic comonomer bearing a long alkyl side group (C18) in CTAB-NaBr solution (CTAB
is the surfactant cetyltrimethylammonium bromide).31 The alkyl chains in the hydrogel are
trapped in the micelles via hydrophobic association, and the hydrophobic moieties show a
decreased association degree arising from increased solubility upon increase of temperature,
which can be utilized as reversible cross-links responsible for self-healing and shape memory
properties. Our group previously reported a hydrogel whose shape memory and self-healing can
be activated by light.32 It was prepared by copolymerizing N,N-dimethylacrylamide (DMA) with
stearyl acrylate (SA) in the presence of cross-linker N,N´-methylenebis(acrylamide) (MBA) and
gold nanoparticles (AuNPs); the crystalline domains of the SA chains (cross-links) can melt
upon visible light irradiation due to AuNP-induced photothermal effect and subsequently
recrystallize on cooling after turning off the light, which can lead to crack-healing as well as the
temporary shape in shape memory cycles being retained and released.
Examining the few cases of shape memory and self-healable hydrogels, it is easy to notice that
they are all based on a peculiar structural or formulation design that often demands particular
hydrogel synthesis or preparation, which may limit their extension to other systems and
exploitation for potential applications. Herein, we describe a more general approach to preparing
hydrogels possessing the two functionalities, which uses common and easily accessible polymer
hydrogels with no need for any chemical modification of their structures such as
functionalization with specific side groups or side chains. Our basic idea is to make use of a
double-network hydrogel that is an established strategy to bring together two drastically different
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hydrogels to generate new functionalities or improve properties.33−35 Indeed, we show that by
interpenetrating a chemically cross-linked water-soluble polymer, which alone is not selfhealable and has no shape memory effect, with a physically cross-linked water-soluble polymer
that can self-heal, the resulting hydrogel can be given both the self-healing and shape memory
properties. To investigate the validity of this approach, we used chemically cross-linked
poly(ethylene glycol) (PEG) interpenetrated by physical hydrogel of PVA which we found
previously is capable of self-healing at room temperature.36 This easy and robust approach can
readily be applied to other hydrogels.
4.2.3. Experimental Section
4.2.3.1. Preparation of the Chemical-Physical Double-Network Hydrogel. Covalently crosslinked PEG was chosen as the model “chemical” hydrogel in the double-network system. To this
end, PEG with an acrylate unit at the two chain ends was prepared.37 In detail, 10 g PEG-diol
(MW = 2000, Sigma-Aldrich) was dissolved in 100 mL dichloromethane; 4-fold triethylamine
based on PEG diol end groups was first added to the PEG-diol solution, followed by stepwise
addition of 4-fold acryloyl chloride at room temperature. The mixture was stirred in an ice water
bath overnight; after removing by filtration the insoluble triethylamine salt formed during the
reaction, the resulting PEG-diacrylate was precipitated in 1 L of diethyl ether cooled to 4 °C.
This purification process was repeated two more times, and the collected PEG-diacrylate was
dried for 24 h in a vacuum oven at 35 °C.
To prepare the double-network PVA/PEG hydrogel, a homogeneous solution of PVA was first
obtained by dissolving a PVA sample (99+% hydrolyzed, MW = 146 000−186 000, SigmaAldrich) in distilled water at 90 °C under vigorous stir; the solution was sealed in the whole
process to prevent water evaporation. Then, PEG-diacrylate and ammonium persulfate were
added in the PVA solution thermostated at 90 °C for chemical cross-linking of PEG. The mixture
was stirred for 30 min, then poured into a homemade mold and placed into a 60 °C oven
overnight to complete the formation of cross-linked PEG in the presence of dissolved PVA
chains. Afterward, the resulting gel was subjected to the freezing/thawing treatment to yield
physically cross-linked PVA interpenetrated with PEG, resulting in formation of the targeted
119

PVA/PEG double−network hydrogel. In each freezing/ thawing cycle, the sample was frozen to
−15 °C for 1 h and thawed at room temperature for at least 6 h. Hereafter, the PVA/PEG
hydrogels are labeled as PEG-x-y, where x indicates the weight percentage of PEG compared to
the total amount of the PVA/PEG hydrogel (e.g., PEG-30 stands for PVA/PEG hydrogel with
PVA:PEG weight ratio of 70:30), and y (from 1 to 3) refers to the number of the freezing/
thawing cycles. Unless otherwise stated, the double-network hydrogel sample used for shape
memory and self-healing tests contains 30 wt% PEG. For control tests, PVA hydrogel without
PEG was prepared using the same freezing/thawing procedure.
4.2.3.2. Hydrogel Characterizations. Swelling Behavior and Gel Fraction Characterization.
The measurements of the swelling ratio and gel fraction were carried out using a literature
method.38 On the one hand, the swelling ratio of a given sample was measured by immersing
approximately 0.5 g of a completely dried sample into 500 mL distilled water, the temperature
being kept at 37 °C. At the equilibrium swelling state (after 1 week), the sample was taken out of
water and weighed after gentle surface wiping using absorbent paper. The equilibrium swelling
ratio (SR) was calculated according to SR (%) = (W s − Wd) × 100/Wd, where Ws is the weight of
the swollen sample and Wd the weight of the dried hydrogel sample. On the other hand, the gel
fraction (GF) was calculated according to GF (%) = (Wr − Wd) × 100/Wd; where Wr is the
weight of the dry sample after 1 week immersion in a water bath at 60 °C.
X-ray Diffraction. Wide-angle X-ray diffraction (WAXD) measurements were performed at
room temperature on a Bruker APEX DUO X-ray diffractometer. The hydrogel sample was cut
to approximately 0.3 × 0.3 × 0.3 mm3, glued with paratone oil on a sample holder and mounted.
Six correlated runs with Phi Scan of 360° and exposure times of 180 s were collected with the Cu
microfocus anode (1.54184 Å) and the CCD APEX II detector at 150 mm distance. The
diffraction patterns were analyzed using the software Diffrac.Eva from Bruker.
Mechanical and Viscoelasticity Properties. Dynamic mechanical measurements were carried out
on a PerkinElmer DMA-8000 system. The frequency scan from 0.01 to 100 Hz was conducted at
room temperature by using the shear mode; while the temperature scan was carried out from
room temperature to 80 °C at a constant frequency of 1 Hz. Tensile tests of the hydrogels were
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performed using an Instron 5965 universal testing system. A load cell (500 N) was fitted into the
instrument and the tensile tests were done at a crosshead speed of 10 mm/min. The data
acquisition and processing were completed with the BlueHill software (from Instron). The timedependent stress relaxation tests were realized under a fixed strain of 100% (sample elongation
rate: 200%/min).
4.2.3.3. Shape Memory and Self-Healing Behaviors. The shape memory capacity of the
PVA/PEG double-network hydrogel was investigated as follows. The hydrogel of chemically
cross-linked PEG interpenetrated with PVA chains was deformed at room temperature (note: at
this stage, the hydrogel comprises mainly a covalent network structure of PEG). Then, while
keeping the deformation, the hydrogel was subjected to one or more cycles of the
freezing/thawing treatment in order to allow the later-formed physical network of PVA to retain
the hydrogel deformation. Afterward, the external force was removed, and the recovery of the
hydrogel to its initial shape was monitored by increasing the temperature of a water bath in
which the deformed hydrogel was placed. The shape recovery process was recorded with a
digital camera, from which images of the hydrogel could be extracted. For all tests, the polymer
content in the hydrogel was 30 wt%.
Regarding the self-healing property, the usual tensile testing was performed on the original and
self-healed hydrogel samples to quantify the self-healing efficiency.26 Typically, the original
sample was a rectangular bar (40 × 8 × 8 mm3). To prepare a self-healed sample, the bar was cut
in the middle at room temperature, and then the two halves were put into a homemade mold to
make sure the cut surfaces were in contact, the whole system being sealed. After a certain
amount of contact time, the hydrogel sample emerged as a single bar as a result of self-healing. It
was utilized for tensile testing and compared to the original sample.
4.2.4. Results and Discussion
4.2.4.1. Design of Shape-Memory and Self-healable Hydrogel. The generality of our approach
for preparing shape memory and self-healable hydrogels is a key feature. As schematically
depicted in Figure 1, the starting hydrogel should be a covalently cross-linked network mixed
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with the “precursor” of the second physical network. In the present study, the chemical network
chosen is the cross-linked PEG and the “precursor” of the physical network is dissolved PVA
(Figure 1a). Upon subsequent formation of the physical network, mainly through the
freezing/thawing treatment in the case of PVA, the resulting double-network hydrogel would be
self-healable, because the used physical network is known to be self-healable (Figures 1b,d).32
For the shape memory effect, the hydrogel prior to formation of the physical network should be
mechanically strong enough to be processed to a deformed state, followed by the formation of
the physical network in the hydrogel under deformation. If the physical network can retain the
hydrogel deformation after removal of the external force (Figure 1c), then the shape recovery
should occur upon breaking of the physical cross-links, leading to release of the strain energy
stored in the deformation process. In the PVA/ PEG system, the shape memory is activated by
the melting of the crystalline domains of PVA acting as the physical crosslinking.

Figure 1. Schematic illustration of the PVA/PEG double-network hydrogel possessing the shape
memory and self-healing functionalities.
With such a design based on a chemical-physical double-network, many formulations are
conceivable. It is obvious that the covalently cross-linked network can be either of the many
known polymer hydrogels.39−41 By contrast, the choice of the physical network is relatively
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limited because not only should it be self-healable, but also, for the shape memory effect, it can
be formed or enhanced at a later stage with the hydrogel under deformation or strain. The
physical hydrogel of PVA, which is biocompatible and has good mechanical properties,42,43 is an
excellent candidate to be combined with other chemically cross-linked polymer hydrogels. While
depending on the polymer concentration and molecular weight, PVA can behave like a hydrogel
prior to freezing/thawing due to crystalline micro-domains and extensive interchain H-bonding
between the hydroxyl side groups, the freezing/thawing treatment builds up a much stronger
physical network structure by virtue of enhanced crystallization leading to crystalline
microdomains acting as cross-links. In addition, other self-healable physical hydrogels either
based on crystallization32,44 or addition of metal ions as cross-linker13,45 can also be exploited in
this formulation design. In the latter case, the shape recovery would be activated upon removal
of the metal ions.
4.2.4.2. Preparation and Characterization of the Hydrogels. The key to obtaining the
PVA/PEG double-network hydrogel is to proceed to the chemical cross-linking of PEG when it
is still homogeneously mixed with PVA in aqueous solution. Otherwise, the two polymers will
phase separate. Thus, as mentioned above, PEG-diacrylate and ammonium persulfate were added
into PVA aqueous solution under stirring at 90 °C in order to start immediately the cross-linking
reaction; the quick gelling of PEG prevented phase separation of PVA due to interpenetrated
networks, yielding a stable, solid PVA/PEG hydrogel of good transparency as shown in Figure
2a. Upon subsequent freezing/thawing, the transparency of the hydrogel decays with increasing
the number of the freezing/thawing cycles due to light scattering from the crystalline
microdomains of PVA. The hydrogel appears translucent after 1 cycle of treatment (b) and turns
opaque after 3 cycles (c).
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Figure 2. Photos showing the appearance of the PVA/PEG double-network hydrogel containing
30 wt% PEG: (a) before freezing/thawing, (b) after one cycle of freezing/thawing, and (c) after
three cycles of freezing/thawing.

Figure 3. (a, b) Storage modulus (G′, solid symbols) and loss modulus (G′′, open symbols) of
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pure PVA (black), PEG-30 (blue), and PEG-30−3 (red) hydrogels vs frequency at room
temperature and vs temperature at fixed frequency of 1 Hz, respectively. (c) Stress−strain curves
for pure PVA, PVA/PEG with different PEG contents and PEG-30 subjected to various cycles of
freezing/thawing. (d) Stress relaxation curves (100% elongation) for the same hydrogels as in
(c), the percentage of the residual stress after 10 min being indicated for each sample.

Figure 3 shows the representative results regarding the viscoelastic and mechanical properties of
the PVA/PEG hydrogels with different contents of chemically cross-linked PEG and subjected to
various cycles of freezing/thawing; PVA was also tested for comparison. On the one hand,
dynamic mechanical measurements were carried out to investigate the rheological properties.
Figure 3a,b compares the changes in the storage (G′) and loss (G′′) moduli vs frequency at room
temperature and vs temperature at 1 Hz, respectively, for pure PVA, PEG-30, and PEG-30−3.
The results show that all three hydrogels are solid-like, as the storage modulus remains much
higher than the loss modulus over the entire frequency range (Figure 3a) or the temperature
range (Figure 3b). However, in contrast with pure PVA hydrogel whose storage and loss moduli
decrease significantly with either reducing the frequency or increasing the temperature, the
moduli of the PVA/PEG hydrogels, PEG-30 and PEG-30−3, vary little over the surveyed
frequency or temperature range. This indicates that the chemical cross-linking of PEG already
provides a stable network structure for the hydrogel that restricts time-dependent chain motions.
It is also no surprise to notice that the PEG-30−3 hydrogel exhibits the highest moduli as the
hardness of this hydrogel is further strengthened by the buildup of the physical network of PVA
resulting from chain crystallization.
On the other hand, tensile tests were conducted for a number of hydrogel samples; the results are
shown in Figure 3c. With respect to pure PVA hydrogel, which displays a tensile strength of only
0.17 MPa at the ultimate elongation of 312%, the incorporation of chemically cross-linked PEG
improves much the tensile strength, and the increase becomes more prominent with increasing
the PEG content. As can be seen, the hydrogels with 10, 20, and 30 wt% PEG have a tensile
strength up to 0.26, 0.44, and 0.63 MPa, respectively. Moreover, despite the increase in hardness,
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their ultimate elongation decreases only very slightly, from 298% to 283%, as compared to PVA,
meaning greater toughness for the PVA/ PEG hydrogels. The almost constant elongation at break
implies that in the double-network hydrogel the physical network of PVA determines the limit of
extension while the chemical network of PEG influences mostly the mechanical strength. By
subjecting the PEG-30 hydrogel to various cycles of freezing/thawing, the tensile strength further
increases with increasing the cycle number of the freezing/thawing treatment. This indicates that
the enhanced physical network of PVA contributes to the mechanical strength of the doublenetwork hydrogel, acting cooperatively with the chemical network of PEG. Interestingly, the
ultimate elongation also increases with increasing the number of freezing/thawing cycles,
suggesting that with respect to a relatively weak physical network of PVA (e.g., in PEG-30), an
enhanced physical network structure due to crystallization can better sustain the stress arising
from chain extension in the double-network hydrogel, making the failure occur at a greater
elongation of the sample. Moreover, stress relaxation measurements were also performed for
those hydrogels. In all cases, the sample was stretched to 100% elongation before the stress was
monitored over time. As seen in Figure 3d, once the elongation is stopped, all samples display a
rapid drop of the stress within the first seconds, and then the stress decreases slowly in time.
Nevertheless, they have different degrees of stress relaxation after 10 min, which can be noticed
from the percentage of the residual stress normalized to the respective peak stress (indicated in
the figure). These results are consistent with the analyses based on the viscoelastic and tensile
tests. The chemically cross-linked PVA stabilizes the network structure of the PVA/PEG doublenetwork hydrogel, which is further enhanced by physically cross-linked PVA arising from the
freezing/thawing treatment. It is understandable that the stress cannot be retained to 100%
because such physical/chemical double-network hydrogel is unlikely to have a perfect network
structure that prevents any kind of polymer chain slippage or relaxation from happening.
Nevertheless, the very low stress relaxation suggests excellent “immobilization” of polymer
chains under deformation, which may ensure the hydrogel with a good shape fixity and recovery
in the shape memory process. Finally, the swelling degree at equilibrium and gel fraction of the
PVA/PEG hydrogels with different PEG contents were also measured. As expected, the results in
Figure 4 show that hydrogel with a higher PEG content displays a lower swelling ratio and a
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higher gel fraction, indicating an increased network density of the chemical PEG network within
the hydrogel.

Figure 4. Swelling ratio at equilibrium and gel fraction of the PVA/ PEG hydrogel with different
PEG contents (pure PVA, PEG-10, PEG-20, and PEG-30).
4.2.4.3. Shape Memory Behavior. The PEG-30 hydrogel was utilized to investigate the
thermally activated shape memory effect. As mentioned above, the hydrogel with chemically
cross-linked PEG (70 wt% water) can be deformed at room temperature and subsequently
subjected to freezing/thawing under deformation to fix the deformed state by the physically
cross-linked PVA; the initial shape can be recovered by disrupting the physical network of PVA
through melting of the crystalline microdomains. The photos in Figure 5a show the thermo
responsive shape memory behavior of the PEG-30−3 hydrogel. In this test, a twisted temporary
shape was obtained by rolling a PEG-30 hydrogel rod around a tube followed by 3 cycles of
freezing/thawing. When the hydrogel helix, stable at room temperature, was immersed in hot
water set at 90 °C, it took only 15 s for the hydrogel to recover a mostly straight shape prior to
deformation. This observation implies that the crystalline microdomains of PVA were melted at
90 °C. However, it should be mentioned that completely straight shape of the hydrogel was not
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recovered, implying some stress release during the twisted shape fixation process.

Figure 5. (a) Photos showing the fast thermally activated shape recovery of the PEG-30−3
hydrogel from a temporary twisted shape to the initial mostly straight state. (b) Plots of deformed
angle vs temperature for the PEG-30 hydrogel subjected to various cycles of freezing/thawing
while under right angle folding, the deformed angle at 40 °C being the fixed angle. (c) WAXD
patterns of the PEG-30 hydrogels before and after various cycles of freezing/thawing.
The crucial role of the physical network of PVA in fixing and releasing the temporary shape was
evidenced by the experiment shown in Figure 5b. Here, a straight hydrogel rod was folded 90°
before being treated by various cycles of freezing/thawing (from one to three). The hydrogel
with the temporary shape was then placed in a water bath subjected to heating at a rate of 10
°C/min and the unfolding process was recorded. Plotted in Figure 5b are the deformed angle vs
temperature for three folded hydrogels subjected to 1, 2, and 3 cycles of freezing/thawing,
respectively. As can be seen, more cycles of freezing/thawing resulted in a better shape fixation,
with the deformed angle at 68, 73, and 81° for PEG-30−1, PEG-30−2 and PEG-30−3,
respectively, which correspond to 76%, 81% and 90% shape fixity ratios. Moreover, although
the three samples could recover their original shape (completely unfolded) when the
environmental water reached 90 °C, their recovery behaviors appear different. The shape
recovery process took place at lower temperatures for the PEG-30 hydrogel with less cycles of
freezing/thawing. There is a temperature difference of about 10 °C between PEG-30−1 and PEG30−3, with PEG-30−2 between them. This difference in shape recovery can be attributed to a
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difference in crystallinity and crystalline structure in the hydrogel samples treated by different
freezing/thawing cycles. It is known that for pure PVA more cycles of freezing/thawing result in
more stable crystalline microdomains (i.e., higher melting point) and higher crystallinity.43,46
This was confirmed to be the case for the double-network PVA/PEG hydrogel as well. As can be
noticed from the X-ray diffraction measurement results in Figure 5c, the hydrogel before
freezing/thawing displays mainly the diffraction and scattering of the water molecules and
amorphous PVA phase, no characteristic diffraction peak of crystallized PVA can be observed.
By contrast, after the freezing/thawing treatment, a shape diffraction peak at d = 4.68 Å (2θ =
19.4°, corresponding to the 101 reflection of typical crystalline PVA hydrogel) appears, and its
intensity increases with increasing the number of freezing/thawing cycles.47 The increased
diffraction peak intensity indicates a higher crystallinity and more stable crystalline
microdomains in the order of PEG-30−3 > PEG-30−2 > PEG-30−1, which explains the apparent
fastest shape recovery of PEG-30−1 due to the “dissociation” of the physical network of PVA at
relatively lower temperatures. It is worth mentioning that in contrast to the test in Figure 5a, with
the simple temporary shape in Figure 5b (only one folding), the shape recovery rate appears to
reach 100%.
4.2.4.4. Self-healing and Effect of Anisotropy. Self-healing properties of PVA/PEG hydrogel
were evaluated by using the well-known tensile test protocol that consists in cutting a test sample
of hydrogel into two pieces, bringing the two fracture surfaces into contact without delay,
measuring the elongation strength at break as a function of contact time, and normalizing it with
respect to the initial hydrogel before cutting to yield the self-healing efficiency. The results
obtained with the original and self-healed PEG-30 samples with varying healing time are shown
in Figure 6a. The self-healed samples ruptured at the interface upon elongation and the fracture
stress increased with increasing healing time. After 1 h the fracture stress reached 0.13 MPa,
which is about 21% of the tensile strength of the original uncut hydrogel, while after 48 h the
recovered stress is up to 0.41 MPa, corresponding to a self-healing efficiency of about 68%. This
result already shows that even with 30% of chemically cross-linked PEG, the double-network
hydrogel is capable of self-healing promoted by PVA.
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To get more insight into the self-healing behavior, the healing efficiencies of the hydrogels with
different PEG contents were measured for various fracture surface-contacting times, and the
results are shown in Figure 6b. It is no surprise to find that a higher PEG content results in a
decrease in healing efficiency over the entire time period. Since the self-healing property is
mainly contributed by the extensive H-bonds formed by the hydroxyl groups on PVA chains, the
interpenetrated PEG network reduces not only the hydroxyl group density, but also the PVA
chain mobility within the hydrogel. These effects, becoming more important at a higher PEG
content, could impair the formation of H-bonds across the fracture surfaces in the self-healing
process. It should be noted that although the self-healing efficiency decreases somewhat by the
presence of the PEG network, the actual fracture stress increased for the hydrogel with a higher
PEG content.

Figure 6. (a). Stress−strain curves of the original and self-healed PEG-30 hydrogel at various
healing times recorded at room temperature. (b) Effect of the content of chemically cross-linked
PEG on the self-healing efficiency of the hydrogel measured from the tensile tests at room
temperature. (c) Effect of the number of freezing/thawing cycles on the self-healing efficiency of
the PEG-30 hydrogel.
Considering the effect of reduced hydroxyl group density and restricted chain mobility on the
self-healing performance, it could be expected that the freezing/thawing, which enhances the
physical network of PVA by crystallization, would impact negatively the self-healing process.
This indeed was observed with the PEG-30 hydrogel treated with various cycles of
freezing/thawing. As seen in Figure 6c, the attainable self-healing efficiency drops quickly with
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increasing the number of freezing/thawing cycles. Therefore, increasing the number of
freezing/thawing cycles improves the mechanical properties of the double-network hydrogel and
affords better fixation of a given deformation of the hydrogel for shape memory, but weakens its
self-healing capability. A compromise between the shape memory and self-healing
functionalities may be necessary depending on the sought application.
Since the elongation of the PVA/PEG hydrogel can be effectively fixed at room temperature by
the physical network of PVA upon freezing/thawing, we wanted to use it as a model system to
observe how the anisotropy arising from polymer chain orientation in the hydrogel could affect
its self-healing efficiency. To our knowledge, thus far this issue has not been investigated in the
literature. To perform the experiment, a large PEG-30 sample was stretched to 200% elongation
and, under strain, subjected to 3 cycles of freezing/thawing. After removal of the external force,
a 186% elongation was retained. Despite knowing that the hardest hydrogel with 3 cycles of
freezing/thawing has low self-healing efficiency (Figure 6c), this condition was chosen to ensure
fixation of a large hydrogel elongation and thus significant orientation of both PVA and PEG
chains. As sketched in Figure 7a, two rectangular stripes of the same size (10 × 5 × 3 mm 3) were
then cut from the stretched PEG-30−3 sample, with the length in the directions parallel and
perpendicular to the elongation direction. In this way, the stripe, denoted as “parallel”, has the
preferential chain orientation along the length direction, while the stripe, named “perpendicular”,
has the chain orientation normal to the length direction (i.e., along the width). Afterward, these
two anisotropic samples were taken as the starting hydrogels and used for self-healing evaluation
through the same procedure as described above.
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Figure 7. (a) Illustration of the two anisotropic hydrogel test samples prepared from a stretched
PEG-30−3 double-network hydrogel (186% elongation, room temperature), with the parallel
sample containing oriented chains along the length direction and the perpendicular sample
containing oriented chains in the width direction. (b) Stress−strain curves of the two anisotropic
hydrogel samples. (c) Self-healing efficiency vs healing time for the two samples after being cut
into two pieces and brought to contact for the varying healing time before the tensile test at room
temperature.
Before discussing the self-healing results, the anisotropic nature of the two samples as depicted
in Figure 7a was first confirmed by tensile test. As seen in Figure 7b, while both samples broke
at a similar strain, the tensile strength of the “parallel” sample is about twice that of the
“perpendicular” sample, 2 MPa for the former and 1 MPa for the latter. This difference can be
explained by that the elongation of the “parallel” sample requires further chain stretching in the
same direction as the existing order, while the deformation of the “perpendicular” sample
proceeds more against the weaker intrachain interactions. Now, for self-healing of the two
samples, after cutting into two pieces and bringing into contact for a certain time, the tensile test
was carried out again to determine the self-healing efficiency; the results are shown in Figure 7c.
Although the healing efficiency for both samples increases with increasing the fracture surface
contact time, the self-healing efficiency of the “parallel” sample is significantly lower than the
“perpendicular” sample over the entire surveyed time. This experiment reveals that for
anisotropic hydrogels with oriented chains, the self-healing efficiency can be affected by the way
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the cut is inflicted to the sample. The healing process is more difficult to develop when the chain
orientation direction is normal to the fracture surface plane (“parallel” sample). By contrast, the
healing appears more effective when oriented chains lie on the fracture surface plane
(“perpendicular” sample). A plausible explanation is that with polymer chains lying on the
fracture surfaces, more hydroxyl side groups are susceptible to interact and thus form H-bonds. It
can also be speculated that there may be more space between the crystallites of PVA (physical
cross-links) on the fracture surface of the “perpendicular” sample than the “parallel” sample,
which less restricts the polymer chain mobility promoting self-healing. Future studies are needed
to better understand and maybe explore the anisotropic self-healing efficiency.
4.2.5. Conclusions
We have presented a general method that allows a chemically cross-linked polymer hydrogel to
exhibit both shape memory and self-healing properties. The method is based on interpenetrating
the chemically cross-linked hydrogel in a physically cross-linked hydrogel, giving rise to a
chemical/physical double-network structure. On the one hand, the self-healing capability of the
double-network hydrogel comes from the physical hydrogel that is self-healable due to
noncovalent supra-molecular interactions. On the other hand, the shape memory is made possible
because the physical network structure formed or enhanced with the hydrogel under strain can
stabilize the deformation (temporary shape) after removal of the external force at room
temperature; subsequently the shape recovery (back to the permanent shape) occurs when the
physical network is disrupted upon heating leading to release of the strain energy. In the present
study to investigate the validity of this approach, a double-network hydrogel comprising
chemically cross-linked PEG and physically cross-linked PVA was prepared. We show that
when the PVA/PEG hydrogel under strain is subjected to the freezing/thawing treatment, the
deformed state of the hydrogel can be fixed to a substantial degree by the enhanced physical
network structure of PVA as a result of its crystallization, with the crystalline microdomains
acting as the cross-links. The initial shape of the hydrogel can be recovered by heating of the
hydrogel that melts the crystalline microdomains and breaks the physical network of PVA.
Moreover, the self-healing property of PVA, arising from its interchain H-bonding between the
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hydroxyl side groups, indeed can be transferred to the PVA/PEG hydrogel, although, not
surprisingly, the self-healing efficiency decreases with increasing the PEG chemical network
content or the physical network density through more cycles of freezing/thawing. Last but not
least, taking advantage of the stabilized elongation of the double-network hydrogel, we also
brought out the effect of the hydrogel anisotropy (i.e., chain orientation) on the self-healing
efficiency. We believe that the concept of anisotropic self-healing or using polymer anisotropy to
enhance the self-healing in one specific direction is worth further exploration.
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4.3. Conclusions of the Project
In this project, a double-network hydrogel was prepared by interpenetrating a chemical
crosslinked PEG network in the physical PVA hydrogel. In the preparation step, PEG with
acrylate groups at two chain ends was added into a PVA solution and chemically crosslinked
using radical polymerization in the presence of dissolved PVA chains. Afterwards the second
physical network was formed using the freezing/thawing method to induce crystallization of
PVA chains. The characterization results indicate that the chemical crosslinking of PEG
provided a stable network structure, and after freezing/thawing treatment the mechanical
properties of the hydrogel was further strengthened. Stress relaxation results also suggested the
formed chemical PEG network immobilize polymer chains under deformation. In accordance
with the previous study on PVA hydrogels, more freezing/thawing cycles resulted in higher
shape fixity ratio, as a result of more stable crystalline microdomains of PVA with higher
melting temperature. Thermally induced shape recovery of the double-network hydrogel could
reach near 100%. Moreover, by utilizing the shape memory properties, for the first time we
investigated the effect of deformation on the self-healing properties of the hydrogel. It was found
that the self-healing efficiency in the direction perpendicular to elongation was lower than that
parallel to elongation (find details in Figure. 7). This anisotropic effect on self-healing could be
attributed to different H-bond densities in the different directions as a result of chain orientation.
Thanks to this general approach, in principle any chemically crosslinked hydrogel could be used
with PVA to generate the shape memory and self-healing functionalities.
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CHAPTER 5. GENERAL DISCUSSION AND PERSPECTIVES
The research work presented in this thesis is focused on developing shape memory polymers
with new stimulation methods and new formulations with combined functionalities. For SMP
systems with new stimulation method, we demonstrated that ultrasound is an efficient stimulus to
be used to trigger polymer shape memory. Under ultrasound (HIFU) exposure polymers can
absorb ultrasonic energy by viscous shearing motion and friction of polymer chains, thus
converting the ultrasonic energy into heat. The used amorphous SMP can be rapidly heated
above 100 °C in the ultrasound exposed area, which activates the shape recovery process. Two
projects dealing with this subject have been completed and the results led to two publications
presented in Chapter 1 and Chapter 2. To our knowledge, no studies on the use of ultrasound to
control SMPs were reported previously. Moreover, in our studies, by making use of the
advantages of HIFU, we have been able to show a number of appealing features of this stimulus,
like remote activation, spatiotemporal control, fast local heating and cooling, easy programming
of multiple intermediate shapes in a single shape recovery process and simultaneous controlled
drug delivery. We also conducted a detailed investigation on the relationship between polymer
properties and their ultrasound-triggered shape memory effect. We found that under HIFU the
temperature rise and the resulting shape recovery process is closely related to the viscoelastic
parameter of loss tangent, i.e., the ratio of loss modulus over storage modulus. A higher
temperature is obtained at a faster rate when the polymer exposed to HIFU has a greater loss
tangent. This finding confirms that the conversion of ultrasonic energy on heat requires motion
of polymer chains (friction and shearing). Moreover, the results show that under a given
ultrasound output power, there is an optimum thickness of the SMP sample to reach the highest
temperature rise and shape recovery ratio. Thanks to these studies, we now have a good
understanding about ultrasound triggered shape memory in terms of mechanism, performance,
polymer choice and ultrasound conditions.
For SMPs with new formulations, we have developed novel PVA-based hydrogels with
ultrasound controllable shape memory and self-healing properties. It is known that reported
shape memory hydrogels are much less compared to solid SMPs due to the preparation
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difficulties, and hydrogels possessing both shape memory and self-healing capabilities are even
rare. Physically crosslinked hydrogel of PVA is known to have many advantages including
biocompatibility, biodegradability, good elasticity and high mechanical strength; and the
hydrogel can be prepared using a simple method called freezing/thawing. Previously our group
also found that the physical PVA hydrogel prepared using the freezing/thawing treatment can
self-heal after break. Our research in this thesis aimed to exploit the physical network of PVA,
with crystallized microdomains acting as crosslinks, in stabilizing a temporary shape of the
hydrogel and thus enabling the shape memory function in PVA-based hydrogels. We have
proposed and validated two new designs. In the study described in Chapter 3, a small amount of
melamine was added in PVA to enhance the physical network structure through the multiple Hbonds that can be formed between each melamine molecule and the hydroxyl groups on PVA
chains. When deformed hydrogel was subjected to freezing/thawing, the network formed by
crystallized PVA microdomains could fix the deformation upon removal of external force. We
then demonstrated, for the first time, the use of a therapeutic ultrasound device to trigger the
shape recovery process by virtue of ultrasound-induced thermal effect that could melt the
crystalline microdomains. The other new strategy, presented in Chapter 4, is about using PVA
hydrogel to impart shape memory and self-healing to chemically crosslinked hydrogel. In the
study, a chemical network of PEG was incorporated into the physical network of PVA by
polymerizing acrylate group-ended PEG in PVA solution, followed by freezing/thawing
treatment. The resulting double-network hydrogel possesses both shape memory and self-healing
functionalities. Moreover, we brought out the effect of hydrogel anisotropy, i.e., chain
orientation, on the self-healing efficiency for the first time. The concept of anisotropic selfhealing is of interest for further exploitation. Given below are some general discussions and
reflections on the topics for future studies.
5.1 General Discussion
5.1.1 Ultrasound-Responsive SMPs
As we discussed in previous sections of this thesis, a conventional SMP relies on a reversible
phase transition to freeze and activate the chain mobility in order to retain and release the
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temporary shapes. Using hot gas or hot liquid to increase the surrounding temperature of a SMP
is still the most common and convenient way. However, such direct heating is not applicable or
efficient in many application circumstances. One way to solve this problem consists in
incorporating some stimuli-responsive fillers into the SMP matrix. These fillers have the ability
of converting other forms of energy, like electrical, optical or magnetic energies, into heat and
raising the temperature the polymer matrix to trigger shape recovery. Using indirect heating
triggers has the advantage of applying a stimulus right on the SMP instead of heating its
surrounding. Because the thermal energy to heat the material through indirect heating is
converted by the fillers or particles inside the SMP matrix, the shape memory process will be
much faster, more efficient and less energy consuming as compared to direct bulk heating, which
increases the temperature of the polymer and its surrounding at the same time. Those stimuli,
especially light and magnetic field, also offer the possibility of controlling the shape recovery
process remotely, meaning that the stimuli can be applied from a source located far from the
SMP. This feature is particularly important for some conceivable applications like in space, deep
sea or even human body.
Using ultrasound, compared to the indirect heating stimuli mentioned above, offers some unique
advantages to control SMPs. First, since the ultrasound induced thermal effect is based on
polymer chains motion, damping and vibration during ultrasound propagation, there is no need to
incorporate additional fillers or component into the SMP system, which makes the preparation of
the SMP simpler and have no need to consider the properties changes induced by the
incorporation of the fillers. Secondly, since the ultrasound waves can be focused into a tight spot
(~ 3 mm in diameter for HIFU), this feature can be used to control shape recovery
spatiotemporally as we have demonstrated our studies. Other stimuli, except light, are not very
convenient to control shape recovery in this manner. Moreover, even comparing with light, the
deep penetrability in human body of ultrasound is an unparallel advantage for biomedical
applications. As a matter of fact, using ultrasound for the treatment of tumors is already an
established technology (140). One can imagine that the deployment of inserted tubes, stents or
artificial organs made of SMPs can be readily controlled at any part of the human body or at any
time using ultrasound.
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On the basis of our finding, the viscoelastic properties, especially the loss tangent, are crucial for
efficient ultrasound induced temperature rise and shape memory. As vigorous polymer chain
oscillation, friction and vibration happen during ultrasound irradiation, it is also possible to
design ultrasound-triggered SMP systems based on non-thermal effect. To this end, dynamic
chemistry can be considered. If reversible chemical bonds, either covalent or non-covalent, are
used to stabilize a temporary shape, they may be labile to mechanical force generated by
ultrasound. Upon ultrasound irradiation, should these bonds are broken, the release of strain
energy would occur resulting in shape recovery. To our knowledge, no studies exploring such
“mechanophore” for SMPs have been reported. This is also something that is not achievable
using other stimuli, because all of them are based on temperature rise induced by incorporated
functional fillers, involving no polymer chain movement during the heating procedure.
Simultaneous drug release during shape recovery is also an appealing feature with ultrasound.
Actually enhanced drug release from solid SMPs under ultrasound may be induced by a
combination of thermal and non-thermal effects (e.g., the cavitation effect).
5.1.2 Shape Memory Hydrogels
Hydrogels are crosslinked polymer chains that hold a large amount of water molecules. The
design and preparation of hydrogels with shape memory properties are challenging compared to
solid SMPs. The main obstacle is the difficulty of fixing the temporary shape after removal of
external force, as the chain mobility of hydrogel is always in the “switch-on” state due to the
presence of water molecules around the polymer chains. Several strategies have been used to
prepare hydrogels with shape memory properties. One early work reported 2 decades ago
prepared a poly(acrylic acid) hydrogel bearing long alkyl side groups that exhibit shape memory
behaviors. In that case, the hydrophobic side chains tend to form crystalline aggregates at room
temperature with a Tm around 50 °C, giving rise to a network structure that holds the temporary
deformation. Using a similar strategy, other shape memory hydrogels were developed based on
copolymers containing crystallizable chain segments or hydrophobic components that can be
microphase separated from the soft hydrophilic chains and form rigid microdomains with a
certain Tg or Tm for the shape memory control. Besides these thermally triggered shape memory

144

hydrogels, non-thermal responsive hydrogels with different formulations have also been
produced. To prepare such hydrogels, incorporating pH-responsive groups into the hydrogel is a
commonly used method, as the shape fixation and recovery can be triggered by adjusting the pH
value of the surrounding aqueous environment. Likewise, enzyme-responsive or ion-responsive
shape memory hydrogels were also reported in the literature (141,130). As compared to
thermally triggered shape memory hydrogels, the limitations for those hydrogels are their
relative low shape fixity ratio and shape recovery ratio, and the shape fixing and shape recovery
process usually take much longer time to complete. Also, how to practically use pH or ion
strength to trigger shape memory is not clear, especially in the biomedical fields. An alternative
approach to obtain shape memory property is to dry a deformed hydrogel to obtain a temporary
shape; during the drying process chain mobility is gradually deactivated so that the temporary
deformation can be kept, while the shape recovery is triggered by swelling in water again to
regain its hydrogel state and its chain mobility. Actually this is not really a shape fixation method
for shape memory hydrogels, because the dried sample is no longer a hydrogel; and some
properties may change even after the rehydration.
On the other hand, there are even more issues that remain in preparing hydrogels with both the
shape memory and self-healing properties. Nevertheless, the self-healing ability is much desired
for hydrogels to mimic human organs or tissues. A shape memory hydrogel can be simply
described as a crosslinked polymer network with certain functional component that can form
reversible interactions or associations. The crosslink can be chemical crosslink or physical
crosslink and in most cases the hydrogel network is covalently crosslinked. To make a hydrogel
exhibit self-healing ability, normally supramolecular interactions are involved because
irreversible chemical crosslinking is not favored to achieve a good self-healing efficiency.
Generally speaking, if we want to prepare a shape memory hydrogel capable of self-healing, we
need to incorporate at least two types of crosslinks or interactions into a hydrogel network, at
least one of which should be reversible. This usually requires sophisticated structural design and
demanding preparation or synthesis. This is why it is no surprise to find only few examples of
such hydrogels in the literature (142). Their peculiar structural design will limit the extension to
other systems. Our studies in this thesis developed hydrogels with both functions using relative
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simple and general structural design that is based on a self-healable hydrogel, i.e., the physical
PVA hydrogel prepared using the freezing/thawing method. The self-healing ability stems from
the extensive H-bonding formed between the hydroxyl groups in PVA chains. It should be noted
that the self-healing efficiency is inevitably reduced to some extent in the two types of hydrogels
we developed due to their enhanced stiffness. The main significance of the two approaches is
their generality that can easily be extendable to other systems. Moreover, the biocompatibility of
PVA-based hydrogels, their responsiveness to ultrasound exposure as well as their mild thermal
activation temperature makes them promising materials to be used in biomedical applications.
5.2. Future Studies
5.2.1. Ultrasound-Responsive SMPs Based on Non-Thermal Effect
As we have demonstrated, using ultrasound as a novel stimulus to trigger shape memory has
several unparalleled advantages such as remote activation, spatiotemporal control as well as deep
penetrability in human body. We have realized the first study of HIFU triggered polymer shape
memory and drug release spatiotemporally. However, the development of ultrasound responsive
SMPs is still in an early stage compared to other stimuli. Ultrasound thermal effect has been
proved to be effective to trigger thermally induced SMPs, more efforts have to be done in this
area. Another interesting future topic is about using ultrasound induced non-thermal effect to
realize shape memory, because the cavitation effect or mechanical energy generated by
ultrasound is also prominent. For the design, host-guest interactions, hydrophobic interactions or
“mechanophore” functional motifs are promising candidates to be incorporated in the SMP
structures, which can act as reversible crosslinks responding to ultrasound.
The ultrasound-breakable units can be introduced into a chemically crosslinked hydrogel to
realize this idea. The chemical crosslinking is used to retain the permanent network of the
hydrogel, and the functional units are used to obtain temporary shapes and realize ultrasoundtriggered shape recovery. For instance, 2-ureido-4-pyrimidone (UPy) can be chosen to act as
ultrasound responsive units, as UPy is well known to build up supramolecular interactions by
dimerization via quadruple H-bonding (143,144). The expected shape memory behavior of the
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hydrogel is illustrated in Figure 19. There are two types of crosslinks in the original state of the
hydrogel, covalently chemical crosslinking and physical crosslinking formed by dimerized UPy
units. To program the hydrogel into a temporary shape, the UPy dimer should be disrupted
before deformation, which can be achieved by changing pH value or increasing the temperature
of the hydrogel. The external force applied for deformation should be kept for a certain time to
ensure the formation of the multiple H-bonding between UPy units. After a temporary shape is
obtained, the shape recovery process can be activated under ultrasound by breaking the UPy
dimers, and the strain energy release can bring the hydrogel back to its original shape. An
important issue here is ultrasound induced thermal effect may not be involved in this shape
recovery process. Temperature rise of solid polymer under ultrasound exposure is almost
inevitable because chain vibration and friction always happen when ultrasonic waves propagate
through polymers. In the case of hydrogels, the polymer chains may have adequate mobility to
elastically store the exerted ultrasonic energy, and the presence of water molecules around
polymer chains can effectively dissipate the thermal energy. Experimentally, to make sure that
the shape recovery is not originated from thermal effect, circulating water can be used to keep
the environment surrounding the hydrogel at a certain temperature.
The research on ultrasound-responsive SMPs based on a non-thermal mechanism is of great
significance. Hydrogels are promising candidate material for producing artificial implants in
biomedicine, and ultrasound is a stimulus of choice to be used in the biomedical fields due to its
deep tissue penetrability. If a shape memory hydrogel is implanted in human body, in many
cases the temperature of the material must be controlled in an acceptable range during ultrasound
induced deployment.

147

UPy
dimerization

shape fixation

ultrasound triggered
shape recovery

reversible dimerization of UPy

Figure 19. Schematic illustration of shape memory hydrogel functionalized by UPy units that are
responsive to ultrasound.
5.2.2. Shape Memory and Self-healing Double-network Hydrogel Based on Dynamic
Chemistry
In chapter 4 we reported a general approach to prepare hydrogel with both shape memory and
self-healing properties. It is based in incorporating a chemical network into a self-healable
hydrogel to form a double-network structure. The results indicate, however, that the two
functions are compromised each other to some extent. If we want to obtain a temporary shape
with better shape fixity ratio we need more cycles of freezing/thawing treatment, while the selfhealing efficiency decreases with increasing of freezing/thawing cycles. This is understandable
as the self-healing functional units are the hydroxyl groups in PVA chains, higher crystallinity
results in better physical crosslinking but less hydrogen bonding density in the hydrogel and
reduced chain mobility. Also the incorporated non-healable chemical PEG network hampers the
self-healing efficiency. For the design of self-healing hydrogels or stimuli-healable hydrogels,
using dynamic chemistry is a common strategy. This can be applied to improve the self-healing
efficiency in our case, as depicted in Figure 19, the PEG network can be replaced by using 4-arm
PEG chains with either furan groups or maleimide groups at each chain end, and the new PEG
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network will autonomously forms due to the well-known Diels-Alder (DA) reaction between
furan and maleimide groups. Such design has several advantages. Firstly, the new PEG network
based on DA reaction itself is self-healable, as the DA bonds will reform if the cracked surfaces
are brought into contact with each other. The DA bonds can be reformed at room temperature,
and elevating temperature (under conventional heating) is required in some circumstances to
increase the reaction efficiency. Once the double network hydrogel is prepared, the two networks
together contribute the self-healing, thus resulting in higher healing efficiency. Secondly, the
prepared double-network hydrogel can be remoldable, since if heated to a high temperature, the
DA bonds as well as physical crosslinks (PVA crystalline microdomains) can be dissociated.
Consequently, the hydrogel becomes a sol whose shape can be readily programmed and
subsequently fixed to obtain a hydrogel again with another permanent shape.
Figure 20 illustrates the working principle for shape memory and self-healing of such doublenetwork hydrogel composed of physical and dynamic covalent networks. On the one hand, the
prepared hydrogel can be deformed and subsequently fixed by the PVA physical network formed
upon freezing/thawing. At this stage, the covalent PEG network could sustain the PVA chain
extension, and the elastic strain energy is stored by the formed PVA crystalline microdomains
acting as crosslinks. Obviously, the shape recovery can be activated by heating the hydrogel to a
temperature higher than the Tm of the PVA crystallinites, which, as we demonstrated, can also be
achieved using ultrasound exposure. On the other hand, if the hydrogel is cut or cracked, a
number of DA bonds may be broken by mechanical force. The reformation of DA bonds in the
PEG network and H-bonds in the PVA network could contribute to self-healing of the hydrogel.
Moreover, adjusting DA bonds density is a way to control the self-healing property of the
hydrogel by controlling the molecular weight of PEG, as higher DA bonds density will no doubt
result in a higher self-healing efficiency. More importantly, changing PEG network formulation
has little effect on shape memory property of the hydrogel because the shape fixity ratio is
determined by the physical crosslinking formed by PVA. Actually the PEG can be replaced
using other hydrophilic polymers, and other reversible bonds or supramelacular interactions can
be utilized to enable self-healing property of the network. Although PEG and PVA are used as
example to explain the double-network hydrogel design, the generality of this supramolecular
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approach can be extended to develop versatile hydrogel systems with shape memory and selfhealing properties.

Freezing/thawing
under strain
Ultrasound induced
shape recovery

Freezing/thawing

DA bonds
Cut

PEG chains
PVA chains

healing

PVA crystallinites

Figure 20. Schematic illustration of ultrasound-responsive PVA hydrogel with shape memory
and self-healing properties enabled by DA reaction. Here the polymer chains after cut will not
remain the same after self-healing process.
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CONCLUSIONS
The research works reported in this thesis were focused on the design and preparation of shape
memory polymers and hydrogels as well as their control by using ultrasound as a new
stimulation method. In the first project described in Chapter 1, we demonstrated that ultrasound
(HIFU) could be used as a novel stimulus to trigger polymer shape recovery. Rapid and
prominent temperature rise in ultrasound-exposed area was observed, as the SMP could be
heated above 100 °C from room temperature within several seconds, leading to fast shape
recovery. As one of the distinct features of HIFU-triggered shape recovery, spatiotemporal
control can be easily realized. By manipulating the ultrasound beam focus position and its on-off
time, different intermediate shapes during the recovery process could be obtained. Moreover, we
have shown that controlled shape recovery and loaded drug release can be achieved
simultaneously in the same process under HIFU. In a following study presented in Chapter 2, we
further investigated how polymer properties affect the HIFU-induced localized temperature rise
and the resulting shape recovery behavior. After surveying the behaviors of the chosen SMP with
different monomer compositions and crosslinker content, we found a close relationship between
the HIFU-induced thermal effect and the viscoelastic parameter lose tangent, which is the ratio
of loss modulus over storage modulus, of the polymer. The HIFU-induced temperature rise is
faster and more important when the polymer is at a temperature with a greater loss tangent,
suggesting that the polymer chain mobility-allowed motions such as friction is crucial for
converting ultrasound energy into heat. This study has allowed us to gain better understanding of
the ultrasound-triggered shape memory effect, which helps in designing SMPs for efficient
control with ultrasound.
The second part of the thesis work was dedicated to developing novel PVA-based polymer
hydrogels with ultrasound-controllable shape memory as well as self-healing capabilities.
Regarding shape memory hydrogels, the processing of a temporary shape is challenging because
of the large amount of water present in the material. We have explored new strategies for
fixation of the temporary shape by subjecting deformed hydrogel to the freezing/thawing
treatment resulting in crystallization of PVA chains and crystalline microdomains acting as
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crosslinks. In the study reported in Chapter 3, we prepared PVA hydrogel mechanically
enhanced by adding a small amount of melamine molecules that act as physical crosslinker to
form multiple hydrogen bonds with the hydroxyl groups of PVA. With only 1.5 wt% of
melamine the hydrogel exhibit a tensile strength several times higher than pure PVA gel as well
as much improved elongation at break. Freezing/thawing can then be applied to fix a temporary
shape and the shape recovery can be activated upon melting of the crystalline microdomains of
PVA. Most important in this study is the demonstration of using a therapeutic ultrasound device,
on sale in drugstore for patient’s pain release, to efficiently trigger shape recovery of deformed
hydrogel. We showed that the thermal effect induced by a therapeutic ultrasound device is
important enough to melt crystallized PVA microdomains formed during the freezing/thawing
treatment, triggering the shape recovery of hydrogel immersed in water. This achievement is
important because for the first time such a therapeutic ultrasound device has been utilized for
triggering polymer shape memory. The device is completely safe as compared to HIFU that has
the intensity issue for practical applications. We then realized another study, represented in
Chapter 4, which further exploited the physical network of PVA in a double-network approach to
impart both shape memory and self-healing functionalities to chemically crosslinked hydrogels.
We showed that by interpenetrating chemically crosslinked PEG in the physically crosslinked
PVA, the double-network hydrogel not only has the shape memory effect thanks to the fixation
of temporary shape by crystallized microdomains of PVA, but also displays self-healing
capability arising from PVA. Moreover, for the first time, the effect of polymer chain orientation
on the self-healing of the hydrogel has been investigated. An anisotropic self-healing behavior in
this double-network hydrogel was evidenced, which can be attributed to a difference in H-bond
density in different directions in the elongated hydrogel.
In conclusion, we have made significant contributions to shape memory polymers and hydrogels
with novel structure designs or new stimulation methods. Our studies show that using ultrasound
to trigger shape recovery is attractive by virtue of its advantages over other stimuli. Our
developed approaches to making shape memory and self-healing hydrogels also added new
knowledge to the related fields in which only a few hydrogel systems are known. Further basic
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research for fundamental understanding of ultrasound-induced shape memory as well as a
sustained effort for their application exploitation are needed.
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