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Shape memory polymers with improved shape recovery properties in 

focused ultrasound fields 

 

Jiaxin Xi 

 

(ABSTRACT) 

 

Shape memory polymers (SMPs) have garnered significant attention for their remarkable ability 

to recover deformations upon external stimulation, making them highly suitable for biomedical 

devices, soft robotics, and deployable systems. Among the various activation mechanisms, focused 

ultrasound (FUS) has emerged as a promising non-invasive and spatially selective stimulus, 

capable of inducing localized heating via viscous polymer chain shearing. However, the material 

design strategies enabling efficient and rapid shape recovery under FUS remain underexplored. 

This dissertation aims to develop, characterize, and computationally model acrylate-based SMPs 

and their composites, focusing on enhancing actuation efficiency under FUS. To accommodate 

miniaturized biomedical systems, fibrous SMPs are fabricated via electrospinning, where fiber 

morphology is tuned through polymer concentration and flow rate. The electrospun webs exhibit 

100% shape recovery and variable fixity ratios, with fiber diameter significantly influencing 

thermal and mechanical properties. We systematically design SMP networks with tunable glass 

transition temperatures and hydrophilic/hydrophobic properties to investigate the role of water 

uptake in FUS-induced shape recovery. Experimental results reveal that pre-immersion of 

hydrophilic SMPs facilitates faster and more complete recovery, attributed to water-induced 

plasticization and improved acoustic coupling. To achieve advanced actuation functions, a two-

way shape memory polymer (2W-SMP) based on crosslinked poly(ethylene-co-vinyl acetate) is 

developed. This polymer demonstrates reversible motions, enabling applications such as gripping, 

self-rolling, and jumping in soft robotic systems. Furthermore, boron nitride (BN) nanoplatelets 

are incorporated into SMP matrices to enhance thermal conductivity and actuation performance. 

Under FUS, BN-filled composites exhibit a 75% improvement in recovery ratio compared to 

unfilled SMPs, owing to more efficient heat transfer and reduced activation thresholds. 

Complementing experimental studies, fully atomistic molecular dynamics (MD) simulations are 

employed to examine the role of crosslinking density on thermomechanical properties and shape 
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memory behavior. The simulations demonstrate that increased crosslinking enhances stiffness, 

glass transition temperature, and recovery efficiency, while identifying the molecular-scale 

mechanisms driving ultrasound-induced shape change. Collectively, this work provides a 

comprehensive framework for the design and optimization of ultrasound-responsive SMPs through 

multi-scale experimental and computational approaches. The findings offer critical insights into 

the interplay between polymer structure, water interaction, filler reinforcement, and acoustic 

actuation, advancing the development of tunable SMP systems for biomedical and soft robotic 

applications. 
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Shape memory polymers with improved shape recovery properties in 

focused ultrasound fields 

 

Jiaxin Xi 

 

(GENERAL AUDIENCE ABSTRACT) 

 

Shape memory polymers (SMPs) are a class of smart materials capable of undergoing programmed 

deformations and returning to their original shapes when triggered by external stimuli such as heat, 

water, or ultrasound. Their lightweight, flexible, and tunable properties make them highly 

attractive for applications in biomedical devices, soft robotics, and responsive systems. This 

dissertation focuses on the development, optimization, and understanding of SMPs that respond to 

focused ultrasound (FUS) - a remote, non-invasive, and spatially controlled activation method. 

Through a combination of material synthesis, experimental characterization, and molecular 

simulations, this work explores the effects of polymer composition, structure, and additives on the 

mechanical and shape recovery performance of SMPs. Acrylate-based SMP networks were 

synthesized with varied crosslinking densities and water absorption properties to understand 

recovery behavior in aqueous environments. Fibrous SMPs were fabricated using electrospinning 

techniques, and their properties were optimized by tuning fiber diameter and morphology. Two-

way SMPs with reversible actuation were also developed and used to create devices capable of 

gripping, rolling, and jumping. To improve performance under ultrasound stimulation, boron 

nitride nanoparticles were incorporated into SMPs, enhancing their thermal conductivity and shape 

recovery rate. Additionally, atomistic molecular dynamics simulations were conducted to 

investigate how crosslinking density and temperature influence thermomechanical properties and 

shape memory behavior at the molecular scale. This comprehensive study offers valuable insights 

into the structureïpropertyïfunction relationships of SMPs and establishes design guidelines for 

next-generation, ultrasound-responsive smart materials suited for advanced engineering and 

biomedical applications. 
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Chapter 1  Introduction  

In recent decades, there has been a sustained interest in shape memory polymers (SMPs), 

leading to significant efforts in the development of SMPs and their versatile composites. Classified 

as stimuli-responsive polymers, SMPs have the ability to revert to their original shape from a 

predefined temporary shape when exposed to external stimuli, such as heat, solvent, pH, and a 

focused ultrasound field [1-8]. SMPs hold significant potential for a wide array of applications 

within the medical field, including tissue, stents, drug delivery systems, and orthopaedic devices 

[9-13], because of their exceptional benefits including lightweight, affordability, versatility, and 

ease of processing [14, 15]. It is noteworthy to mention that SMPs can be categorized based on the 

reversibility of the shape memory effect, leading to the classification of one-way, two-way and 

multiple SMPs [16]. A significant portion of SMPs exhibits only an irreversible shape recovery 

characteristic without the application of re-programming, known as the "one-way shape memory 

effect" [1, 17].  On the other hand, Two-way SMPs, also termed reversible SMPs, are polymers 

that autonomously deform at elevated temperatures and return to their original shapes at lower 

temperatures, effectively transitioning between two desired shapes. Additionally, polymers with 

the ability to memorize more than one temporary shape are categorized as multiple SMPs. These 

can be described as copolymers composed of a set of one-way SMPs with diverse shape transition 

temperatures (Ὕ ). 

Lately, there has been a rising interest in electrospun SMP fibers, particularly in diverse 

applications, with a significant focus on biomedical uses. This interest stems from the unique 

structures these polymers provide at the microscopic level and their potential for improved shape 

deformation.  

Chapter 1 summarizes the significant advancements of SMPs systematically. Some basic 

concepts to interpret the definition of shape memory effect are discussed. The shape memory 

actuation methods, including direct activation methods (heat and solvent) and indirect activation 

methods (light [18, 19], magnetic fields [20, 21], electrical fields [22], radio frequency waves [23] 

and focused ultrasound (FU)[24]) are presented. The current systematics of electrospun shape 

memory fibers are reported.  
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1.1 Shape Memory Polymers 

1.1.1 One-way Shape Memory Polymers  

The majority of SMPs exhibit only an irreversible shape recovery property without the 

application of re-programming, commonly referred to as the "one-way shape memory effect" [1, 

17]. The process commences with the programming or deformation phase, wherein SMPs adopt a 

temporary shape at a programming temperature, typically below their glass transition temperature 

(Ὕ ) During this phase, the molecular structure of the polymer solidifies in temporary 

configuration. Transitioning to the recovery or actuation phase involves applying an external 

stimulus, often in the form of heat, to raise the temperature of the SMP above its Ὕ but below its 

melting temperature (Ὕ ). This enables the polymer to revert to its original, permanent shape as 

molecular chains regain flexibility. Importantly, the term "one-way" in one-way SMPs highlights 

the unidirectional nature of the shape memory effect. After the SMP has returned to its original 

shape, it maintains this configuration until subjected to the programming phase once again. This 

irreversibility sets apart one-way SMPs from their two-way counterparts.  

1.1.2 Two-way Shape Memory Polymers  

The two-way SMPs can reversibly switch the between two programmed shape [25]. Therefore, 

two-way SMPs have been recently investigated due to their shape-programmable behavior, 

showing a broad applicability in soft actuators and robots [26, 27]. The categorization of thermally-

induced SMPs based on fabrication strategies includes liquid crystalline elastomers, semi-

crystalline networks, two-way shape memory composites, and interpenetrating polymer networks. 

As highlighted in the main text, among these SMPs, LCE stands out as one of the most commonly 

utilized due to its substantial reversible strains and effectiveness at high temperatures [27-30].  

The reversible shape memory effect in semi-crystalline SMPs primarily relies on two 

mechanisms: crystallization-induced elongation (CIE) and melting-induced contraction (MIC). 

Typically, semi-crystalline SMPs consist of an amorphous phase and crystalline phases with 

varying sizes. At elevated temperatures, the larger crystalline phase, acting as a skeletal 

framework, can be fixed into the first temporary shape due to stable alignment and suitable elastic 

deformability. This initial temporary shape is achieved under an external force. Upon cooling, the 

smaller crystalline phase undergoes recrystallization and orientation along the skeletal structure, 

resulting in CIE to establish the second temporary shape. Upon heating, the smaller crystalline 
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phase melts and contracts to the first temporary shape fixed by the larger crystalline phase through 

MIC [16, 31, 32]. 

1.2 Types of stimulation of Shape Memory Polymers 

Direct heating is one of the most widely used activation methods, owing to the benefits of easy 

control of the switching temperature, and excellent shape memory behaviors; however, its 

application in vivo is unfeasible due to the potential for irreversible tissue damage resulting from 

the higher activation temperature [33, 34]. In contrast, activation with body heat has been 

investigated to avoid thermal damage; however, precisely tuning the thermal transition 

temperature of SMPs is difficult, limiting their use in biomedical applications [35]. Herein, the 

novel actuation methods for SMs are discussed. 

1.2.1 Solution/Water stimulation  

Solvent-driven SMPs have been proposed as a way to activate SMPs [3]. Xiao et al. [3] reported 

that similar shape recovery behaviors can be achieved through solvent absorption. Nafion 

membranes programmed at various temperatures in different solvents exhibit distinct recovery 

responses. Moreover, different solvents induced varied shape recovery, akin to the temperature 

memory effect, providing a mechanism for multi-staged and multiple shape memory recovery. The 

phenomenon can be attributed to several factors. Firstly, water absorption plays a pivotal role in 

decreasing the Ὕ of SMPs. Acting as plasticizers, water molecules permeate the polymer matrix, 

preserving their mobility and establishing hydrogen-bond clusters, commonly referred to as "free 

water" [36-39]. Although free water does not directly form bonds with the polymer network, it 

significantly impacts its, particularly in the context of more hydrophobic polymers [36, 40]. This 

influence is achieved by increasing the separation between polymer chains, thereby disrupting 

secondary bonding mechanisms like hydrogen bonding and hydrophobic interactions. 

Consequently, the flexibility and mobility of polymer chains are heightened. The experiences an 

impact from bonded water, as the formation of hydrogen bonds between water molecules and 

polymer chains results in the creation of a one-phase thermodynamic system. In this system, the is 

affected by the concentrations of both the polymer network and water. With an increase in the 

weight fraction of bound water, the consistently decreases [41-43], leading to a recovery process 

occurring at a lower temperature. Du and Zhang [44] investigated the impact of swelling on the 

shape memory of crosslinked PVA by subjecting the PVA sample to deformation at 80 °C in a dry 
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state. Subsequently, the sample regained its initial shape after being immersed in water for 45 

minutes at room temperature. Differential scanning calorimetry (DSC) measurements revealed a 

significant decrease in the Ὕ of PVA when exposed to water. However, the choice of solvent can 

impact its performance and limit its use for in vivo applications, as some solvents are not suitable 

for use inside the body. 

1.2.2 Indirect activation stimulation s 

Novel indirect activation methods, including light [18, 19], magnetic fields [20, 21], and 

electrical fields [22], have emerged as promising solutions to address the challenges mentioned 

earlier. Despite their potential, these activation methods pose safety risks to the human body and 

may be inconvenient. This is due to the specific material requirements for SMPs when utilizing 

indirect activation methods such as light, magnetic fields, and electrical fields. 

For instance, external heat sources are commonly employed to stimulate SMPs, posing 

difficulties in controlling slow heat transfer and response. Thus, introduction of fillers into SMP 

networks becomes essential. The development of shape memory polymer composites (SMPCs) 

responsive to visible light and infrared radiation has been achieved through the incorporation of 

gold nanomaterials into polymers. Zhang et al. [45] reported SMPCs with a light-triggered shape 

memory effect and self-healing property by crosslinking small amounts of gold particles with a 

poly(ethylene oxide) network. Laser exposure induced the shape memory effect through the 

temperature increase resulting from the photothermal conversion of the gold particles. Magnetism-

driven SMPCs often involve embedding magnetic particles, such as ferrite and soft magnetic 

materials, into SMPs to generate Joule heat under a magnetic field, facilitating shape recovery. 

Zhang et al. [46] reported a Nafion/Fe3O4 composite membrane with a shape memory effect 

combined with a controllable magnetic trigger. Moreover, due to the nonconductivity of dry 

polymers, introducing conductive elements like graphene, graphite, conductive metal particles, 

and conductive polymers into the SMP matrix facilitates the fabrication of conductive SMPs. 

These fillers alter the material's conductivity, enabling remote actuation of the shape memory 

effect through Joule heat generated by energization, eliminating the need for external contact heat. 

Conductive polymeric composite networks have also been explored. For instance, Cho et al. [47] 

incorporated conductive polypyrrole (PPy) into SMPs by immersing a thin polyurethane (PU) 
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membrane into a pyrrole solution. The resulting PU/PPy composites exhibited a conductivity of 

1-10ī1 S cmī1, and electroactive shape memory behavior was triggered by applying 25 V. 

It is noting that in medical applications, the use of magnetic particles in nanoparticles requires 

materials that are non-toxic, biodegradable, and biocompatible to ensure safety. This constraint 

limits the options for nanoparticle selection. 

1.2.2.1 Focused ultrasound (FUS) stimulation 

FU emerges as a groundbreaking and auspicious stimulus, displaying distinctive and superior 

capabilities for noninvasively triggering shape recovery. This is achieved through the induction of 

localized heating and activation of various intermediate forms [48-50]. The polymer's heating 

stems from the absorption of acoustic energy, a consequence of the viscous shearing imparted by 

ultrasonic focused waves, followed by the release of energy in the form of heat [51].FUS achieves 

selective and controlled heating by concentrating sound waves into a millimeter-scale area. This 

interaction with polymer chains generates localized heating while preserving the surrounding 

area.FUS induces mechanical waves in the polymer matrix, leading to viscous shearing and 

relaxation, resulting in damping losses [52]. Furthermore, FUS exposure causes internal friction 

and energy absorption due to the strain lagging behind stress in viscoelastic polymeric materials. 

During the first stage of energy absorption, a portion transforms into heat, while the remaining 

energy is stored as elastic deformation in the polymer chains during the second step. The rise in 

the polymer's temperature, caused by internal friction converting ultrasonic energy into heat [51], 

initiates the form recovery process, mirroring the mechanism seen in free recovery. Consequently, 

FUS emerges as a pragmatic choice for activating biomedical SMPs. 

1.3 Fibrous Shape Memory Polymers 

Recently, nano/microfibers have become more attractive attributed to their small size and flexible 

materials, showing a trend of broader applicability in the biomedical field, such as in tissue 

engineering [53], artificial muscles [54], drug release [55], smart clothing [56, 57], and scaffold 

[58]. Fibrous SMPs are of great interest for structural and functional applications due to their high 

surface area-to-volume ratio, high degree of porosity with tiny pore size, and 3D architectures that 

resemble extracellular matrices [59-62]. The SMP nanofibers can be fabricated by the 

electrospinning method. Electrospinning method simply and efficiently constructs continuous 

polymer ultrafine fibers using an electric field placed on a polymer solution or melt [59, 63, 64]. 
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In a solution electrospinning system, three primary components are involved: a high voltage 

supply, a spinneret, and a collecting plate. A high voltage power supply is essential to generate an 

electrically charged jet from the solution. The electric field between the capillary tip and a collector 

induces charges on the surface of the solution or melt [65] As the electric field intensifies, the 

hemispherical shape of the pendant drop at the capillary tip transforms into a conical shape known 

as a "Taylor Cone" [66] When the electric field surpasses a critical value, repulsive electrical forces 

overcome surface tension, leading to the ejection of the charged solution jet, and the resulting 

fibers are collected [67] In the electrospinning process, the fiber structure and morphology can be 

adjusted, and the fiber diameters can be aimed at a wide range of sizes, by optimized solution 

properties (polymer and solvent type, polymer concentration, viscosity, conductivity, molecular 

weight, etc.), process parameters (applied voltage, stock solution flow rate, and working distance 

between needle tip and collector, etc.) and ambient atmosphere (temperature and humidity) [59, 

68].  

 

Figure 1. 1. Schematic of the electrospinning process  

Electrospun several functional materials have recently been used in various application fields. 

Budun et al. [69] fabricated shape memory polyurethane (SMPU) fibers (112 ± 34 ~ 2046 ± 654 

nm), which were triggered by heat with a shape recovery rate of above 100%. Zhang et al. [70] 

reported SMPU spent only one-fourth of the shape recovery time of that used for bulk film when 

heated in a water bath. Matsumoto et al. [71] reported microscale non-woven fabrics fabricated 

from poly(x-pentadecalactone) and poly(e-caprolactone), which displayed good shape memory 

ability after muti-thermomechanical tensile tests, and which had potential application in 

biomedicine. In addition, some novel two-way or multiple SMP composites fibers were produced 

by introducing different fillers or synthesized by some special groups with reversible shape 

deformation [72, 73].  
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1.4 Outline of the Dissertation 

In Chapter 2, acrylate-based SMP fibers were successfully manufactured using electrospinning 

methods. The fabricated SMP fibers were characterize ed via scanning electron microscope to 

investigate the morphological properties of these fibers. The shape memory effect was investigated 

with different fiber diameters. In addition, standard tensile tests, dynamic mechanical analyzer 

analysis, shape fixity, and shape recovery tests were utilized to deeply evaluate the characteristics 

of fiber diameter property relationship.  

In Chapter 3 , we propose that shape memory performance can be enhanced by varying the 

concentration of acrylate-based polymers with varying glass transition temperatures and water 

uptake behaviors. The biocompatibility of acrylate-based SMPs positions them as promising 

candidates for various biomedical applications. We specifically created six acrylate copolymers 

with two different water uptake behaviors (hydrophilic and hydrophobic) and three glass transition 

temperatures (40, 60, and 80 °C). Dynamic mechanical analysis is used to characterize the SMP's 

thermal properties. Bend recovery testing is used to assess the shape memory behavior with HIFU 

as the stimulus.  

In Chapter 4  Chapter 3 , two-way SMP was fabricated using poly(ethylene-co-vinyl acetate) 

(cPEVA) and dicumyl peroxide as the crosslinker. The cPEVA samples can be tailored into 

multiple shapes depending on the predefined ways (e.g., spiral and screw shape). More critically, 

some specific locomotion strategies were exhibited with cPEVA-based soft actuators, including 

gripping, self-rolling, and jumping.  

In Chapter 5 , it serves as a benchmark for manufacturing acrylate-based SMPCs under FUS. In 

this study, we aim to address this gap by developing acrylate-based SMP composites (SMPCs) 

with BN fillers. These composites were synthesized and systematically characterized for their 

chemical structures, transition temperatures, and mechanical properties using scanning electron 

microscopy, dynamic mechanical analysis, mechanical testing, and swelling methods. The 

integration of BN significantly improved their shape memory performance, demonstrating their 

potential for high-performance biomedical and industrial applications. 

In  Chapter 6 , it investigates the thermo-responsive acrylate-based SMPs at the atomistic scale. 

Networks with different crosslink densities are created, and calculations are performed for the Tg, 

glassy state modulus, rubbery state modulus, and shape recoverability. 
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In Chapter 7 , we employ full-atomistic MD simulations to investigate the molecular mechanisms 

of shape recovery in SMPs triggered by FUS. We examine the effect of crosslinking density on 

shape recovery efficiency, providing insights into the development of advanced SMP materials 

with enhanced functionality for biomedical and other applications. 
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Chapter 2  Development of fibrous shape memory polymers 

using electrospinning technology 

Details of publication 

Co-authors: Shima Shahab, and Reza Mirzaeifar 

Citation: Xi, J., Shahab, S., & Mirzaeifar, R. (2022). Qualifying the contribution of fiber 

diameter on the acrylate-based electrospun shape memory polymer nano/microfiber properties 

[10.1039/D2RA05019F]. RSC Advances, 12(45), 29162-29169. 

https://doi.org/10.1039/D2RA05019F  

2.1 Overview 

Fibrous shape memory polymers (SMPs) have received growing interest in various applications, 

especially in biomedical applications, which offer new structures at the microscopic level and the 

potential of enhanced shape deformation of SMPs. In this paper, we report on the development 

and investigation of the properties of acrylate-based SMPs fibers, fabricated by electrospinning 

technology with the addition of polystyrene. Fibers with different diameters are manufactured 

using four different PS solution concentrations (25, 30, 35, and 40 wt%) and three flow rates (1.0, 

2.5, and 5.0 ɛL/min) with a 25 kV applied voltage and 17 cm electrospinning distance. Scanning 

electron microscope images reveal that the average fiber diameter varies with polymer 

concentration and flow rates, ranging from 0.655 Ñ 0.376 to 4.975 Ñ 1.634 ɛm. Dynamic 

mechanical analysis and stress-strain testing present that the glass transition temperature and 

tensile values are affected by fiber diameter distribution. The cyclic bending test directly proves 

that the electrospun SMP fiber webs are able to fully recover; additionally, the recovery speed is 

also affected by fiber diameter. With the combination of the SMPs material and electrospinning 

technology, this work paves the way in front of designing and optimizing future SMP fibers 

properties by adjusting the fiber diameter. 

2.2 Introduction  

Shape memory polymers (SMPs) are a relatively new kind of stimuli-responsive materials that 

provide the ability to store one or more temporary shapes and return to their original permanent 

shapes under an external stimulus [74-76]. The external stimuli include heat [77, 78], magnetism 

[5, 20], pH [79, 80], light [81, 82], moisture [83], and focused ultrasound [6, 84]. In the past several 

years, SMPs have received extended attention because of their flexibility [85], low cost [86], 

lightweight [87], as well as easy processability [88]. Because of these advantages, SMPs display 

https://doi.org/10.1039/D2RA05019F


 10 

promising applications in various fields: soft actuators and robotics [20, 89], aerospace [90], tissue 

engineering [91], and biomedicine [92]. Recently, nano/microfibers have become more attractive 

due to their small size and flexible materials, showing a trend of broader applicability in the 

biomedical field, such as in tissue engineering [53], artificial muscles [54], drug release [55], smart 

clothing [56, 57], and scaffold [58]. However, SMP-based nanostructures including have not been 

well explored, especially in terms of fabrication techniques and properties affected by sizes. Thus, 

it is of great significance to study on SMPs fiber structure. 

Fibrous SMPs are of great interest for structural and functional applications due to their high 

surface area-to-volume ratio, high degree of porosity with tiny pore size, and 3D architectures that 

resemble extracellular matrices [59-62]. The SMP nanofibers can be fabricated by the 

electrospinning method. Electrospinning method simply and efficiently constructs continuous 

polymer ultrafine fibers using an electric field placed on a polymer solution or melt [59, 63, 64]. 

Electrospun several functional materials have recently been used in various application fields. 

Budun et al. [69] fabricated shape memory polyurethane (SMPU) fibers (112 ± 34 ~ 2046 ± 654 

nm), which were triggered by heat with a shape recovery rate of above 100%. Zhang et al. [70] 

reported SMPU spent only one-fourth of the shape recovery time of that used for bulk film when 

heated in a water bath. Matsumoto et al. [71] reported microscale non-woven fabrics fabricated 

from poly(x-pentadecalactone) and poly(e-caprolactone), which displayed good shape memory 

ability after muti-thermomechanical tensile tests, and which had potential application in 

biomedicine. In addition, some novel two-way or multiple SMP composites fibers were produced 

by introducing different fillers or synthesized by some special groups with reversible shape 

deformation [72, 73].  

Acrylate-based SMP owning biocompatibility [93, 94] may be a promising candidate for use in 

biomedical adapting to a diverse range of applications. In our group, Bhargava et al. [6, 24, 95] 

used tertbutyl acrylate [18] and di(ethylene glycol) dimethacrylate (DEGMA) to synthesize SMPs. 

They reported how the ratio of tBA (monomer) to DEGMA (crosslinker) affects the shape memory 

and measured the highest recovery ratio to be about 20% by changing the composition ratio. In 

another work by our group, Peng and co-workers [1] added polystyrene into tBA-co-DEGMA 

SMP matrix that exhibited almost 100% shape recovery in 2 seconds. In this SMP mixture, PS 

showed a significant effect on the shape recoverability and mechanical properties due to the change 
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in the polymerization and crosslinking ratio throughout the curing process. Antony et al. [96] 

reported a new type of SMPs by using tBA and poly(ethylene glycol) dimethacrylate (PEGDMA) 

that can recover in 45 seconds after being heated in 55 °C hot water. With the addition of 

diurethane dimethacrylate, this SMP network fully recovered in around 20 seconds. And then, they 

introduced grafted hydroxyapatite into prepared tBA-co-PEGDMA. Grafted Hap with PEGMA 

significantly impacts the shape recoverability of system due to avoidance agglomeration and 

improvement of the interfacial interactions of the particles. [97]. Among multiple types of SMPs, 

acrylate-based SMPs shows a three-dimensional/four-dimensional (3D/4D) printability [98, 99]. 

Wu et al. [100] demonstrated a new 4D printable tBA-co-1, 6-hexanediol diacrylate, which can be 

printed by using digital light processing with complex geometry. Choong et al. [101] developed 

stereolithography apparatus [82] to fabricate tBA-co-DEGMA SMP. Recently, to the best of our 

knowledge, all of the mentioned acrylate-based shape memory systems are thin films; a shape 

memory nano/micro-composite fiber based on acrylate has not yet been studied; thus, this 

contribution represents a benchmark study to manufacture acrylate-based SMPs fiber using the 

electrospinning technique. The direct introduction of tBA as monomers and DEGMA as 

crosslinker in the electrospinning process is not possible due to their low molecular weight, 

meaning that they have very low viscosity. Thus, introducing of tBA-co-DEGMA (tD) in the fiber 

requires the use of an extra component, which is non-resorbable and biocompatible PS with the 

high molecular weight. Therefore, we successfully manufacture tD/PS fibers using the 

electrospinning technique.  

It is noted that specific properties of polymer nanofiber are significantly different from those in 

bulk [62, 102]. Moreover, polymer fibers display unique size-dependent mechanical properties, 

which are strongly related to the shape-memory properties [103]. The diameter significantly 

influences electrospun fibers' mechanical properties due to the core-shell structure and chain 

alignment [62].  

In this work, acrylate-based SMP fibers are successfully manufactured using electrospinning 

methods. The fabricated SMP fibers are characterized via scanning electron microscope [104] to 

investigate the morphological properties of these fibers. The SM effect is investigated with 

different fiber diameters. In addition, standard tensile tests, DMA analysis, shape fixity, and shape 
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recovery tests are utilized to deeply evaluate the characteristics of fiber diameter property 

relationship.  

2.3 Materials and methods 

2.3.1 Solution preparation 

Prior to prepare electrospun tD and PS mixture, the PS pellets (ὓ  = 35 000, Sigma-Aldrich, Inc.) 

are dissolved in the toluene (anhydrous, 99.8%; Sigma-Aldrich, Inc.), heated to 50 °C and stirred 

for 2 hours until PS pellets fully dissolved, in order to prepare the polymer concentration of 25, 

30, 35 and 40 wt% PS solutions. The tBA (Sigma-Aldrich, Inc.) and DEGMA (Sigma-Aldrich, 

Inc.) are mixed at a weight ratio of 85:15, followed by adding 1 wt% photoinitiator 2,2dimethoxy-

2-phenyl-acetophenone (Sigma-Aldrich, Inc.) into the solution. Both PS and Td solutions are 

mixed (50:50 w/wt.%) and then stirred for another 20 min to obtain homogeneous tD/PS solutions 

for electrospinning. More details of the synthesis method can be found in our previous publication 

[1]. The chemical structure is shown in Figure 2. 1Error! Reference source not found.a-b.  

 

Figure 2. 1. (a) Chemical structures of tBA (monomer) and DEGMA (crosslinker); (b) UV curing forms the permanent 

crosslinked tBA-co-DEGMA network; (c) Schematic of the electrospinning process with UV curing: springe pump, 

DC supply and rotational collector; UV Lamp; sample image; and SEM image. Details of the procedure are given in 

Section 2.3.2 and Table A.1. 

2.3.2 Electrospinning Process 

The electrospinning process is shown in Figure 2. 1c. The electrospinning setup included a syringe 

pump (CMA-Harvard Apparatus 4004 Syringe Pump, USA) connected with a 10 mL syringe, a 
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high voltage power supply (DongWen High Voltage Power Supply; TianJin, China) and a 

rotational collector. The needle tip is subjected to the positive electrode; the collector is connected 

to the negative electrode. The working distance between the tip of the syringe and the collector is 

determined at 17 cm and the rotational speed of the collector is fix as 60 rpm. Electrospun fibers 

are collected on the surface of cleaned aluminum foils, and then are cured with 365 nm UV light 

(with a 100 W Blak-Ray B-100 AP High Intensity UV Lamp) for 15 min. The prepared samples 

are post-dried inside the fume hood for 24 h. Three different flow rates are chosen: 1.0; 2.5; and 

5.0 ɛL/min. Details of the electrospinning conditions of each specimen are listed in Table A.1.  

2.3.3 SEM analysis of electrospun fibers 

The morphology of electrospun fibers is observed by scanning electron microscope (JEOL IT-

500HR SEM) at an accelerating voltage of 5 kV. All samples are firstly coated with a 

Platinum/Lead layer using a sputter coater with a thickness of 7.0 nm. The average fiber diameters 

are calculated for at least 200 fibers using the Image J software (Image J, 2021) from the SEM 

images at magnifications of 2500x. 

2.3.4  Thermal and mechanical characterization 

Specimens are prepared as υ ρππȢπτ mm in size to determine the thermal and mechanical 

properties. The storage modulus for each sample is measured by dynamic mechanical analyzer 

(Q800 DMA, TA Instruments). The temperature is swept from 25°C to 100°C with a constant 

heating rate of 2°C per minute, using an oscillation rate of 1 Hz. The mechanical properties of the 

samples are also measured by DMA Q800. The tensile tests of the samples obtained with different 

samples are performed at room temperature (i.e., 25°C). During the testing, a strain rate of 

πȢπππρφχ ί  (displacement control) is applied to the specimens. Three repetitions of each test 

are taken for each specimen.  
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Figure 2. 2. Schematic of shape programming in bending deformation. (a) Permanent shape: flat shape; (b) temporary 

shape: U-shape after heating and bending; (c) fixed shape after releasing force and cooling down; (d) recovery shape 

during heating.  

2.3.5  Shape memory property 

Figure 2. 2. Schematic of shape programming in bending deformation. (a) Permanent shape: flat 

shape; (b) temporary shape: U-shape after heating and bending; (c) fixed shape after releasing 

force and cooling down; (d) recovery shape during heating. displays the schematic diagram of the 

bending test process. Specimens used to determine the shape memory effect are prepared as 

ρπςππȢπτ mm dimension. The bending test is not ideal because the strain in the bent area is 

not uniform [105]; however, it is a frequent testing method for quantifying the performance of 

shape deformation. In this work, we employ bending tests and record the change in bending angle 

to describe each sample's shape recovery capabilities. The þat specimen (—=0°) is heated to 70°C 

by hot plate, and then bended to a U-shaped structure (— =180°) using the curvature diameter of 

σȢυ ÍÍ in the tip. Secondly, the bent specimen is rapidly cooled down to room temperature in air 

(about 25°C). The external force is removed, and then specimen is deformed freely. Afterwards, 

ýnal ýxed angle (—) is measured after 30 min. Finally, the bent specimen is heated to 70°C again, 

and the recovery angle (—) is recorded using slow motion camera and measured via online 

protractor. To ensure the repeatability, at least three individual samples are tested. The temporary 

shape fixity ratio (Ὑ) and shape recovery ratio (Ὑ) equations are given as [106] 
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2.4 Results and discussions 

2.4.1 Morphology and fiber diameter  

In the electrospinning process, the fiber structure and morphology can be adjusted, and the fiber 

diameters can be aimed at a wide range of sizes, by optimized solution properties (polymer and 

solvent type, polymer concentration, viscosity, conductivity, molecular weight, etc.)c, process 

parameters (applied voltage, stock solution flow rate, and working distance between needle tip and 

collector, etc.) and ambient atmosphere (temperature and humidity) [59, 68]. In this work, mainly 

solution concentration and stock solution flow rate have been focused on, in order to study the 

effect of fiber diameter and morphology on the properties of electrospun fibers. Figure 2. 3. SEM 

pictures (×1K magnification) of SMP electrospun fibers with different PS solution concentrations 

of 25 wt% (a-c), 30 wt% (d-f), 35 wt% [110] and 40 wt% (j-l) at various flow rates of 1.0 µL/min 

(a, d, g, j), 2.5 µL/min (b, e, h, k) and 5.0 µL/min (c, f, i, l). shows selected SEM images which 

reveals that the morphology of tD/PS SMP fibers varies with polymer concentration and flow rate. 

At tD/PS (25 wt%) system, fibers show beads-on-string morphologies and very small diameters. 

Electrospun tD/PS (30 wt%) fibers resulted in beaded fibers at flow ratio of 1.0 and 2.5 ɛL/min, 

and in smooth fiber at flow ratio of 5.0 ɛL/min. Electrospun tD/PS (35 and 40 wt%) fibers result 

in fairly smooth fibers. The bead density reduces with increasing polymer concentration. When 

polymer concentration is above 35%, smooth fibrous structures without beads are formed. The 

solution's viscoelasticity and surface tension, as well as the charge density carried by the jet, are 

important elements in the creation of beads [107]. It is known that the bead density decreases with 

increasing viscosity and net charge density, while decreasing surface tension. The solution 

viscosity in our case is tuned by adjusting the polymer concentration. The previous study reports 

that to enable the consistent and uniform fiber formation, a minimum polymer concentration is 

needed [108]. When the concentrations below minimum (in our case, 35 wt%), the electrospinning 

process only could keep for a shorter time under steady state. Additionally, Figure 2. 3. SEM 

pictures (×1K magnification) of SMP electrospun fibers with different PS solution concentrations 
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of 25 wt% (a-c), 30 wt% (d-f), 35 wt% [110] and 40 wt% (j-l) at various flow rates of 1.0 µL/min 

(a, d, g, j), 2.5 µL/min (b, e, h, k) and 5.0 µL/min (c, f, i, l). shows that the fibers obtained from 

the 5.0 L/min flow-rate sample, are stuck together, and remained moist in some spots. The reason 

behind of it is that not enough drying time for polymer solution before arriving the collector and 

low stretching forces [109].  

 

Figure 2. 3. SEM pictures (×1K magnification) of SMP electrospun fibers with different PS solution concentrations 

of 25 wt% (a-c), 30 wt% (d-f), 35 wt% [110] and 40 wt% (j-l) at various flow rates of 1.0 µL/min (a, d, g, j), 2.5 

µL/min (b, e, h, k) and 5.0 µL/min (c, f, i, l). 
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The diameter ranges of electrospun fibers of tD/PS (35 wt%) at a flow rate of 1.0 µL/min are 

shown in Figure 2. 4a, Figure A.1 and Figure A.2. Each range of diameter is large, which means 

that coarser and finer fibers are yielded together under the same electrospinning condition. This is 

due to few polymer jets splitting during the travelling to the collector, and then finer fibers are 

produced.  

 

Figure 2. 4. (a) Histogram of fiber diameter distribution of electrospun fibers prepared with PS solution concentration 

of 35 wt% at a flow rate of 1.0 µL/min. Average fiber diameter of the SMP electrospun fibers with different PE 

solution concentrations at various flow rates, (b) tD/PS (25, 30, and 35 wt%), and (c) tD/PS (40 wt%).  

Figure 2. 4b-c display the average fiber diameter from each condition obtained from the 

electrospinning process. The smallest diameter (0.655±0.376 µm) and beads-on-string fibers are 

belonged to the sample tD/PS (25 wt%) with a flow rate of 1.0 ɛL/min. Besides, the largest fiber 

diameter (4.975±1.634 µm) and uniform fibers are obtained for tD/PS (40 wt%) with a flow rate 

of 10.0 ɛL/min. It is clearly shown that the fiber diameter increases with increasing the 

concentration of solution due to higher viscosity. Greater electrical forces are needed to overcome 

surface tension and the viscoelastic force that causes fibers to stretch when the solution's viscosity 

is higher. Greater concentration resulted in fibers with a larger diameter when electrical force is 

equivalent. Similar to this, too high or too low concentrations could not be employed for 

electrospinning due to their excessive viscosity. At tD/PS (25, 30, and 35 wt%) systems, with 

increasing flow rate, the fiber diameter will increase. The common consideration is that the finer 

fiber diameters are generated at lower flow rates. The reason is that when the electrospinning jet's 

volume and starting radius grew, bending instability decreased and fiber diameter subsequently 

increased as a result. However, at tD/PS (40 wt%) system, with increasing flow rate, an initial 

increment in average fiber diameter is followed by an increment (Figure 2. 4c). This is caused by 

the emergence of secondary jets from the primary jet at flow ratios less than 5.0 ɛL/min as 

solidified solution at the nozzle's tip drives jet eruption from unsolidified surfaces [111]. When 
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compared to the first main jet, the secondary jets will produce fibers with a lesser diameter. 

Additionally, secondary fibers generated from 7.5 and 10.0 ɛL/min flow-rate samples that stuck 

to the original main jet have probably been the cause of the enlargement in average fiber diameter 

with a high flow rate. The emergence of secondary jets from the primary jet as solidified solution 

at the tip of the nozzle pushes jet eruption from unsolidified surfaces has been explained as the 

cause of the decrease in average fiber diameter with flow rate. When compared to the first main 

jet, the secondary jets will produce fibers with a less diameter. 

2.4.2 Thermomechanical and mechanical properties 

SEM images for fiber morphologies show that tD/PS (35 wt%) system gives the most steady-state 

electrospinning with a flow rate from 1.0 to 5.0 µL/min, and it is used for all the future experiments 

in this paper. Shape memory electrospun tD/PS (35 wt%) webs are compared to each flow rate to 

determine the effect of the fiber diameter upon the glass transition temperature. Figures S3 shows 

the thermal parameters derived by dynamic mechanical thermal analysis [112] for each fiber 

diameter. The overall thermomechanical properties of tD/PS (35 wt%) samples are dominated by 

the mixed phase, which has a wide glass transition temperature [113] range of 73 to 96 °C and thus 

allows the investigation of the SME with a variety of programming and recovery procedures, such 

as temperature memory properties. Glass transition temperature determined by the tan ŭ (see 

Figure A.3b) maximum, Figure 2. 5 shows a Ὕ-increase is observed from 86.59 ± 0.5 °C, over 

89.43 ± 1.65 °C and 92.18 ± 0.86 °C for the diameter reduction from 3.319 ± 0.825, over 2.782 ± 

0.797 to 2.682 Ñ 0.726 ɛm. This result corresponds to experimental findings for electrospun 

polyetherurethane with diameters ranging from 2.3, over 1.0 to 0.3 ɛm [114]. This could be 

explained by the degree of crystallinity and degree of molecular orientation [115]. 

The influence of the morphology and diameter of SMP fibers on the mechanical properties is also 

studied. The youngôs modulus of electrospun webs is displayed in Error! Reference source not f

ound.. The load is dispersed and bared by the fibers when it is applied to the electrospun webs. 

This indicates that in order to achieve appropriate results in terms of mechanical qualities, the 

fibers should be produced uniformly lacking beads, more fibers should be obtained per unit area, 

and the size range of the fibers should not be too broad. The greatest tensile property is obtained 

for tD/PS (35 wt%) at a flow ratio of 5.0 µL/min (2.45 ± 0.35 MPa). This sample has largest fiber 

diameters as well as most uniform structures. Although tD/PS (35 wt%) at a flow ratio of 5.0 
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µL/min had larger fiber diameter, but the size distribution of fiber is narrower. Fibers of tD/PS (35 

wt%) at a flow ratio of 5.0 µL/min adhered and are crossed with each other called a cross-point. 

Poorya et al. [116] reported that the cross-point bonding increased the elastic modulus of the 

electrospun webs.  

 

Figure 2. 5. Glass transition temperature (red triangles) and youngôs modulus (black squares) of electrospun fibers 

with 35 wt% PE solution at various flow rates.   

2.4.3 Shape-memory property 

The influence of the electrospun fibers diameter on the shape recoverability is investigated. 

studied. The thermally induced shape memory behavior of the bended electrospun web is Figure 

2. 6a All samples exhibited the shape-memory effect, whereas an inverse relation between the 

temporary shape fixity ratio Ὑ towards the shape recovery ratio Ὑ is found (see Figure 2. 6b, as 

well as Eqs.(2.1) and (2.2) for definition of Ὑ and Ὑ). All gained shape fixity ratios are higher 

than 65% and the best result (91.1 ± 4%) is belong to tD/PS (35 wt%) at a flow ratio of 1.0 µL/min, 

which have the smallest diameter size. This is due to the high number of crossover sites between 

fibers, which allowed for more force to be carried more efficiently throughout fiber networks 

[117]. Conversely, all samples can achieve 100% shape recovery and the highest recovery speed 

is obtained for tD/PS (35 wt%) at a flow ratio of 5.0 µL/min, whose fiber diameter is the largest. 

It is because of the more amorphous domains included in its structures. Additionally, the inefficient 

evaporation during electrospinning process might have increased the shape recovery value of 

tD/PS (35 wt%) fiber using a flow ratio of 5.0 µL/min. In overall, increasing fiber diameter can 
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enhance the shape recovery shape memory effect in terms of the response time and shape 

recoverability. Reversely, the shape fixity decreases.  

 

Figure 2. 6. (a) The digital images of the shape memory effect process of the bended tD/PS (35 wt%) electrospun web 

using 5 ɛL/min flow rate at 70 ÁC; (b) The shape recovery ratios as a function of the heating time for electrospun 

fibers with PE solution concentration of 35 wt% at various flow rates (1.0; 2.5 and 5.0 µL/min). 

2.5 Conclusions 

In this study, a crosslinked acrylate-based shape memory polymer composite fibers have been 

successfully fabricated by using the electrospinning method with adding PS. The effect of polymer 

concentration and flow rate on the fiber diameter and morphology have been systematically 

studied. Our results show that the finer and more uniform fiber diameter is yielded from tD/PS (35 

wt%) solution with three different flow rates (1.0, 2.5, and 5.0 ɛL/min) and an applied voltage of 

25 kV at 17.0 cm distance. From corresponding tests, the structural characteristics and fiber 

diameters have significant effect upon the glass transition temperature and mechanical properties 

of the electrospun webs. All electrospun webs can reach 100% recovery ratio with above 65% 

shape fixity results. The shape memory results illustrate that the shape recovery and shape fixity 

properties of the electrospun webs are presumably affected by the fiber size and morphology. The 

obtained result will present multiple potential future applications. As an example, by optimizing 

the electrospinning parameters, the shape deformation can be controlled.  
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Chapter 3  Hydrophilic and Hydrophobic Shape Memory 

Polymer Networks in High-Intensity Focused Ultrasound Fields 

Details of publication 

Co-authors: Ahmed Sallam, David L Safranski, Reza Mirzaeifar, and Shima Shahab 

Citation: Xi, J., Sallam, A., Safranski, D. L., Mirzaeifar, R., & Shahab, S. (2024). Hydrophilic 

and hydrophobic shape memory polymer networks in high-intensity focused ultrasound fields. 

Smart Materials and Structures, 33[118], 025024. https://doi.org/10.1088/1361-665X/ad1d07 

3.1 Overview 

High-intensity focused ultrasound (HIFU) has been investigated as a remote and controlled 

activation method to noninvasively actuate shape memory polymers (SMPs), specifically in 

biomedical applications. However, the effects of aqueous environment on shape recoverability of 

in vivo HIFU-actuated SMPs have yet to be explored. HIFU directs sound waves into a millimeter-

sized tightly focused region. In this study, the response of hydrophilic and hydrophobic 

photopolymerized thermoset SMP networks under HIFU activation in an aqueous environment 

was investigated. Acrylate-based SMP networks were copolymerized in specific ratios to produce 

networks with independently adjusted glass transition temperatures ranging from 40 to 80 °C and 

two distinct water uptake behaviors. The results link the polymer swelling behavior to shape 

recoverability in various acoustic fields. The presence of absorbed water molecules enhances the 

performance of SMPs in terms of their shape memory capabilities when activated by HIFU. 

Overall, understanding the interplay between water uptake and HIFU-actuated shape recovery is 

essential for optimizing the performance of SMPs in aqueous environments and advancing their 

use in various medical applications. 

3.2 Introduction  

Shape memory polymers (SMPs) are a class of smart materials that have gained attention due to 

their potential use in a variety of medical fields, including tissue, stents, drug delivery systems, 

and orthopaedic devices [9-13], thanks to their exceptional benefits including lightweight, 

affordability, versatility, and ease of processing [14, 15]. The ability of SMPs to revert to their 

permanent shape after being subjected to an external stimulus, such as heat, solvent, pH, and a 

focused ultrasound field [1-8], is a key feature. The underlying mechanism for this shape memory 

effect is due to the internal transition from a glassy to a rubbery state or component 

https://doi.org/10.1088/1361-665X/ad1d07
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softening/transition during the heating cycle [119]. The activation temperature range of SMPs, 

often related to the glass transition temperature (Ὕ), can be adjusted by modifying the copolymer 

composition or degree of crosslinking [120-123].  

The shape memory effect in SMPs depends on an external stimulus, making the choice of 

activation method a crucial factor. Direct heating is one of the most widely used activation 

methods, owing to the benefits of easy control of the switching temperature, and excellent shape 

memory behaviors; however, its application in vivo is unfeasible due to the potential for 

irreversible tissue damage resulting from the higher activation temperature [33, 34]. In contrast, 

activation with body heat has been investigated to avoid thermal damage; however, precisely 

tuning the thermal transition temperature of SMPs is difficult, limiting their use in biomedical 

applications [35]. An alternative method, solvent-driven temperature SMP, has been proposed as 

a way to activate SMPs [3]. However, the choice of solvent can impact its performance and limit 

its use for in vivo applications, as some solvents are not suitable for use inside the body. Indirect 

activation methods, such as light [18, 19], magnetic fields [20, 21], electrical fields [22], and radio 

frequency waves [23], have emerged as promising options to overcome the aforementioned 

problems. Nevertheless, these activation methods have potential safety risks to the human body 

and may be inconvenient. For instance, magnetic SMPs must use magnetic particles that are non-

toxic, biodegradable, and biocompatible to ensure safety in medical applications. As a result, 

finding a safer and more efficient activation method for remote shape recovery in SMPs is critical 

for their successful application in the biomedical field.  

High-intensity focused ultrasound (HIFU) is an innovative and promising stimulus with a unique 

and superior capability to noninvasively achieve shape recovery by inducing localized heating and 

activating various intermediate forms [48-50]. There are four main steps in the shape recovery 

cycle. Step 1 involves heating the polymer above Ὕ before deforming it into the appropriate shape. 

Step 2 involves preserving the initial deformation constraint while cooling the polymer to a 

temperature below Ὕ . Step 3 involves releasing the deformation constraint and fixing the 

temporary shape. In step 4, once the temperature is raised above Ὕ, the polymer returns to its 

initial (permanent) structure. Stages 1-3 are also known as the programming stages. Depending on 

whether or not the external loads still persist, that is, the constrained or free recovery state [124], 

javascript:popupOBO('GO:0007613','b922220k')
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the SMP could either provide recovery stresses or return to their permanent shapes when an 

external stimulus (in our case, HIFU) is delivered in step 4. The final state of the material in this 

study's SMPs recovery process (step 4) is stress-free, and the heating of the polymer is caused by 

the absorption of acoustic energy as a result of the viscous shearing applied by ultrasonic focused 

waves and subsequent release of energy in the form of heat [51]. By concentrating sound waves 

into a millimeter-scale area, where they interact with polymer chains to produce localized heating 

while sparing the surrounding area, HIFU provides selective and controlled heating. Mechanical 

waves are triggered by HIFU through the polymer matrix, which results in viscous shearing and 

relaxation, which results in damping losses [52]. Additionally, internal friction and energy 

absorption occur during HIFU exposure as a result of viscoelastic polymeric materialsô strain 

lagging behind their stress. A portion of this energy is transformed into heat during the first stage 

of its absorption, and the remaining energy is stored as an elastic deformation in the polymer chains 

during the second step. The temperature of the polymer rises as a result of internal friction that 

transforms ultrasonic energy into heat [51]. Then, just like with free recovery, that heat starts the 

form recovery process. As a result, HIFU represents a practical option for activation biomedical 

SMPs. HIFU activation of SMPs has been reported for biomedical applications such as drug 

delivery and drug release [7, 49, 50], which involve the activation of SMPs within the human body 

by exposing the SMPs to water in biological aqueous environment, such as blood vessels. To the 

authorsô best knowledge, previous studies have focused on the optimization of SMP compositions; 

it has not been thoroughly studied how an aqueous environment affects a HIFU-actuated SMP's 

capacity to regain its original shape. It is hypothesized that when SMPs are subjected to HIFU in 

an aqueous environment, their heating behavior differs from that of direct exposure to HIFU; 

however, the causes for this divergence remain entirely unknown. This study aims to close this 

gap by investigating how water uptake affects the shape memory behavior of SMPs in various 

HIFU fields.  

In this study, we propose that shape memory performance can be enhanced by varying the 

concentration of acrylate-based polymers with varying glass transition temperatures and water 

uptake behaviors. The biocompatibility of acrylate-based SMPs positions them as promising 

candidates for various biomedical applications [93, 94]. We specifically created six acrylate 

copolymers with two different water uptake behaviors (hydrophilic and hydrophobic) and three 
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glass transition temperatures (40, 60, and 80 °C). Dynamic mechanical analysis is used to 

characterize the SMP's thermal properties. This is similar to the illustration in Figure 1, and bend 

recovery testing is used to assess the shape memory behavior with HIFU as the stimulus.  

 

Figure 3. 1. (a) Schematic of acoustic wave from a focused ultrasound source to a SMP specimen. Schematic 

representations of (b) SMP chain system and (c) swelling process of ŵ Hydrophilic polymer and Ŷ Hydrophobic 

polymer. The dashed black line represents hydrogen bonds for respective water molecules. The orange atoms are water 

molecules. 

3.3 Materials and methods 

3.3.1  Sample preparation  

Six acrylate copolymers with glass transition temperatures of 40, 60, and 80 °C and two distinct 

water uptake behaviors (hydrophilic and hydrophobic) were synthesized. Aliphatic urethane-

acrylate oligomer (CN9009, MW ~1860) was supplied by Sartomer Inc. (Exton, PA). Isobornyl 

acrylate (IBA), 2-hydroxyethyl acrylate (2-HEA), poly(ethylene glycol) diacrylate (PEGDA, MW 

= 700), butyl acrylate (BA), 2-hydroxyethyl methacrylate (HEMA) and the photoinitiator 2,2-

Dimethoxy-2-phenylacetophenone (DMPA) were purchased from Sigma-Aldrich, Inc. and used 

as received without further purification. Error! Reference source not found.(a) illustrates the S

MP mixtures preparation procedure.  

Table 3. 1. SMP compositionsdescribes polymer networks with a fixed 5.0 mole percent (mol%) 

CN9009. In the experiment, each polymer network was first mixed as shown in Table 4. 1, 

followed by 0.5 weight percent (wt%) photoinitiator DMPA added into the solution. The solution 

was then fully stirred for 20 min. Afterwards, the polymer solution was injected into a mold 

composed of two glass slides separated by 1- or 2-mm silicone rubber spacers. Glass slides were 

first coated with Rain-X as a mold release agent. The injected molds were then polymerized for 
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30 minutes using an ultraviolet crosslinker (UVP CL-1000). The prepared SMP mixtures were 

post-cured and dried inside the fume hood for 24 h. 

Due to the variety of prepared specimens, a straightforward nomenclature was developed. Samples 

were labeled as CN9009, depending on the main crosslinker. For those named CN9009_T# (e.g., 

40, 60 or 80), Q*(e.g., 1 or 2), T(#) represents the glass transition temperature, Q(*) represents the 

swelling behavior (Q1 represents hydrophobic, and Q2 represents hydrophilic). 

Table 3. 1. SMP compositions 

Fixed Mol Percent of 5.0 CN9009 for Polymer Networks 

Sample code  

Copolymer 1 35 mol% Isobornyl acrylate 60 mol% Butyl acrylate 

Copolymer 2 95 mol% 2-hydroxyethyl acrylate  

Copolymer 3 50 mol% Isobornyl acrylate 45 mol% Butyl acrylate 

Copolymer 4 10 mol% Poly(ethylene glycol) 

diacrylate 85 mol% 2-hydroxyethyl methacrylate 

Copolymer 5 70 mol% Isobornyl acrylate 25 mol% Butyl acrylate 

Copolymer 6 45 mol% 2-hydroxyethyl acrylate 50 mol% 2-hydroxyethyl methacrylate 

3.3.2 Material characterization 

To compare the equilibrium swelling ratio of each SMP mixture, it was evaluated under ASTM 

D570 [125]. The sample was cut into ρπ άά ρπ άά ρ άά square-shaped film. Using a 

digital balance with a resolution of 10-4 gram (A&D GR-202), each specimen was weighed before 

testing and after 24 hours in a large amount of water. Specimens were also removed and weighed 

at fixed intervals to calculate the swelling ratio. To ensure the repeatability, for the material set in 

Figure 3. 2, each composition was tested at least four times (n = 4). Here, the swelling ratio (Ὓ ) 

is defined as the difference between the initial dry weight (ά ) and the equilibrium weight (ά ) 

divided by the initial dry weight of specimen (Ὓ Ϸ
 

ρππ). The swelling ratio of each 

material set was averaged from 4 pieces of samples, and the error bars represented the standard 

deviations.  

Crank [126] developed equations for specific geometries to solve Fickôs law. Those include an 

equation describing diffusion into a planar sheet, which also has been used in other studies [124, 

127-131]. To compare the diffusion coefficients of each hydrophilic network, the following 
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equation ( ρ  ὲ πЊ  Ὡὼὴ īὈ ςὲ ρ “ὸτὰ                                                          

3.1) for diffusion into a plane sheet [132] was considered: 

ρ В  Ὡὼὴ                                                          3.1 

At early stages and small times, the diffusion process is calculated as  

ς                                                                                                                           3.2 

where ὓ  is the mass of water at time t, ὓ  is the mass of water at equilibrium state, ὰ is the 

thickness of sheets, and Ὀ is the diffusion coefficient. In this case, one-dimensional diffusion is 

assumed because, in a sufficiently thin plane sheet, the majority of the diffusing substance enters 

through the faces while only a trace enters through the edges. 

To characterize the temperature-dependent storage modulus, loss modulus, and tan delta, dynamic 

mechanical analysis [112] was performed as per ASTM D4065 and D4440 [133, 134]  using a TA-

Q800 DMA tester (TA Instruments). The test was performed in DMA's dynamic mode at 1 Hz 

frequency. Samples were prepared by scissor cutting specimens to 20 mm × 5 mm × 1 mm from 

bulk material. The specimen was equilibrated at 25°C for 20 minutes before being heated to 110°C 

at 5°C/min with 0.1% dynamic strain, 0.001N preload force, and 150% force track. To ensure the 

repeatability, each composition was tested at least three times (n = 3). 

3.3.3  SMP-HIFU experiments: Shape recovery analysis 

Figure 3. 2. (a) Schematic diagram of the fabrication steps of SMP mixtures. (b) Schematic 

diagram of the test procedure for characterizing shape recovery by bending test method. (c1) 

Illustration of the experimental setup;  the HIFU transducer placed on the bottom of the tank; 

 custom 3D-printed sample holder;  SMP filament;  thermometer;  immersion tank 

heater;  water bath. (c2) Experimental HIFU setup.c1depicts the HIFU system's configuration. 

A HIFU transducer and a sample-holder module were the two main parts. The bottom of a water-

filled tank housed the H-104-4A SONIC Concepts HIFU transducer. The body temperature (37°C) 

was reached and maintained by heating the water in the tank. The ultrasound frequency was 500 

kHz. Recovery tests were carried out on flat υπ άά υ άά ς άά film specimens. Schematic 

diagram of the test procedure for characterizing shape memory behavior is described in Figure 3. 

2. (a) Schematic diagram of the fabrication steps of SMP mixtures. (b) Schematic diagram of the 
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test procedure for characterizing shape recovery by bending test method. (c1) Illustration of the 

experimental setup;  the HIFU transducer placed on the bottom of the tank;  custom 3D-

printed sample holder;  SMP filament;  thermometer;  immersion tank heater;  water 

bath. (c2) Experimental HIFU setup.b. Prior to folding into an L shape (— = 90°) for 10 minutes, 

the specimen was first heated above the glass transition temperature in an oven for 10 minutes. 

The specimen was then cooled while clamped. Then the external force was removed. Afterwards, 

two methods were used to actuate the SMP mixtures. On the one hand, in order to investigate the 

recovery in water with no HIFU activation, the bent specimen was unmounted and immersed in 

warm water at body temperature after unmounted. On the other hand, for recovery under HIFU 

with water treatment, the specimen was first immersed in warm water for 0, 1, 2, or 3 minutes 

(CN9009_T60_Q2), or 0, 10, 20, or 30 minutes (CN9009_T80_Q2); and then, HIFU thermally 

actuated the specimen. It is noted that the sample bend had to be located on the focal point of the 

FUStransducer, as shown in Figure 3. 2. (a) Schematic diagram of the fabrication steps of SMP 

mixtures. (b) Schematic diagram of the test procedure for characterizing shape recovery by 

bending test method. (c1) Illustration of the experimental setup;  the HIFU transducer placed 

on the bottom of the tank;  custom 3D-printed sample holder;  SMP filament;  

thermometer;  immersion tank heater;  water bath. (c2) Experimental HIFU setup.c1 and 

Figure 3. 2. (a) Schematic diagram of the fabrication steps of SMP mixtures. (b) Schematic 

diagram of the test procedure for characterizing shape recovery by bending test method. (c1) 

Illustration of the experimental setup;  the HIFU transducer placed on the bottom of the tank; 

 custom 3D-printed sample holder;  SMP filament;  thermometer;  immersion tank 

heater;  water bath. (c2) Experimental HIFU setup.c2. The momentary shape was recorded 

using a digital camera in the whole recovery process; and then Kinovea (version 0.9.5, an open-

source project) was used to process the video [135] and output recovery angles (—) at fixed 

intervals. The recovery ratio (Ὑ) was defined as the ratio between the recovered angle (—) and 

the opening angle (—) when heated. To reduce the experimental error, at least six runs in one set 

for each sample were conducted (n=6). 
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Figure 3. 2. (a) Schematic diagram of the fabrication steps of SMP mixtures. (b) Schematic diagram of the test 

procedure for characterizing shape recovery by bending test method. (c1) Illustration of the experimental setup;  

the HIFU transducer placed on the bottom of the tank;  custom 3D-printed sample holder;  SMP filament;  

thermometer;  immersion tank heater;  water bath. (c2) Experimental HIFU setup. 

3.4 Results and discussions 

3.4.1  Synthesis and Thermo-Mechanical Characterization of Polymer Networks 

The purpose of this study was to develop SMPs, which exhibit shape-memory behavior in focused 

ultrasound field relevant to biomedical applications. Thermal transitions play an important role in 

the design and application of thermally responsive SMPs. It is important to note that the glass 

transition temperature of HIFU-actuated biomedical SMPs should be higher than the body 

temperature for those SMPs to maintain an intermediate shape and recover to their permanent 

shape at the targeted location. To accomplish this, the linear equation [136], Ὕ ύὝ ύὝ , 

was used to predict the glass transition temperature (Ὕ) of SMP copolymers, where Ὕ  and Ὕ  

are the glass transition temperatures of homopolymers A and B, and ύ  and ύ  are the weight 

percentages, respectively. Furthermore, to determine the shape memory behavior of each 

hydrophilic and hydrophobic SMPs with the same Ὕ, hydrophilic 2-HEA, PEGDA, and HEMA 

and hydrophobic IBA and BA were introduced into SMP networks. Ὕ was calculated using DMA 

and the peak of tan delta, as shown in the Supplementary information. The equilibrium swelling 

ratio of the SMP networks was determined using the method described in Section 3.3.3.3.2. Figure 
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3. 3. (a) Swelling ratio vs. Glass transition temperature for each polymer network. Swelling rate 

of (b) hydrophobic and (c) hydrophilic materials, with the Ὕ of 40 °C (red line), 60 °C (blue line), 

and 80 °C (black line). Point is experimental data; line is theoretical fit based on Fickian diffusion.a 

shows the glass transition temperatures and swelling ratios of six different acrylate copolymer 

networks that were used in all of the subsequent experiments in this study. The highest swelling 

ratios were 29.27±0.74%, 29.43±0.41%, and 26.89±0.10% at 40, 60, and 80 °C, respectively, while 

the lowest swelling ratios were 0.93±0.19%, 4.28±0.26%, and 1.37±1.41%. 

 

Figure 3. 3. (a) Swelling ratio vs. Glass transition temperature for each polymer network. Swelling rate of (b) 

hydrophobic and (c) hydrophilic materials, with the Ὕ of 40 °C (red line), 60 °C (blue line), and 80 °C (black line). 

Point is experimental data; line is theoretical fit based on Fickian diffusion.  
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Figure 3. 3. (a) Swelling ratio vs. Glass transition temperature for each polymer network. Swelling 

rate of (b) hydrophobic and (c) hydrophilic materials, with the Ὕ of 40 °C (red line), 60 °C (blue 

line), and 80 °C (black line). Point is experimental data; line is theoretical fit based on Fickian 

diffusion.b and c show the normalized swelling ratio of hydrophobic and hydrophilic SMP 

networks as a function of the square root of time, respectively. The hydrophobic copolymers with 

no obvious variation showed that the copolymers were relatively stable, as shown in Error! R

eference source not found.b, whereas the swelling ratio of hydrophilic copolymers showed an 

upward trend as immersion time increases, as shown in Figure 3. 3. (a) Swelling ratio vs. Glass 

transition temperature for each polymer network. Swelling rate of (b) hydrophobic and (c) 

hydrophilic materials, with the Ὕ of 40 °C (red line), 60 °C (blue line), and 80 °C (black line). 

Point is experimental data; line is theoretical fit based on Fickian diffusion.c. Water molecules 

penetrate into the crosslinking networks, interacting physically and/or chemically until they reach 

equilibrium. Figure 3. 3. (a) Swelling ratio vs. Glass transition temperature for each polymer 

network. Swelling rate of (b) hydrophobic and (c) hydrophilic materials, with the Ὕ of 40 °C (red 

line), 60 °C (blue line), and 80 °C (black line). Point is experimental data; line is theoretical fit 

based on Fickian diffusion.c shows that the hydrophilic networks remained linear for up to 24 

hours, implying Fickian diffusion. The experimental data were numerically fitted to the Fickian 

equation to quantify diffusion, yielding diffusion coefficients of 4.25e-11, 3.51e-11, and 2.49e-11 

ά ί  for hydrophilic networks with glass transition temperatures of 40, 60, and 80 °C, 

respectively. At the same solution temperature, the results showed that a higher glass transition 

temperature is associated with a lower diffusion coefficient. This is because higher glass transition 

temperatures result in tighter packing of polymer chains, resulting in limited mobility and 

impeding the movement of diffusing species through the polymer matrix [137]. As a result, at 

higher glass transition temperatures, the diffusion coefficient is lower.  

3.4.2 Water-actuated shape memory effect 

The shape recovery ratio as a function of time was characterized to determine the potential for 

shape memory performance. The water-driven shape memory recovery was first investigated 

because SMPs were exposed to water under HIFU activation. Figure 3. 4 depicts the recovery 

performance of programmed SMP networks in warm water (~37°C). The recovery behavior was 

heavily influenced by the glass transition temperature and water uptake behavior. Figure 3. 4a 
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shows that CN9009_T40_Q2 recovered completely after 40 seconds in warm water, whereas 

CN9009_T40_Q1 recovered only partially. Because CN9009_T60_Q1 and CN9009 T60 Q2 

presented a broad glass transition from 35 °C to 90 °C (see Figure B. 1c and d), they had noticeable 

changes in warm water for the first 10 minutes. Figure B. 1e and f show that CN9009_T80_Q1 

and CN9009_T80_Q2 exhibited a wide glass transition from 60 °C to 120 °C. The 

CN9009_T80_Q1 had no obvious shape recovery in warm water for the first 30 minutes, whereas 

the CN9009_T80_Q2 had a recovery ratio of 36% in warm water for the first 30 minutes. These 

findings indicate that the CN9009_T80 networks were relatively stable at body temperature. 

According to Figure 3. 4, hydrophilic SMPs recovered faster than hydrophobic ones.  

 

Figure 3. 4. Recovery performance of specimens in warm water for both hydrophobic and hydrophilic materials 

with the (a) Ὕ = 40 °C, (b) Ὕ = 60 °C and (c) Ὕ = 80 °C. 

The experimental findings indicated that both heat and water effectively activated SMPs. 

Moreover, when heat and water were applied in conjunction, the activation process was expedited, 

leading to a faster speed of shape recovery. The following are the reasons for this phenomenon. 

Water absorption leads to a reduction in the glass transition temperature (Ὕ) of SMPs. As 

plasticizers, water molecules penetrate the polymer matrix, retaining their mobility and forming 

hydrogen-bond clusters, known as "free water" [36-39]. Although free water does not directly bond 

with the polymer network, it does influence its Ὕ, especially in the case of more hydrophobic 

polymers [36, 40]. This is accomplished by increasing the distance between polymer chains, 

thereby disrupting secondary bonding between chains, including hydrogen bonding and 

hydrophobic interactions. As a result, the polymer chains' flexibility and mobility are increased. 

As shown in Figure 1 (c), the hydrophilic copolymer has a greater number of polar side groups 

(hydroxyl groups (-OH)) than the hydrophobic material, which promotes hydrogen bonding 

between hydroxyl groups and water molecules, as the term ñbond waterò [36-39, 138]. It is 

important to note that polymer chains carry no ionic charges during immersion. As reported by 
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Miller [139], pHEMA lacks ionizing properties and that the 5 mol% crosslinker utilized severely 

restricts any charge carrier mobility. Previous studies [36, 37] have also examined similar 

methacrylate polymer systems and their interaction with water. Additionally, the hydroxyl groups 

in HEA and HEMA monomers are strongly bound to the monomer structure through covalent 

bonds and are resistant to hydrolysis or detachment by water [140, 141]. The Ὕ is influenced by 

bond water, because when water molecules form hydrogen bonds with polymer chains, a one-

phase thermodynamic system is created, in which Ὕ is influenced by the concentrations of both 

the polymer network and water. As the weight fraction of bound water increases, the Ὕ steadily 

decreases[41-43], resulting in recovery process at a lower temperature. Previously, Xiao and 

Nguyen [142] proposed a constitutive model to investigate the influence of solvent absorption on 

the thermomechanical properties and shape-memory behavior of amorphous networks, based on 

Adam-Gibbs model [143]. According to the fundamental principles of the AdamïGibbs theory 

[64], the relaxation time (or viscosity) exhibits an inverse correlation with configurational entropy. 

When solvent permeates the polymer matrix, there is a rise in configurational entropy owing to the 

blending of solvent and polymer segments [144]. Ὕ can be measured using dynamic frequency 

sweep tests or differential scanning calorimetry on dry and saturated specimens in this case [63, 

64]. However, these two methods are ineffective in this study because, after being immersed in 

water for up to 40 seconds (CN9009_T40), 10 minutes (CN9009_T60), or 30 minutes 

(CN9009_T80), the swollen specimen dries in air in less than 1 minute. Environmental DMA is 

recommended to analyze Ὕ, but it is challenging to access for the current study because specimens 

must be completely submerged in water. Previous research [3, 41-43, 145, 146] has demonstrated 

how water can alter Ὕ. Uthaman et al. [41] investigated the effect of water on the aging of epoxy 

resin and carbon fiber-reinforced polymer (CFRP) composites and discovered that the glass 

transition temperature of both neat epoxy resin and composites decreased in water at body 

temperature, similar to tensile strength and moduli. According to Yang et al. [147], the Ὕ of 

polyurethane SMPs drops sharply from 37 to 6 °C within the first 162 hours of immersion, 

followed by a gradual decrease. The study offers valuable insights into the mechanisms that impact 

shape memory performance, paving the way for optimizing the activation of SMP systems through 

a combination of water immersion and direct heat. 

3.4.3 HIFU actuated shape memory effect 
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As shown in the previous section, SMPs with glass transition temperature of 60°C and 80°C 

recovered very slow in water at body temperature. Therefore, HIFU was applied to activate the 

shape memory process. HIFU-actuated shape recovery was investigated by immersing the sample 

in the HIFU reactor's water bath at 37 °C. Figure 3. 5 depicts the recovery performances of 

programmed CN9009_T60_Q1, CN9009_T60_Q2, CN9009_T80_Q1, and CN9009_T80_Q2 

films after immersion in water for varying lengths of time. Figure 3. 5a shows that increasing the 

immersion time from 0 to 1, or 2, or 3 minutes improved the shape recovery ratio of 

CN9009_T60_Q2 from 85% to 92% and 97%, respectively. Similarly, as the immersion time for 

CN9009_T80_Q2 increased from 0 to 10, or 20, or 30 minutes, the shape recovery ratio increased 

from 55% to 87% and 95%, as shown in Figure 3. 5b. However, after pre-treatment, there was no 

discernible difference in the hydrophobic SMPsô synergistic HIFU-actuated shape memory 

performance.  

 

Figure 3. 5. Shape recovery ratio for SME with the (a) Ὕ = 60 °C, (b) Ὕ = 80 °C, shown as a function of time with 

pre-immersion treatment and under HIFU activation. 
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These findings proved that HIFU was a successful activation technique for SMPs. The 

concentrated application of HIFU on a specific spot induces a remarkable thermal effect on SMP 

materials. This is attributed to the ability of the polymer matrix to absorb acoustic energy generated 

by viscous shearing from the focused mechanical waves of HIFU, subsequently releasing this 

energy in the form of heat. Bhargava et al. [6, 24, 49, 50] acoustic-thermoelastic mathematical 

framework for modeling the focused ultrasound (FU)-induced thermal actuation of SMPs, using 

KhokhlovïZabolotskayaïKuznetsov (KZK) equation [148, 149]. When actuated with HIFU, the 

effects of acoustic nonlinearity on the induced thermal field in polymer, resulting in shape 

recovery. Furthermore, it was found that submerging hydrophilic SMPs in water prior to HIFU 

activation (referred to as per-immersion in the sections that follow for convenience) improved 

recovery performance in comparison to earlier studies. For instance, Bhargava et al. [13] 

demonstrated that adjusting the composition ratio could increase the shape recovery ratio 

following a 20 s continuous ultrasonic exposure. The maximum recovery ratio was 20%, though. 

Peng et al. [1] introduced polystyrene [150] into SMP networks to optimize the recovery ratio; this 

material exhibited almost 100% shape recovery in  2 s when direct heat was applied. Because PS 

increased viscoelasticity, they also proposed that adding it to the SMP network might improve the 

material's capacity to recover after exposure to HIFU. Pre-immersion hydrophilic SMPs provided 

an alternative mechanism in this study that demonstrated a notable improvement in shape recovery 

ability when activated by HIFU with energy savings. However, hydrophilic SMPs with pre-

immersion exhibited the drawback of prior activation, rendering them unsuitable for biomedical 

applications. In contrast, hydrophobic copolymers displayed distinct advantages as their behavior 

remained unaffected by pre-immersion. This characteristic provided greater tailorability, albeit at 

the expense of requiring higher HIFU power and precise adjustment of Ὕ. Overall, optimizing the 

water absorption behavior of SMP copolymers allows for specific tailoring of their properties, 

particularly for biomedical applications.  

The following explanation is put forth as a potential explanation for the aforementioned 

phenomena: During pre-immersion in water, the polymer absorbs water and softens as a result of 

the increased mobility of the polymer chains. The water-driven mechanism also lowers the 

temperature at which the SMPs become activated and raises viscoelasticity while lowering the 

tensile strength, tensile moduli, and elastic modulus. This means that even a lower-level acoustic 

power can easily reach the activation temperature and avoid any unpredictable damage inside the 
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polymer, leading to easier activation of the SMP system. However, due to the limitations of thermal 

cameras, which are not suitable for analyzing submerged objects, the temperature increase within 

the interior of the polymer mixture was not measured in our case. Notely, the waterôs temperature 

was constant due to the precision of HIFU, which concentrates its energy on a millimeter-scale 

area. The interaction with polymer chains in this localized region results in specific heating, while 

the surrounding areas remain unaffected. In our previous work [6, 8, 49, 95], a 95% tBA-5% 

DEGMA SMP specimen was suspended at the water's surface and subjected to HIFU, yielding a 

maximum temperature of 112.6 °C after 18 seconds [6]. Nonetheless, accurately determining the 

temperature of a specimen in water remains a challenge, and in the future, reliable temperature 

determination methodologies will be a focus of ongoing research. 

It should be noted that the improved viscoelasticity of the SMP improves the efficiency of the 

HIFU thermal effect. Peng et al. [84] found that the HIFU-actuated thermal effect of polymers is 

highly linked to material viscoelasticity. The viscous damping caused by the HIFU produces a 

noticeable thermal differential. According to their computational work, when viscoelastic 

amorphous polymers are subjected to HIFU, more heat is generated than that in crystalline 

polymers. Furthermore, the effect of ultrasound is altered after water absorption into the polymer. 

When ultrasound waves are emitted from the transducer surface to the polymer sample, some of 

the energy is reflected at the water-polymer interface, while the rest is transmitted through the 

polymer sample. The two materials' specific acoustic impedance ratio determines the transmitted 

energy fraction. The higher the transmission of acoustic energy through the polymer, the closer 

the acoustic impedance of the two materials is (i.e., the acoustic impedance ratio approaches unity). 

The swelling of a large amount of water is observed to bring the acoustical properties of 

hydrophilic polymers closer to those of water. Because the acoustic mismatch between water and 

the polymer interface is small, HIFU has a greater heating effect on the polymer. Consequently, 

the swelling behavior of hydrophilic SMPs improves their shape recovery ability. A similar 

phenomenon was reported in previous studies. Parker et al. [151] reported that ethanol acts as a 

plasticizer on lactic and glycolic acid copolymers (PLGA) and has a significant impact on their 

acoustics. After 24 hours in ethanal, the speed of sound on PLGA was reduced by approximately 

10%, resulting in a significant decrease in the elastic modulus. Overall, the study provides insights 

into the mechanisms influencing shape memory performance and opens avenues for optimizing 

the activation of SMP systems using a combination of water immersion and HIFU. 
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3.5 Conclusions 

The use of hydrophilic and hydrophobic photopolymerized thermoset acylate-based SMP 

networks and the relationship between polymer swelling behavior and shape recovery behavior in 

various acoustic fields have both been reported in this work. By varying copolymer composition, 

six acrylate-based SMP networks with glass transition temperatures of 40, 60, and 80°C and two 

distinct water uptake behaviors (hydrophilic and hydrophobic) were created. In the polymer 

networks, shape memory recovery activated by water and HIFU was observed. Pre-immersion 

treatment improved the shape recovery ability of hydrophilic SMPs, but there was no discernible 

difference in the synergistic HIFU-actuated shape memory performance of hydrophobic SMPs. 

Because of the plasticizing effect of the water molecules, which occurred when water entered 

networks, the mobility of the polymer chains was increased. This resulted in the water-actuated 

shape recovery; in addition, the flexibility of the polymer chains indicates the high viscoelasticity 

and reduces the acoustic mismatch between water and the polymer interface, which leads to better 

heating of the polymer. Overall, these results show that hydrophilic and hydrophobic SMPs are a 

promising material for SMP-based biomedical devices, and the interaction between water uptake 

and HIFU-actuated shape recovery opens up the possibility of deciphering the mechanism and 

improving the design of SMP devices used in aqueous environments. 
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Chapter 4  A two-way shape memory polymer for soft 

actuator applications 
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4.1 Overview 

Locomotion is a critically important topic for soft actuators and robotics, however, the locomotion 

applications based on two-way shape memory polymers have not been well explored so far. In this 

work, a crosslinked poly(ethylene-co-vinyl acetate) (cPEVA)-based two-way shape memory 

polymer is synthesized using dicumyl peroxide (DCP) as the crosslinker. The influence of the DCP 

concentration on the mechanical properties and the two-way shape memory properties is 

systematically studied. A Venus flytrap-inspired soft actuator is made by cPEVA, and it is shown 

that the actuator can efficiently perform gripping movements, indicating that the resultant cPEVA 

SMP is capable of producing large output force and recovering from large deformations. This 

polymer is also utilized to make a self-rolling pentagon-shaped device. It is shown that the structure 

will efficiently roll on a hot surface, proving the applicability of the material in making 

sophisticated actuators. With introducing an energy barrier, jumping can be accomplished when 

the stored energy is fast released. Finite element simulations are also conducted to further 

understand the underlying mechanisms in the complex behavior of actuators based on cPEVA 

SMP. This work provides critical insights in designing smart materials with external stimulus 

responsive programmable function for soft actuator applications.  

https://doi.org/10.1088/1361-665X/ac3c02
https://doi.org/10.1088/1361-665X/ac3c02
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4.2 Introduction  

Soft actuators made by soft smart materials have attracted tremendous interests owing to their great 

potential for the robotic applications [152, 153]. Among different categories of smart materials, 

shape memory polymers (SMPs) have been extensively studied due to their extraordinary 

advantages, including large output forces, simple manufacturing, and low cost [15]. Although 

SMPs have the ability to recover to the permanent shape under external stimuli (e.g., heat, light, 

pH,  electric field, etc.), a large majority of SMPs only have irreversible shape recovery property 

without re-programming applied, which is also known as ñone-way shape memory effectò [1, 17]. 

In general, the irreversible shape memory effect of SMPs hinders their practicability for further 

applications. 

SMPs with reversible shape memory effect (aka. two-way shape memory effect) have been 

recently investigated due to their shape-programmable behavior, showing a broad applicability in 

soft actuators and robots. The liquid crystal elastomers (LCE) is one of the most widely used two-

way SMPs because of their large deformation recovery as large as 300%  [154]. For example, 

Ware et al. [155] synthesized a liquid crystal elastomer which can form complicated 3D structures 

upon heating and recover back to original flat shape automatically when cooled to room 

temperature. Shahsavan et al. [30] fabricated a kind of light-actuated liquid crystal gels which can 

accomplish many complex motions, such as walking and leaping. However, the inherent low 

stiffness of the LCE (usually less than 1 MPa) generally becomes a serious hindrance for the soft 

actuators requiring high load capacity [156]. Therefore, the crosslinked poly(ethylene-co-vinyl 

acetate) (cPEVA)-based two-way SMP owning a relatively higher stiffness may be a promising 

candidate for using in soft actuators adapting to a diverse range of applications.  

The PEVA are usually utilized as adhesive and structural materials due to their outstanding 

adhesion property [157] and remarkable mechanical properties [158]. Recently, the two-way shape 

memory effect of cPEVA-based polymers has been unveiled [16, 31, 32].  The mechanism of the 

reversible shape memory effect of cPEVA which is a kind of semi-crystalline SMPs can be 

attributed to the crystallization-induced elongation (CIE) and melting-induced contraction (MIC). 

Specifically, the semi-crystalline SMPs usually contain an amorphous phase and crystalline phases 

with different levels of sizes. At a relatively high temperature, the larger crystalline phase acting 

as a skeleton can be fixed into the first temporary shape due to well alignment stability and suitable 
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elastic deformability. The first temporary shape is usually achieved under an external force. Upon 

cooling, the smaller crystalline phase can be recrystallized and oriented along the skeleton 

resulting in the CIE to fix the second temporary shape. When it is heated, the smaller crystalline 

phase will melt and shrink to the first temporary shape that is fixed by the larger crystalline phase 

with MIC [16, 31, 32].  

Therefore, cPEVA-based polymers are attracting a great deal of attention for applications in the 

soft actuator domain. On the one hand, the synthesis of two-way SMPs is usually simple, which is 

advantageous over two-way SM composites with complex structure and fabrication techniques 

[159, 160]. On the other hand, the as-formed cPEVA exhibits high stiffness which enables the final 

systems to realize the desirable forces and torques output. Up to date, several studies have been 

performed on the cPEVA-based two-way SMPs. For example, cPEVA-based thin film with a well-

designed pattern and reversible thermally-induced actuation has been successfully fabricated by 

Liu et al [161], which may be beneficial for the potential soft actuator miniature. Yang et al. [162] 

studied the use of  hierarchical chiral cPEVA fibers to fabricate artificial muscles. Hui et al. [163] 

and Gao et al. [31] also found that the different crosslinker combinations can significantly affect 

their two-way shape memory behavior, mechanical and thermal properties.  

Locomotion is a vital topic for the soft actuators and soft robotics. The general locomotion include 

gripping [164, 165], walking (running, crawling, and other translational motions) [166, 167], 

climbing [166], swimming [165, 168], flying [169], jumping [110, 170], etc. Gripping may be the 

most common studied motion with different materials, actuation methods, and designing 

strategies. As abovementioned, one challenge for SMP grippers is that it is very difficult to achieve 

gripping and releasing for different cycles due to the irreversible shape memory effect, and the 

liquid crystal grippers can only provide small output gripping load due to low stiffness [156, 171]. 

Similarly, walking and other translational movements are often challenging for SMP-based 

actuators. For example, Chen et al. [168] fabricated a swimming robotics which was actuated by 

SMP in hot water. Although the swimming robotics can swim for more than 2 s with relatively 

large distance, nonetheless, it cannot generate continuous movements due to the irreversible shape 

memory effect. Jumping becomes a more and more attractive motion for soft robotics. In order to 

accomplish the jumping process, an energy barrier is often needed [110, 170, 172]. For instance, 

Koh et al. [110] fabricated a special bistable mechanism which was actuated by shape memory 

alloy [173]. When it snapped to another state, a large energy could be released and the robotic can 
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jump from water surface. Zhakypov et al. [170] also fabricated a robotic which is actuated by 

SMA. They found that the robotic can jump from the ground when there is a fast energy release 

while it can only crawl when the energy is released slowly.  

However, to the best of our knowledge, the cPEVA-based two-way SMPs as one kind of smart 

materials for various locomotion applications have not been sufficiently explored. In this work, 

cPEVA samples using dicumyl peroxide (DCP) as the crosslinker have been successfully 

fabricated. The cPEVA samples can be tailored into multiple shapes depending on the predefined 

ways (e.g., spiral and screw shape). More critically, some specific locomotion strategies are 

exhibited with cPEVA-based soft actuators, including gripping, self-rolling, and jumping. Finite 

element analysis is also conducted to study the related mechanism. This investigation provides 

critical insights in designing smart materials with high performance for a variety of advanced 

applications. 

4.3 Applications in soft actuators 

Figure 4. 1e shows the pulling force of the gripper with a fixed solid cylinder with diameter 10 

mm, and it is measured by an Instron testing machine with 1 mm/min pulling speed. Prior to 

testing, the gripper is fully closed, and the fixed cylinder is fully encapsulated in the gripper. The 

pulling force increases rapidly until about 0.4 N in the beginning, and then starts to decrease when 

the cylinder is partially pulled out. When more than half of the cylinder is pulled out, some local 

friction and sliding between the cylinder and the teeth of the gripper are generated, which 

corresponds to the zigzag shape in the pulling force diagram. The pulling force is comparable with 

the gripper developed by Wang et al [174], although the design in this work is simpler.  
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Figure 4. 1. (a) The digital image of the cPEVA gripper, where the inset shows the optical image of the Venus flytrap. 

(b) The process of the cPEVA gripper closure when cooling naturally in air. Grasping (c) and lifting (d) of a marker 

pen cap. (e) The pulling force of the gripper with a fixed solid cylinder. 
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Figure 4. 2. (a-d) The jumping process of the cPEVA sample. (e) The schematic of the recovering and jumping of the 

cPEVA. (f) The kinetic energy diagram of the jumping process. 

The soft actuators need to fast release a certain amount of energy to accomplish jumping process. 

Here, we present a strategy for jumping with the as-synthesized cPEVA samples. Figure 4. 2a-d 

exhibit the sample jumping process. Figure 4. 2e further demonstrates the sample jumping 

mechanism. The whole process can be divided into three stages. For Stage I, the bended cPEVA 

sample is initially vertically placed in a 3D printed holder. The sample starts to recover when it is 

heated by light with an infrared higher. For Stage II, the local curvature of the crease area will be 

decreased. When the two legs of the cPEVA samples are clamped by the two blockers on the 

holder, the vicinity of the initial crease area will tend to swell into a curved surface, which is shown 

in Figure 4. 2a. In this way, an elastic energy barrier is created. For Stage III, when the stored 

energy is large enough, the two legs will slip upwards, and the sample can jump from the holder 

for ~5 cm with a large energy release (Figure 4. 2b-d). Figure 4. 2f shows the kinetic energy 

evolution of this structure which is calculated by finite element simulation. It can be found that 
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there is a kinetic energy jump within a very small time period, which is due to the stored energy 

passes the energy barrier and fast releases. Notably, the jumping process can be influenced by the 

ratio of the sample length and the spacing between the two blockers on the holder s. It is found 

that when the s is larger than 10 mm (sample length 30 mm), the cPEVA sample cannot jump off 

from the holder. The possible reason is that the contacting angle between the leg and the blocker 

Ŭ will be larger than 90o when s Ó 10 mm. In this way, the sample will be clamped by the holder 

and cannot slip upward.  

4.4 Conclusions 

In this chapter, a crosslinked poly(ethylene-co-vinyl acetate)-based two-way shape memory 

polymer has been successfully synthesized by using dicumyl peroxide (DCP) as the crosslinker. 

Three locomotion in the form of a gripping, a self-rolling, and jumping are accomplished by the 

as-synthesized cPEVA. Our experiments on these strategies show the efficiency of this polymer 

in producing large output forces in a Venus flytrap-inspired actuator, making a self-rolling 

pentagon-shaped robot, and accomplishing jumping to perform complex motions. Finite element 

simulations are also conducted to investigate the mechanisms that control the self-rolling and 

jumping behaviors. It is found that the realization of self-rolling is due to the internal stress 

propagation and the jumping is due to fast energy release which are activated by temperature-

induced shape memory behavior. This provides critical insights into the design of smart materials 

for the potential soft actuator applications.  
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Chapter 5  Shape memory polymer composites with boron 

nitride in focused ultrasound fields 

5.1 Overview 

Focused ultrasound (FUS) is a promising stimulus with superior and unique characteristics for 

inducing localized heating, creating temporal and spatial thermal effects, and achieving controlled 

shape recovery in shape memory polymers (SMPs), noninvasively. In order to optimize the 

dynamic processes of shape fixation, improve shape recovery, and regulate the shape development 

of SMP structures in the FUS field, it is imperative that the material be designed based on inherent 

material qualities. We propose a boron nitride (BN)-enhanced SMP composites (SMPCs) with 

enhanced shape recovery performance upon FUS activation. The base SMP is synthesized using 

tert-butyl acrylate and di(ethylene glycol) dimethacrylate (DEGMA) and incorporated with BN 

fillers at varying concentrations (1, 5, and 10 wt.%). A thorough characterization is carried out, 

including dynamic mechanical analysis, scanning electron microscopy (SEM), uniaxial tensile 

testing, and swelling studies. The results show that increasing the BN content improves shape 

recovery efficiency significantly. Specifically, the 10 wt.% BN composites outperformed plain 

SMP by 75% in terms of shape recovery ratio when activated with FUS. However, higher BN 

content decreased crosslinking density and stiffness, as shown by a lower Young's modulus and 

glass transition temperature. This study demonstrates the promise of BN-enhanced SMPCs for 

advanced applications in biomedical devices and soft robotics, where noninvasive spatiotemporal 

actuation of SMPs is required. 

5.2 Introduction  

Shape memory polymers (SMPs) have garnered extensive interest due to their unique ability to 

return to a pre-determined shape when exposed to external stimuli such as heat, solvents, magnetic 

fields, and focused ultrasound (FUS) fields [2, 175, 176]. SMPs are lightweight, cost-effective, 

and versatile, which makes them ideal candidates for various applications, including soft actuators 

and robotics, aerospace, tissue engineering, and biomedicine [177]. Based on their stimulus, SMPs 

can be classified into chemo-responsive, thermo-responsive, and photo-responsive categories 

[178]. Among these, thermo-responsive SMPs are most widely used, due to their excellent shape 

memory properties and the ability to precisely tune their switching temperatures. Thermo-

responsive SMPs are typically activated by heat, which alters the material's stiffness and molecular 
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motion above a transition temperature, enabling shape recover [179]. Compared to traditional 

direct heating methods, FUS represents a novel and promising external stimulus with superior 

capabilities for noninvasively achieving shape recovery. FUS induces localized heating, activating 

intermediate states in the material and enabling controlled shape change [50]. The mechanism 

involves focusing ultrasound into a small, targeted area on the scale of millimeters, resulting in 

selective and precise heating of the medium, which leads to partial or complete shape 

recovery [180]. Recently, FUS-actuated SMPs have been reported for biomedical applications, 

such as drug release and drug delivery systems [181]. Despite these advancements, developing 

efficient SMPs for remote actuation remains a challenge, especially when it comes to achieving 

full shape recovery within a few seconds [6]. Addressing these challenges is essential for 

advancing SMPs for high-performance and practical uses. 

Acrylate-based SMPs, with their biocompatibility [93], offer a promising candidate for biomedical 

applications. To address the issue of recovery triggered by FUS, our group previously investigated 

the influences of the chemical composition on FUS-induced shape recovery in SMPs [6]. By 

synthesizing SMPs using tert-Butyl acrylate [18] as monomer and di(ethylene glycol) 

dimethacrylate (DEGMA) as crosslinker, we optimized the monomer-to-crosslinker ratio to 

achieve a shape recovery ratio of approximately 20% after 20 seconds of continuous ultrasonic 

exposure. Additionally, we explored the benefits of pre-immersion in water for hydrophilic SMPs, 

which significantly improved shape recovery efficiency under FUS while reducing energy 

consumption [181]. Peng et al. [1] incorporated polystyrene into SMP networks to enhance the 

recovery ratio, achieving nearly 100% shape recovery within 2 seconds under direct heating. Due 

to the increased viscoelasticity from polystyrene, they also suggested that its addition could 

enhance the material's recovery ability after FUS exposure. Despite these advancements, the 

performance of these SMPs is still constrained by low recovery stress and slower recovery times.  

Incorporating fillers into SMPs is a widely used strategy to enhance their mechanical and thermal 

properties. Fillers such as graphene sheets, hydroxyapatite nanopartcicles, carbon nanotubes 

(CNTs) and boron nitride (BN) have been shown to improve stiffness, recovery stress, and thermal 

conductivity [99]. Li et al. [182] Integrated Graphene Oxide (GO) into liquid crystalline 

polyurethane (LCPU) composites, resulting in a 1.78-fold increase in tensile strength compared to 

neat LCPU, alongside improved shape recovery speed. Qu et al. [183] Incorporated CNTs into 

polycaprolactone and thermoplastic polyurethane fibers, which have enhanced both shape memory 
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and strain sensing performance, demonstrating the potential for multifunctional applications. 

Among these fillers, BN is particularly noteworthy due to its exceptional thermal conductivity 

(~400 W/(m·K)), high hardness, and large surface area [150]. BN not only acts as a rigid phase to 

improve stiffness but also accelerates heat transfer, enabling faster and more efficient shape 

recovery [184].  

To the best of our knowledge, existing FUS-actuated SMPs do not require the incorporation of 

responsive particles, such as those in magnetic-responsive SMPs [185]. However, FUS-actuated 

shape memory polymer composites (SMPCs) have not yet been explored. This study serves as a 

benchmark for manufacturing acrylate-based SMPCs under FUS. In this study, we aim to address 

this gap by developing acrylate-based SMP composites (SMPCs) with BN fillers. These 

composites were synthesized and systematically characterized for their chemical structures, 

transition temperatures, and mechanical properties using scanning electron microscopy, dynamic 

mechanical analysis, mechanical testing, and swelling methods. The integration of BN 

significantly improved their shape memory performance, demonstrating their potential for high-

performance biomedical and industrial applications. 

5.3 Materials and methods 

In this study, we developed FUS-actuated SMPCs by synthesizing a base tBA-co-DEGMA SMP 

using tBA as the monomer and DEGMA as the crosslinker, with 2,2-dimethoxy-2-

phenylacetophenone as the photoinitiator (tD). The base tD was fabricated via UV curing, 

employing a monomer-to-crosslinker weight ratio of 85:15, along with 1 wt.% photoinitiator. A 

detailed synthesis method for tD is in our previous paper [7]. To prepare SMPCs, boron nitride 

(BN) was incorporated into tD at weight ratios of 1, 5, and 10 wt.%.  

5.3.1 Materials 

Tert-butyl acrylate [18], di(ethylene glycol) dimethacrylate (DEGMA), boron nitride (BN), and 

the photoinitiator 2,2-dimethoxy-2-phenyl-acetophenone were purchased from Sigma-Aldrich and 

used as received without further modification.  

5.3.2 Synthesis 

In a typical experiment, tBA (monomer) and DEGMA (crosslinker) were first mixed at a weight 

ratio of 85:15, followed by adding 1 wt.% photoinitiator into the solution. The solution was then 
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fully stirred for 20 minutes.  BN was then added to the prepared tBA-co-DEGMA (tD) solution at 

weight ratios of 1:99, 5:95 and 10:90, and the mixtures were further homogenized using an 

ultrasonic mixer for another 30 minutes.   

Two types of shaping methods were studied in this work. In the first method, the prepared solution 

was injected into a mold composed of two glass slides separated by 1- or 2-mm silicone rubber 

spacers, with the glass slides pre-coated with Rain-X to facilitate mold release. The second type 

of shaping method utilized a soft mold. The silicone material (Ecoflex 00ï50, Macungie, PA, 

USA) was used to fabricate molds by casting and curing the material in 3D-printed PLA molds 

(Prusa i3 MK3, Prague, Czech Republic).  

For both methods, the resultant solution was carefully poured into the respective molds to shape 

the target samples. The molds were then polymerized for 15 minutes using an 365 nm UV light 

(with a 100 W Blak-Ray B-100 AP High Intensity UV Lamp). After polymerization, the prepared 

samples were post-cured and dried in a fume hood for 24 hours. The entire synthesis procedures 

are shown in Figure 5. 1. 

 

Figure 5. 1. Schematic showing processing steps to prepare tD/BN composites.  

5.3.3 SEM analysis of BN nanoparticles and TD/BN composite  

Scanning electron microscopy (SEM, JEOL IT-500HR) with energy dispersive X-ray 

spectroscopy (EDS, Oxford Instruments, AZtecLive Automated Microanalysis System) was used 
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to investigate the dispersion of BN within the composites under 5 kV accelerating voltage. Prior 

to characterization, the fracture surfaces of all samples were coated with a 7.0 nm  layer of 

platinum/lead, using a sputter coater. Field emission scanning electron microscopy (FESEM, FEI 

Quanta 600 FEG) was employed to analyze the surface morphology and determine particle size of 

BN nanoparticles.  

5.3.4 FUS system configuration and shape memory testing and FUS thermal effect 

Figure S1 illustrates the configuration of the FUS system, comprising two main components: a 

FUS transducer and a sample-holder module. The H-104-4A SONIC Concepts FUS transducer 

was positioned at the bottom of a water-filled tank, with the water temperature maintained at 37°C 

to simulate body temperature. The ultrasound frequency was set to 500 kHz. Recovery tests were 

conducted on flat film specimens measuring υπ άά υ άά ς άά. 

First of all, the specimen was first heated to 75 °C in an oven for 10 minutes and subsequently 

folded into an L-shape (— = 90°) for another 10 minutes. The folded specimen was air-cooled 

while clamped, and the clamps were then released. For shape recovery, FUS was applied to actuate 

the specimen. It is noted that the sample bend had to be located on the focal point of the FUS 

transducer, as shown in Figure 5. 2.  

During the recovery process, a digital camera recorded the specimen's shape evolution. Kenova 

(version 0.9.5, an open-source project) [135] was used to process the recorded video  and output 

recovery angles (—) at fixed intervals. The recovery ratio (Ὑ) was defined as the ratio of the 

recovered angle (—) to the initial folding angle (—). To minimize experimental errors, six runs 

for each sample were conducted (n=6).  
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Figure 5. 2. (a) Illustration of the experimental setup;  FUS transducer placed on the bottom of the tank;  custom 

water bath;  filament;  thermometer;  immersion tank heater;  sample holder. (b) Experimental HIFU setup. 

5.3.5 FUS thermal effect 

Thermal variations in the polymer filament exposed to FUS were measured using a Teledyne FLIR 

A50 thermal imaging camera. Due to the limitations of thermal cameras, which are unsuitable for 

analyzing submerged objects, the sample was suspended such that its lower surface was submerged 

in water while the upper surface remained exposed to air. Ultrasonic actuation was applied 

continuously for 60 seconds, with thermal measurements extending to 180 seconds to capture the 

complete thermal history. The data was analyzed using FLIR Tools software.   

5.3.6 Dynamic mechanical analysis  

Dynamic Mechanical Analysis was performed to measure the temperature-dependent storage 

modulus, loss modulus, and tan delta, following ASTM D4065 standard [133]. The test was 

conducted in dynamic mode using a TA-Q800 DMA (TA Instruments) at a frequency of 1 Hz. 

Specimens with dimensions of 20 mm × 5 mm × 1 mm were heated to 120 °C at a rate of 2 °C 

min ĭ. The test was carried out under 0.1% dynamic strain, with a preload force of 0.001 N and a 

force track of 150%. To ensure repeatability, each composition was tested at least three times (n = 

3).  

5.3.7 Tensile testing 

The mechanical properties of each sample were measured by a Tension/Compression Testing 

System (Instron 3340 Universal Testing System), following the standard ASTM D638 [118] and 

ASTM D3039 [186]. Tensile specimens of dog-bone shape (Type I) with thickness of 3.2 mm 
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were produced in accordance with ASTM D638 and tested with a crosshead speed of 10 mm/min 

at room temperature (i.e. 25 °C).  

5.3.8 Cross-linking density determination using swelling experiments 

A swelling test was conducted to determine the crosslinking density of tD and tD/BN. Crosslinked 

polymers, although insoluble in solvents, can exhibit a degree of swelling, which is related to the 

polymerôs crosslink density. The Flory-Rehner theory (FR) [187] provides a framework for 

analyzing the equilibrium swelling behavior. The crosslink density (‎, mol/cm3) is calculated using 

the following equation:   

‎  
ᶮ ᶮ

ᶮ

                                                                                                                                5. 1 

here, ”  is the polymer density before swelling, ὠ is the solvent molar volume (ὠ

χσȢτ ὧά Ⱦάέὰ , and … is the Flory-Huggins interaction parameter, which quantifies the 

interaction strength between the polymer and the solvent. It is noted that for specific systems, such 

as acrylate-base polymer system in acetone, precise values of … are not readily available in the 

provided sources. However, acetone is generally considered a good solvent for many acrylate-

based polymers, suggesting that ɢ is likely less than 0.5, indicating favorable mixing and solubility. 

Here, we assume … is 0.5. Additionally, ɲ  corresponds to the polymerôs volume fraction at 

swelling equilibrium, and can be calculated as follows:  

‰
Ⱦ Ⱦ

                                                                                                        5. 2 

where ” (=0.7857 g/cm3) is the density of acetone, ὡ  is sampleôs initial weight, and ὡ  is the 

swelling equilibrium weight.  

In this study, crosslink density was determined using the equilibrium swelling method, following 

a standard ASTM F2214 [188]. Each sample, approximately 10 mm × 10 mm × 10 mm and 

weighing around 1 g, was immersed in 15 mL acetone in glass tubes. Samples were periodically 

removed, and the surface solvent was blotted using filter paper. Equilibrium swelling was 

considered achieved when the mass variation between consecutive measurements was within 5 

mg.  From the equilibrium swelling data, the crosslink density of was calculated. 
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5.4 Results and discussions 

The morphology and structure of the BN used in this study were examined using field-emission 

scanning electron microscopy (FE-SEM) to assess particle shape, size, and dispersion. SEM 

micrographs (Figure 5. 3) indicated that BN particles predominantly exhibited an irregular flake-

like morphology. SEM micrographs of multiple samples were analyzed using ImageJ software, 

followed by statistical analysis of particle sizes. The results show that the size distribution ranges 

from 100 to 400 nm and an average size of 201 ± 72 nm. The average thickness of the platelets 

was estimated by measuring 20 particles oriented out-of-plane. This platelet-like structure aligns 

with previously reported morphologies for hexagonal BN (h-BN) fillers [189].  

 

Figure 5. 3. FE-SEM image of BN powder. 

The SEM analysis of composite samples containing 1, 5, and 10 wt.% BN revealed a homogeneous 

dispersion of BN platelets within the tD matrix at lower concentrations (1 and 5 wt.%), as shown 

in Figure 5. 4a1&b1. However, at a higher concentration of 10 wt.% BN, as shown in Figure 3c1, 

partial agglomeration of BN platelets was observed, likely due to the poor wetting and high surface 

energy of the nanoparticles, leading to clustering within the matrix.  

EDS analysis further supports these findings, predominantly showing peaks corresponding to 

boron (B) and nitrogen (N). Additionally, trace amounts of elements such as Pt and Pd were 

detected, likely resulting from the conductive coating applied to facilitate SEM imaging (see SI 

Section 1.3). The quantitative data provided indicates an increase in the weight percentage (wt.%) 
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of both boron and nitrogen from 1 to 5 wt.%, as shown in Figure 5. 4a2&b2, suggesting changes 

in deposition parameters and composition. Specifically, tD/BN_10 shows slightly reduced boron 

content compared to tD/BN_5, as shown in Figure 5. 4c2&b2, possibly related to variation in 

deposition conditions or material processing affecting boron incorporation, which can influence 

nanoparticle incorporation efficiency.  

The observed agglomeration at higher BN loading can negatively impact the composite's 

mechanical integrity and thermal performance by creating stress concentration sites [190]. These 

findings align with previous studies indicating that higher filler loadings can lead to nanoparticle 

aggregation, which diminishes the reinforcing efficiency and overall performance of polymer 

nanocomposites [191]. Therefore, optimizing the filler content is essential to balance improved 

properties with the challenges of nanoparticle dispersion. 
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Figure 5. 4. SEM images (a1, b1, c1) and EDS graphs (a2, b2, c2) of (a) 1, (b) 5, and (c) 10 wt.% loadings of BN in 

tD.  

The shape recovery process of the SMP is illustrated in the Figure 5. 2. The initially flat SMP 

(permanent shape), was manually deformed to a 90° angle and subsequently activated using FUS. 

The FUS-actuated shape recovery was investigated by immersing the SMP in a water bath 

maintained at 37 °C and subjected to localized FUS activation. As depicted in Figure 5. 5a, 

increasing the BN content in the SMP significantly enhanced the shape recovery ratio under FUS 

activation. Notably, the inclusion of 10 wt.% BN led to a remarkable improvement, achieving a 

shape recovery ratio of 75%. These findings underscore the efficacy of FUS as a powerful 

activation technique for SMPs, particularly due to its ability to generate a pronounced thermal 

effect localized to the target region. 
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The enhanced performance can be attributed to the synergistic interaction between FUS energy 

and the thermal conductivity of the BN-filled SMPCs. FUS generates localized heat through the 

absorption of acoustic energy by the polymer matrix. This energy arises from viscous shearing 

caused by the focused mechanical waves of FUS, which is then efficiently transferred as heat 

throughout the SMP matrix [51]. The high thermal conductivity of BN further accelerates this heat 

distribution, facilitating rapid and uniform shape recovery [192]. Additionally, the improved shape 

recovery ratio at higher BN content highlights the critical role of filler incorporation in enhancing 

the thermal response of SMPCs. However, achieving a balance between filler dispersion and 

content is crucial, as agglomeration at elevated BN concentrations could potentially hinder 

recovery efficiency. 

 

 

Figure 5. 5. (a) Average variation of shape recovery ratio in each sample with BN weight ratio from 0 to 10%, with 

error bars showing standard error. (b) Highest temperature in each sample during 5 minutes of FUS actuation.    

To gain deeper insights into the shape recovery mechanism under FUS activation, thermal analysis 

of the samples was conducted. The experimental setup involved suspending the sample with its 

lower surface submerged in water and its upper surface exposed to air. Thermal images of the FUS 

exposure area were captured at four-second intervals using a FLIR C2 thermal imaging camera. 

The samples were exposed to sinusoidal waves for 20 seconds. The thermal images were analyzed 

using FLIR Tools software to quantify the temperature rise and cooling behavior.  

Figure 5. 5b illustrates the equilibrium temperature achieved during FUS activation. As expected, 

the thermal effect was most pronounced in the sample containing the highest BN filler content, 

while tD exhibited the lowest temperature increase. The elevated thermal response in the BN-filled 
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composites is attributed to the enhanced thermal conductivity of the BN platelets, which facilitated 

rapid and efficient heat transfer within the polymer matrix. The observed thermal behavior aligns 

with the viscoelastic nature of polymers. When subjected to ultrasonic waves, the polymer chains 

experience alternating stress due to forced vibrations. This dynamic action generates internal 

friction, causing energy dissipation. In viscoelastic materials, the energy absorbed from 

mechanical waves divides into two components: one part is released as heat, and the other is stored 

as elastic deformation within the polymer chains. The efficient conversion of ultrasonic energy 

into heat explains the temperature rise observed in the FUS-exposed samples. The generated heat 

raises the material's temperature above its activation temperature, triggering shape recovery. 

Therefore, the incorporation of BN allowed lower-level acoustic power to achieve the activation 

temperature, thereby minimizing the risk of internal damage to the polymer. These findings align 

with previous reports demonstrating the effectiveness of BN as a thermally conductive filler in 

polymer composites. Rybak et al. [193] discussed the enhancement of thermal conductivity in 

SMPs through the incorporation of BN, highlighting its role in improving heat management in 

electrical insulation applications. Yang et al. [194] investigated polyurethane composites filled 

with BN, highlighting its potential in thermal management. They noted that BN's superior thermal 

conductivity and insulating properties make it an ideal filler for developing thermally insulating 

polymer composites. Collectively, these studies support the conclusion that BN fillers enhance the 

thermal response of SMPs under FUS activation, facilitating efficient shape recovery through 

improved heat generation and distribution. 

 

Figure 5. 6. (a) DMA analysis; storage modulus versus temperature, and tan ŭ versus temperature. (b) Stressïstrain 

curves and (c) Youngôs modulus of tD and tD/BN composites. 

DMA curves obtained to examine viscoelastic behaviors such as storage modulus (E'), ὸὥὲ‏, 

and Ὕ of each tD and tD/BN composites are shown in Figure 5. 6a.  A notable reduction in Ὕ 

was observed with increasing BN content. The overall transition temperature can be adjusted by 
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incorporating fillers, which enhances the thermal conductivity of SMPCs. As a result, the 

characteristic segments of these SMPCs with fillers respond more quickly to the same heat input 

compared to SMPs without fillers. Consequently, the addition of fillers leads to a reduction in the 

transition temperature of the composites [195]. This behavior is attributed to the partial inhibition 

of crosslinking caused by BN, which introduces steric hindrance and limits monomer mobility 

during curing. 

Uniaxial tensile tests on dog-bone-shaped specimens further confirmed the mechanical impact of 

BN incorporation. The Youngôs modulus decreased progressively with increasing BN content, 

measured as 1.490, 0.815, 0.677, and 0.562 GPa for tD, tD/BN_1, tD/BN_5, and tD/BN_10, 

respectively (Figure 5. 6b&c ). The possible reasons for this mechanical response variation will 

be investigated as followed by cross-linking density determination using swelling experiments. It 

could be said to be the main reason for the decrease in crosslink densities [196].  

The crosslink density of tD and tD/BN composites was analyzed using DMA and swelling 

experiments. The rubbery plateau modulus, observed in Figure 5. 6a, correlates with the degree 

of crosslinking in the composites. A higher rubbery plateau modulus indicates a denser crosslinked 

network, while a lower modulus reflects reduced crosslinking. The results show a clear trend of 

decreasing rubbery plateau modulus with increasing BN content, signifying a reduction in 

crosslink density. The crosslinking density of each sample also was measured using a swelling 

test, as introduced in Section 5.3.8 were performed by immersing the sample in acetone at ambient 

temperature for 1 hour. The sample's weight was measured before and after immersion. The 

crosslink density  in (mol/cm³) was determined using the Flory-Rehner equations ( ρ

В  Ὡὼὴ                                                          3.1 and ς                                                                                                                           

3.2) [187]. Table 5. 1 summarizes the crosslink densities, revealing a progressive reduction with 

increasing BN content. Specifically, crosslink densities decreased by 9%, 31%, and 33% for 1, 5, 

and 10 wt.% BN, respectively. 

Table 5. 1 Cross-linking density when swollen at equilibrium 

Sample Density 

(g/cm3) 

Cross-linking density 

( 10-4 mol/cm3) 

tD 0.922 1.345 

tD/BN_1 0.9276 1.252 
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tD/BN_5 0.9492 1.022 

tD/BN_10 0.9787 1.01 

The reduction in crosslink density can be attributed to the steric hindrance introduced by BN 

particles, which disrupts the polymerization and curing processes [189]. This effect can interfere 

with monomer mobility and crosslinking efficiency during curing. BNôs high aspect ratio and 

surface energy may also lead to localized aggregation, further limiting the formation of a tightly 

crosslinked network [189]. The decreased crosslink density has several implications for the 

materialôs mechanical and thermal properties. Reduced crosslinking leads to shorter molecular 

chains and looser networks, which increase local molecular mobility. This structural change results 

in composites with lower stiffness compared to the neat tD matrix. Similar observations have been 

reported for other nanofiller-enhanced polymer systems, where reduced crosslink density 

correlates with a decrease in tensile strength and Youngôs modulus [197].  

5.5 conclusions 

Our study successfully demonstrated the production of BN-enhanced SMPCs with excellent shape 

recovery qualities following FUS activation. The addition of BN greatly enhanced the thermal 

conductivity of the SMP matrix, resulting in faster and more efficient shape recovery. The 

incorporation of 10 wt.% BN significantly enhanced the shape recovery ratio, reaching 75%. This 

remarkable improvement highlights the potential of BN fillers in optimizing FUS-triggered 

actuation. Comprehensive analyses revealed that BN incorporation reduces crosslinking density 

and stiffness due to steric hindrance and disrupted curing processes. These effects were evident in 

the decreased Youngôs modulus and Ὕ observed in DMA and tensile testing. Despite these trade-

offs, the enhanced viscoelasticity and thermal responsiveness of BN-filled composites make them 

highly suitable for applications requiring flexibility, precision, and rapid thermal response. Future 

work will explore optimizing BN content and filler dispersion techniques to balance mechanical 

integrity with thermal performance.  
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Chapter 6  Investigation of Thermomechanical Behaviors of 

Acrylate-based Shape Memory Polymers by Molecular Dynamics 

Simulation 
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6.1 Overview 

Shape memory polymers (SMPs) have received a lot of attention lately due to their potential use 

as actuators in various applications, including robotics and medical equipment.  SMPs are a better 

choice than other smart materials because of their remarkable ability to recover from significant 

deformations and their ability to be stimulated remotely. Here, we investigate the mechanical and 

recovery behavior of SMPs composed of acrylate-based monomers and crosslinkers with varying 

crosslink densities, using full -atomistic molecular dynamics simulations. Physical parameters, 

such as density and glass transition temperature, are determined for systems with different 

crosslinking densities. Tensile loading is applied to characterize the mechanical characteristics and 

shape memory behaviors. Furthermore, the shape-memory behavior of the system with highest 

cross-linking density is investigated to understand the effects of recovery temperature and 

deformation temperature on shape recovery. Our findings shed light on the critical structural 

elements that determine shape recovery ability, giving insights for advanced SMP material design 

and development. This study adds to our fundamental understanding of SMP behavior and has 

ramifications for a wide range of technological applications.         

6.2 Introduction  

The shape memory effect represents a remarkable property exhibited in certain polymeric 

materials, allowing them to regain their original shape when exposed to specific stimuli, such as 

heat, solvent, or focused ultrasound fields [3, 48, 198].  Shape memory polymers (SMPs) have 

emerged as a promising alternative to other shape memory materials like shape memory alloys 

(SMAs) [199, 200] and shape memory ceramics (SMCs) [201, 202]. SMPs have found diverse 

applications across various domains, such as robotics, biomedical devices, smart textiles, and 

https://doi.org/10.1016/j.polymer.2024.127445
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aerospace engineering [2, 9, 203-206]. SMPs offer several advantages that include low density, 

high frozen strain, cost-effective manufacturing, facile processability, a broad range of shape 

transition temperatures (Ὕ ), and partial biocompatibility [14, 207, 208]. SMPs can be broadly 

categorized into three main groups based on stimuli to which they respond: chemo-responsive, 

thermo-responsive, and photo-responsive SMPs [209-212].  Among these, thermo-responsive 

SMPs that respond to changes in temperature are most widely used. This is primarily due to the 

ease of regulating the switching temperature and their excellent shape memory behavior. The 

underlying mechanism behind thermo-responsive SMPs involves heat absorption, which generates 

molecular motion and modifies stiffness above a transition temperature, leading to shape recovery 

[179]. One prominent type of thermo-responsive SMPs is the acrylate-based AB copolymer 

networks, synthesized through the copolymerization of monomers and crosslinkers. The networks 

in these SMPs offer notable advantages, including biocompatibility [213], relative ease of 

preparation [214], easy property tailoring [93], and the capability for three-dimensional/four-

dimensional (3D/4D) printing [100, 215, 216]. The transition temperature range of SMPs, often 

related to the glass transition temperature (Ὕ ), and their operational attributes, such as 

deformability and the recovery speed, can be modified by varying the copolymer composition or 

degree of crosslinking [120-123, 217]. 

Developing efficient acrylate-based shape memory polymers (SMPs) for remote actuation remains 

a challenge, particularly achieving full shape recovery within few seconds (<10 s).   This is crucial 

for applications like in vivo drug delivery systems induced by high-intensity focused ultrasound 

(HIFU). While HIFU enables remote and noninvasive actuation of SMPs, current materials exhibit 

slow actuation and low recovery percentages [6, 8, 49, 95]. To address the issue of recovery, in 

past, our group investigated the influence of the chemical composition of SMPs on their shape 

recovery induced by HIFU [6]. SMPs were synthesized using the monomer tert-Butyl acrylate [18] 

and crosslinker di(ethylene glycol) dimethacrylate (DEGMA) [35]. The composition ratio (the 

ratio of monomer to crosslinker) was tuned to achieve the highest shape recovery ratio 

(approximately 20% after a continuous 20 second ultrasonic exposure). The introduction of 

polystyrene into the tBA-co-DEGMA mixture demonstrated remarkable improvement in shape 

recovery capabilities; and then, this mixture was able to transition from a deformed shape (ȹ = 

50Á) to the permanent shape (ȹ = 175Á) within 2 seconds when subjected to heating via a hair dryer 



 60 

[1]. This shows the potential for tuning both shape recovery and recovery rate by changing the 

chemical composition that impacts the crosslinking density. 

There are numerous types of acrylate polymer and selecting networks through experiments is 

expensive and time-consuming. Atomistic simulations can accelerate the process at a fraction of 

cost & time to design the matrix for more efficient SMPs either by screening target materials 

among numerous candidates or by proposing new combinations of mixture & curing agent tailored 

to specific properties. Molecular Dynamics [18] simulations have emerged as a powerful tool to 

study the connections between the molecular-scale structure and their properties in polymers [62, 

84, 102, 218]. In our group's previous work, we [84] studied HIFU-induced thermal effect on high 

and low density polyethylene (PE) using MD simulation and reported that the thermal effect is 

closely associated with the viscoelasticity of polymer. In another work, MD simulations were 

conducted to examine the crosslinking mechanism during the curing process of tBA-co-DEGMA 

(TD)/PS composite [1]. The findings revealed that the inclusion of PS impedes both 

polymerization and crosslinking processes, hindering the formation of a tightly crosslinked 

network during the curing process. The shape memory characteristics of various polymers, such 

as polyisoprene [219], polystyrene [219, 220], poly(l-lactide) [221], and epoxy polymers [221, 

222], have been investigated through atomistic simulations.  

As mentioned above, the crosslinking process affects the mechanical and thermal properties of the 

polymer. The present work investigates the thermo-responsive acrylate-based SMPs (tBA-co-

DEGMA) at the atomistic scale. Networks with different crosslink densities are created, and 

calculations are performed for the Ὕ, glassy state modulus, rubbery state modulus, and shape 

recoverability. 

6.3 Materials and methods 

6.3.1 Initial equilibration  

The initial tert-Butyl acrylate [18] and di(ethylene glycol) dimethacrylate (DEGMA) structures are 

created by Materials Studio software [223] with consistent valence force field (CVFF) [1, 224]. 

The primary molecular structures of tBA monomer (C7H12O2) and DEGMA crosslinker 

(C12H18O5) are schematically represented in Figure 6. 1. Each cubic simulation box contained 

2304 tBA monomers and 216 DEGMA crosslinkers (total 447,552 atoms; more details are shown 

in Figure C. 1), in order to keep the mass ratio of tBA and DEGMA molecules be 85:15 [1]. All 
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Molecular Dynamics simulations in this study are conducted using the LAMMPS software 

package (Large-scale Atomic/Molecular Massively Parallel Simulator) [225]. This initial large 

system is created in a low-density configuration to prevent overlaps and then gradually 

compressed. Periodic boundary conditions are applied in all directions and timestep of 1 fs is used. 

The systemôs energy (with related to atomic positions) is minimized using conjugate gradient (CG) 

algorithm. After minimization, an equilibrated structure is obtained by subjecting the system to a 

series of heating/cooling processes. This begins with equilibrating the system at 298 K for 1 ns 

using constant pressure and temperature (NPT) ensemble.  The temperature is increased to 500 K 

from 298 K, and then the model is equilibrated at 500 K for 4 ns using NPT ensemble with zero 

pressure. Next, each model is gradually cooled down to 298 K, and an NPT ensemble is then 

performed at 298 K for 1 ns. At the end of the relaxation procedure, each simulation box side 

length reaches Ḑ 168 Å, as shown in Figure 6. 1c.  Models are visualized by Open Visualization 

Tool (OVITO) [226]. 

 

Figure 6. 1. Molecular structures of (a) tert-Butyl acrylate [18], and (b) di(ethylene glycol) dimethacrylate 

(DEGMA). (c) Initial uncrosslinked model of tBA-co-DEGNA with dimensions of ρφψ ρφψ ρφψ B.  

6.3.2 Crosslinking  

Once the initial un-crosslinked system is equilibrated, the crosslinking process starts. Crosslinking 

procedure is required to create the new bonds and to write the force constants of newly formed 

bonds. The crosslinking procedure follows an iterative approach involving MD simulations in the 

LAMMPS code and topology updates in MATLAB, as illustrated in Figure 6. 2. During the 

crosslinking stage, un-crosslinked models are crosslinked using the 'fix bond/create' command in 

the LAMMPS code, a method previously employed in studies [227-229]. Based on our prior work 
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[1], a new bond is formed when the distance between two active sites is less than 4.5 Å. Meanwhile, 

the new angle and dihedral interactions are also introduced to account for the newly formed bonds. 

 

Figure 6. 2. Summary of process to generate crosslinked acrylate polymer sample. 

Within acrylate-based polymer networks, the monomer assumes the role of the soft segment, 

resulting in shorter chains; the crosslinker is added as the net-point (hard segment), weaving a 

network structure throughout SMPs. Thus, crosslinking reactions occur between the carbon atoms 

on the ends of tBA molecule, as shown in Figure 6. 3a, as well as between the carbon atoms on 

the ends of tBA molecule and the carbon atoms of the crosslinker DEGMA molecule, as shown in 

Figure 6. 3b. It is noted that there is one active polymerization site on each tBA molecule and four 

active crosslinking sites on DEGMA molecule. Importantly, the formation of the new bond is 

restricted to occurring between molecules of different types. 

The atom type of the crosslinked carbon atoms changes after new covalent bonds are formed 

(changed from ñc=ò to ñc1ò, ñc2ò or ñc3ò). Hence, in the crosslinked network, the atom type of 

both crosslinked atoms should be updated. In the updated topology, the force coefficients for the 

new bonds, angles, and dihedrals should be assigned based on the atom type of the newly 

introduced crosslinked carbon atoms. Besides, the old topology information, which includes the 

reacted atoms, should also be updated. For instance, before a reaction happens, the carbon atom in 



 63 

tBA molecule forms a bond with one carbon atom (atom type ñc=ò), and the bond type is ñc=-côò. 

However, after the crosslinking reaction occurred, the bond type changes to ñc1-côò that is caused 

by the change in atom type from ñcò to ñc1ò (atom type of the reacted atom). Similarly, all other 

related old topology information, including the angles and dihedrals involving this crosslinked 

carbon atom is included, should also be refreshed. After the new bonds, angle, and dihedral 

interactions are created for ten search loops, the CVFF constants are updated, using in-house 

MATLAB code. The system configuration is saved, and loops start again.  

A crosslinked system is typically constructed at a temperature of 330 K and a pressure of 0 atm. 

The creation of new bonds, along with the resulting angle and dihedral interactions, triggers a 

sudden rise in the total energy and internal stress of the systems. To prevent abrupt energy spikes, 

which may lead to unstable conditions, the system is relaxed after each loop. This relaxation 

process involves equilibration through both NVT and NPT ensembles. Once the systems attain 

equilibrium, a new iteration starts again. Overall, we ran a hundred iterations to create new 

crosslinking networks (new bonds and topology updates). After every ten iterations, CVFF 

constants are updated using in-house MATLAB code. Systems with updated CVFF constants are 

saved, resulting in ten systems with increasing crosslinking densities. These ten systems, along 

with the uncrosslinked system, were utilized to study the impact of crosslinking on various 

properties.  
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Figure 6. 3. Schematic representations of (a) a polymerized set of tBA, and (b) a crosslinked set of tBA and DEGMA 

6.3.3 Glass transition temperature 

After the crosslinking process, all 10 crosslinked systems undergo energy minimization and are 

subsequently equilibrated for an additional 0.5 ns using an NPT ensemble, maintaining a 

temperature of 600 K and a pressure of 0 atm. Then, the Ὕ is determined by analyzing the changes 

in the mean square displacement (MSD) of polymer chain atoms. The MSD curves are derived 

using the following formula: 

ὓὛὈ В ὶὸ ὶὸ π                                                                            6. 1 

where the ὶὸ is the mass center of the position of particle Ὥ at time ὸ, ὶὸ π is the reference 

position of atom Ὥ, and ὔ is the total number of atoms in the simulation box. As the temperature 

decreases, the MSD values of the NPT ensemble are recorded at intervals of 10 K, each for a 

duration of 1000 ps, as shown in Figure 6. 4b. The Ὕ is identified as the point at which a 

pronounced gap emerged between the MSD curves. 
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The second approach involves determining the Ὕ by gradually cooling down all 10 crosslinked 

systems at a rate of 0.050 K/ps until reaching a temperature of 150 K, as shown in Figure 6. 4d. 

Throughout this cooling process, the density is monitored as a function of the temperature. The Ὕ 

is determined by identifying the intersection point of two lines representing the glassy and rubbery 

regions. These lines are identified using a piecewise linear regression model.  

 

Figure 6. 4. (a) The schematic diagrams of crosslinked system. Schematic description of (b) stepwise and a (d) 

continuous cooling to determine the Ὕ. (c) Molecular model for uniaxial tensile deformation.  

6.3.4 Mechanical Properties  

Once the Ὕ is determined for all 10 systems with varying crosslinking density, the material 

properties for the glassy (room temperature, 298K) and rubbery (high temperature, 400 K (~30 K 

above Ὕ) states are computed. The stressïstrain relationship of each system is established through 

tensile loading conducted along the z-direction, as shown in Figure 6. 4c. For deciding the strain 

rate, five strain rates are simulated: 1e10/s, 5e09/s, 1e09/s, 5e08/s, and 1e08/s, which are frequently 

used in MD simulations [230-237]. The resulting stress-strain curves are shown in Figure C. 4 in 
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the Appendix. The resultant stress-strain curves show that there is no significant behavior change 

between 1e09/s, 5e08/s and 1e08/s. Thus, each system is deformed at the constant strain rate of 

υ ρπ ί  under an NPT ensemble for both temperatures, employing a time-step of 1 fs. 

Throughout the loading, a zero-pressure boundary condition is applied in the other two dimensions 

of the simulation box. 

6.3.5 Shape memory behavior 

To understand the factors influencing the shape memory behaviors, a thermo-mechanical 

loading cycle is implemented within the simulations, as illustrated in Figure 6. 5, and has 

following steps: 

(a) Rapidly heating the highest crosslinked structure (crosslinking density = 62.7%) obtained 

from 6.3.3 from room temperature (Ὕ ςωψ+) to the deformation temperature (Ὕ ) (that is 

above Ὕ). 

(b) Maintaining the temperature at Ὕ  for 0.4 ns. 

(c) Subjecting the sample to stretching with the strain up to 0.5 (‐ πȢυ) at Ὕ , with a rate 

of ρ ρπ ί .  

(d) Allowing for an NVT isochoric relaxation for 0.4 ns at Ὕ . 

(e) Cooling from Ὕ  to Ὕ. 

(f) Keeping the temperature constant at Ὕ for 0.2 ns using the NVT ensemble. 

(g) Unloading the sample and releasing stress with the NPT ensemble for 0.5 ns at a 

temperature of Ὕ. 

(h) Reheating the system from Ὕ to the recovery temperature (Ὕ  ). 

(i) Conducting NPT deviatoric relaxation at Ὕ   for 0.5 ns, which serves as the recovery 

step. 

The heating and cooling rate of 0.5 K/ps is used in each heat and cooling step, respectively. It 

should be noted that the strain rate of ρ ρπ ί   used in deformation step (c) is higher than 

the strain rate used in Section 6.4.3. The strain rate for the shape memory polymer deformation 

process is intentionally faster to achieve results more quickly. It is important to note that the 

simulations discussed here are independent of those described in Section 6.4.3, focusing 

specifically on the shape memory behavior under specific conditions. The changes of the strains 



 67 

in the cycles are recorded and the recovery ratio (Ὑ) is defined as Ὑ  , where ὰ and ὰ are 

the length of specimen cube in its permanent and recovered shapes, respectively.  

 

 

Figure 6. 5. Schematic thermomechanical loading conditions for shape recovery.  

6.4 Results and Discussions 

6.4.1 Crosslinked modeling 

After polymerization, measuring the degree of crosslinking is essential to verify the effectiveness 

of the crosslinking algorithm. Crosslinking density refers to the ratio of bonds formed at particular 

iteration to the total possible bonds in the system. As shown in Figure 6. 6. (a) Schematics of 

polymerization and crosslinks of tBA (monomer) and DEGMA (crosslinker) mixture before and 

after the crosslinking process. (b) Crosslinking density across iterations from 0 to 100.a, within 

acrylate-based polymer networks, the monomer assumes the role of the soft segment that results 

in shorter and less bulky chains. This increases the mobility of the molecular chains and facilitates 

easier deformation especially when the material shifts from rigid plastic at room temperature to 
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soft rubber above its Ὕ. Concurrently, the crosslinker serves as a net-point, weaving a network 

structure throughout SMPs. 

The crosslinking process is iterated up to 100 times, with the quantity of crosslinking recorded 

every 10 iterations. After the crosslinking process begins, the simulations continue until either the 

system runs through the predetermined 100 iterations, or all activated reactive sites can be 

crosslinked. As depicted in Figure 6. 6. (a) Schematics of polymerization and crosslinks of tBA 

(monomer) and DEGMA (crosslinker) mixture before and after the crosslinking process. (b) 

Crosslinking density across iterations from 0 to 100.b, the tBA-co-DEGMA system achieves its 

maximum crosslink density of 62.7% in the allotted number of repetitions. 

 

Figure 6. 6. (a) Schematics of polymerization and crosslinks of tBA (monomer) and DEGMA (crosslinker) mixture 

before and after the crosslinking process. (b) Crosslinking density across iterations from 0 to 100. 

6.4.2 Glass transition temperature 

Thermal transitions are significant in the development and use of thermal-responsive SMPs and 

are also crucial for validating the computational model. When the temperature increases, the 

polymer transforms from a rigid solid, which exhibits minimal deformation under external forces, 

to a highly elastic state with a significant increase in deformation capacity. Ὕ is calculated by 

measuring the changes in MSD and the density of SMPs.  

MSD measures the deviation over time between a particle's position and its initial position, serving 

as a common method for assessing the random mobility of atoms within a system. MSD curves 

are generated for the system with highest crosslinking (iteration =100) at different temperatures to 

characterize thermal motion, as shown in Figure 6. 7a and Figure C. 2. As temperature increases, 

MSD values rise continuously, because of the thermal motion of the molecules; moreover, these 

values gradually increase over time. As temperature increases, MSD values exhibit a continuous 
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increase owing to the thermal agitation of molecules. MSD values increase with time for given 

temperature till equilibration. During the transition from a glassy to a rubbery phase in polymers, 

the interplay of torsional and rotational motions alongside local mobility facilitates chain 

disentanglement, culminating in a sudden surge in diffusivity. This abrupt spike in diffusivity 

manifests as a sharp ascent in the MSD curves plotted against time elapsed. By scrutinizing the 

intervals between individual MSD curves, a rough estimate of the glass transition temperature 

within a 10 K range can be derived. In Figure 6. 7a and Figure C. 2, a clear distinction in the 

mobility of chain segments is evident between lower temperatures (not exceeding 390 K) and 

higher temperatures (not falling below 400 K). This abrupt transition between the two temperature 

ranges is further highlighted in Figure 6. 7b, where the MSD is re-plotted against temperature at 

200 ps. Notably, the Ὕ is observed to be around 390 K. To determine the optimal fit curve, an 

iterative procedure employing the piecewise linear function along with "orthogonal distance 

regression" algorithms [238, 239] is used. 

 

Figure 6. 7. (a) MSD curves for the highest crosslinked system (crosslinking density = 62.7%) at various temperatures. 

(b) MSD of the structure as a function of temperature for the highest crosslinked system (crosslinking density = 62.7%) 

at 200 ps. Intersecting point of fit of two linear regression lines is noted as Ὕ. (c) Density as a function of temperature 

(blue line) for the system with the highest crosslinked (crosslinking density = 62.7%). The straight-line fits (red lines) 
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of the glassy and the rubbery density versus temperature is shown. The Ὕ for this case is determined to be 379.8K. A 

similar analysis is done for the other 9 systems with different crosslinking densities, as shown in Figure C. 3. (d) The 

Ὕ values for different crosslinking densities.  

The second method, the expansion method, uses the fact that the glass transitions are second-order 

phase transition, where thermal expansion coefficient changes abruptly before and after Ὕ. It is 

commonly understood that during the glass transition of polymers, molecular motion facilitates 

the disentanglement of chains. Consequently, there is an increase in thermal expansion exhibited 

by the polymers. This increase in thermal expansion manifests as a sudden rise in volumetric 

properties. By examining the shifts in density with temperature, one can approximate the value of 

the glass transition temperature. This method can be considered more accurate than the first 

method (using MSD) as it depends on the physical quantity of the system that can be also measured 

in experiments. This method has been used in multiple previous works [240-243]. Here, the 

temperature of systems is decreased with varying crosslinking densities from 600 K to 150 K at a 

cooling rate of 0.050 K/ps under isobaric conditions (NPT ensemble). The recorded density for 

each system is plotted against the temperature, as shown in Figure 6. 7c (for crosslinking density 

= 62.7%) and Figure C. 3 (for other different crosslinking densities system). It is evident that for 

all the systems, density decreases with increase in temperature, and a change in slope is observed. 

The thermal expansion coefficient is proportional to the slope and the temperature where the slope 

changes correspond to Ὕ. 

The change in the slope (at Ὕ) indicates transition from a glassy state (where chain segment 

motion is restricted) to a rubbery state (where chain segments gain flexibility). Ὕ is estimated with 

piecewise linear regression for all 10 systems. For example, Figure 6. 7c determines Ὕ of the 

system that has highest crosslinking density (crosslinking density = 62.7%) as 379.8 K. In 

experiments, our group obtained Ὕ value between 60 to 80 °C (from 333.15 to 353.15 K) for the 

same system [1]. The simulated cooling rate is at least several orders of magnitude faster than 

achievable in any experiment, leading to a shift in Ὕ towards higher values. This phenomenon has 

also been observed in previous studies [244, 245] and is primarily due to logarithmic cooling rate 

dependence. The difference between MD simulations (crosslinking density = 62.7%) and 

experiments (crosslinking density in experiment is not known) is around 5.66% indicates that the 

current model and crosslinking process in MD simulations are capable of predicting Ὕ of polymer 

systems.  
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Figure 6. 7d shows increase in Ὕ with increase in crosslinking density (or iteration). A similar 

trend has been reported in previous studies [246-249]. In highly crosslinked networks, where the 

number of monomers between crosslinking points decreases, Ὕ can reach substantially higher 

values in comparison to the non-crosslinked system. This increase is attributed to the establishment 

of a more compact model structure with a larger relative molecular mass in high crosslinking 

models. This hinders the free movement of molecular chains, resulting in an elevated Ὕ . 

Furthermore, a higher crosslinking density intensifies the hindrance to molecular chain movement. 

An increase in crosslinking implies that the transition has to change the property of a larger number 

of bonds, angles, etc. This increases the required energy and thus increases Ὕ. 

6.4.3 Mechanical behavior  

The influence of the crosslinking density and temperature (above and below Ὕ) on the mechanical 

properties of tBA-co-DEGMA SMP is investigated. All 10 crosslinked systems are deformed at 

room (298 K) and high (400 K) temperatures, with a constant strain rate υ ρπ ί . Figure 6. 

8a, Figure C. 5, and Figure C. 6 present the typical stressïstrain curves of the tBA-co-DEGMA 

SMP with different crosslinking densities at room (298 K) and high (400 K) temperatures, 

respectively. Those trends are manifested in the strength and Youngôs modulus through the 

calculation of the slope of the linear segment of the curves. The increase of corresponding 

properties for each state is observed as illustrated in Figure 6. 8b and d. 

Figure 6. 8b shows that Youngôs modulus increases from 215 MPa to 1350 MPa, while the yield 

strength increases from 11 MPa to 73 MPa at about 8% strain, with the crosslinking density 

increase from 0% to 43.0%. Furthermore, Youngôs modulus continues to rise to 1600 MPa, and 

yield strength increases to 88 MPa reaching the highest crosslinking density at room temperature. 

This implies that the Youngôs modulus and the yield strength gradually increase as crosslinking 

density increase in glassy (below Ὕ) state. This aligns with the usual pattern observed in polymeric 

systems, where highly crosslinked systems demonstrate a greater capacity to bear loads compared 

to systems with lower levels of crosslinked [250]. Experimentally, the tBA-co-DEGMA yields at 

a stress of 10.5 MPa, then breaks at Ḑ0.3 strain; and the youngôs modulus is 270.12 MPa [1]. Each 

value in experiment is less than those from MD simulation, because the strain rate in MD 

simulation is at ten orders of magnitude higher than those in experiments. By using a linearized 
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Eyring-like model, Figure C. 7 shows that the Young's modulus values predicted by MD 

simulation align well with the experimental data. Therefore, the MD simulation results can be 

considered reliable for predicting the mechanical properties of copolymers, based on the agreement 

between the simulation and experimental outcomes. More detail can be found in Figure C. 7. 

 

Figure 6. 8. (a) Stressïstrain curves obtained at tensile deformation of un-crosslinked and crosslinked systems with 

crosslinking densities of 43.0%, 51.5% and 62.7% at room temperature (T=298 K). (b) Yield strength [149] and 

Youngôs modulus (red) with different crosslinking densities at room temperature (glassy state). (c) Stressïstrain curves 

obtained at tensile deformation of un-crosslinked and crosslinked systems with crosslinking densities of 43.0%, 51.5% 

and 62.7% at high temperature (T=400 K). (d) Yield strength [149] and Youngôs modulus (red) with different 

crosslinking densities at high temperature (rubbery state). 

Similarly, Figure 6. 8d displays that as the crosslinking density increases from 0% to 43.0%, 

Youngôs modulus increases from 29 MPa to 160 MPa, and the yield strength increases from 2.9 

MPa to 8.1 MPa at about 8% strain. Subsequently, Youngôs modulus continues to increase by 
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approximately 700 MPa, and yield strength reaches 35 MPa at the highest crosslinking density at 

400 K. This highlights a gradual augmentation in Youngôs modulus and yield strength with 

increasing crosslinking, particularly in the rubbery state (above Ὕ). On the other hand, comparing 

Figure 6. 8a and c, the tBA-co-DEGMA exhibits reduced mechanical properties at 400 K 

compared to the room temperature, and the yielding point becomes less distinct. Youngôs modulus 

decreases to ~700 MPa from 1600 MPa for the same crosslinking density tBA-co-DEGMA, and 

the yielding point becomes less clear.  

Furthermore, at room temperature, the stress curves show an increase with higher strain until 

reaching the yield point. Subsequently, stress undergoes a decline. More details are explained in 

Figure C. 8.  However, no significant stress decrease is observed in the stress-strain curve at 400 

K. This observation is rational as chain mobility increases at higher temperatures, facilitating easier 

deformation. Conversely, the melting of the crystalline phase can also contribute to reduced 

stiffness and strength. Supporting this, Peng et al. [62] reported that 10 nm amorphous 

Polyethylene (PE) nanofibers below the Ὕ exhibited more pronounced necking after reaching the 

yield point compared to results above the Ὕ, leading to stress decrease. 

6.4.4 Shape memory behavior 

The effect of recovery temperature and deformation temperature on shape memory performance 

are studied. A basic form of shape memory effect in SMPs is shown in Figure 6. 5. As shown, the 

polymer samples are first heated to a deformation temperature (Ὕ ). Samples are subsequently 

loaded at Ὕ . After the loading, samples are cooled down to room temperature. After unloading, 

samples have fixed deformed/temporary shape at room temperature which finishes the shape fixing 

step for SMPs. Original shape can be recovered from deformed/temporary shape by heating the 

sample at Ὕ  . In most of the cases, both Ὕ  and Ὕ are more than Ὕ (thus Ὕ is also called 

shape memory transition temperature, Ὕ  ). As shown in section 3.2, Ὕ can be modified by 

changing the degree of crosslinking thus modifying the required Ὕ  and Ὕ  . In this 

section, we show the impact of Ὕ  and Ὕ   on shape memory behavior of system with 

highest cross-linking density. 

In the deformed/temporary state, considerable internal stress is stored within its crosslinking 

structure. Heating the structure above Ὕ /Ὕ releases this accumulated stress and original shape 



 74 

can be obtained again. In experiments, slightly high temperature (~ +10 K) is used for recovery of 

the polymer, but these experimental temperatures cannot cause notable recovery in atomistic 

simulations due to difference in timescale (~ nanosecond runs in simulations) [251]. Recovery in 

the atomistic simulations can be accelerated by using higher temperatures than experiments. Here, 

we increased Ὕ  and Ὕ   incrementally by 20, 40, and 80 K higher than Ὕ. Since 

Ὕ    needs to be higher than the Ὕ  , this results in total six conditions. The changes of 

strain in tBA-co-DEGMA SMP with the highest crosslinking density during the shape recovery 

process are recorded as shown in Figure 6. 9. Strain recovery rates for six different conditions are 

shown and the recovery speed depends on the deformation temperature and recovery temperature. 

 

Figure 6. 9. Evolution of stretch recovery for highest crosslinking density system at deformation of (a) Ὕ ςπ K, (b) 

Ὕ τπ K, and (c) Ὕ ψπ K and at different recovery temperatures (black line: Ὕ ςπ K, red line: Ὕ τπ K, and 

blue line: Ὕ ψπ K).(d) Strain recovery in 0.5 ns with different deformation and recovery temperatures.   
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Figure 6. 9a reported that when Ὕ  Ὕ ςπ K, raising the Ὕ   would progressively 

enhance the Ὑ parameter from ~3% to ~ 5.5% and ~8% for Ὕ   increased from 20 to 40 and 

80 K. Figure 6. 9b shows that when Ὕ  Ὕ τπ K, Ὕ   shows an insignificant effect 

on Ὑ. Moreover, comparing Figure 6. 9c, when using the same Ὕ  , the smaller the Ὕ  

used, the larger the Ὑ  shows. In conclusion, increasing the Ὕ   and decreasing Ὕ , 

increases the Ὑ . A similar phenomenon was reported in previous studies, including both 

experimental observation [252] and simulation works [253, 254]. Abberton et al. [254] suggested 

both Ὕ  and Ὕ   between 1.27Ὕ  and 1.90 Ὕ  to achieve the best shape recovery 

performance.  

To better understand the effect of  Ὕ  , we considered potential energy, as shown in Figure 

6. 9. At the same relative Ὕ , the potential energy in the final period at higher Ὕ  is also 

higher than at lower temperature. This difference is the source of the difference in the simulation 

system's Ὑ. On the other hand, decreasing Ὕ , increases the Ὑ at the same Ὕ  . This is 

due to the significant plastic deformation observed at the net points and/or the occurrence of 

nonreversible flow within the segments as the Ὕ  rises. When deformation is done at or a little 

above the Ὕ , the material is in a state where it can undergo significant rearrangement without 

permanent plastic deformation. This means that any deformation incurred is reversible, leading to 

enhanced shape recovery during subsequent heating cycles.  

6.5 Conclusions  

In this work, MD simulations are used to study acrylate-based shape memory polymer system 

(tBA-co-DEGMA) with various crosslinking densities. A cross-linking technique is introduced to 

build a series of systems with different crosslink densities; several key properties of this material, 

including thermomechanical property (Ὕ ), mechanical property (Youngôs modulus and yield 

strength) and shape memory properties are studied. The results from the MD simulations show 

that an increase in crosslinking density can cause the increase in Ὕ, as well as Youngôs modulus, 

and yield strength in both the glassy and rubbery states. Furthermore, the effect of recovery 

temperature and deformation temperature are investigated. Using the same recovery temperature, 

the smaller the deformation temperature used, the larger the recovery ratio shows.  The findings 

reveal that SMPs exhibit ideal shape deformation at low temperatures and efficient shape recovery 
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at high temperatures. We expect that this research will be useful in custom-designing new stimuli-

responsive materials as well as in gaining a deeper knowledge of the microstructure dependent 

thermo-mechanical behavior of shape-memory polymers. Future simulation work can build on 

these results to examine the effects of filler particles and to test FUS-responsive on the SMP 

behavior. 
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Chapter 7  Molecular Insights into Ultrasound-Triggered Shape 

Memory Polymers: A Molecular Dynamics Study 

7.1 Overview 

Shape memory polymers (SMPs) have attracted considerable attention for their applications in 

biomedical devices, soft robotics, and smart materials due to their ability to undergo programmed 

shape transformations. Among various external stimuli, ultrasound has emerged as a promising 

non-contact activation method; however, its molecular-level mechanisms remain largely unclear. 

In the present work, we employ atomistic molecular dynamics simulations to elucidate the 

thermomechanical response of SMPs under focused ultrasound stimulation. We identify key 

mechanisms, including ultrasound-induced localized heating, and investigate the influence of SMP 

crosslinking density on shape recovery efficiency. Our results highlight the critical role of 

crosslinking density in determining mechanical stability and molecular relaxation dynamics. These 

findings provide fundamental insights into the behavior of ultrasound-responsive SMPs, offering 

valuable guidance for the development of next-generation smart materials with tunable actuation 

properties for biomedical and engineering applications. 

7.2 Introduction  

Shape memory polymers (SMPs) are a class of stimuli-responsive materials capable of undergoing 

programmed shape transformations, making them promising candidates for biomedical devices, 

soft robotics, smart clothing, and smart textile [9, 14, 177, 203, 204]. Traditional SMPs activation 

methods, such as thermal, light, or electro stimuli [1, 2, 255, 256], often require direct contact or 

localized heating, limiting their applicability in non-invasive and remote-controlled systems, 

particularly their applications in biomedical applications [257]. For example, direct heating is 

among the most commonly employed activation techniques due to its advantages, including 

precise control over the switching temperature and excellent shape memory properties. However, 

it's in vivo application is impractical, as the elevated activation temperature poses a risk of 

irreversible tissue damage [33, 34]. To mitigate thermal damage, body heat-triggered activation 

has been explored, but the challenge of precisely tuning the thermal transition temperature of SMPs 

restricts their applicability in biomedical fields [35]. Indirect activation techniques (eg. light [18, 

19], magnetic fields [20, 21], electric fields [22], and radio frequency waves [23]) have been 

developed; however, while these approaches offer potential solutions, they also present safety 
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concerns and practical limitations. As a result, focused ultrasound (FUS) has recently emerged as 

a promising non-contact activation method due to its ability to induce localized heating and 

mechanical stress within materials, offering precise spatial and temporal control over shape 

recovery  [175, 181, 258]. FUS-actuated SMPs have been reported that can be used in multiple 

biomedical applications [7, 50, 180]. For example, FUS has been utilized for controlled drug 

delivery systems made of SMPs, enabling the precise dispensation of pharmaceutical agents at 

predetermined anatomical sites within the human body [6]. While experimental studies have 

demonstrated FUS actuation in SMPs, the fundamental molecular-level mechanisms governing 

this response remain poorly understood.  

FUS is an emerging and effective external stimulus with a distinctive ability to remotely induce 

shape recovery by generating localized heating and triggering intermediate phases [48-50]. When 

applied to a specific region, FUS produces a significant thermal effect on SMP materials. This 

phenomenon occurs due to the polymer matrix's capacity to absorb acoustic energy resulting from 

viscous shearing caused by FUS-generated mechanical waves, subsequently dissipating this 

energy as heat. Bhargava et al. [6, 24, 49, 50] developed an acoustic-thermoelastic mathematical 

framework for modeling the FUS-induced thermal actuation of SMPs using the Khokhlovï

ZabolotskayaïKuznetsov (KZK) equation [148, 149]. The nonlinearity of acoustic waves affects 

the thermal distribution within the polymer, ultimately facilitating shape recovery. 

As an alternative, this study employs molecular dynamics [18] simulations to explore how FUS 

triggers the thermal actuation of SMPs and their recovery ability. MD simulations provide a 

powerful tool to uncover atomistic-scale insights into polymer behavior [62, 84, 102, 218]. 

Previous computational studies have explored the thermomechanical properties of SMPs and their 

response to conventional heating or mechanical loading [259], but the unique effects of ultrasound-

induced forces have yet to be systematically analyzed. In our group's previous work, Peng et al 

[260] studied the FUS-triggered thermal effect on high- and low-density polyethylene (PE) using 

MD simulations and reported that the thermal effect is closely associated with the viscoelasticity 

of the polymer. Peng et al [1] also reported that MD simulations examining the crosslinking 

mechanism during the curing process of tBA-co-DEGMA (TD)/PS composites. The findings 

revealed that the inclusion of PS impedes both polymerization and crosslinking processes, 

hindering the formation of a tightly crosslinked network during the curing process. In another 

work, our group [259] investigated the effect of crosslink density on the mechanical and thermal 
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properties of SMPs, as well as the effect deformation and recovery temperature on SMPsô 

recoverability.  However, the role of crosslinking density in modulating ultrasound-driven 

recovery remains an open question, with potential implications for designing tunable SMPs with 

optimized performance. 

In this study, we employ full-atomistic MD simulations to investigate the molecular mechanisms 

of shape recovery in SMPs triggered by FUS. We examine the effect of crosslinking density on 

shape recovery efficiency, providing insights into the development of advanced SMP materials 

with enhanced functionality for biomedical and other applications. 

7.3 Materials and methods 

MD simulations are performed utilizing the LAMMPS software package (Large-scale 

Atomic/Molecular Massively Parallel Simulator) [225]. The visualization of models is carried out 

using the Open Visualization Tool (OVITO) [226]. The structures of tert-Butyl acrylate (tBA, 

C7H12O2, monomer) and di(ethylene glycol) dimethacrylate (DEGMA, C12H18O5, crosslinker), as 

presented in Figure 1a, are generated with the Materials Studio software [223], with using the 

consistent valence force field (CVFF) [8, 20]. Each cubic simulation box includes 2304 tBA and 

216 DEGMA, ensuring a mass ratio of tBA to DEGMA molecules of 85:15 [8]. To maintain 

continuity across the simulation domain, periodic boundary conditions are imposed in all spatial 

directions, and a timestep of 1 fs is utilized. The structure is equilibrated through thermal processes. 

The initial geometry is melted first by increasing the temperature from 298 to 500 K. Thereafter, 

the system undergoes a gradual cooling process down to 298 K, followed by an additional NPT 

equilibration step at 298 K for 1 ns. Finally, the system is cooled down to 300 K and equilibrated 

again. Upon completion of the relaxation procedure, the simulation box achieves a side length of 

approximately 168 Å. 

Once the initial un-crosslinked system is equilibrated, the crosslinking process starts. Crosslinking 

procedure is required to create new bonds and to write the force constants of newly formed bonds. 

Specifically, a new bond will form when the distance of two active sites is shorter than 4.5 Å [1]. 

It is noted that the new bond can only form between different molecules. To avoid sudden energy 

fluctuations that could result in instability, the system undergoes relaxation after each iteration. 

This process includes equilibration through both NVT and NPT ensembles. Once equilibrium is 
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reached, the next iteration starts again. A detailed crosslinking process is in our previous paper 

[259]. 

 

Figure 7. 1. Molecular structures of (a1) tert-Butyl acrylate [18], and (a2) di(ethylene glycol) dimethacrylate 

(DEGMA). (b1) Schematics of polymerization and crosslinks of tBA (monomer) and DEGMA (crosslinker) mixture 

after the crosslinking process. (b2) A snapshot of a tBA-co- DEGMA simulation box from our simulations (c) 

Schematics of typical ultrasound-induced heating setup.  

MD simulations are employed to investigate the factors influencing the variability in heating rates 

under the influence of FUS. Within the simulation, the substrate undergoes vertical oscillations at 

various frequencies to replicate the mechanical vibrations induced by ultrasonic waves. The 

substrate is maintained at 300 K to mimic the heat sink conditions at room temperature, while no 

temperature constraints are imposed on the polymer system (NVE ensemble). The substrate's 

velocity in the z-direction is given by the formula ὺ ὃ‫ÃÏÓ‫ὸ, where A represents 

amplitude and ɤ denotes frequency. Frequency, amplitude and duration parameters will be 

adjusted. Notably, concerning FUS specifications, the amplitude and frequency employed are 

directly proportional to the ultrasound input power and frequency. 

To investigate the factors affecting shape memory behavior, a thermo-mechanical loading cycle is 

applied in the simulations, as depicted in Figure 7. 2. The process consists of the following steps: 

The highest crosslinked structure (crosslinking density = 62.7%) is (a) rapidly heated from room 

temperature (Ὕ ςωψ+) to the deformation temperature (Ὕ τππ+); (b) kept at Ὕ  for 0.4 

ns; (c) stretched at Ὕ  to a strain of 0.5 (‐ πȢυ) with a deformation rate of ρ ρπ ί ; (d) 

kept in an NVT isochoric relaxation for 0.4 ns at Ὕ ; (e) cooled from Ὕ  to Ὕ; (f) kept the 

temperature constant at Ὕ for 0.2 ns using the NVT ensemble; (g) unloaded and released stress 

with the NPT ensemble for 0.5 ns at a temperature of Ὕ. Throughout the heating and cooling 
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stages, a rate of 0.5 K/ps is applied. More detailed of those step is in our previous paper [259]. 

Final, the structure is reheated by applying FU, which serves as the recovery step. Strain variations 

during the cycles are recorded, and the recovery ratio (Ὑ) is determined using the equation: Ὑ

 , where ὰ and ὰ are the specimenôs length in its permanent and recovered states, 

respectively.  

 

Figure 7. 2. Schematic for shape recovery. 

7.4 Results and Discussions 

We systematically study the thermal effect of FUS on SMPs across a wide range of oscillation 

times, amplitudes (A) and frequencies (f). The relationship between crosslinking density and the 

temperature evolution of the polymer system under different irradiation frequencies is illustrated 

in Figure 7. 3. The results are presented for three amplitudes: (a) 0.5 ns, (b) 1 ns, and (c) 2 ns, as 

well as three frequencies of 25 GHz, 50 GHz, and 75 GHz. The results show that both oscillation 

times and crosslinking density significantly influence the thermal response of the polymer system. 

Higher frequencies (such as 75 GHz) induce greater heating effects, and this effect is further 

enhanced as the crosslinking density increases.  
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Figure 7. 3. Temperature versus each crosslinking density curve for (a) 0.5 nm, (b) 1 nm, and (c) 2 nm at frequencies 

of 25 GHz (black line), 50 GHz (red line), and 75 GHz (blue line) for 20 ns. 

The effect of recovery temperature and deformation temperature on shape memory performance 

are studied. A basic form of shape memory effect in SMPs is shown in Figure 7. 4. As shown, 

Figure 7. 4 illustrates the strain recovery in the x-direction over time for polymer networks with 

different crosslinking densities (43%, 51%, and 63%). The strain recovery follows a decreasing 
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trend, indicating a progressive shape recovery process driven by thermal activation. Higher 

crosslinking densities exhibit greater overall strain recovery, highlighting the role of network 

rigidity in shape memory behavior. Comparing the different crosslinking densities, the 43% system 

shows the least strain recovery, suggesting that lower crosslinking limits the stored elastic energy 

and structural integrity required for efficient shape recovery. These findings are consistent with 

previous studies on shape memory polymers, where an increase in crosslinking density improves 

mechanical integrity and enhances shape fixity and recovery ratios.   

 

Figure 7. 4: Evolution of stretch recovery for crosslinking density system: 43% (blue line), 51% (red line), and 63% 

(black line) under A=1 nm and f=75 GHz. 

7.5 Conclusions  

This study provides fundamental insights into the thermomechanical behavior of SMPs under 

FUS stimulation using full-atomistic MD simulations. Our results present that both oscillation 

times (amplitudes and frequencies) and crosslinking density play critical roles in governing 

temperature evolution and strain recovery dynamics. Higher frequencies lead to enhanced 

localized heating, with crosslinking density further modulating the thermal response and recovery 

efficiency. The observed trends highlight the importance of optimizing network structure to 

achieve desirable actuation performance in SMPs. These findings contribute to a deeper 

understanding of ultrasound-responsive SMPs, offering valuable guidance for the design of next-
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generation smart materials with tunable actuation properties for biomedical and engineering 

applications. 
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Contributions 

1. For the first time, electrospun acrylate-based SMP composite fibers with tunable diameters 

were fabricated using polystyrene reinforcement, revealing that fiber morphology significantly 

impacts thermal and mechanical properties as well as shape recovery behavior. 

2. For the first time, the water uptake behavior of hydrophilic and hydrophobic SMP networks 

was systematically compared under HIFU activation, showing that pre-immersion enhances 

shape recovery due to water plasticization and acoustic matching. 

3. For the first time, a two-way shape memory polymer based on crosslinked cPEVA was 

synthesized and used to demonstrate reversible motions such as gripping, rolling, and jumping, 

enabling advanced applications in soft robotics. 

4. For the first time, boron nitride (BN) was introduced into acrylate-based SMPs to enhance 

thermal conductivity, achieving up to 75% shape recovery under FUS and demonstrating trade-

offs between actuation efficiency and stiffness. 

5. For the first time, atomistic molecular dynamics simulations were applied to acrylate-based 

SMPs to investigate how varying crosslinking density influences Ὕ, Youngôs modulus, yield 

strength, and shape memory behavior in both glassy and rubbery states. 

6. For the first time, the molecular mechanisms of FUS-triggered shape recovery were elucidated 

using full-atomistic MD simulations, revealing how ultrasound frequency, amplitude, and 

crosslink density govern localized heating and actuation performance. 
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Table A.1: Electrospinning Conditions 

Polystyrene 

[150] 

concentration 

(wt%) 

tD : PS 

(wt%) 

Flow rate 

(µL/min) 

Voltage          

(kV) 

Working 

distance      

[261] 

25 1 : 1 1, 2.5, 5 25 17 

30 1 : 1 1, 2.5, 5 25 17 

35 1 : 1 1, 2.5, 5 25 17 

40 1 : 1 
0.75, 1, 2.5, 5, 

7.5, 10 
25 17 
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Figure A.1. Histogram of fiber diameter distribution of electrospun nanofibers with differrnt PE solution 

concentration of 25 wt% (a-c), 30 wt% (d-f) and 35 wt% [110] at various flow rates of 1.0 µL/min (a, d, g), 2.5 µL/min 

(b, e, h) and 5.0 µL/min (c, f, i).  
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Figure A.2. Histogram of fiber diameter distribution of electrospun nanofibers with 40 wt% PE solution at various 

flow rates; (a) 0.75 µL/min, (b) 1.0 µL/min, (c) 2.5 µL/min, (d) 5.0 µL/min, (e) 7.5 µL/min, and (f) 10.0 µL/min.  
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Figure A.3. (a) Storage modulus and (b) tan delta obtained from DMA tests for electrospun fibers with 35 wt% PE 

solution at different flow rates. 
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Figure B. 1. DMA curves of each polymer network. (a) CN9009_T40_Q1; (b) CN9009_T40_Q2; (c) 

CN9009_T60_Q1; (d) CN9009_T60_Q2; (e) CN9009_T80_Q1; (f) CN9009_T80_Q2.  
























































