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Abstract 

In this study, the shape memory, thermal actuation, and self-healing 

functionality of thermoplastic epoxy resins are investigated, and their 

applications in artificial muscles, smart textiles, and flexible smart films 

are discussed. The main results obtained in this study are shown as follows. 

(1) Development of thermoplastic epoxy filament for thermal actuation 

with excellent shape memory properties 

An epoxy resin mixture composed of epoxy and phenol monomers is 

used to prepare thermoplastic epoxy polymer through a polymerization 

reaction and shape memory thermoplastic epoxy filament was successfully 

developed for the first time through a melt-drawing process. Tensile tests 

showed that the yield stress of the developed shape memory thermoplastic 

epoxy filament reached 63 MPa, which is an increase of 54% compared 

with thermoplastic epoxy films. Shape memory experiments showed that 

the developed shape memory thermoplastic epoxy filament has excellent 

shape memory performance, with a shape fixation rate of 97%, a shape 

recovery rate of over 97%, and good stability in cycling. Based on the 

shape memory performance analysis, the shape recovery stress of the shape 

memory thermoplastic epoxy filament was characterized. Shape recovery 

stress responded to temperature stability and increased with the increase of 

strain, reaching 1.45 MPa at a strain of 35%. The shape memory 
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thermoplastic epoxy filament can reach an energy density of 0.066 J/cm3 

during thermal actuation and shows greater application potential when 

processed into textiles. In addition, the chemical structure, thermal 

performance, and dynamic mechanical performance of shape memory 

thermoplastic epoxy filaments are analyzed. The developed shape memory 

thermoplastic epoxy filament shows excellent shape memory performance, 

and the output shape recovery stress is more than 5 times that of 

thermoplastic epoxy film, which provides huge application potential in the 

fields of artificial muscles and smart textiles. 

(2) Development of shape memory thermoplastic epoxy films with human 

skin temperature response and self-healing function through the regulation 

of thermal and mechanical properties by PEG 

In order to expand the application scope of thermoplastic epoxy resins, 

epoxy-polyethylene glycol (PEG) films with controllable thermal and 

mechanical properties were prepared by dispersing PEG, and their 

multifunctional shape memory properties were explored. PEG has 

excellent compatibility with unpolymerized epoxy resin because of the 

existence of a large number of C-O bonds and hydroxyl groups. A uniform 

and stable epoxy-PEG colloidal-like mixture can be obtained through 

environmentally friendly melt dispersion, and the PEG molecules are 

uniformly and stably wrapped in the polymerized epoxy molecular chain. 

The dispersion of PEG with different contents enables epoxy-PEG films to 
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be regulated between rigid and flexible without significantly reducing the 

thermal stability of epoxy-PEG, which greatly expands the application 

range of epoxy resin. Epoxy-PEG films with different PEG contents all 

have excellent shape memory properties with shape recovery rates between 

92% to 100%, and can be regulated by heat-stimuli between original and 

temporary shapes. In addition, based on the regulation of Tg of epoxy-PEG 

films by PEG, the heat-stimuli temperature of epoxy-PEG films can also 

be adjusted to meet different application requirements. With increasing 

PEG content, epoxy-PEG films are able to achieve shape memory with 

human skin temperature response, self-healing, and heating-based 

adhesive functions. The epoxy-PEG films with controllable thermal and 

mechanical properties prepared by dispersion of PEG show greater 

application potential in the fields of shape memory and flexible smart 

materials. 

(3) Development of shape memory thermoplastic epoxy filament with 

controllable heat-stimuli temperature for adapting thermal actuation of 

different temperature responses 

Shape memory thermoplastic epoxy-polyethylene glycol (PEG) 

filaments were prepared for the first time based on the research of PEG-

modified thermoplastic epoxy, and the heat-stimuli controllability of shape 

memory function was innovatively endowed by adding PEG in an 

environmentally friendly way. PEG regulates the Tg of PEG-modified 
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thermoplastic epoxy without interfering with the polymerization reaction 

of epoxy. The melt spinning temperature of PEG-modified thermoplastic 

epoxy is also reduced from 300 °C to 220 °C, and the spinning effect is 

improved. After PEG modification, Young's modulus of PEG-modified 

thermoplastic epoxy filaments drawn from PEG-modified thermoplastic 

epoxy pellets was higher at room temperature. The developed PEG-

modified thermoplastic epoxy filaments have excellent shape memory 

effect with high shape recovery rates of 93.1%–99.0%, and shape fixation 

rates ranging from 95.8% to 99.1% are also improved after PEG 

modification. Furthermore, PEG-modified thermoplastic epoxy filaments 

have controllable stimuli temperatures of shape memory ranging from 

69 °C to 105 °C. Additionally, the recovery stress of PEG-modified 

thermoplastic epoxy filaments after PEG modification was increased to 

1.77 MPa, and the recovery temperature of the maximum recovery stress 

is reduced from 97 °C to 58 °C as PEG content increases to 15 wt%. The 

problems of difficult melt processing and uncontrollable stimuli 

temperature for thermoplastic epoxy were solved in this study. The 

developed PEG-modified thermoplastic epoxy filaments with heat-stimuli 

controllability of the shape memory function demonstrated excellent 

thermal actuation capabilities and have shown greater application potential 

in thermal actuation, smart textiles, and artificial muscles. 

In conclusion, from the development of thermoplastic epoxy shape 
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memory filaments to the development of multifunctional epoxy-PEG 

including shape memory by dispersing PEG, and further to the 

development of thermally controlled shape memory epoxy-PEG, this 

research developed multifunctional thermoplastic epoxy-PEG material in 

an environment-friendly and low-cost way base on the revealing the 

dispersing mechanism of PEG in thermoplastic epoxy. In terms of textiles, 

the developed pure thermoplastic epoxy filaments show great thermal 

actuation ability on the basis of excellent shape memory properties. The 

further developed thermoplastic epoxy-PEG filaments can respond to heat-

stimuli at different temperatures on the basis of maintaining the excellent 

shape memory properties of pure epoxy filaments, showing an excellent 

controllable heat-stimuli shape memory function. In terms of film materials, 

the developed thermoplastic epoxy-PEG films with more PEG content 

showed a change from rigid to flexible with increasing PEG content and 

showed shape memory with human skin temperature response, self-healing, 

and adhesion performance, which was extremely greatly improved the 

application range of thermoplastic epoxy. 
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Chapter 1: General introduction 

1.1 Shape memory materials 

Smart materials that can produce significant performance changes due 

to external stimuli are the necessary basis for realizing the concept of 

intelligence in the fourth industrial revolution, which has recently attracted 

much attention [1]. As a class of smart materials, shape memory materials 

(SMMs) have gradually been applied in various fields due to their 

advanced versatility [2]. SMMs are able to dynamically switch between 

primitive and temporary shapes through a variety of external stimuli to 

perform their functions in different application domains [3].  

External stimuli usually refer to changes in the external environment, 

the ability to respond to specific or multiple external environmental 

changes is considered a prerequisite for SMMs, and the actual ability to 

achieve executive functions according to the response is a key factor for 

SMMs to be defined as smart materials [4]. The original shape of SMMs, 

also known as the permanent shape, is usually the shape processed by the 

preparation method [5]. The initial shape is changed to a temporary shape 

by specific or predefined external conditions, and this temporary shape can 

perform some functions that the original shape could not perform well [6]. 

Generally, the external conditions that change the initial shape to the 
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temporary shape are external stress, and the temporary shape from which 

the external stress is removed can still be well maintained [7]. When no 

executive function is required, SMMs can be recovery from the temporary 

shape to the original shape by specific external stimuli, and the process of 

recovering the temporary shape to the original shape can also be the 

process of executive function [8]. External stimuli that recovery SMMs 

from their temporary shape to their original shape generally refer to heating, 

indirect heating of light and electricity, changes in electromagnetic fields, 

changes in pH and ions, and changes in humidity [9]. Such non-mechanical 

external stimuli can induce shape recovery of SMMs based on internal 

structural changes [10]. In many practical applications, the shape change 

of materials cannot or is inconvenient to be changed by applying 

mechanical stress, and shape switching by non-mechanical stimuli shows 

the intelligence of SMMs [11]. Not only that, SMMs can also be 

mechanically actuated by outputting mechanical energy during the shape 

recovery process [12]. This shape recovery with mechanically actuation 

function through intelligent response without mechanical stimulation 

undoubtedly expands the application field of SMMs [13].  

Awareness of SMMs can be traced back to the 1940s but was not 

vigorously spread until the 1990s. As its application potential in a wide 

range of fields gradually showed, it began to attract attention in the late 

1990s [14]. The versatile properties of SMMs that can be used in a variety 
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of geometries have made them attractive to designers and are increasingly 

used in automotive, packaging engineering, electronics and textiles [15]. 

In recent years, SMMs, including shape memory alloys, shape memory 

polymers, and their composites, have been gradually applied in aerospace, 

biomedicine and artificial intelligence, and the market prospects have 

gradually expanded while also showing diversification and synergy in 

design and function [16].  

1.1.1 Polymer based shape memory materials 

As one type of SMMs, shape memory polymers (SMPs) have gradually 

attracted extensive attention in recent years [17]. Generally, SMPs that 

respond to heat-stimuli have biphasic or multiphase polymer structures 

with both hard and soft segments [18]. The hard segment and the soft 

segment are connected to each other through physical and chemical cross-

linking, and the formed two-phase or multi-phase structure can show a 

dynamic change process when the external conditions change back and 

forth [19]. When the temperature is lower than the glass transition 

temperature (Tg) of the soft segment, the SMPs can maintain the shape as 

the original shape [20]. When the temperature is higher than the Tg of the 

soft segment and lower than the Tg of the hard segment, the soft segment 

is easily changed into a temporary shape by external stress due to the 

intensified thermal motion of the molecules, and this temporary shape can 
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maintain by rapidly changing the temperature to below the Tg of the soft 

segment due to the rapidly reduced molecule thermal motion [21]. The soft 

segment provides a prerequisite for SMPs to deform due to changes in 

external conditions, while the hard segment confines the deformation 

within a certain range and induces shape recovery [22]. When the 

temperature is raised to the Tg of the soft segment again, the hard segment 

induces the shape recovery of the soft segment whose molecular thermal 

motion is intensified [23]. By design, SMPs generate dynamic changes in 

shape when external conditions change back and forth to meet different 

demanding application fields [24].  

Compared with shape memory alloys (SMAs), SMPs have attracted 

more and more attention due to their high flexibility, lightweight, low cost, 

and high recyclability [25]. They also show great potential in applications 

such as flexible sensors [26], soft actuators [27], self-healing materials [28], 

flexible energy harvesters [29], and smart textiles [30]. In recent studies, 

SMPs obtained better mechanical properties, shorter recovery time, greater 

recovery stress, and electrical conductivity by doping with inorganic 

particles such as carbon nanotubes and graphene [31]. Modification by 

functional particles is an important means to realize the multifunctional 

application of SMPs [32].  

As multifunctional materials, composites based on SMPs have been 
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reported to be able to be applied in artificial intelligence [33], biomedicine 

[34], smart textiles [35], etc. by responding to heat [36], electricity [37], 

humidity [38], light [39], and magnetic fields [40]. In addition, SMPs with 

functions such as repairable, recyclable, and biodegradable has gradually 

received more attention in the field of novel functional materials [41,42]. 

1.1.2 Fiber type shape memory materials 

SMPs can be prepared into fiber (including filament and yarn) shape 

by textile processing [29,43]. Generally, polymers are subjected to 

mechanical drawing during the process of being processed into fibers [44]. 

This drawing makes fiber-type SMPs exhibit better mechanical properties 

due to the high axial orientation of their internal molecular chains [45]. In 

addition to their better mechanical properties, fiber-type SMPs also exhibit 

greater recovery stress, which makes them have greater thermal actuation 

ability [46]. Fiber-based SMPs with high mechanical properties have been 

reported to be used in artificial muscles and thermal actuation [35,47]. Due 

to the versatility of SMPs, fiber-type SMPs have also been reported for 

applications in smart sensors, smart actuators, and other fields [26,48].  

The shape of the fibers enables fiber-type SMPs to be further integrated 

into textiles through textile processing [49]. Through textile processing, 

fiber-type SMPs can be processed into textiles of different shapes for 

application in different fields [50]. It has been reported that fiber-type 
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SMPs have been applied in wearable flexible sensors, smart body 

temperature regulators, and flexible energy harvesters [51]. In addition to 

one-way SMPs, fiber-type SMPs that induce high tropism have been 

reported to be applied to two-way SMPs and exhibit excellent shape 

recovery ability [52].  

In recent years, the development of fiber-type SMPs with high 

biocompatibility, magnetic response, and body temperature response has 

gradually become a research hotspot by endowing fibrous materials with 

versatility [53,54]. It has been reported that fibrous SMPs have been used 

in biomedical fields such as surgical lines, bionic blood vessels, and bionic 

bones [51,55]. In conclusion, fiber-type SMPs show great potential for 

application in the field of actuation with high mechanical requirements 

such as artificial muscles, and at the same time endow textiles with new 

applications such as smart wearable textiles [56]. 

1.2 Epoxy resins 

Epoxy resins are a kind of polymer commonly used in many industrial 

fields [57]. Epoxy resins before curing all have epoxy rings in the 

molecular structure, and this epoxy ring can be opened by the promotion 

of the catalyst, and then react with other components to form a high 

molecular weight epoxy resin [58]. Although the epoxy groups are no 

longer present after the reaction, the reacted resin is often referred to as an 
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epoxy resin [59]. Among epoxy resins, thermosetting epoxy resins 

commonly used on the market today were first reported to be in 

commercial production in 1947 [60].  

Thermosetting epoxy resin is formed by epoxy ring-opening and cross-

linking with other components and has a three-dimensional network 

structure, so they have excellent mechanical properties [61], durability [62], 

and dimensional stability [63]. Thermosetting epoxy resins have also been 

reported to have more properties such as electrical insulation [64], 

corrosion resistance [59,62], and chemical resistance [65]. Depending on 

the type and number of chemical groups, epoxy resins with different 

properties have been reported for a wide range of applications such as 

coatings [66], adhesives [67], and composites [31,68].  

Despite the many advantages of thermoset epoxy resins, there are 

drawbacks in reprocessing and recycling that limit their application [69,70]. 

Compared to thermosetting epoxy resins, thermoplastic epoxy resins have 

the advantages of melt reprocessing and recycling [71,72]. Despite the 

great application potential of thermoplastic epoxy resins, there are still few 

reports on thermoplastic epoxy resins.  

1.2.1 Shape memory epoxy resins 

As a widely used polymer material, shape memory epoxy resin 
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polymers (SMEPs) have become a more promising smart material due to 

their excellent mechanical [73], thermal [74], and electrical properties [75], 

and play a more important role in the field of SMPs [76]. In recent years, 

research on imparting epoxy resin which is a kind of multifunctional 

material shape memory function in the field of composites has gradually 

increased [77]. Epoxy resins have been reported for the development of 

various forms of SMMs, such as in the form of films [78], foams [79], and 

scaffolds [80], with applications in aerospace [81], artificial intelligence 

[82], civil engineering [83].  

The low molecular weight state of epoxy resins before curing is 

favorable for being dispersed by various modifiers for modification, and 

this high variability performance endows epoxy resins with potential 

applications in the field of multifunctional SMMs [84]. Based on the 

modification treatment, it has been reported that epoxy resins can make 

shape memory responses to external stimuli such as heat [85], electricity 

[31,86], light [87], and play an important role in actuation [88], artificial 

muscles [89], and composite materials [36,90]. Notably, most SMEPs are 

thermosetting polymers [91], and studies on thermoplastic shape memory 

epoxy resins are rarely reported. Although thermosetting epoxy resins have 

advantages in mechanical strength and dimensional stability [92], their 

three-dimensional network molecular chain structure makes their 

deformability relatively low, which limits the application range of 
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thermosetting shape memory epoxy to some extent [41,93]. 

Different from thermosetting epoxy resins, thermoplastic epoxy resins 

have a linear molecular chain structure and thus have greater deformability 

[71], which endows thermoplastic shape memory epoxy resins with greater 

toughness. When the temperature reaches the Tg, the storage modulus of 

thermoplastic epoxy resins decreases rapidly [94], which is favorable for 

the shape memory performance with large deformability. In addition, 

thermoplastic epoxy resins can be transformed from rubbery to melt at a 

certain high temperature [95], which endows thermoplastic shape memory 

epoxy resins with the advantages of melt reprocessing and convenient 

recycling. 

1.2.2 Modification for epoxy resins 

Epoxy resin is a versatile material with excellent thermal properties, 

mechanical properties, chemical and corrosion resistance, electrical 

insulation, and adhesion properties [96,97]. Epoxy resins are generally in 

a liquid state before curing, which is convenient for them to meet various 

shapes and sizes, and then form high molecular weight epoxy resins with 

high mechanical properties and stability through a curing reaction [98,99]. 

However, some special requirements such as high toughness and high 

impact resistance cannot be achieved by curing epoxy resin alone [100]. 

According to reports, the epoxy resin has problems of poor toughness and 
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crack resistance after curing [101]. Therefore, modification treatments 

such as epoxy resin toughening have gradually become a research hotspot 

[102].  

Elastomers, thermoplastics, inorganic particles, etc. have been reported 

to be mixed with epoxy resins for modification [103]. However, it is 

difficult to impart new properties to epoxy resins or improve the 

performance of epoxy resins through modification without reducing the 

strength of epoxy resins [104]. It has been reported that elastomeric 

materials can significantly toughen epoxy resins, but greatly reduce the 

thermal stability and mechanical properties of epoxy resins [105,106].  

The epoxy resin before curing has low viscosity and good compatibility 

with many plasticizers [107]. In recent years, it has become an effective 

method to modify epoxy resin by dispersing modifiers such as plasticizers 

and modified fillers in the liquid matrix before epoxy resin curing [108]. 

The plasticizer can be physically mixed with the epoxy resin to achieve a 

relatively uniform dispersion state [109,110]. Then through the curing of 

the epoxy resin, a stable epoxy-plasticizer composite system is formed 

[111]. The storage modulus and loss modulus of the epoxy-plasticizer 

composite system can be adjusted by the content of the plasticizer [112]. 

In addition, it has been reported that the epoxy resin can be further 

modified by modifying the curing agent as an effective method [113]. The 
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feasibility of modifying epoxy resin to prepare high-performance and 

multi-functional composite materials expands the application scope of 

epoxy resin [114]. Composite materials based on epoxy resin modification 

have also gradually attracted attention [115,116]. 

1.3 PEG for polymer modification 

Polyethylene glycol (PEG) is commonly used as a plasticizer for its 

unique physical and chemical properties [117]. The molecular weight of 

PEG is usually lower than 20,000. In order of molecular weight from low 

to high, PEG is in liquid, semi-solid, and solid states, respectively [118]. 

The higher the molecular weight, the higher its crystallinity and melting 

point [119].  

As an important plasticizer, PEG is usually added to the polymer in the 

dispersion way of blending and solution mixing, which has the function of 

increasing the flexibility of the polymer [120]. The compatibility of PEG 

with the polymer is a key factor affecting the blending [121]. The good 

compatibility of PEG with the plasticized polymer allows the mixed system 

to have a single-phase, homogeneous structure [122]. The compatibility of 

PEG and polymer determines the final properties of the blend [123]. 

Notably, PEG is reported to have good compatibility with many polymers 

and thus is widely used in blend-based polymer modification treatments 

[124]. In addition, the lower melting temperature of PEG itself also enables 
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it to be blended at lower temperatures [125]. PEG has good compatibility 

with a variety of organic solvents, so it is often used to modify polymers 

by solution dispersion [126].  

Molecular weight has a great influence on PEG in plasticizing 

applications [127]. In general, relatively small molecular weight PEG is 

often used for blending due to its low crystallinity, better dispersion, and 

solubility [128]. Although PEG can toughen the polymer, it reduces the 

strength of the composite system [129]. Therefore, it is difficult to increase 

the flexibility of the polymer while simultaneously maintaining the overall 

mechanical properties of the composite system [130]. Grafting and 

copolymerization have also been reported to be used for the performance 

regulation of polymer-PEG composite systems [131]. PEG is also reported 

to be commonly used to lower the Tg of polymers [132]. PEG with 

relatively small molecular weight can have larger molecular thermal 

motion and flowability at a lower temperature, which reduces the Tg of the 

polymer-PEG composite system and actually can also reduce the melt 

processing temperature of the composite system [133–135]. In addition, 

PEG has good biocompatibility, biodegradability, and hydrophilicity, so it 

is often used in the modification of biological materials [136,137]. The 

performance advantages of small molecular weight, good compatibility, 

good biocompatibility, and good hydrophilicity make PEG more and more 

important in the field of polymer modification [138]. 
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1.4 The purpose and significance of this work 

This research aims to develop multifunctional, multimodal SMMs that 

have applications in thermal actuation, artificial muscles, smart textiles, 

flexibility and healable materials based on thermoplastic epoxy resins by 

investigating the thermal and mechanical properties of PEG-modified 

thermoplastic epoxy. This study fills a gap in current research on 

thermoplastic epoxy shape memory. In future research, PEG-modified 

thermoplastic epoxy is expected to develop higher performance, composite 

materials for more functions and applications. 

Thermoplastic epoxy resins not only have excellent mechanical 

properties but can also be melt-processed into filaments. To the best of our 

knowledge, there are no other reports on the shape memory properties of 

thermoplastic epoxy filaments. Based on the research on the thermal 

properties, mechanical properties, and shape memory properties of pure 

thermoplastic epoxy, the developed shape memory epoxy filament with 

excellent recovery stress output ability shows great application potential in 

the fields of artificial muscles and smart textiles. 

Although thermoplastic epoxy filaments exhibit excellent thermal 

stability, mechanical properties, shape memory properties, and thermal 

actuation potential, they have high shape memory heat-stimuli temperature. 

The higher shape memory heat-stimuli temperature is due to the higher Tg 
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of thermoplastic epoxy, which is an advantage in itself, such as higher 

thermal stability properties. But the higher heat-stimuli temperature limits 

its practical scope, such as in applications that require lower stimulation 

temperatures. 

Aiming at the problem of the high Tg of thermoplastic epoxy, this study 

solved it by dispersing PEG with a molecular weight of 1000 in the 

thermoplastic epoxy before polymerization. PEG has good compatibility 

with unpolymerized epoxy resin, and PEG can be uniformly and stably 

dispersed in epoxy resin by an environmentally friendly melting method. 

PEG with a molecular weight of 1000 has a lower melting point, and its 

thermal stability meets the requirements of the polymerization reaction of 

thermoplastic epoxy at 150 °C. The PEG-modified thermoplastic epoxy 

gradually changed from high Tg and high strength to low Tg and high 

flexibility with the increase of PEG content.  

To further expand the application range of PEG-modified thermoplastic 

epoxy, controllable heat-stimuli temperature shape memory epoxy 

filaments were prepared by melt processing. PEG is evenly distributed in 

the unpolymerized thermoplastic epoxy and does not hinder the overall 

polymerization of the epoxy resin. The controllability of PEG on the heat-

stimuli temperature of thermoplastic epoxy was successfully applied to 

shape-memory thermoplastic epoxy filament, and the thermal actuation 
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ability of PEG-modified thermoplastic epoxy filament was also improved. 

It has greater application prospects in fields such as thermal actuation and 

smart textiles. 

1.5 The outline of this dissertation 

This research fully discusses the performance regulation of 

thermoplastic epoxy by the dispersion of PEG, so that thermoplastic epoxy 

can be used in the forms of filament, textile, rigid and flexible film for the 

fields such as thermal actuation, artificial muscles, smart textiles, healable 

and adhesive materials. The thermoplastic epoxy resin shows excellent 

versatility, and the method of PEG-dispersed thermoplastic epoxy shows 

great potential for application. The research content is summarized into 5 

chapters of the dissertation.  

In chapter 1, the introduction of this dissertation is presented based on 

the literature review and summary. The introduction includes four parts: 

shape memory materials, epoxy resin, PEG for polymer modification, and 

the purpose and significance of this work. Among them, polymer-based 

shape memory materials, fiber-type shape memory materials, shape 

memory epoxy resins, and modification of epoxy resin are also included. 

In chapter 2, thermoplastic epoxy filaments with shape memory 

properties were prepared by the melt drawing process for the first time. 
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After the filament is drawn during the preparation process, the epoxy 

filament obtains better mechanical properties. Based on excellent 

mechanical properties, epoxy filaments not only have excellent shape 

memory properties but also stably output high recovery stress. 

In chapter 3, based on the research on the thermal properties, mechanical 

properties, and shape memory properties of pure thermoplastic epoxy, the 

performance regulation of thermoplastic epoxy by the dispersion of PEG 

was fully discussed. The developed PEG-modified thermoplastic epoxy 

can be used in the forms of filament, textile, rigid and flexible film for the 

fields such as thermal actuation, artificial muscles, smart textiles, healable 

and adhesive materials. The thermoplastic epoxy resin shows excellent 

versatility, and the method of PEG-dispersed thermoplastic epoxy shows 

great potential for the application of higher performance and more 

functions composite materials. 

In chapter 4, based on the thermal and mechanical properties of the PEG-

modified thermoplastic epoxy, the PEG-modified thermoplastic epoxy 

particles were successfully prepared into epoxy filaments with different Tg 

by melt processing. PEG reduces the melt processing temperature of 

thermoplastic epoxy particles and the Tg of thermoplastic epoxy filaments. 

The heat-stimuli temperature controllability of shape memory and the 

greater application potential for PEG-modified thermoplastic epoxy 
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filaments were fully discussed. The shape memory heat-stimuli 

temperature of the PEG-modified thermoplastic epoxy filaments can be 

adjusted according to the content of PEG so that it can be applied to more 

fields requiring heat-stimuli temperatures. 

In chapter 5, the research work and research results of this dissertation 

are summarized, including the performance and application summary of 

thermoplastic epoxy shape memory filaments, heat-stimuli controllable 

thermoplastic epoxy shape memory filaments, and multifunctional 

thermoplastic epoxy films.
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Chapter 2: Shape memory thermoplastic epoxy filaments  

2.1 Introduction 

As important smart materials, shape memory materials (SMMs) not 

only have the ability to change into a specific shape, but can also be 

restored to their original shape by stimulation of external conditions, such 

as heat [1], electricity [2], light [3], and magnetic field [4]. Thus far, SMMs 

have been widely used in material science [5], electronic engineering [6], 

textile science [7], biomedicine, and other fields [8,9]. Among SMMs, 

shape memory polymers (SMPs) have attracted more attention due to their 

high flexibility, lightweight, low cost, and high recyclability [10]. They 

have also shown great potential in applications, such as flexible sensors 

[11], soft actuators [12], self-healing materials [13], flexible energy 

harvesters [14], and smart textiles [15]. 

With the continuous exploration of polymer functions, more and more 

polymers are reported to have shape memory functions, such as 

polyurethane [16], polyvinyl alcohol [17], polycaprolactone [18], epoxy 

resin [19], and their heterophasic copolymers. In recent years, shape 

memory epoxy polymers (SMEPs) have become a more promising type of 

smart materials due to their excellent shape memory performance and 

dimensional stability [20]. Epoxy resins are multifunctional materials and 
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have been widely used in composite materials [21], coatings [22], sealants 

[23], etc. In the field of composite materials, epoxy resins are often used 

as the matrices of composite systems [24,25] and endow composite 

materials with new functions, such as shape memory and self-healing 

properties [26,27]. In addition, SMEPs have also been developed in the 

form of films [28,29] and foams [30] that are used in different fields. It is 

worth noting that most SMEPs are thermoset polymers and research on the 

SMEP-TP is rarely reported [31,32].  

Shape memory thermosetting epoxy polymers (SMEP-TSs) have 

relatively low deformability due to their three-dimensional network 

molecular chain structure. This limits the application range of SMEP-TSs 

to a certain extent [33,34]. Unlike SMEP-TSs, SMEP-TPs have a linear 

molecular chain structure, so they have larger deformability, which gives 

SMEP-TP larger toughness [35]. When the temperature reaches the Tg, the 

storage modulus of the SMEP-TP will drop rapidly, which is beneficial for 

shape memory performance with large deformability [36]. In addition, 

SMEP-TPs can transform from a rubbery state to a melt at a certain high 

temperature, which gives SMEP-TPs the advantages of melt reprocessing 

and convenient recycling [37]. 

In this chapter, a thermoplastic epoxy polymer (EP-TP) with a linear 

molecular structure was prepared and a shape memory thermoplastic epoxy 
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filament (SMEF-TP) was successfully developed, for the first time, 

through a melt-drawing process. The structure of SMEF-TP and the 

mechanism of the preparation process were characterized by chemical 

structure and thermal analysis. Then, the static and dynamic mechanical 

performances of SMEF-TP were analyzed and, based on this an 

investigation on the mechanism and property of the shape memory of the 

SMEF-TP was conducted. In the shape memory experiment, the 

mechanism of shape memory is investigated through shape memory 

process. Then, the stability of the shape memory performance is analyzed 

through cyclic experiments. Finally, the shape recovery stress is 

characterized and the application potential of SMEF-TP in the field of 

thermal actuation is discussed. The results show that the developed SMEF-

TP not only has excellent shape memory performance but also can stably 

output high recovery stress and shows huge application potential in the 

fields of artificial muscles and smart textiles. 

2.2 Materials and Methods 

2.2.1 Materials 

The materials used in this study include the main agent of model 

XNR6850A and the accelerator of model XNH6850B, all provided by 

Nagase Chemical Industry Co., Ltd. (Japan). The main agent is a white 

two-component liquid composed of di-functional epoxy resin and di-
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2.2.4 Thermal analysis 

Differential scanning calorimetry (DSC) analysis was performed with 

a Rigaku Thermo-Plus DSC-8230 system. The measurements were carried 

out at a heating rate of 10 °C/min in a dry nitrogen atmosphere. For the 

epoxy resin mixture before the polymerization reaction, the temperature 

was raised from room temperature (25 °C) to 150 °C, which was the 

temperature of the polymerization reaction, and then maintained at this 

temperature for 45 min. For the EP-TP, the temperature was increased from 

room temperature to 340 °C. For the SMEF-TP, the temperature was 

increased from room temperature to 110 °C and then the temperature was 

reduced from 110 °C to room temperature with the same rate as the heating 

process. 

Thermogravimetric analysis (TGA) was performed with a Rigaku 

Thermo Plus 2 TG-DTA TG8120 system. For the EP-TP, under a nitrogen 

atmosphere, the temperature was increased from room temperature to 

310 °C at a heating rate of 20 °C/min and then maintained at this 

temperature for 30 min. 

2.2.5 Static and dynamic mechanical analysis 

Static mechanical tests were conducted at room temperature using a 

multi-purpose tensile tester (RTC1250A, A&D Company, Ltd, Japan). 
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SMEF-TP with a length of 20 mm was stretched at a strain speed of 20 

mm/min.  

A dynamic mechanical analyzer (ITK-DVA225, Japan) was used to 

investigate dynamic mechanical properties. All samples were investigated 

in stretching mode at a constant heating rate of 10 °C/min and an oscillation 

frequency of 10 Hz from 25 °C to 150 °C. The EP-TP film pressed at a 

temperature of 120 °C and a pressure of 25 MPa is also used to test the 

dynamic mechanical properties. The test length of EP-TP film and SMEF-

TP are both 10 mm. The test width of the EP-TP film is 2 mm and the test 

thickness is 0.32 mm. Considering the particularity of SMEF-TP as a 

filament, the test “width” of SMEF-TP is input as 1 mm, and the test 

“thickness” of SMEF-TP is input as 0.064 mm2 (the cross-sectional area of 

SMEF-TP).  

2.2.6 Shape memory experiments 

The shape memory properties were tested by a thermomechanical 

analyzer (TMA/SS6100, Hitachi High-Tech Science Corp., Japan). In this 

paper, the F and L modes of TMA are selected to test the change of strain 

and stress, respectively, during the shape memory process. 

The test process of the F mode is shown in Figure 2-2a. First, under the 

condition that the SMEF-TP has a certain prestress, the temperature was 

increased from room temperature (25 °C) to 105 °C and then the stress was 
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increased at 105 °C to extend the length of the SMEF-TP. Second, the 

temperature was reduced to room temperature and stress was reduced to 

the prestress at room temperature. Finally, the temperature was raised again 

to 105 °C to observe the strain recovery process of the SMEF-TP. The 

shape fixation rate (Rf) and shape recovery rate (Rr) were obtained by the 

following equations: 

𝑅f =
𝑆3 − 𝑆1

𝑆2 − 𝑆1
× 100%                                                                          (2 − 1) 

and 

𝑅r =
𝑆3 − 𝑆4

𝑆3 − 𝑆1
× 100%,                                                                         (2 − 2) 

where S1 was the strain before the SMEF-TP was stretched, S2 was the 

maximum strain after stretching, S3 was the strain at which the temperature 

was reduced to room temperature and the tensile stress was released, and 

S4 was the strain after reheating and recovery.  

The test process of the L mode is shown in Figure 2-2b. First, the 

temperature was increased to 105 °C and the strain of the SMEF-TP was 

increased. Second, the temperature was reduced to room temperature and 

the stress was returned to zero by slightly reducing the strain at room 

temperature. Finally, the temperature was raised to 105 °C again and output 

stress in the Tg region is the shape recovery stress of SMEF-TP.  
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by an exothermic effect and an insufficient polymerization reaction will 

affect the subsequent spinning experiment of the EP-TP. Figure 2-4a is the 

DSC heating curve of the epoxy resin mixture. It can be seen from Figure 

4a that as the temperature increases, the polymerization exotherm of the 

epoxy resin mixture gradually ends after a heating time of 20 min. 

Therefore, the polymerization reaction time of the epoxy resin mixture was 

chosen to be 30 min, which is sufficient for the polymerization reaction to 

proceed. Figure 2-4b shows the TGA curve of the EP-TP. The EP-TP was 

kept at a temperature of 300 °C for 30 min and the weight loss was less 

than 3%. Therefore, the thermal stability of the EP-TP meets the 

requirements for melt processing at a temperature of 300 °C. Figure 2-4c 

shows DSC heating curves of the EP-TP and SMEF-TP. It can be seen from 

Figure 4c that the Tg of the EP-TP ranges from 80 °C to 100 °C and there 

is no obvious exothermic peak of crystallization. Interestingly, the DSC 

heating curve of the SMEF-TP has a small exothermic peak near 83 °C. It 

is speculated that during the cold drawing process of spinning, the 

developed SMEF-TP is induced to a part of the crystal structure and when 

the temperature reaches the Tg range again, the crystal structure acquires 

the ability to rearrange and further crystallize. Therefore, there is a slight 

exothermic peak at approximately 83 °C. In addition, the DSC cooling 

curve of SMEF-TP shows a small exothermic peak of crystallization near 

64 °C, which further verifies that SMEF-TP has a partial crystal structure. 
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Figure 2-4. (a) DSC curve of epoxy resin mixture, (b) TGA curve of EP-

TP, and (c) DSC curve of EP-TP and SMEF-TP. 

2.3.3 Static and dynamic mechanical properties 

Appropriate drawing in the spinning process is beneficial to improve 

the mechanical properties of the filament. In this experiment, a drawing 

rate of 120 r/min was selected. As shown in Figure 2-5a, the initial modulus 

of the SMEF-TP with a drawing rate of 120 r/min reached 1.89 GPa, yield 

stress reached 63 MPa, breaking stress reached 78 MPa, and breaking 

elongation reached 236%. Compared with previous research on EP-TP 

films by our research group, the yield stress has increased by 54% and the 

breaking elongation has increased by 133%. For comparison, Figure 2-5a 
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also shows the stress-strain curves of SMEF-TPs for other drawing rates. 

On the one hand, the increase in the drawing rate increases the strength of 

the SMEF-TP. On the other hand, a larger drawing rate may damage the 

structure of the SMEF-TP, thus reducing its breaking elongation. When the 

drawing rate reaches 160 r/min, continuous filaments can no longer be 

obtained in the spinning experiment of SMEF-TP. It can also be found that 

after reaching the yield point, the tensile stress drops by a “small step.” 

This is because the tensile movement destroyed the crystalline structure. 

Interestingly, when the strain reaches approximately 125%, an ascending 

step appears on the curve. This is because the linear molecules are further 

oriented, which further increases the tensile stress of the SMEF-TP. 

Figure 2-5b is the test result of dynamic mechanical. The storage 

modulus of SMEF-TP at 25 °C is above 2000 MPa. With the increase of 

temperature, the storage modulus decreases due to the increase of 

molecular mobility, gradually decreases before reaching 80 °C, rapidly 

decreases in the Tg range (80 °C–100 °C), and slowly decreases after 

100 °C. After the Tg, the smaller storage modulus is beneficial to the 

stretching of SMEF-TP while the larger molecular motion energy is 

beneficial to the recovery of strain in the shape memory process. In 

addition, compared with EP-TP film, SMEF-TP shows a similar change 

trend during the temperature increase process, and has a higher initial 

modulus. In this paper, 105 °C is selected as the strain and recovery 
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temperature of SMEF-TPs during the shape memory process. The storage 

modulus at 105 °C is about 70 MPa, as shown in Figure 2-5c. 

  

  

Figure 2-5. (a) Stress-strain curve of SMEF-TP, (b) dynamic mechanical 

curve of EP-TP and SMEF-TP as a function of temperature, and (c) 

dynamic mechanical curve of SMEF-TP with time. 

2.3.4 Mechanism of shape memory for SMEF-TP 

The shape memory process of SMEF-TP with prestresses of 0.1 MPa 

and 0.4 MPa are shown in Figures 2-6a and 2-6b, respectively. Interestingly, 

when the prestress is 0.1 MPa, the SMEF-TP continues to undergo heat 

shrinkage after recovering its length. However, when the prestress is 0.4 

MPa, the length of the SMEF-TP is not fully recovered and is extremely 
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slow in recovering before it is stretched again. In addition, the strain of the 

SMEF-TP after the recovery stage with different prestress is shown in 

Figure 2-6c. It can be found that as the prestress increases, the strain of the 

SMEF-TP after the recovery stage becomes smaller. Obviously, the above 

situation shows the effect of prestress on recovery for the SMEF-TP. From 

the perspective of stress, prestress limits the heat shrinkage of SMEF-TP, 

and SMEF-TP with larger prestress has smaller heat shrinkage under the 

same conditions, as shown in Figure 2-6d wherein heat shrinkage of the 

SMEF-TP is shown with different prestress. SMEF-TPs with different 

prestresses all begin to shrink significantly at around 80 °C; the strain and 

the slope of the strain with heating time in the stage of heat shrinkage are 

shown in Table 2-1. When the prestress is less than 0.4 MPa, the slope of 

the strain of SMEF-TP is relatively high. If the SMEF-TP is stretched at 

this time, it may cause the SMEF-TP to continue to undergo heat shrinkage 

after recovering its length, which is not beneficial to the normal progress 

of the shape memory process. When the prestress is 0.4 MPa, the slope of 

the strain of SMEF-TP gradually approaches zero, and the relatively stable 

state is beneficial to the normal progress of the shape memory process, so 

0.4 MPa is selected as the prestress of SMEF-TP during the shape memory 

process. When the prestress is 0.5 MPa, although the slope of the strain of 

SMEF-TP is relatively low, creep occurs afterwards, making the length of 

the SMEF-TP slightly increase, which may hinder the recovery process of 
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the shape memory. 

In fact, temperature affects the movability of the molecular chain 

within the SMEF-TP. Based on the temperature program that has been set, 

the interaction between different stresses causes the shape memory effect 

in SMEF-TP. The developed SMEF-TP has a molecular structure in which 

a benzene ring structure and a linear hydrocarbon structure are alternately 

arranged. The molecular chain can be regarded as a structure composed of 

alternately arranged “hard segments” and “soft segments” among which 

the “hard segments” are composed of a benzene ring structure and the “soft 

segment” is composed of a straight chain hydrocarbon structure. Before the 

Tg, the molecular segments inside the SMEF-TP are in a “frozen” state. As 

the temperature gradually rises to the Tg region, the “soft segments” of the 

molecular chains gain the ability to move again and make strain occur 

macroscopically in the SMEF-TP. Because of the existence of “hard 

segments,” this strain is limited to a certain range. As shown in Figure 2-

6e, SMEF-TP in a cyclical shape memory process has undergone the stages 

of heat shrinkage, heat stretching, cold fixing, and heat recovery. The 

SMEF-TP obtains a molecular structure arranged in the axial direction in 

the spinning process and an internal stress opposing the drafting direction 

is generated. As the temperature rises in the stage of heat shrinkage, the 

“soft segment” shrinks under the action of internal stress and prestress and 

gradually approaches a state of stress balance, which is expressed as the 
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Figure 2-6. TMA curves with prestress values of (a) 0.1 MPa and (b) 0.4 

MPa; (c) strain of the SMEF-TP after the recovery stage with different 

prestress; (d) heat shrinkage curve of TMA with different prestresses; (e) 

illustration of the shape memory process and strain mechanism of SMEF-

TPs. 

Table 2-1. Strain (%) and slope (%) of strain with different prestress in the 

stage of heat shrinkage. 

 

2.3.5 Cyclic test of shape memory process  

Figures 2-7a–2-7c show the shape memory cyclic test results of SMEF-

TP with 0.4 MPa prestress and different tensile stresses. SMEF-TP with 

tensile stresses of 1.0 MPa and 1.3 MPa show good shape memory 

properties. The shape fixation rate and shape recovery rate with different 

tensile stresses are shown in Table 2-2. In the stage of cold fixing, the 

modulus increases rapidly, and the larger tensile stress is beneficial to 

maintain the shape of the SMEF-TP. Therefore, the SMEF-TP with a 

tensile stress of 1.3 MPa shows the greatest shape fixation rate (Rf). 

Moreover, the larger tensile stress is beneficial for the internal molecular 

chains to obtain a larger axial orientation rate, which makes the SMEF-TP 

Time 
(min) 

0 MPa 0.1 MPa 0.2 MPa 0.3 MPa 0.4 MPa 0.5 MPa 
Strain  Slope  Strain  Slope  Strain  Slope  Strain  Slope  Strain  Slope  Strain  Slope  

10 -0.02 -12.91 0.03 -8.50 -0.07 -13.75 -0.21 -20.84 0.05 -3.59 0.11 0.05 

20 -8.55  79.22 -6.92  -54.56 -5.87  -39.98 -5.61  -32.44 -3.19  -16.70 -1.10  -5.80 

30 -13.98  -37.80 -10.79  -24.31 -8.66  -17.89 -7.74  -14.26 -4.20  -5.67 -1.23  0.03 

40 -16.82  -21.43 -12.56  -12.03 -10.05  -9.54 -8.72  -5.48 -4.52  -0.83 -1.10  0.99 
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with a tensile stress of 1.3 MPa also have a larger axial recovery rate during 

the shape recovery stage. Figure 2-7d shows the average recovery rate (Rr) 

of the SMEF-TP for two to five cycles with different tensile stresses. 

Although the SMEF-TP with a tensile stress of 1.6 MPa showed a large Rr, 

the tensile strain during three to five cycles was relatively large, reaching 

35%, and the structure of the SMEF-TP appeared unstable. In the shape 

memory cycle experiment, the shape recovery performance of the first 

cycle was relatively ordinary but, after the first training, the shape recovery 

performance improved. As shown in Figure 2-7e, except for the first cycle, 

the Rr with a tensile stress of 1.0 MPa and 1.3 MPa is stable at about 94% 

and 97%, respectively. Figure 2-7f shows the Rr for different heating times. 

When the temperature was raised for 10 min, although the temperature did 

not reach 105 °C, the Rr had exceeded 65%. In addition, at 30 min after the 

temperature rise, the Rr is still increasing, which means that the actual 

recovery rate is greater than the test value in this experiment. The SMEF-

TP shows excellent shape memory performance and good recycling 

stability; increasing the tensile stress to a certain extent is beneficial to the 

shape memory performance. 
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Figure 2-7. TMA cyclic test results with different tensile stresses: cyclic 

test with tensile stress of (a) 0.7 MPa, (b) 1.0 MPa, and (c) 1.3 MPa; (d) 

average Rr in two to five cycles with different tensile stresses, (e) Rr by 

different tensile stresses with different cycles, (f) average Rr in the recovery 

stage of two to five cycles with heating time. 

Table 2-2. Rf and Rr in one to five cycles with different tensile stress. 
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2.3.6 Shape recovery stress of SMEF-TP 

The SMEF-TP has stored internal stress during the spinning process 

and, if it is stretched again, it will store greater internal stress. When the 

temperature rises, the SMEF-TP releases the internal stress through the 

change of strain. The strain change of the SMEF-TP during the heating 

process is shown in Figure 2-8a. The internal stress of the SMEF-TP can 

be monitored by maintaining the SMEF-TP strain. The shape recovery 

stress (Sr) of the SMEF-TP during the shape memory process also belongs 

to the category of internal stress; therefore, Sr can also be monitored. Figure 

2-8b shows the response in internal stress of the SMEF-TP to the 

temperature program, which is a shape memory cycle. The stress change 

of b1 to b3 is due to the internal stress stored in the SMEF-TP during the 

spinning process changes in response to the increase in temperature. The 

stress change from b7 to b9 occurs because, after the SMEF-TP is stretched, 

the internal stress stored again changes in response to the increase in 

temperature. Therefore, the stress changes from b1 to b3 and from b7 to b9 

are the same in the mechanism. In the stage b8 to b9, the temperature rises 

to the glass transition region; the stress monitored at this time is the Sr of 

Stress 
(MPa) 

Cycle-1 Cycle-2 Cycle-3 Cycle-4 Cycle-5 
Rf (%) Rr (%) Rf (%) Rr (%) Rf (%) Rr (%) Rf (%) Rr (%) Rf (%) Rr (%) 

0.7 91.42 79.38 91.41 81.44 91.8 81.96 92.09 80.88 91.79 82.75 

1.0 95.74 77.26 95.62 95.08 96.33 94.58 95.7 94.11 97.11 93.75 

1.3 96.95 76.08 96.65 93.02 96.90 95.65 97.25 96.17 97.13 96.33 

 



59 
 

the SMEF-TP during the shape memory process. The Sr first increases with 

increasing temperature and then slowly decreases due to the stress 

relaxation effect. It should be noted that the stretching of the SMEF-TP (b3 

to b4) and the cold fixing of the SMEF-TP (b4 to b5) also cause the stress to 

change. Therefore, in this experiment, the stress is cleared by slightly 

reducing the strain (b') during the b5 to b6 stage to ensure that the SMEF-

TP has no initial stress when the temperature is raised again. In addition, 

the increase in the stress of b6 to b7 is caused by the tendency of the SMEF-

TP to bend. The decrease in the stress of b7 to b8 is caused by the 

recrystallization inside the SMEF-TP, which makes the SMEF-TP tend to 

elongate. The increase in strain at b'' is to recover the reduced strain at b' 

again to ensure that the next cycle of experiments is carried out under the 

same conditions. Due to the complexity of Figure 2-8b, the test curve 

shown in Figure 2-8c is selected for the study of Sr in this article, including 

the strain zone and the recovery zone, and further analyzes its cyclic test. 

Figure 2-8d is a test of five cycles of Sr with 10% strain. The Sr of the first 

cycle can reach 1.12 MPa. As the number of cycles increase, Sr slightly 

decreases due to the stress relaxation effect and gradually stabilizes at 

about 0.9 MPa. Sr with different strains was also tested, as shown in Figure 

2-8e. Below 35%, the Sr increases with the increase of strain and gradually 

becomes slower, reaching 1.45 MPa at 35% and then stops increasing. 

When the strain is 40%, the SMEF-TP at 105 °C is excessively stretched, 
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resulting in a slight decrease in stress. Therefore, the strain of SMEF-TP at 

105 °C should be controlled within 35%. In addition, the SMPU fiber 

prepared by Shi et al also by the melt-drawing process has been reported 

to have shape memory properties, but as shown in Figure 2-8f, its shape 

recovery stress is only 0.33MP [38]. The shape recovery stress of SMEF-

TP is more than 5 times that of EP-TP film and almost 4 times that of 

SMPU fiber prepared by Shi et al. In this research, the developed SMEF-

TP can sense temperature and stably output considerable stresses during 

the shape recovery process. 
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Figure 2-8. (a) Strain as a function of temperature, (b) testing of thermal 

response stress, (c) one cycle and (d) five cycle test of shape recovery stress, 

and (e) shape recovery stress with different strains, (f) Shape recovery 

stress of the samples of SMPU fiber, EP-TP film and SMEF-TP with a 

strain of 20%. 

2.3.7 Application of SMEF-TP in thermal actuation  

This paper conducted thermal actuation experiments, and all 

experiments were conducted inside a heating device (Figure 2-9a). In 

addition to the single filament (F-1), two-filament twisted yarn (F-2) and 

three-filament braided yarn (F-3) were also selected for experimental study, 

as shown in Figure 2-9b. All the samples were 18.0 cm long, the average 

diameter of the filaments among them was 0.285 mm, and then heat-

stretched 30% to 23.4 cm in a temperature atmosphere of 105 °C. Figure 

2-9c was the initial state of F-1, F-2, and F-3 in the heating device, and 

Figure 2-9d was the state of F-1, F-2, and F-3 after 40 s in a temperature 

atmosphere of 105 °C. The results showed that an F-1 can thermally drive 

a load of 2.5 g within 40 s to lift a displacement of 31 mm. Here a parameter 

of energy density (De) is introduced to express the actuation ability of the 

developed filament. De of a single SMEF-TP during the thermal actuation 

reached 0.066 J/cm3. De was obtained by the following equation: 

𝐷e =
𝐻𝑚𝑔

𝐿𝜋𝑟2
,                                                                                    (2 − 3) 
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initial state of F-1, F-2, and F-3 in the heating device, and (d) the state of 

F-1, F-2, and F-3 after 40 s in a temperature atmosphere of 105 °C. 

2.4 Conclusions 

In this chapter, EP-TP was developed through a polymerization 

reaction of an epoxy resin mixture composed of epoxy and phenol 

monomers. Then, SMEF-TP with an average diameter of 0.285 mm was 

developed by the melt-drawing process. The developed SMEF-TP has a 

partial crystal structure, a higher Tg range (as high as 80 °C–100 °C), and 

excellent mechanical properties wherein the yield stress increased by 54% 

compared to EP-TP films. Through shape memory experiments, it is 

revealed that the SMEF-TP has excellent shape memory performance. The 

shape fixation rate can reach 97%, the shape recovery rate can reach more 

than 97%, and the cyclic test showed good stability. The shape recovery 

stress of SMEF-TP was further tested to show that it can stably respond to 

temperature, and the shape recovery stress increases with the increase of 

strain, reaching 1.45 MPa at a strain of 35%. The thermal actuation 

experiment of SMEF-TP shows that the energy density can reach 0.066 

J/cm3 and the capacity of textile processing has also expanded its 

application in textile-type thermal actuation. The developed SMEF-TP 

shows excellent shape memory performance and can output large shape 

recovery stress, which is more than 5 times that of EP-TP film. As a new 
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type of shape memory filament, SMEF-TP has shown huge application 

potential in the field of artificial muscles and smart textiles. 
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Chapter 3: Multifunctional shape memory epoxy-PEG films 

3.1 Introduction 

Epoxy resin is widely used in composite materials [1], electrical 

insulating materials [2], coatings [3], and adhesives [4] because of its 

excellent mechanical strength [5], dimensional stability [6] and electrical 

properties [7], and strong adhesion to metals and porcelain [8], et. At 

present, the more commonly used thermosetting epoxy resins have defects 

in reprocessing and recycling, which limit their application scope to some 

extent [9,10]. In recent years, research on the plasticization of 

thermosetting epoxy resins by elastomers and plasticizers has gradually 

increased [11,12]. However, thermoplastic epoxy resins, which inherently 

feature environmentally friendly reprocessing and easy recycling [13,14], 

are rarely reported. 

As a widely used polymer material, epoxy resins have also been 

developed for various forms of shape memory materials (SMMs) [15,16], 

and epoxy resins with shape memory properties in the form of films, foams, 

and stents have been reported [17–19]. SMMs are a class of smart materials 

that can switch between original and temporary shapes in response to 

external stimuli [20,21] and have shown great application potential in the 

fields of aerospace [22], artificial intelligence [23], and biomedicine [24]. 
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Among them, polymer-based SMMs have the advantages of good 

flexibility [25], lightweight [26], easy processing [27], and good 

biocompatibility [28], and have huge advantages over shape memory 

alloys in flexible smart SMMs [29]. The excellent mechanical [30], thermal 

[31], and electrical properties [32] of epoxy resin make it play an important 

role in the field of SMMs [33]. However, the analysis of the shape memory 

properties of thermoplastic epoxy resin is rarely reported. 

The low molecular weight state of epoxy resin before curing is 

favorable for being dispersed by various modifiers for modification [34,35], 

and this high degree of performance variability endows epoxy resin with 

the potential to be applied in the field of multifunctional SMMs  [36,37]. 

Based on the modification treatment, it has been reported that epoxy resins 

can make shape memory responses to external stimuli such as heat [38], 

electricity [39], light [40], and play an important role in actuation [41], 

artificial muscle [42], and composite materials [43]. Although it has shown 

great application potential in the field of shape memory, most of the current 

research is based on the modification of thermosetting epoxy resins [44,45], 

and thermoplastic epoxy resins are rarely involved. 

In this chapter, based on the research results of thermal and mechanical 

properties for thermoplastic epoxy in Chapter 2, polyethylene glycol (PEG) 

with good compatibility for unpolymerized epoxy resin was uniformly and 
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stably dispersed in epoxy resin by the environmentally friendly way of 

melting. Through FTIR test, thermal property test, and mechanical test, the 

regulation of thermal and mechanical properties for thermoplastic epoxy 

by dispersed PEG molecules were fully confirmed. Based on the regulation 

of epoxy resin properties by PEG, shape memory epoxy-PEG films ranging 

from rigid to flexible that can respond to different heat-stimuli 

temperatures were developed, which expanded the application range of 

thermoplastic epoxy in the field of SMMs. Heating-based healable and 

adhesive epoxy-PEG films were also prepared by regulating the PEG 

content, further demonstrating the application potential of thermoplastic 

epoxy resins in the field of flexible smart materials. 

3.2 Materials and Methods 

3.2.1 Materials 

The thermoplastic epoxy resin used in this study include the main agent 

of model XNR6850A and the accelerator of model XNH6850B, all 

provided by Nagase Chemical Industry Co., Ltd. (Japan). The main agent 

is a white two-component liquid composed of bifunctional epoxy and 

bifunctional phenol with a functional group ratio of 1:1. Polyethylene 

glycol (PEG, molecular weight around 1000) was provided by Wako Pure 

Chemical Industries (Japan). The physical property statistics of all 

materials are shown in Table 3-1. 
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Table 3-1. Physical property statistics. 

Statistics category Main agent Accelerator Plasticizer 
Model XNR6850A XNH6850B PEG 1000 

Chemical 
classification 

Two-component 
epoxy 

Aromatic phosphoric acid 
ester 

Pure PEG 

Aspect White paste White powder White waxy 
Viscosity at 25℃ 220 Pa·s Solid Solid 

Proportion 100 2 － 

3.2.2 Fabrication of epoxy-PEG film 

Figure 3-1 shows the fabrication process of epoxy–PEG film. The 

beaker containing 10 g of main agent was placed on a heating hot plate. 

When the temperature inside the beaker reached about 85 °C, turned on the 

stirrer. When the temperature inside the beaker was heated to 

approximately 105 °C, slowly lowered the temperature of the hot plate. 

When the temperature stabilized at 85 °C, a certain amount of PEG was 

added with lower stirring speed. When the temperature stabilized at 85 °C 

again, 2 wt% accelerator was added with lower stirring speed. After stirring 

for 3 min, transferred the mixture to the prepared mold first, then 

transferred the mold containing the mixture to a vacuum oven at 85 °C. 

After vacuuming for 30 min, the mold containing the mixture was first 

transferred to a metal plate, which was then covered with another metal 

plate and pressed by a hot press at a pressure of 5 MPa and 150 °C. After 

hot pressing for 30 min, first fixed the upper and lower metal plates with 

metal clips, and then transfer the metal plates as a whole to room 

temperature for cooling. When the temperature was lowered to room 
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temperature, the metal plate was removed, and the prepared epoxy-PEG 

film was taken out from the mold. Epoxy-PEG films (PEG0, PEG10, 

PEG20, PEG25, PEG30, and PEG40) with PEG content of 0 wt%, 10 wt%, 

20 wt%, 25 wt%, 30 wt%, and 40 wt% were prepared by the above process. 

 
Figure 3-1. The fabrication process of epoxy–PEG film and the names of 

the prepared samples. 

3.2.3 Water contact angle test 

The surface water contact angles of epoxy-PEG films were tested using 

the sessile drop method in air at room temperature using the Drop Master 

DM500 apparatus (Kyowa Interface Science, Saitama, Japan). The drop 

size was set as 2 μL, and five specimens for each group were tested to 

calculate the average value. 

3.2.4 Impedance test 

The interaction between the epoxy and PEG behavior was investigated 

using an impedance analyzer, Solartron 1260/1296 (Toyo Technical Ltd., 
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Japan). The experiments were carried out in the frequency range of 100-

106 Hz at 100 mV. The epoxy-PEG films were cut into circles with a 

diameter of 14 mm. Each specimen was tested 3 times to calculate the 

average value. 

3.2.5 DSC test 

Thermal analysis of the epoxy polymerization reaction was 

investigated using differential scanning calorimetry (DSC) analysis 

(Thermo plus EVO2 DSCvesta, Rigaku, Japan). The measurements were 

performed at a heating rate of 10 °C/min in atmospheric air. One test was 

to raise the temperature of all mixtures from room temperature to 320 °C. 

Another test was to raise the temperature of all mixtures from room 

temperature to 150 °C and maintained at this temperature for 30 min. 

3.2.6 FTIR test 

The chemical structure was analyzed by Fourier transform infrared 

(FTIR) spectroscopy. The FTIR spectra were measured on a Nicolet 5700 

attenuated total reflection FTIR (ATR-FTIR) instrument (Thermo Electron 

Corp., USA) with a resolution of 4 cm−1. 

3.2.7 TGA test 

Thermogravimetric analysis (TGA) for epoxy-PEG was tested using 
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the Thermo plus TG8120 apparatus (Rigaku, japan). The measurements 

were performed at a heating rate of 20 °C/min in atmospheric air. The 

testing temperature of epoxy-PEG was increased from room temperature 

to 600 °C.  

3.2.8 Tensile test 

Tensile tests were conducted at room temperature using a multi-

purpose tensile tester (RTC1250A, A&D Company, Ltd, Japan). All 

samples with a length of 20 mm were stretched at a strain speed of 10 

mm/min.  

3.2.9 Dynamic mechanical test 

Dynamic mechanical properties for epoxy-PEG films were tested using 

the dynamic mechanical analyzer (ITK-DVA225, Japan). All films were 

investigated in stretching mode at a constant heating rate of 10 °C/min and 

an oscillation frequency of 10 Hz from room temperature to 150 °C. The 

test length of all specimens is 10 mm.  

3.2.10 Static thermo-mechanical test 

The strain of epoxy-PEG films during heat-stretching, cold-fixing and 

heat-recovery was observed by a thermomechanical analyzer 

(TMA/SS6100, Hitachi High-Tech Science Corp., Japan). This test was 
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performed in five steps, and the test program with PEG-0 as an example is 

shown in Table 3-2 (due to the different Tg) of epoxy-PEG films with 

different PEG contents, the heating time, temperature and tensile stress of 

each film are different). 

Table 3-2. Thermomechanical program used for the experiments. 

Step Time (min) Temperature (℃) Stress (MPa) 

1 
0-20 Rising: 9 → 104 Keeping: 0.01 
20-25 Keeping: about 104 Stretching: 0.01 → 0.26 

2 
25-30 Dropping: 104 → 9 Keeping: 0.26 
30-35 Keeping: about 9 Releasing: 0.26 → 0.01 

3 
35-55 Rising: 9 → 104 Keeping: 0.01 
55-60 Keeping: about 104 Stretching:0.01 → 0.26 

4 
60-65 Dropping: 104 → 9 Keeping: 0.26 
65-70 Keeping: about 9 Releasing: 0.26 → 0.01 

5 
70-90 Rising: 9 → 104 Keeping: 0.01 
90-95 Keeping: about 104 Stretching:0.01 → 0.26 

3.3 Results and Discussion 

3.3.1 Dispersion of PEG in thermoplastic epoxy 

The two-component epoxy resin appears as a white emulsion at room 

temperature, which gradually melts during the heating process, and reaches 

a completely transparent molten state when heated to about 105 °C. At 

higher temperatures, PEG may react with oxygen in the air, so PEG was 

added when the temperature of the epoxy resin was reduced to 85 °C in 

this experiment. It should be noted that when the epoxy resin was lowered 

from 105 °C to 85 °C, the epoxy resin was also in a completely transparent 

molten state. After adding PEG, the PEG is rapidly melted and dispersed 



78 
 

in the epoxy resin, and all epoxy-PEG mixtures with different PEG 

contents can reach a completely transparent molten state in about 2 min. 

The melting of epoxy resin, dispersion of PEG, and melting of epoxy-PEG 

is shown in Figure 3-2a. The epoxy resin before the polymerization 

reaction is in a low molecular state, and it has a large number of hydroxyl 

groups like PEG. Therefore, through melt mixing at a lower temperature, 

the PEG molecules are uniformly dispersed between the epoxy molecules 

and the phenol molecules, and a stable, transparent mixture is formed. After 

adding the accelerator to the mixture at 85 °C in the beaker, the epoxy 

group on the epoxy molecule opens and polymerizes with the phenol 

molecule, while PEG is wrapped between the polymerized molecular 

chains. It should be noted that, at 85 °C, the epoxy molecular and the 

phenol molecular can only be slowly polymerized, and the mixture after 

adding the accelerator and stirring for 3 min is in a pale-yellow colloidal 

state. The polymerization reaction process of the epoxy molecule and the 

phenol molecule is shown in Figure 3-2b. Once the pale-yellow colloidal 

mixture is transferred to a 150 °C oven, the epoxy and phenol molecules 

will rapidly polymerize. After heating for about 5 min, all epoxy-PEG 

mixtures with different PEG contents turn dark yellow, and the color 

remained essentially unchanged with continued heating. After heating in 

an oven at 150 °C for 30 min, the fully polymerized epoxy macromolecules 

encapsulate the PEG molecules to form a stable thermoplastic epoxy-PEG. 
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The polymerization process of the epoxy-PEG mixture in the oven at 

150 °C is shown in Figure 3-2c. 

The polymerized epoxy molecular chain contains a large number of 

hydroxyl groups, which makes the polymerized epoxy have higher 

hydrophilicity. PEG with a molecular weight of about 1000 has high 

hydrophilicity, but the hydroxyl group as the main hydrophilic group exists 

only at both ends of the PEG molecular chain, which is less than the 

hydroxyl group on the polymerized epoxy molecular chain. When an 

appropriate amount of PEG is dispersed into the epoxy molecule, the 

dispersion of PEG causes the reduction of the overall hydroxyl groups of 

the epoxy-PEG mixture; the hydroxyl groups at the end of PEG form 

hydrogen bonds with the hydroxyl groups on the epoxy molecule, and the 

PEG is stably wrapped between oxygen molecular chains; thus the 

hydrophilicity of the epoxy-PEG mixture first decreases with the increase 

of PEG content. When the content of PEG is relatively large, the number 

of hydrogen bonds between epoxy molecular chains decreases due to the 

dispersion of more PEG, and the epoxy-PEG mixture has more hydroxyl 

groups that are not involved in forming hydrogen bonds, which makes the 

hydrophilicity of epoxy-PEG mixture increases with the increasing PEG 

content. The water contact angle test results of the epoxy-PEG film are 

shown in Figure 3-2d. When the PEG content does not exceed 20 wt%, the 

hydrophilicity of the epoxy-PEG film decreases with the increase of PEG 
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content; when the PEG content exceeds 20 wt%, the hydrophilicity of the 

epoxy-PEG film increased with the increase of PEG content. The 

hydrophilicity analysis reflects the interaction between PEG molecules and 

epoxy molecules, and the hydrophilicity of epoxy-PEG films can be 

regulated by the content of dispersed PEG to a certain extent. 

Although the polymerized epoxy resin contains a large number of 

hydroxyl groups with relatively large polarity, the hydroxyl groups in the 

polymerized epoxy molecular chain have relatively large symmetry, which 

makes the polymerized epoxy resin only weak polarity. When the dispersed 

PEG content is large enough, the PEG molecule not only reduces the 

regularity of the aggregated state of the polymerized epoxy molecules but 

also makes the polymerized epoxy molecules have more hydroxyl groups 

that are not involved in forming hydrogen bonds, which makes the epoxy-

PEG The polarity increases with increasing PEG content. The polarity of 

epoxy-PEG can be judged by the dielectric constant. As shown in Figure 

3-2e, this experiment tested the dielectric constant of epoxy-PEG films at 

different frequencies. When the PEG content did not exceed 25 wt%, the 

dielectric constant of epoxy-PEG films did not change much with the 

increase of PEG content. When the PEG content exceeds 25 wt%, the 

dielectric constant of epoxy-PEG films increases significantly with the 

increase of PEG content. As a result, PEG-30 and PEG-40 films showed 

relatively greater polarity. The dielectric analysis further revealed the 
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process of the epoxy molecule and the phenol molecule; (c) the 

polymerization process of the epoxy-PEG mixture in the oven at 150 °C; 

(d) water contact angle test result of epoxy-PEG film; (e) impedance test 

result of epoxy-PEG film. 

3.3.2 Thermal analysis of polymerization process 

The polymerization of epoxy resins is an exothermic reaction 

conditioned by temperature and accelerators, during which the epoxy rings 

open and polymerize with phenol molecules. In the polymerization 

experiment of pure epoxy resin, the epoxy resin was heated to complete 

melting, then the accelerator was added at 85 °C, and finally, the 

polymerization was carried out in an oven at 150 °C. The addition of PEG 

is an external factor affecting the polymerization reaction to a certain extent. 

Therefore, in this experiment, all samples of the mixture containing epoxy 

resin, accelerator and PEG mixed at 85 °C were first collected, and then 

subjected to thermal analysis from room temperature to 320 °C as shown 

in Figure 3-3a. Both PEG-0 and PEG-10 mixtures showed obvious 

exothermic peaks at 80 °C to 160 °C, which were caused by the intense 

polymerization reaction. The exothermic peak temperature of PEG-0 is 

around 135 °C, and the exothermic peak temperature of PEG-10 is around 

137 °C, which is due to the slightly delayed polymerization reaction of 

PEG dispersion. PEG-20 and PEG-25 showed significantly flatter 
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exothermic peaks than PEG-0 and PEG-10, because with the increase of 

PEG content, not only does the relative content of the epoxy resin in the 

epoxy-PEG mixture gradually decrease, but also the melting endotherm of 

PEG melting increases gradually. As the content of PEG continues to 

increase, the delayed effect of PEG on the polymerization of epoxy resin 

makes part of the epoxy resin gradually melt due to rapid temperature rise 

when it is not fully polymerized, so the exothermic peak is extremely 

insignificant, and there may occur exothermic peaks caused by the 

oxidation of some epoxy molecules that have not enough time to 

polymerize with continuous heating. The retardation effect of PEG on 

epoxy resin polymerization can also be seen in Figure 3-3b, the exothermic 

peak temperature of the epoxy-PEG mixture increases with the increase of 

PEG content during the process of heating to 150 °C and then maintaining 

the temperature for 30 min. In the polymerization experiments, the 

temperature of epoxy-PEG mixtures of all different PEG contents was first 

raised to 150 °C and then held for 30 min. The maximum temperature of 

150 °C was chosen to avoid the melting and oxidation of insufficiently 

polymerized epoxy resin caused by excessive temperature. Although PEG 

has a retarding effect on epoxy resin polymerization, all epoxy-PEG 

mixtures with different PEG contents reached the exothermic peak within 

10 min, and all of them basically completed the polymerization within 20 

min. 
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Figure 3-3. (a) DSC test by the process of heating from room temperature 

to 150 °C, (b) DSC test by the process of heating to 150 °C and then 

maintaining the temperature for 30 min. 

3.3.3 FTIR analysis of thermoplastic epoxy-PEG  

Both epoxy resin and PEG have a large number of C-O bonds, and both 

have hydroxyl groups (the epoxy resin is relatively more), so the epoxy 

resin and PEG have good compatibility. The functional groups of epoxy 

resin before and after polymerization and PEG are shown in Figure 3-4a. 

After the epoxy resin is fully polymerized in an ideal state, the difference 

from before polymerization is that there is no epoxy group, and the 

phenolic hydroxyl group on the original phenol is converted into an 

alcoholic hydroxyl group on the polymerized epoxy molecular chain. 

Although the phenol group is converted into an aromatic ether group 

during the polymerization, there is still a lot of R (R‵)-O bonds in essence. 

As shown in Figure 3-4b, the FTIR spectrum of the epoxy resin before 

polymerization showed an obvious epoxy group characteristic peak near 
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916 cm-1, and the epoxy group characteristic peak disappeared after 

polymerization. The FTIR spectrum of the epoxy resin before 

polymerization does not show obvious peaks around 1146 cm-1-1050 cm-1, 

but the epoxy resin after polymerization and PEG both show characteristic 

peaks here, which is due to the polymerized epoxy resin has been obtained 

more C-O bonds in the polymerization. The generation of more C-O bonds 

also marks the generation of more C-H bonds on saturated C, which can be 

seen from the difference in the peak intensities at 2870 cm-1 in the FTIR 

spectra of epoxy resins before and after polymerization. Because more C-

H bonds on saturated C were generated after polymerization, the 

polymerized epoxy resin showed a more obvious peak similar to PEG at 

2870 cm-1. In addition, due to the difference in the relative number of 

hydroxyl groups and the difference between phenolic hydroxyl groups and 

alcoholic hydroxyl groups, the characteristic peaks of hydroxyl groups of 

epoxy resin and PEG appear around 3370 cm-1, and 3520 cm-1, respectively. 

After dispersion into PEG, the peaks at 1100 cm-1 and 2870 cm-1 of the 

epoxy-PEG mixture showed differences. As shown in Figure 3-4c, as the 

PEG content increased, the peaks at 1100 cm-1 and 2870 cm-1 for the epoxy-

PEG mixture became more pronounced, which was due to the dispersion 

of PEG making the epoxy-PEG mixture have more C-O bonds and C-H 

bonds on saturated C. In addition, because the epoxy-PEG mixtures with 

different PEG contents have not been polymerized, there are obvious 



86 
 

epoxy-group characteristic peaks around 916 cm-1. In this experiment, the 

absorbances of the epoxy-PEG mixtures at 2960 cm-1 and 1230 cm-1 were 

used as a reference, and the A2870/A2960 values (the ratio of absorbance at 

2870 cm-1 to 2960 cm-1) and A1100/A1230 values (the ratio of absorbance at 

1100 cm-1 to 1230 cm-1) of epoxy-PEG mixtures with different PEG 

contents were calculated respectively to intuitively illustrate the effect of 

PEG on the chemical structure of epoxy-PEG mixtures. As shown in Figure 

3-4d, both the A2870/A2960 values and the A1100/A1230 values increased nearly 

linearly with increasing PEG content. This indicates that different contents 

of PEG are stably dispersed in the epoxy-PEG mixture. The FTIR spectra 

of the polymerized epoxy-PEG films shown in Figure 3-4e were further 

analyzed. All the epoxy-PEG films after polymerization did not show the 

characteristic peak of the epoxy group near 916 cm-1, which indicated that 

10 wt%-40 wt% PEG did not reduce the polymerization degree of epoxy 

resin. It should be noted that PEG does delay the polymerization of epoxy 

resin, but after heating at 150 °C for 30 min, all epoxy inside epoxy-PEG 

mixtures with different PEG contents can fully polymerize. In addition, the 

A2870/A2960 values and A1100/A1230 values of the polymerized epoxy-PEG 

film were also calculated in this experiment, and the results are shown in 

Figure 3-4f. The A2870/A2960 and A1100/A1230 values of the polymerized 

epoxy-PEG film also increased almost linearly with the increase of PEG 

content, which not only indicated that PEG is stably dispersed in the epoxy 
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polymerized epoxy, and PEG; (b) the FTIR test results of unpolymerized 

epoxy, polymerized epoxy, and PEG; (c) the FTIR test results of 

unpolymerized epoxy-PEG mixtures; (d) analysis results of the effect of 

PEG content on FTIR spectra for unpolymerized epoxy-PEG mixtures; (e) 

the FTIR test results of polymerized epoxy-PEG films; (f) analysis results 

of the effect of PEG content on FTIR spectra for polymerized epoxy-PEG 

films. 

3.3.4 Thermal stability analysis of thermoplastic epoxy-PEG 

PEG has a low molecular weight, is paraffin-like at room temperature, 

and has lower thermal stability than epoxy resins. After dispersion into 

PEG, the stability of the polymerized epoxy-PEG was analyzed by TGA. 

Figure 3-5a is the thermogravimetric test results of the polymerized epoxy-

PEG with different PEG contents. The thermal stability of PEG-0 and PEG-

10 was significantly higher. With the increase in PEG content, the thermal 

stability of the polymerized epoxy-PEG decreased slightly. Nevertheless, 

the polymerized epoxy-PEGs with different PEG contents all showed 

excellent thermal stability, and all still maintained a weight loss of less than 

3.89% at a high temperature of 300 °C, which indicates that even PEG-40 

can meet stable use under the general requirements conditions. After PEG 

is dispersed into epoxy resin, the hydroxyl groups at both ends can form 

hydrogen bonds with hydroxyl groups on epoxy molecules, and PEG is 
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encapsulated between polymerized epoxy molecules with higher molecular 

weight on the basis of uniform dispersion. That's resulting in that epoxy-

PEG exhibiting excellent thermal stability. Figure 3-5b is the DTA curve 

of epoxy-PEG after polymerization with different PEG contents. It can be 

found that there is no exothermic peak of oxidation before 350 °C in all 

curves; after 350 °C, each curve gradually shows an exothermic peak of 

oxidation, which further proves that PEG can stably exist between 

polymerized epoxy molecules. The excellent thermal stability of epoxy-

PEG further shows its application potential in the fields of heat-stimuli 

SMMs and heat-repairable polymer materials. 

  

Figure 3-5. (a) Thermogravimetric results of polymerized epoxy-PEG from 

room temperature to 600 °C, (b) DTA curve of TGA test for polymerized 

epoxy-PEG. 

3.3.5 Mechanical property analysis 

The polymerized epoxy resin has a large molecular weight, hydrogen 

bonds can be formed between molecules, and the molecular chain is 
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relatively regular, so it has excellent mechanical properties. After 

dispersing the PEG with a relatively small molecular weight, the epoxy 

molecular chain in the epoxy-PEG film is relatively reduced, so the 

mechanical strength is reduced. However, the more flexible PEG can 

increase the tensile strain to a certain extent. As shown in the stress-strain 

curve in Figure 3-6a and the statistical results in Figure 3-6b, both the yield 

stress and the breaking stress of the epoxy-PEG film decreased with the 

increase of PEG content, and the breaking strain of the epoxy-PEG film 

increased with the increase of PEG content. In terms of Young's modulus, 

except for PEG-10, Young's modulus of epoxy-PEG films decreased with 

the increase of PEG content. The particularity of PEG-10 is due to the 

weakening of the intermolecular force between the polymerized epoxy 

molecular chains by PEG. When a small amount of PEG is dispersed, a 

small amount of PEG will not excessively destroy the regularity of the 

epoxy molecular chain, and PEG can promote the epoxy molecular chain 

to be oriented faster in the stretching direction when the epoxy-PEG film 

is stretched, resulting in an increase in Young's modulus. When the content 

of PEG is large, the regularity of the epoxy molecular chain is destroyed to 

a greater extent, and the number of epoxy molecules in the unit area 

subjected to stress is relatively small when being stretched, resulting in a 

decrease in Young's modulus. In terms of yield strain, the yield strains of 

epoxy-PEG films after dispersing PEG are all lower, but the difference is 
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not significant. It should be emphasized that the yield process of the epoxy-

PEG film after dispersing PEG becomes slower, and the difference in the 

stress-strain curve of PEG-40 before and after the yield point is very small. 

In addition, Young's modulus, yield stress, yield strain, fracture stress, and 

fracture strain of each epoxy-PEG film are all listed in Table 3-3. The 

mechanical strength and flexibility of the epoxy-PEG films prepared in this 

experiment can be regulated by the content of PEG. With the increase of 

PEG content, the epoxy-PEG films gradually changed from rigid to 

flexible. As shown in Figure 3-6c, with the increase of PEG content to 

30wt%, PEG-30 can be freely bent at room temperature, showing obvious 

flexibility, and slowly thinned until breaking during the tensile test, which 

shows a large breaking strain. Films with different mechanical properties 

can meet different applications, among which PEG-30 and PEG-40 expand 

the application of thermoplastic epoxy in flexible smart materials. 
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3.3.6 Dynamic mechanical property analysis 

In this experiment, a thermoplastic epoxy resin composed of linear 

macromolecules was generated by the polymerization reaction, and its 

larger intermolecular force made it's Tg higher. PEG with lower molecular 

weight has lower Tg, has more active molecular thermal motion at the same 

temperature than polymerized epoxy resin, and reduces the intermolecular 

force of polymerized epoxy by blocking the molecular chain of 

polymerized epoxy. As shown in Figure 3-7a, with the increase of PEG 

content, the number of PEG molecules between the polymeric epoxy 

molecular chains increases, so that the intermolecular force of the 

polymerized epoxy gradually decreased. The temperature-storage modulus 

curve of the epoxy-PEG film is shown in Figure 3-7b. During the heating 

process, the PEG molecules first perform the thermal motion, which 

promotes the thermal motion of the polymerized epoxy molecules, making 

the storage modulus of epoxy-PEG after adding PEG decreases more 

rapidly with increasing temperature. Except for PEG-10, the storage 

modulus at room temperature of epoxy-PEG films decreased with the 

increase of PEG content. In the tensile test mode of DMA, a relatively 

small amount of PEG promotes the orientation of the PEG-10 film along 

the stretching direction on the basis of uniform dispersion, so PEG-10 

shows a larger storage modulus at room temperature. However, when the 

PEG content exceeds 10%, the intermolecular force of the polymerized 
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epoxy, (b) temperature-storage modulus curves and (c) temperature-Tanδ 

curves of epoxy-PEG films by DMA.  

Table 3-4. Storage modulus (at 25 °C) and Tg analyzed by DMA. 

Samples PEG-0 PEG-10 PEG-20 PEG-25 PEG-30 PEG-40 
Storage modulus 

(MPa) 
2392.7 2415.1 1890.5 1243.1 406.3 39.7 

Tg (℃) 104.7 75.9 59.3 48.2 39.0 32.2 

3.3.7 Shape memory properties 

In the process of heating from room temperature to the Tg of epoxy-

PEG film, the internal molecular chain of epoxy-PEG gradually undergoes 

thermal motion, which makes the epoxy-PEG film more susceptible to 

external stretching. When the temperature is near Tg, a temporary shape is 

obtained by stretching the epoxy-PEG film; but at this time, the internal 

molecular chain of epoxy-PEG is in an active thermal motion state, and the 

temporary shape needs to be maintained by external stretching. In order to 

fix the epoxy-PEG film into a temporary shape, it is necessary to rapidly 

transfer the epoxy-PEG film from an environment of Tg temperature to a 

temperature environment below the Tg range on the basis of maintaining 

external stretching, and at the external stretching was terminated after 

cooling to environment temperature. In the temperature below the Tg range, 

the internal molecular chains of epoxy-PEG are “frozen”, so the epoxy-

PEG film can be kept in a temporary shape. When the epoxy-PEG film was 

re-transferred to an environment with a temperature near Tg, the originally 
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“frozen” molecular chains gradually gained the ability to move, and the 

thermal motion gradually became active as the temperature increased to 

near Tg. The originally stretched molecular chains begin to gradually 

recover to the initial state by active molecular thermal motion, which 

makes the epoxy-PEG film show shape recovery on a macroscopic scale. 

The shape memory process of epoxy-PEG is shown in Figure 3-8a. The 

shape fixation and shape recovery of the epoxy-PEG film can be achieved 

by external stimuli to meet the demand for different shapes during 

application. 

The Tg of polymerized epoxy as high as 100.4 °C also limits the scope 

of application to a certain extent. Through the dispersion of PEG, the Tg of 

epoxy-PEG can be adjusted according to the content of PEG, which further 

enables the regulation of heat-stimuli temperature for epoxy-PEG shape 

memory, which provides a new method for the more flexible application of 

SMMs. As shown in Figure 3-8b, in this experiment, different heat-stimuli 

temperatures were set according to the Tg of each epoxy-PEG, and each 

thermal stimulation temperature was slightly higher than its Tg temperature. 

Figures from 3-8c to 3-8g are shape memory test results of PEG-0 to PEG-

30 films. The strain was monitored by setting temperature and external 

stress conditions to finally achieve the purpose of evaluating the shape 

memory performance of each epoxy-PEG film. By observation, it can be 

found that all epoxy-PEG films can produce shape memory recovery at 
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their respective heat-stimuli temperatures, and all exhibit excellent shape 

memory effects in the second cycle, with shape recovery rates ranging from 

92% to 100%. After training in the first cycle, more molecular chains 

oriented along the stretching direction were generated inside the epoxy-

PEG film, which made the epoxy-PEG film exhibit a higher recovery rate 

in the second cycle. As shown in Figure 3-8f, the recovery rate of the first 

cycle is only 66.8%, but the recovery trend is still large before being 

stretched again, so the relatively small recovery rate of the first cycle can 

be solved by increasing the recovery time. In terms of fixation rate, each 

epoxy-PEG membrane exhibited excellent fixation ability in both cycles, 

and the fixation rate remained between 91% and 100%. The shape fixation 

rate and shape recovery rate of each epoxy-PEG film within two cycles are 

summarized in Table 3-5. In addition, the Tg near room temperature makes 

PEG-40 difficult to fix in shape memory process by a static 

thermomechanical apparatus, so static thermomechanical testing of PEG-

40 films was not performed. In conclusion, the test results of epoxy-PEG 

films all showed excellent shape memory performance, and the shape 

memory function under different heat-stimuli temperature conditions was 

realized through the dispersion of PEG, which expanded the application 

scope of epoxy resin with shape memory function. 
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memory test result of PEG-0 film, (d) PEG-10 film shape memory test 

results, (e) PEG-20 film shape memory test results, (f) PEG-25 film shape 

memory test results, (g) PEG-30 film shape memory test results. 

Table 3-5. Statistics of shape fixation rate (Rf) and recovery rate (Rr) of 

epoxy-PEG films. 

Sample 
PEG-0 PEG-10 PEG-20 PEG-25 PEG-30 

Rf (%) Rr (%) Rf (%) Rr (%) Rf (%) Rr (%) Rf (%) Rr (%) Rf (%) Rr (%) 

Cycle-1 97.1 82.8 92.0 72.3 94.6 98.1 96.0 69.8 98.5 82.0 

Cycle-2 97.4 96.0 91.9 93.5 95.5 99.0 96.4 92.6 99.1 98.1 

3.3.8 Observation for shape memory and healable properties 

The epoxy-PEG films changed from rigid to flexible before and after 

PEG content of 25%. Select representative PEG-25 film with lower 

flexibility and PEG-30 film with better flexibility as experimental objects 

to observe their shape memory properties more intuitively. Firstly, the 

shape of epoxy-PEG was changed by heating and stretching (Perform 

PEG-25 in 60℃ and PEG-30 in 45℃), and then the temporary shape was 

fixed by cooling in room temperature, and finally, the shape recovery of 

heat-stimuli for epoxy-PEG was observed by heating again. As shown in 

Figures 3-9a and 3-9b, both PEG-25 and PEG-30 film were able to switch 

between original and temporary shapes by heat-stimuli. Although PEG-25 

film is less flexible, it can be changed into a relatively complex temporary 

shape by heating and external force, and basically recovered by heat-

stimuli in about 55 s. It is worth noting that the shape memory heat-stimuli 
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temperature of PEG-30 is close to that of human skin due to its lower Tg. 

PEG-30 film can recover shape in response to human skin temperature, and 

because of its hydrophilicity and flexibility, it has a high degree of adhesion 

to human skin, which greatly expands the application of thermoplastic 

epoxies, such as flexible smart materials. Compared with PEG-30, PEG-

40 has a lower Tg and greater flexibility, which is difficult to perform cold-

fixation at room temperature, but a Tg close to room temperature allows it 

to undergo shape recovery at room temperature. In this experiment, PEG-

40 was changed to a temporary shape at room temperature and then 

performed cold-fixation on the surface of the ice. As shown in Figure 3-9c, 

the PEG-40 film fixed in the temporary shape was rapidly transferred to 

room temperature, and the PEG-40 film almost completely recovered to its 

original shape in about 75 s. Epoxy-PEG can keep exhibit excellent shape 

memory properties through successively decreasing heat-stimuli 

temperatures with increasing PEG content. Epoxy-PEG with different PEG 

content is suitable for applications with different temperature requirements 

because of different heat-stimuli temperatures and shows greater 

application potential in the field of SMMs. 

The pure epoxy resin after polymerization has a high modulus and high 

flow temperature. After dispersing PEG, PEG with a smaller molecular 

weight can promote the mobility of polymerized epoxy molecules during 

the heating process. After PEG is dispersed, PEG with a smaller molecular 
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weight can promote the mobility of polymerized epoxy molecules during 

the heating process, which is accompanied by the breaking and 

reorganization of hydrogen bonds (Figure 3-9d) between polymerized 

epoxy molecules and between polymerized epoxy molecules and PEG 

molecules. When epoxy-PEG is destroyed, the healing of epoxy-PEG can 

theoretically be achieved by heating. However, when the PEG content is 

low, this healing facilitated by the flow of PEG molecules is difficult to 

achieve. In this experiment, PEG-30 and PEG-40 were selected for healing 

and adhesion experiments. The unpolymerized epoxy-PEG mixture is 

colloidal state and can be processed into specific shapes by specific molds. 

Firstly, the unpolymerized PEG-30 and PEG-40 colloids were poured into 

a specific mold, and their specific shape of epoxy-PEG was obtained by 

polymerization, and then a wound was drawn from the specific shape of 

PEG-30 and PEG-40 with a metal knife in the room temperature; finally, 

The healing process of epoxy-PEG of specific shape was observed by 

heating as shown in Figures 3-9e. It is clear that PEG-30 wounds require 

higher temperatures to achieve healing than PEG-40 wounds. PEG-30 and 

PEG-40 can achieve excellently healable and adhesion ability at 60 °C for 

3h and room temperature for 8h, respectively on the basis of not changing 

the overall shape. Although the repaired samples all still had the imprint of 

the scar, they could change shape without showing a defect. In conclusion, 

PEG with greater fluidity promotes the flow of polymerized epoxy 
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Through the uniform, stable, and environmentally friendly dispersion 

of PEG, the mechanical and thermal properties of thermoplastic epoxy 

were successfully regulated, and the shape memory epoxy-PEG films 

ranging from rigid to flexible were prepared. Thermal analysis and FTIR 

analysis showed that epoxy-PEG with different PEG contents were fully 

polymerized. FTIR analysis also confirmed the distribution of PEG 

molecules among the polymerized epoxy molecules. Thermal stability 

analysis showed that PEG did not significantly reduce the thermal stability 

of epoxy-PEG, and the weight loss at 300 °C remained within 3.89%. 

Tensile analysis showed that with the increase of PEG content, the epoxy-

PEG film gradually changed from a rigid film with high breaking stress 

and low breaking stress to a gel-like film with low breaking stress and high 

breaking stress. Thermomechanical analysis showed that the Tg of epoxy-

PEG films decreased sequentially with the increase of PEG content. Shape 

memory analysis showed that epoxy-PEG with different PEG contents all 

had recovery rates between 92% and 100%, which could be switched 

between original and temporary shapes by respective stimuli-temperature. 

In addition, PEG-40 also exhibits excellent healable and adhesive 

properties. The regulation of thermoplastic epoxy by PEG makes 

thermoplastic epoxy show greater application potential in the field of shape 

memory and flexible smart materials. 
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Chapter 4: Heat-stimuli controllable shape memory epoxy-

PEG filaments 

4.1 Introduction 

Shape memory polymers (SMPs), as intelligent shape-memory 

materials, can respond to stimuli from external conditions such as heat [1], 

electricity [2], light [3], magnetism [4], and humidity [5]. Compared with 

shape memory alloys, SMPs have the advantages of flexibility, lightweight, 

easy processing, and biocompatibility [6]. With the continuous exploration 

of SMPs functions, SMPs play an important role in actuation [7], self-

healing [8], composite [9], and flexible smart materials [10], as well as 

shown significant potential in applications, such as aerospace [11], 

artificial intelligence [12], and biomedicine [13]. 

Epoxy resin is a common polymer material used in coatings [14], 

adhesives [15], and composite materials [16]. The more commonly used 

epoxy resin is thermosetting, but there are drawbacks in reprocessing and 

recycling that limit its application range [17]. Compared with 

thermosetting epoxy resin, thermoplastic epoxy resin has the 

characteristics of melt reprocessing and recycling, allowing it to be used in 

a wider range of applications [18]. Epoxy resin has also been widely 

developed as a SMPs in the form of film and foam because of its excellent 
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mechanical strength and dimensional stability [19–22]; however, the 

thermoplastic shape memory epoxy resin is rarely reported. Unlike 

thermosetting SMPs, thermoplastic SMPs can be converted into fibrous 

shape memory materials (SMMs) through thermomechanical drawing and 

textile processing [23–25]. Recently, the application of fibrous SMMs in 

artificial muscles and smart textiles has become one of the research 

hotspots [26–28]. The molecular chain inside the fiber has a higher axial 

orientation rate and can be further increased by stretching [29,30]. The 

highly axially oriented molecular chain makes the fiber material has 

excellent mechanical properties and high actuation capability [31,32]. 

The controllable glass transition temperature (Tg) of temperature-

stimuli SMPs, can allow the material to adapt to more temperature-

environment requirements [33,34]. Polyethylene glycol (PEG) has 

excellent compatibility with many polymers and is widely used in 

biomedicine, cosmetics, and textiles [35–38]. PEG with lower molecular 

weight can improve the plasticity of the polymer materials and the 

spinnability of polymers during the spinning process [39,40]. The Tg of the 

polymer materials can also be adjusted by adding PEG[41]. However, the 

thermal stability of PEG-doped polymer materials has been reduced, and it 

also influences mechanical strength, limiting the application range of PEG-

doped polymers [42–44]. 
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Based on the research results of thermal and mechanical properties of 

thermoplastic epoxy regulated by PEG in Chapter 3, this chapter describes 

shape memory thermoplastic TEP–PEG filaments with heat-stimuli 

controllability of shape memory function. The dispersion of PEG in 

unpolymerized epoxy resin (UEP) is performed in a molten state, and after 

adding accelerator, a uniform PEG-modified thermoplastic epoxy (TEP–

PEG) is obtained through the polymerization reaction of UEP. PEG 

controls Tg and melts spinning temperature of TEP-PEGs, resulting in 

shape memory TEP–PEG filaments prepared with controllable spinning 

temperature, which also have controllable stimuli temperature. By 

modifying the PEG, TEP–PEG filaments have a higher Young's modulus 

as the TEP–PEG spinning effect improves. Furthermore, all TEP–PEG 

filaments with different PEG content have excellent shape memory effects 

with higher shape fixation rate and recovery stress, indicating greater 

application prospects in the fields of thermal actuation, smart textiles, and 

so on. 

4.2 Materials and Methods 

4.2.1 Materials 

The UEP of model XNR6850A and accelerator (aromatic phosphoric 

acid ester) of model XNH6850B were provided by Nagase Chemical 

Industry Co., Ltd. (Japan). UEP is a white two-component liquid composed 
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and then added 2 wt% XNH6850B (accelerator) to the remaining mixture 

while stirring. After continued stirring for 3 min, poured out a portion of 

the mixture (after the addition of accelerator) for later testing, and heated 

the remaining mixture in a drying oven at 150 °C for 30 min before cutting 

it into pellets (Figure 4-2b). TEP–PEG (TEP–PEG0, TEP–PEG5, TEP–

PEG10, and TEP–PEG15) pellets with PEG content of 0 wt%, 5 wt%, 10 

wt%, and 15 wt% were prepared for the next melt processing. 

Figure 4-2c shows that a twin-screw micro pulverizer (15 ml; DSM 

Xplore, Netherlands) and supporting equipment were used to prepare the 

TEP–PEG pellets for melt-drawing into TEP–PEG filament. The spinning 

temperatures for TEP–PEG0, TEP–PEG5, TEP–PEG10, and TEP–PEG15 

pellets were 300 °C, 280 °C, 250 °C, and 220 °C, respectively. The 

extrusion rate was set to 10 r/min, and drawing was performed at room 

temperature with a winding rate of 140 r/min, the spinneret diameter was 

0.5 mm, and the spinning distance was 90 cm. The continuously collected 

TEP–PEG filaments and their average diameters are shown in Figures 4-

2d and 4-2e, respectively. The names of all samples used for testing in this 

study along with their composition and formulation are shown in Table 4-

1. 
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Corp., USA) with a resolution of 4 cm−1. 

4.2.4 Thermal analysis 

A Thermo plus EVO2 DSCvesta (Rigaku) was used for differential 

scanning calorimetry (DSC) analysis. The measurements were performed 

at a heating rate of 10 °C/min in atmospheric air. The temperature of the 

mixture of UEP and PEG was raised from 25 °C to 150 °C, which was the 

temperature of the polymerization reaction for UEP, and then maintained 

at this temperature for 30 min. The temperature of the TEP–PEG pellets 

and filaments was raised from 25 °C to 140 °C with a heating rate of 

10 °C/min. 

A Rigaku Thermo plus TG8120 was used for Thermogravimetric 

analysis (TGA). The measurements were performed at a heating rate of 

20 °C/min in atmospheric air. The testing temperature of TEP–PEG 

filaments was increased from room temperature to 500 °C. Additionally, 

filaments of TEP–PEG0, TEP–PEG5, TEP–PEG10, and TEP–PEG15 were 

tested, in which the temperature was raised from room temperature to 

300 °C, 280 °C, 250 °C, and 220 °C, respectively, which is individually 

held for 30 min. 

4.2.5 Tensile and dynamic mechanical analysis 

A multi-purpose tensile tester (RTC1250A, A&D Company, Ltd, Japan) 
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was used for tensile tests at room temperature. All samples with a length 

of 20 mm were stretched with a speed of 10 mm/min. 

A dynamic mechanical analyzer (DMA, ITK-DVA225, Japan) was 

used to investigate dynamic mechanical properties. All samples were tested 

in the tensile mode at a constant heating rate of 10 °C/min and an 

oscillation frequency of 10 Hz. The test temperature of all samples was 

raised from room temperature to 150 °C. The test length of all samples is 

10 mm. 

4.2.6 Shape memory experiments 

A thermomechanical analyzer (TMA/SS6100, Hitachi High-Tech 

Science Corp., Japan) was used to measure the shrinkage strain, tensile 

strain, recovery strain, and recovery stress (Sr) of the shape memory 

process. The test processes are shown in Figure 4-3. The shrinkage strain 

of heat-shrinkage in the shape memory process, as shown in P1, was tested 

by increasing the temperature from room temperature to its shape memory 

stimuli temperature (Ts) of the filament, which is slightly higher than its Tg. 

After testing the shrinkage strain, perform heat-stretching at Ts as shown in 

P1-P2 to test the tensile strain in the shape memory process. 

The test of recovery strain in the shape memory process is as follows 

(P1-P2-P3-P4-1). First, under the condition that the TEP–PEG filament has a 
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certain prestress, the temperature was increased from room temperature to 

Ts and then the stress was increased at Ts to extend the length of the TEP–

PEG filament. Second, the temperature was reduced to room temperature 

and stress was reduced to the prestress. Finally, the temperature was raised 

again to Ts to observe the recovery strain of the TEP–PEG filament. The 

following equations were used to obtain the shape fixation rate (Rf) and 

shape recovery rate (Rr): 

𝑅f =
𝑆3 − 𝑆1

𝑆2 − 𝑆1
× 100%                                                                          (4 − 1) 

and 

𝑅r =
𝑆3 − 𝑆4

𝑆3 − 𝑆1
× 100%,                                                                          (4 − 2) 

where S1 was the strain before the TEP–PEG filament was stretched, S2 

was the maximum strain after stretching, S3 was the strain at which the 

temperature was reduced to 25 °C and the tensile stress was released, and 

S4 was the strain after reheating and recovery. 

The test of recovery stress in the shape memory process is as follows 

(P1-P2-P3-P4-2). First, the temperature was increased to Ts and the strain of 

the TEP–PEG filament was increased. Second, the temperature was 

reduced to room temperature and the stress was reduced to zero by slightly 

reducing the strain. Finally, the temperature was raised to Ts again, and the 

Sr output by the TEP–PEG filament was tested.  
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characteristic peaks of the epoxide functional group and hydroxyl group 

are shown at approximately 912 cm−1and 3370 cm−1, respectively. The 

bifunctional phenol and PEG molecule contain hydroxyl groups that can 

form hydrogen bonds. Because of the combination of epoxy-phenol in 

polymerization, the content of intermolecular hydrogen bonds is relatively 

reduced, causing the characteristic peaks of the TEP–PEG hydroxyl to 

move slightly to the high band than that of UEP. UEP and TEP–PEGs show 

a characteristic peak of hydroxyl around 3370 cm−1 and 3400−1, 

respectively (Figure 4-4e). The stretching vibration of C–H is also shown 

in Figure 4e. All spectra except for pure PEG show peaks caused by C–H 

bonds on unsaturated C near 3030 cm−1. PEG and TEP–PEGs show a peak 

caused by the C–H bond on saturated C near 2870 cm−1. The opening of 

the epoxy group increases the C–H bonds on saturated C; therefore, the 

peak of the TEP–PEG0 at 2870 cm−1 become significant (relative to the 

peak of UEP at 2960 cm−1). The peaks of the TEP–PEGs at 2870 cm−1 are 

more significant after PEG modification, which make the peak of TEP–

PEG15 at 2870 cm−1 higher than the peak at 2960 cm−1. After the 

polymerization reaction, the peak near 912 cm−1 (Figure 4-4f) in all spectra 

of TEP–PEG disappeared because of the epoxy ring-opening reaction 

during the polymerization process, which also indicates that the dispersion 

of PEG does not hinder the polymerization reaction. The UEP contains the 

C–O bond on saturated C and the C–O bond on unsaturated C. Therefore, 
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the characteristic peak of the C–O bond for UEP is more complicated, 

which is displayed between 1000 cm−1 and 1350 cm−1. PEG only contains 

C–O bonds on saturated C, resulting in characteristic peaks of C–O bonds 

being displayed in a relatively low band. After the polymerization reaction, 

the epoxy ring opens to increase the C–O bond on the saturated C, thus the 

peak near 1100 cm−1 is strengthened and becomes more significant with an 

increase in PEG content. The peak near 1100 cm−1 of TEP–PEG15 is the 

strongest (Figure 4-4f), followed by TEP–PEG10 and TEP–PEG5. The 

FTIR spectra of TEP–PEG before and after melt spinning is shown in 

Figure 4-4g, and the FTIR spectra of TEP–PEG with different PEG content 

are consistent with their filaments, indicating that melt spinning does not 

significantly damage the chemical structure of TEP–PEG.  
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polymerization reaction of UEP; (d) FTIR spectra of the UEP-PEG 

mixtures (after melt mixing of UEP and PEG); partial FTIR spectra of PEG, 

UEP, and TEP–PEG (TEP–PEG0, TEP–PEG5, TEP–PEG10, and TEP–

PEG15) in (e) higher wavenumber and (f) lower wavenumber; (g) FTIR 

spectra of TEP–PEG and their filaments. 

4.3.2 Thermal analysis 

Intermolecular forces are factors that affect the thermal properties of 

polymers. Because of many hydroxyl groups (Figure 4-5a), hydrogen 

bonds can be formed between the molecular chains of PEP. For the TEP–

PEG (Figure 4-5b), PEG with a shorter molecular chain hinders the 

formation of hydrogen bonds among PEP molecular chains, and it weakens 

the intermolecular force of the PEP. A new hydrogen bond is also formed 

between the PEG molecular chain and PEP molecular chains by the 

hydroxyl groups, indicating that PEG molecular is more stably dispersed 

among the molecular chains of PEP. PEP molecular chains are blocked by 

an increasing number of PEG molecules as PEG content is increased 

(Figure 4-5c), resulting in a gradual decrease in the intermolecular force of 

PEP. The thermal properties of pellets and filaments were investigated 

using DSC analysis. Note that all pellets here are prepared using sufficient 

polymerization, and subsequent thermal analysis will not be affected by 

insufficient polymerization. PEG did not significantly hinder the 
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polymerization reaction of PEP in all TEP–PEG mixtures after the addition 

of accelerator (Figure 4-5d), and the polymerization exotherm ended after 

10 min, which was much less than 30 min of the fabrication process. When 

TEP–PEG is heated, the PEG molecular chain first exhibits thermal 

movement and promotes the thermal movement of the PEP molecular chain 

whose intermolecular force is weakened, making the Tg of TEP–PEG 

pellets and filaments decrease gradually as the content of PEG increases 

(Figures 4-5e and 4-5f). The thermal stability of polymer materials is an 

important factor for melt spinning. When heated to 300 °C, which is the 

highest spinning temperature in this study, the thermal weight loss of 

pellets with different PEG content are all less than 3%, showing excellent 

thermal stability (Figure 4-5g). When pellets with different PEG contents 

were heated to their spinning temperature and held for 10 min (Figure 4-

5h), the thermal weight loss of all pellets was also less than 3%, which is 

stable enough to be used to melt spinning with a melt mixing time of 10 

min. When TEP–PEG is continuously heated above Tg, the PEG molecular 

chain first has fluidity and promotes the fluidity of the PEP molecular chain 

whose intermolecular force is weakened, making the melt flow temperature 

of the TEP–PEG decrease as PEG content increases, which means that 

pellets with more PEG content can be melt-processed at lower spinning 

temperatures. When the screw rotation speed is constant, the extrusion 

force indirectly reflects the fluidity of the melt. With a screw rotation rate 



126 
 

of 10 r/min for 10 min in melt processing, pellets of TEP–PEG0, TEP–

PEG5, TEP–PEG10, and TEP–PEG15 reached extrusion force of 

approximately 1900 N at 300 °C, 280 °C, 250 °C, and 220 °C, respectively 

(Figure 4-5i). Although the spinning temperature of the pellets with more 

PEG content was lower, all pellets had similar extrusion forces at their 

spinning temperature, which means that their melt fluidity properties were 

also approximately the same. In addition, the temperature of the extruded 

melts are rapidly reduced to room temperature in the drawing process, and 

the filaments with more PEG content can be more fully drawn because of 

the weakening effect of PEG molecules on the intermolecular force of PEP, 

thereby making filaments with more PEG content have slightly lower 

diameters. In summary, after the modification of PEG, TEP–PEG obtains 

a controllable melt spinning temperature, which significantly improves its 

spinnability. TEP–PEG filaments also obtain a controllable Tg, which 

extends their range of application, such as heat-stimuli controllability for 

shape memory function.  
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bond between PEP molecular chain and PEG molecular chain, (c) 

molecular chains of TEP–PEGs, (d) DSC curves of TEP–PEG mixtures 

after the addition of accelerator, (e) DSC curves of TEP–PEG pellets, (f) 

DSC curves of TEP–PEG filaments, (g) TGA curve of TEP–PEG pellets, 

(h) TGA curves of TEP–PEG pellets for keeping 20 min, (i) extrusion force 

of TEP–PEG pellets during melt processing. 

4.3.3 Mechanical analysis 

PEG acts as a plasticizer and generally reduces the modulus of the 

plasticized polymer. The main purpose of adding PEG in this study is to 

control the Tg of TEP–PEG filaments, but not to reduce their modulus. 

Interestingly, PEG in this study, in addition to lowering the Tg of TEP–PEG 

filaments, Young's modulus was slightly increased, which was attributed to 

the increased spinning effect of the TEP–PEG by PEG. The PEP has 

relatively poor fluidity in the molten state, which affects the drawing effect 

of the melt during the spinning process. PEG increases the fluidity of the 

spinning melt, making the spinning process of PEG-modified filaments 

more continuous. The improvement of melt fluidity by PEG can be verified 

from the statistics of extrusion force for TEP–PEG pellets. The stress-strain 

curve of TEP–PEG filaments at room temperature is shown in Figure 4-6a. 

TEP-PEG whose intermolecular force is weakened by PEG can obtain 

more molecular chains oriented along the axis during the drawing process. 
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Therefore, Young’s modulus and yield stress of PEG-modified filaments 

are higher than TEP–PEG0 filament (pure TEP filament). The Young's 

modulus, yield strain, yield stress, breaking strain, and breaking stress of 

TEP–PEG filaments are shown in Table 4-2. The yield stress of TEP–

PEG15 filaments is 8.77 MPa higher than that of TEP–PEG0 filament. 

Furthermore, PEG reduces the intermolecular forces of PEP, making the 

molecular chains of the PEG-modified filaments oriented along the axial 

direction faster during the tensile process. The stress of filaments with 

more PEG content increased faster because of the faster further orientation 

(Figure 4-6a), showing a relatively smaller breaking strain. Nonetheless, 

the TEP–PEG filaments have enough elongation characterization with 

more than 179% breaking strain. In a word, the PEG-modified filaments 

obtained higher Young's modulus and yield stress, and still had a large 

breaking strain. 

The mechanical properties of filaments were further investigated 

through DMA measurement. The PEG-modified filaments demonstrated a 

higher storage modulus than the TEP–PEG0 filament at 25 °C (Figure 4-

6b), which is because PEG improved the spinning effect of TEP–PEG. The 

modulus of the filaments with more PEG content decreased faster and 

gradually lower than filaments with less PEG content during the process of 

gradual heating from room temperature because of their relatively lower 

Tg. The different contents of PEG obtain different Tg of TEP-PEGs to 
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prepare shape memory TEP–PEG filaments that can be stimulated at 

different temperatures. The Tg of the filament decreased as the PEG content 

increased, and the Tg of the TEP–PEG15 filament decreased by 37 °C 

compared with that of the TEP–PEG0 filament (Figure 4-6c). Additionally, 

the shape memory stimuli temperature of TEP–PEG filament in this study 

is set to a temperature slightly higher than its Tg. The storage modulus (at 

25 °C) and Tg of TEP–PEG filaments are listed in Table 4-2, indicating 

PEG through modification, not only TEP–PEG filaments with different Tg 

were obtained, but also the storage modulus at 25 °C of TEP–PEG 

filaments was improved.  

 

Figure 4-6. (a) Stress-strain curve of TEP–PEG filaments, (b) temperature-

modulus curve of TEP–PEG filaments by DMA, (c) temperature-Tanδ 
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curve of TEP–PEG filaments by DMA. 

Table 4-2. Young's modulus, yield strain, yield stress, breaking strain, and 

breaking stress were analyzed from the stress-strain curves; storage 

modulus (at 25 °C) and Tg analyzed by DMA. 

 

4.3.4 Shape memory performance 

4.3.4.1 Investigation and selection of prestress and tensile stress 

The filament is drawn in the axial direction during the spinning process, 

and the internal molecular chain obtains the axial orientation. When the 

processed filament is heated again, the thermal movement of the internal 

molecular chain causes the filament to exhibit heat-shrinkage. The 

prestress is a necessary factor affecting the shape memory process of 

filament-type samples. In this experiment, the effect of different prestresses 

on the heat-shrinkage process was investigated, and a prestress was 

selected for each filament for subsequent shape memory experiments. The 

shrinkage curves of TEP–PEG filaments with different PEG content during 

heating to their stimuli temperatures are shown in Figures 4-7(a–d). All 

filaments begin to quickly shrink when the temperature rises to its Tg region 

Filaments 
Young's 
modulus 
(MPa) 

Yield 
Strain 
(%) 

Yield 
stress 
(MPa) 

Breaking 
strain 
(%) 

Breaking 
Stress 
(MPa) 

Storage 
modulus 
(MPa) 

Tg 

(℃) 

TEP-PEG0 1907 5.21 68.32 300.61 81.77 2632 102 

TEP-PEG5 1918 5.71 73.29 210.81 88.51 2665 91 

TEP-PEG10 2218 4.90 70.68 260.11 81.01 2775 75 

TEP-PEG15 1959 5.09 77.09 179.41 91.56 2983 65 
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and gradually slows. Appropriate prestress straightens the filament before 

heating, while also limiting the shrinkage of the filament to a certain range 

to achieve the expected effect of experimental programming. When the 

prestress of the filament is relatively small, the shrinkage strain of the 

filament is large, and it still has a large strain rate when heated for 25 min. 

When the prestress is relatively large, the filament shrinks slowly and even 

tends to elongate at a later stage, such as the TEP–PEG0 filament with a 

prestress of 0.5 MPa shown in Figure 4-7a. The final shrinkage strain and 

its rate for TEP–PEG filaments with different prestress after 25 min are 

shown in Table 4-3. This experiment selected a prestress that maintains the 

filament heat shrinking throughout the heating process with a relatively 

small shrinkage strain rate at the end of the heating. The prestress of TEP–

PEG0, TEP–PEG5, TEP–PEG10, and TEP–PEG15 filaments were 

selected as 0.4, 0.3, 0.3, and 0.3 MPa, respectively, for subsequent shape 

memory experiments. 

Unlike the lower elastic elongation of TEP–PEG filaments at room 

temperature, the filaments show greater elastic elongation at stimuli 

temperature (from Figures 4-7e to 4-7h). Tensile stress is an important 

factor affecting the shape memory process. In this experiment, the 

appropriate tensile stresses on the heat-stretching process were selected by 

investigating the tensile strains of the filaments for subsequent shape 

memory experiments. Appropriate tensile stress is beneficial to the strain 
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recovery of the shape memory, whereas excessive tensile stress may obtain 

a small recovery rate because the filament is overstretched. TEP–PEG0 

filaments with tensile stresses of 1.3 and 1.5 MPa showed non-uniformly 

increasing strains at the later stage because of overstretching (Figures 4-

7e), whereas PEG-modified filaments with different tensile stress did not 

exhibit this phenomenon because of their relatively excellent mechanical 

properties. The tensile strain of filaments with different PEG content is also 

different because of the difference in mechanical and thermal properties. 

In this experiment, the stress that makes the strain slightly higher than 15% 

is selected as the tensile stress of filament in the subsequent shape memory 

process. The final tensile strain for TEP–PEG filaments with different 

tensile stresses after 5 min is shown in Table 4-4. According to the 

statistical results, the tensile stress of the TEP–PEG0 and TEP–PEG10 

filaments was chosen to be 1.2 MPa and1.0 MPa respectively, and the 

tensile stress of both TEP–PEG5 and TEP–PEG15 filaments was chosen to 

be 1.1 MPa for the subsequent shape memory experiments. 
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PEG5, (g) TEP–PEG10, (h) TEP–PEG15. 

Table 4-3. Final shrinkage strain (%) and its rate (%/min) with different 

prestresses. 

 

Table 4-4. Strain (%) with different tensile stresses 

 

4.3.4.2 Investigation of shape memory function 

Compared with TEP–PEG pellets, TEP–PEG filaments have an axially 

oriented molecular chain structure because of the drawing of the melt. The 

shape memory mechanism of TEP–PEG filament is shown in Figure 4-8a. 

When the TEP–PEG filament is heated, the molecular chain stretched 

during the previous spinning process shrinks at the Tg region. When the 

TEP–PEG filament is heat stretched, the internal molecular chain is 

stretched again, and then the internal molecular chain is fixed by quickly 

lowering the temperature to room temperature while maintaining the 

tensile stress, and the length of the TEP–PEG filament is also fixed in the 

stretched state. When the TEP–PEG filament is heated to the glass 

transition region again, the heat-shrinkage of the internal molecular chain 

Filaments  
0.0MPa 0.1 MPa 0.2 MPa 0.3 MPa 0.4 MPa 0.5 MPa 

Strain  Rate Strain  Rate Strain  Rate  Strain  Rate  Strain  Rate Strain  Rate  

TEP-PEG0 28.9 0.67 24.9 0.29 20.7 0.21 18.4 0.24 16.5 0.18 14.0 -0.14 

TEP-PEG5 40.0 0.76 37.2 0.56 32.2 0.30 28.2 0.12 24.4 0.07 20.0 0.00 

TEP-PEG10 39.5 0.51 34.5 0.29 29.1 0.14 24.4 0.11 20.3 0.02 17.2 0.00 

TEP-PEG15 47.7 0.56 41.2 0.40 37.8 0.37 32.4 0.20 30.4 0.11 25.1 0.08 

 

Filaments 0.7 MPa 0.9 MPa 1.0 MPa 1.1 MPa 1.2 MPa 1.3 MPa 1.5 MPa 
TEP-PEG0 5.9 9.5 － 13.3 15.1 18.0 25.6 

TEP-PEG5 7.4 10.7 － 15.2 － 17.7 22.4 

TEP-PEG10 10.1 14.6 18.5 21.2 － 24.8 29.2 

TEP-PEG15 10.4 14.2 － 18.7 － 24.4 29.6 
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causes the length of the TEP–PEG filament to recover. During the heat-

stretching process, the PEG molecules first move in the tensile direction, 

promoting the movement of the PEP molecular chain along the tensile 

direction. During the heat recovery process, the PEG molecules first move 

in the shrinking direction and promote the heat shrinking movement of the 

PEP molecular chain. The more the PEG content, the more significant the 

promoting effect of PEG on the movement of the PEP molecular chain, and 

the lower the Tg of the TEP–PEG. Therefore, the shape memory stimuli 

temperature of TEP–PEG filaments can be controlled using the content of 

PEG, thereby realizing the heat-stimuli controllability of the shape memory 

function. The shape memory test curves of TEP–PEG filaments performed 

two cycles based on selected prestress and tensile stresses (from Figures 4-

8b to 4-8e). The shape memory stimuli temperature of TEP–PEG15, TEP–

PEG10, TEP–PEG5, and TEP–PEG0 filament in this shape memory 

experiment are 69 °C, 78 °C, 94 °C, and 105 °C, respectively. Despite the 

different stimuli temperature, all TEP–PEG filaments show excellent shape 

memory properties. The fixation rates of TEP–PEG filaments with 

different PEG content demonstrate high average shape fixation rates (Rf) 

ranging from 95.8% to 99.1% (Figure 4-8f). Note that the PEG-modified 

filaments have higher fixation rates because the modulus of TEP–PEG 

filaments after adding PEG increases faster during the cold fixing process 

as the temperature drops to room temperature, whereas the filaments with 
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high modulus are relatively difficult to be deformed by the external 

environment. The higher the PEG content in the previous 

thermomechanical analysis, the faster the modulus of the filament changes 

with temperature, and the higher the modulus is at room temperature. The 

fixation rates of TEP–PEG filaments with different PEG content are shown 

in Figure 4-8g. TEP–PEG0 filament show a shape recovery rate (Rr) of not 

less than 96.1% in each cycle and the Rr increased slightly in the second 

cycle after training for one cycle. The Rr of both TEP–PEG5 and TEP–

PEG15 filaments was larger than 98.2% in the first cycle due to a larger 

shrinkage tendency before the stretching of the first cycle. However, the Rr 

of both TEP–PEG5 and TEP–PEG15 filaments was relatively smaller in 

the second cycle due to the gentler recovery tendency before the stretching 

of the second cycle. Although the shrinkage tendency of TEP–PEG10 

filament before the stretching of the first cycle is larger, the larger tensile 

strain increases the difficulty of recovery in the first cycle, which makes 

TEP–PEG10 filament trained for one cycle shows a relatively larger Rr in 

the second cycle. Overall, with different stimuli temperatures, the average 

Rr of TEP–PEG filaments has Rr ranging from 93.1% to 99.0%, achieving 

heat-stimuli controllability of the shape memory function based on the 

excellent shape memory performance.  
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PEG5 filament, (d) TEP–PEG10 filament and (e) TEP–PEG15 filament; 

statistical results of (f) Rf and (g) Rr for TEP–PEG filaments. 

4.3.4.3 Recovery stress in shape recovery process 

The analysis of shape memory shows that TEP–PEG filaments have 

very high Rr on the basis of maintaining the prestress of 0.3 MPa and above, 

so it is particularly important to investigate the recovery stress of TEP–

PEG filament in the shape memory process. When the filaments drawn 

during the spinning process are heated again, shrinkage stress will be 

generated because of heat-shrinkage. In the shape recovery process of 

shape memory, the heat stretched filament will output Sr. The process of Sr 

from generation to output is shown in Figure 4-9a. After the filament is 

heat stretched, the Sr is “frozen” by rapid cooling that can be output again 

by temperature stimulation. The shrinkage stress of TEP–PEG filaments is 

shown in Figures 4-9b. The output process of Sr for TEP–PEG filaments is 

shown in Figures 4-9 (c–f). Before the stress recovery test, the tensile strain 

of all filaments was 15%. All filaments generate Sr as the temperature rises, 

which gradually stabilize after reaching the peak in the Tg region, and have 

a slight downward trend because of the mechanical relaxation effect over 

time. Note that TEP–PEG0 filament outputs opposite stress before 

outputting Sr, which is related to temperature and molecular structures. The 

heat-stretching temperature of the TEP–PEG0 filament is relatively high, 
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which is different from the room temperature of cold fixation, causing part 

of the molecular chain to be “frozen” while retaining the elongation trend. 

When the temperature rises to the Tg region again, the partially “frozen” 

TEP–PEG0 filament molecular chain tends to elongate and first generates 

a stress opposite to the direction of the Sr. For PEG-modified filaments, the 

temperature difference during the cold fixation process is relatively small, 

and PEG molecules with greater thermal mobility reduce the elongation 

tendency of the PEP molecules in the heat recovery process. Therefore, 

none of the PEG-modified filament output a stress opposite to Sr (from 

Figures 4-9d to 4-9f), improving the output efficiency of the TEP–PEG 

filament during the shape memory process. Note that the filaments undergo 

a slight stress change because of mechanical clamping in the initial stage. 

PEG improved the drawing effect of TEP–PEG melts, resulting in higher 

Sr of PEG-modified filaments. Additionally, PEG reduces the temperature 

at maximum recovery stress (Sm), which is due to the decrease in Tg of 

TEP–PEG filaments by PEG. For the TEP–PEG15 filament, its Sm was 0.45 

MPa higher than that of the TEP–PEG0 filament, and the temperature at Sm 

is 39 °C lower than that of TEP–PEG0 filament (Figure 4-9g). The initial 

temperature (Ti) at which each filament begins to output Sr is shown in 

Figure 4-9h. Because PEG not only reduces the Tg of the TEP–PEG 

filament but also improves the stress output efficiency of the TEP–PEG 

filament, the PEG-modified filaments output Sr at a lower Ti and an earlier 
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time. Compared with the TEP–PEG0 filament, Ti and the time at Ti for the 

TEP–PEG15 filament were reduced by 62 °C and 9.4 min, respectively. In 

a word, through PEG modification, TEP–PEG filaments have higher stress 

output efficiency and greater Sr on the basis of obtaining the heat-stimuli 

controllability of shape memory function and show excellent thermal 

actuation potential over a wider range of temperature options.  
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PEG10 filament and (f) TEP–PEG15 filament; statistical results of (g) Sm 

and temperature at Sm, (h) Ti and time at Ti. 

4.3.5 Discussion in thermal actuation 

The TEP–PEG filaments prepared in this study have excellent shape 

memory properties. Furthermore, PEG improves the melt spinnability, 

mechanical strength at room temperature, Rf, Sr, stress output effects, and 

so on. The shape memory stimuli temperature of TEP–PEG filaments can 

also be adjusted according to the PEG content. For example, the shape 

memory stimuli temperature of TEP–PEG15 filament can be reduced to 

69 °C, which is 36 °C lower than that of TEP–PEG0 filament. The 

significant effect is that the PEG-modified filaments can output greater Sr 

at a lower temperature and a shorter time. Among them, the TEP–PEG15 

filament has the highest Sr, showing its greater application potential in the 

field of thermal actuation. In this experiment, a TEP–PEG15 filament of a 

length (L) of 13 cm and a radius (r) of 0.1 mm with a load (m = 2 g) was 

selected for the thermal actuation experiment (Figure 4-10a). TEP–PEG15 

filament can lift the load by 36 mm (statistical error within 2 mm) through 

heat-shrinkage in a temperature atmosphere of 69 °C. The TEP–PEG15 

filaments were then stretched to 15 cm with a larger load (7.2 g) at 69 °C. 

When the load was changed back to the original 2 g, the load can be lifted 

by height (H) of 45 mm through heat-recovery in a temperature atmosphere 
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of 69 °C, and an energy density (= Hmg/Lπr2) for thermal actuation can 

reach 0.22 J/cm3. Depending on the drawing during the spinning process, 

TEP–PEG15 filament exhibits excellent thermal actuation ability through 

heat-shrinkage, which can be further improved by heat-stretching. 

Additionally, TEP–PEG15 yarn stretched approximately 15% woven from 

three TEP–PEG15 filaments can lift the load of 7 g by 57 mm (Figure 4-

10b), demonstrating better thermal actuation capability than single TEP–

PEG15 filament, and recovery force of TEP–PEG15 yarn tested using 

TMA measurement is also more than three times that of single TEP–

PEG15 filament (Figure 4-10c). Further analysis of the recovery stresses 

with different strains is shown in Figure 4-10d; as the strain increases from 

10% to 35%, Sr shows an increasing trend and gradually becomes slower 

after a tensile strain of 15%. A test of Sr of TEP–PEG15 filament with a 

tensile strain of 15% for 5 cycles is shown in Figure 10e. The Sr of the 

second cycle is relatively significantly reduced, and the reduction of Sr 

becomes insignificant. Additionally, this study tested the shape memory 

process of TEP–PEG15 filament in 5 cycles (Figure 4-10f). The Rf of the 

TEP-PEG15 filament has higher stability, except in the first cycle which is 

due to the faster cooling. The Rr of the TEP-PEG15 filament fluctuates 

somewhat due to the slightly different recovery tendency in the previous 

cycle and the tensile strain in its own cycle. Overall, TEP-PEG15 filament 

with a high Rf of 98.1% -99.1% and a high Rr of 94.8%–99.0% has shown 
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excellent shape memory performance (Figure 4-10g). The filament-type 

material for thermal actuation has the advantage of being woven. TEP–

PEG15 filament shows excellent shape memory performance and thermal 

actuation ability and can be further woven and processed to be suitable for 

more applications, showing great application potential in the fields of 

thermal actuation, smart textiles, and artificial muscles. 
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Figure 4-10. (a) Thermal actuation process of TEP–PEG15 filament, (b) 

thermal actuation process of TEP–PEG15 yarn, (c) recovery forces of 

TEP–PEG15 filament and TEP–PEG15 yarn with a tensile strain of 15%, 

(d) Sr of TEP–PEG15 filament with different tensile strains, (e) Sr of TEP–

PEG15 filament with a tensile strain of 15% for 5 cycles, (f) shape memory 

curve and its (g) statistical results (Rf and Rr) for TEP–PEG15 filament 

within 5 cycles.  

4.4. Conclusions 

To achieve heat-stimuli controllability of shape memory function, 

shape memory TEP–PEG filaments with controllable stimuli temperature 

were prepared. The chemical structure analysis revealed that the dispersion 

of PEG did not hinder the polymerization reaction of UEP. Thermal 

analysis showed that both the Tg and melt spinning temperatures of TEP–

PEG filaments could be adjusted based on the PEG content. Mechanical 

analysis showed that PEG enhanced both Young's modulus and yield stress 

of TEP–PEG filaments. Shape memory analysis showed that TEP–PEG 

filaments exhibit excellent shape memory performance with a shape 

fixation rate range of 95.8%–99.1% and a shape recovery rate range of 

93.1%–99.0%. The TEP–PEG filaments have obtained controllable stimuli 

temperature and greater their shape fixation rates after PEG modification. 

Furthermore, the recovery stress test showed that TEP–PEG filaments have 
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higher recovery stress at lower temperatures after PEG modification. The 

difficulty of melt processing for TEP was reduced in a more 

environmentally friendly way, and shape memory TEP–PEG filaments 

with different stimuli temperature were developed without reducing 

Young's modulus. With the addition of PEG, TEP–PEG filaments not only 

realized the heat-stimuli controllability of shape memory function but also 

showed greater thermal actuation ability, indicating a wider range of 

applications, such as thermal actuation, smart textiles, and artificial 

muscles. 

References 

1. Zhao, Q., Zou, W., Luo, Y. & Xie, T. Shape memory polymer network 

with thermally distinct elasticity and plasticity. Sci. Adv. 2, e1501297 

(2016). 

2. Liu, W., Chen, H., Ge, M., Ni, Q.-Q. & Gao, Q. Electroactive shape 

memory composites with TiO2 whiskers for switching an electrical circuit. 

Mater. Des. 143, 196–203 (2018). 

3. Bai, Y. et al. A reconfigurable, self-healing and near infrared light 

responsive thermoset shape memory polymer. Compos. Sci. Technol. 187, 

107940 (2020). 

4. Yue, C. et al. Three-dimensional printing of cellulose nanofibers 

reinforced PHB/PCL/Fe3O4 magneto-responsive shape memory polymer 



149 
 

composites with excellent mechanical properties. Addit. Manuf. 46, 

102146 (2021). 

5. Ge, Y. et al. Programmable Humidity-Responsive Actuation of Polymer 

Films Enabled by Combining Shape Memory Property and Surface-Tunable 

Hygroscopicity. ACS Appl. Mater. Interfaces 13, 38773–38782 (2021). 

6. Liu, Y., Du, H., Liu, L. & Leng, J. Shape memory polymers and their 

composites in aerospace applications: a review. Smart Mater. Struct. 23, 

023001 (2014). 

7. Chen, H. et al. Flexible nanopositioning actuators based on functional 

nanocomposites. Compos. Sci. Technol. 186, 107937 (2020). 

8. Li, G. & Uppu, N. Shape memory polymer based self-healing syntactic 

foam: 3-D confined thermomechanical characterization. Compos. Sci. 

Technol. 70, 1419–1427 (2010). 

9. Meng, H. & Li, G. A review of stimuli-responsive shape memory 

polymer composites. Polymer 54, 2199–2221 (2013). 

10. Guan, X. et al. Flexible energy harvester based on aligned PZT/SMPU 

nanofibers and shape memory effect for curved sensors. Compos. Part B 

Eng. 197, 108169 (2020). 

11. Li, F., Liu, Y. & Leng, J. Progress of shape memory polymers and their 

composites in aerospace applications. Smart Mater. Struct. 28, 103003 

(2019). 

12. Liu, J. A.-C., Gillen, J. H., Mishra, S. R., Evans, B. A. & Tracy, J. B. 



150 
 

Photothermally and magnetically controlled reconfiguration of polymer 

composites for soft robotics. Sci. Adv. 5, eaaw2897 (2019). 

13. Zhao, W., Liu, L., Zhang, F., Leng, J. & Liu, Y. Shape memory polymers 

and their composites in biomedical applications. Mater. Sci. Eng. C 97, 

864–883 (2019). 

14. Wazarkar, K., Kathalewar, M. & Sabnis, A. Development of epoxy-

urethane hybrid coatings via non-isocyanate route. Eur. Polym. J. 84, 812–

827 (2016). 

15. Gao, W., Bie, M., Liu, F., Chang, P. & Quan, Y. Self-Healable and 

Reprocessable Polysulfide Sealants Prepared from Liquid Polysulfide 

Oligomer and Epoxy Resin. ACS Appl. Mater. Interfaces 9, 15798–15808 

(2017). 

16. Kim, M. T., Rhee, K. Y., Lee, J. H., Hui, D. & Lau, A. K. T. Property 

enhancement of a carbon fiber/epoxy composite by using carbon 

nanotubes. Compos. Part B Eng. 42, 1257–1261 (2011). 

17. White, J. E., Silvis, H. C., Winkler, M. S., Glass, T. W. & Kirkpatrick, D. E. 

Poly(hydroxyaminoethers): A New Family of Epoxy-Based Thermoplastics. 

Adv. Mater. 12, 1791–1800 (2000). 

18. Taniguchi, N., Nishiwaki, T., Hirayama, N., Nishida, H. & Kawada, H. 

Dynamic tensile properties of carbon fiber composite based on 

thermoplastic epoxy resin loaded in matrix-dominant directions. Compos. 

Sci. Technol. 69, 207–213 (2009). 



151 
 

19. Squeo, E. A. & Quadrini, F. Shape memory epoxy foams by solid-state 

foaming. Smart Mater. Struct. 19, 105002 (2010). 

20. Liu, T. et al. Eugenol-Derived Biobased Epoxy: Shape Memory, 

Repairing, and Recyclability. Macromolecules 50, 8588–8597 (2017). 

21. Zhang, F. et al. Thermosetting epoxy reinforced shape memory 

composite microfiber membranes: Fabrication, structure and properties. 

Compos. Part Appl. Sci. Manuf. 76, 54–61 (2015). 

22. Santhosh Kumar, K. S., Biju, R. & Reghunadhan Nair, C. P. Progress in 

shape memory epoxy resins. React. Funct. Polym. 73, 421–430 (2013). 

23. Bao, M. et al. Electrospun Biomimetic Fibrous Scaffold from Shape 

Memory Polymer of PDLLA- co -TMC for Bone Tissue Engineering. ACS 

Appl. Mater. Interfaces 6, 2611–2621 (2014). 

24. Yuan, J. et al. Shape memory nanocomposite fibers for untethered 

high-energy microengines. Science 365, 155–158 (2019). 

25. Tawfick, S. & Tang, Y. Stronger artificial muscles, with a twist. Science 

365, 125–126 (2019). 

26. Huang, Y. et al. A shape memory supercapacitor and its application in 

smart energy storage textiles. J. Mater. Chem. A 4, 1290–1297 (2016). 

27. Mirvakili, S. M. & Hunter, I. W. Fast Torsional Artificial Muscles from 

NiTi Twisted Yarns. ACS Appl. Mater. Interfaces 9, 16321–16326 (2017). 

28. Kanik, M. et al. Strain-programmable fiber-based artificial muscle. 

Science 365, 145–150 (2019). 



152 
 

29. Mirvakili, S. M. & Hunter, I. W. Multidirectional Artificial Muscles from 

Nylon. Adv. Mater. 29, 1604734 (2017). 

30. Maksimkin, A. V. et al. Artificial muscles based on coiled UHMWPE 

fibers with shape memory effect. Express Polym. Lett. 12, 1072–1080 

(2018). 

31. Bhatti, M. R. A. et al. Ultra-High Actuation Stress Polymer Actuators as 

Light-Driven Artificial Muscles. ACS Appl. Mater. Interfaces 12, 33210–

33218 (2020). 

32. Foroughi, J. et al. Knitted Carbon-Nanotube-Sheath/Spandex-Core 

Elastomeric Yarns for Artificial Muscles and Strain Sensing. ACS Nano 10, 

9129–9135 (2016). 

33. Liang, R. et al. Highly Tough Hydrogels with the Body Temperature-

Responsive Shape Memory Effect. ACS Appl. Mater. Interfaces 11, 43563–

43572 (2019). 

34. Basak, S. Redesigning the modern applied medical sciences and 

engineering with shape memory polymers. Adv. Compos. Hybrid Mater. 4, 

223–234 (2021). 

35. Banpean, A., Takagi, H., Shimizu, N., Igarashi, N. & Sakurai, S. Small- 

and wide-angle X-ray scattering studies on confined crystallization of Poly 

(ethylene glycol) in Poly (L-lactic acid) spherulite in a PLLA/PEG blend. 

Polymer 229, 123971 (2021). 

36. Cho, H., Liu, P., Boyle, A. J., Reilly, R. M. & Winnik, M. A. Synthesis of a 



153 
 

metal-chelating polymer with NOTA pendants as a carrier for 64Cu, 

intended for radioimmunotherapy. Eur. Polym. J. 125, 109501 (2020). 

37. Grenier, L. et al. Enabling Indium Channels for Mass Cytometry by 

Using Reinforced Cyclam-Based Chelating Polylysine. Bioconjug. Chem. 31, 

2103–2115 (2020). 

38. Naidoo, L., Kanchi, S., Drexel, R., Meier, F. & Bisetty, K. Measurement 

of TiO2 Nanoscale Ingredients in Sunscreens by Multidetector AF4, TEM, 

and spICP-MS Supported by Computational Modeling. ACS Appl. Nano 

Mater. 4, 4665–4675 (2021). 

39. Kfoury, G. et al. Recent advances in high performance poly(lactide): 

from “green” plasticization to super-tough materials via (reactive) 

compounding. Front. Chem. 1, (2013). 

40. Im, Y. M., Nathanael, A. J., Jung, M. H., Lee, S. O. & Oh, T. H. Effect of 

Polyethylene Glycol on Melt Spinning of Poly (Acrylonitrile-co-1-

Vinylimidazole). Fibers Polym. (2021) doi:10.1007/s12221-021-0180-1. 

41. Byun, Y., Kim, Y. T. & Whiteside, S. Characterization of an antioxidant 

polylactic acid (PLA) film prepared with α-tocopherol, BHT and 

polyethylene glycol using film cast extruder. J. Food Eng. 100, 239–244 

(2010). 

42. Norazlina, H. & Kamal, Y. Elucidating the plasticizing effect on 

mechanical and thermal properties of poly (lactic acid)/carbon nanotubes 

nanocomposites. Polym. Bull. 78, 6911–6933 (2021). 



154 
 

43. Tian, M. et al. Largely improved actuation strain at low electric field of 

dielectric elastomer by combining disrupting hydrogen bonds with ionic 

conductivity. J Mater Chem C 2, 8388–8397 (2014). 

44. Taib, R. M., Ramarad, S., Mohd Ishak, Z. A. & Todo, M. Properties of 

kenaf fiber/polylactic acid biocomposites plasticized with polyethylene 

glycol. Polym. Compos. NA-NA (2009) doi:10.1002/pc.20908. 



155 
 

Chapter 5: General conclusions 

This study fully discusses the performance regulation of thermoplastic 

epoxy by the dispersion of PEG. The study aims to develop multifunctional, 

multimodal SMMs that have applications in thermal actuation, artificial 

muscles, smart textiles, flexibility, and healable materials based on 

thermoplastic epoxy resins by investigating the thermal and mechanical 

properties of PEG-modified thermoplastic epoxy. The method of PEG-

dispersed thermoplastic epoxy shows great potential for application, and 

PEG-modified thermoplastic epoxy is expected to develop higher 

performance, composite materials for more functions and applications. The 

results of the research conducted are summarized below, respectively. 

In chapter 2, thermoplastic epoxy was developed through a 

polymerization reaction of an epoxy resin mixture composed of epoxy and 

phenol monomers. Then, thermoplastic epoxy filament with an average 

diameter of 0.285 mm was developed by the melt-drawing process. The 

developed SMEF-TP has a partial crystal structure, a higher Tg range from 

80 °C to 100 °C, and excellent mechanical properties wherein the yield 

stress increased by 54% compared to thermoplastic epoxy films. Through 

shape memory experiments, it is revealed that the thermoplastic epoxy 

filament has excellent shape memory performance. The shape fixation rate 
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can reach 97%, the shape recovery rate can reach more than 97%, and the 

cyclic test showed good stability. The shape recovery stress of 

thermoplastic epoxy filament was further tested to show that it can stably 

respond to temperature, and the shape recovery stress increases with the 

increase of strain, reaching 1.45 MPa at a strain of 35%. The thermal 

actuation experiment of thermoplastic epoxy filament shows that the 

energy density can reach 0.066 J/cm3 and the capacity of textile processing 

has also expanded its application in textile-type thermal actuation. The 

developed thermoplastic epoxy filament shows excellent shape memory 

performance and can output large shape recovery stress, which is more than 

5 times that of thermoplastic epoxy film. As a new type of shape memory 

filament, thermoplastic epoxy filament has shown huge application 

potential in the field of artificial muscles and smart textiles. 

In chapter 3, the mechanical and thermal properties of thermoplastic 

epoxy were successfully regulated by the uniform, stable, and 

environmentally friendly dispersion of PEG, and the shape memory epoxy-

PEG films ranging from rigid to flexible were furtherly developed. 

Thermal analysis and FTIR analysis showed that epoxy-PEG with different 

PEG contents were fully polymerized. FTIR analysis also confirmed the 

distribution of PEG molecules among the polymerized epoxy molecules. 

Thermal stability analysis showed that PEG did not significantly reduce 

the thermal stability of epoxy-PEG, and the weight loss at 300 °C remained 
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within 3.89%. Tensile analysis showed that with the increase of PEG 

content, the epoxy-PEG film gradually changed from a rigid film with high 

breaking stress and low breaking stress to a gel-like film with low breaking 

stress and high breaking stress. Thermomechanical analysis showed that 

the Tg of epoxy-PEG films decreased sequentially with the increase of PEG 

content. Shape memory analysis showed that epoxy-PEG with different 

PEG contents all had recovery rates between 92% and 100%, which could 

be switched between original and temporary shapes by respective stimuli-

temperature. In addition, PEG-40 also exhibits excellent healable and 

adhesive properties. The regulation of thermoplastic epoxy by PEG makes 

thermoplastic epoxy show greater application potential in the field of shape 

memory and flexible smart materials. 

In chapter 4, to achieve heat-stimuli controllability of shape memory 

function, shape memory thermoplastic epoxy-PEG filaments with 

controllable stimuli temperature were prepared. The chemical structure 

analysis revealed that the dispersion of PEG did not hinder the 

polymerization reaction of epoxy resin. Thermal analysis showed that both 

the Tg and melt spinning temperatures of epoxy-PEG filaments could be 

adjusted based on the PEG content. Mechanical analysis showed that PEG 

enhanced both Young's modulus and yield stress of epoxy-PEG filaments. 

Shape memory analysis showed that epoxy-PEG filaments exhibit 

excellent shape memory performance with a shape fixation rate range from 
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95.8% to 99.1% and a shape recovery rate range from 93.1% to 99.0%. The 

TEP–PEG filaments have obtained controllable stimuli temperature and 

greater their shape fixation rates after PEG modification. Furthermore, the 

recovery stress test showed that epoxy-PEG filaments have higher 

recovery stress at lower temperatures after PEG modification. The 

difficulty of melt processing for thermoplastic epoxy was reduced in a 

more environmentally friendly way, and shape memory epoxy-PEG 

filaments with different stimuli temperature were developed without 

reducing Young's modulus. With the addition of PEG, epoxy-PEG 

filaments not only realized the heat-stimuli controllability of shape 

memory function but also showed greater thermal actuation ability, 

indicating a wider range of applications, such as thermal actuation, smart 

textiles, and artificial muscles. 

In conclusion, thermoplastic epoxy-PEG has excellent shape memory 

function and shows application potential in healable and adhesive fields. 

In future research, multi-stimuli responsive and multifunctional 

composites including flexible smart materials will be developed based on 

thermoplastic epoxy.
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