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Abstract 

 

 

 

        The present thesis primarily describes structural changes in polyurethane (PU) shape 

memory polymer (SMP) and results of experimental studies using fluorescence spectroscopy to 

detect structural changes in SMP. An easy-to-implement approach to tailoring the shape recovery 

ratio by annealing is demonstrated. Using PU shape memory polymer, we also developed a 

sensitive method for detecting tertiary structural changes in polymers, by fluorescence 

spectroscopy using laser confocal scanning microscopy, which can potentially be utilized as a 

non-destructive testing method to detect structural changes causing mechanical functional 

changes such as damage in polymers and polymer composites. The effect of structural changes 

on mechanical properties in a polymer-based composite system with mechanical function was 

also investigated on a ternary biodegradable carbon fiber (CF) reinforced hydroxyapatite (HA) / 

polylactide (PLA) composite. The main body of the thesis consists of five chapters as detailed 

below.  

 

        Chapter 1 introduces background knowledge of polymer degradation, shape memory 

polymers and their working mechanisms, as well as methods for characterizing properties in 

polymers.  

 

        Chapter 2 studies degradation of a novel biodegradable CF/HA/PLA composite, in order to 

investigate the structural changes on mechanical properties in functional polymer composites. 

This material was designed for bone fixation. CF provides strength, while HA provides 

bioactivity and PLA meets the requirement of degradation. In a three-month in vitro experiment, 

we measured flexural strength, mass loss, and fracture-surface morphology in certain time 

intervals. We found that, with increasing degradation time, gaps appeared in the interface 

between CF and HA/PLA because of PLA hydrolyses. This resulted in mass loss. Flexural 

strength decreases with increasing degradation time.   
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        Chapter 3 focuses on the relationship between shape memory effect and annealing at a 

specific temperature for PU SMP from tertiary structural changes point of view. The tertiary 

structure in polymer means the three-dimensional shaping or folding of the polymer chains.  This 

research is useful to increase the shape recovery ratio of SMP with poor recovery behavior and to 

manufacture polymers in complex shape from simple-shape molds. At 65°C, we confirmed that 

the PU SMP film’s length change ratio due to annealing is actually the same as the change due to 

shape memory effect. We also confirmed that we could control the shape recovery ratio by 

controlling annealing time because annealing and shape memory effect have the same 

mechanism, which is the change of state from low conformational-entropy states to the recovery 

of a stable high-entropy state in the polymer. Results for annealing and shape recovery at higher 

temperatures are left for further confirmation.  

 

        Chapter 4 developed a method to detect structural changes in PU SMP by measuring 

fluorescence intensity from fluorescent dye immersed in this material using laser confocal 

scanning microscopy. Assuming that the decrease in the length change ratio is attributed to the 

structural change in polymer, we compared the fluorescence intensity of immersed fluorescent 

dyes in the shape memory polyurethane samples with that of different thermomechanical cycles. 

Two fluorescent probes (pyranine and uranine) were used. Experiment results indicate the 

difference in the fluorescence intensity distribution between the samples with the different length 

change ratios. This method is sufficiently sensitive to detect the structural changes between 

samples with the different length change ratios.  

 

        Chapter 5 presents the major conclusions and future works of this study. Future works 

include experiments on controlling complex shape of SMP after thermomechanical cycles, and 

optimization of the fluorescence spectroscopy by choosing a more suitable fluorescent probe or 

changing measurement parameters. 
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Chapter 1  

Introduction 

 

 

1. Introduction 

 

Polymer and polymer composites have become indispensable ingredients of human life. Over the 

last 50 years, the polymer and composite industries are growing rapidly [1]. During the whole 

lifespan of polymer and polymer composite products, some need good degradation property 

while some others need stability. For products which have short in service time, good 

degradability can reduce the influence of plastic wastes to environment [2, 3]. This has offered 

scientists a possible solution to waste-disposal problems associated with traditional plastics [4]. 

Therefore, degradability is demanded in packaging industry, paper coating, etc. [5]. Another field 

which has demand in degradability is biomaterials. Typical applications and research areas are 

tissue replacement, tissue augmentation, tissue support, and drug delivery [6]. In a lot of cases, 

the presence of a device/ biomaterial is only temporary needed, so biodegradable materials are 

better alternatives than biostable ones [6].  

 

Meanwhile, for some polymer and polymer composites which have long lifespan, good stability 

is needed. For example, thermal stability is needed for polymers which are used outdoors in high 

temperature [7]. Moreover, for functional polymers, it is important to be aware of the change of 

functional performance with the time in service. Therefore, the control of materials’ stability and 

understanding the degrees of degradations are of interest.  

 

In this thesis, we first introduced the preparation of a ternary biodegradable carbon fiber (CF) 

reinforced hydroxyapatite (HA) / polylactide (PLA) composite, and the measurement of 

degradation in different time intervals in vitro. Second phase of the study was focused on 

functional polymer: polyurethane (PU) shape memory polymers (SMPs). We studied the 

relationship of annealing and shape memory effect of this PU SMP, and explained the 

phenomenon from molecular structural change’s point of view, meanwhile proposed a method of 

controlling shape memory effect by annealing. In the last part, a method which detects structural 
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change in PU shape memory polymer by fluorescence spectroscopy with the use of laser 

scanning confocal microscopy was introduced.  

 

1.1 Degradation of polymer and polymer composites 

1.1.1 Types of polymer degradation  

There are two main types of plastics degradation being researched at present: physical and 

chemical, and both are closely inter-connected [8]. Chemical degradation involves bond 

scissions and subsequent chemical transformations [9]. It has been classified as photo-oxidative 

degradation, thermal degradation, ozone-induced degradation, mechanochemical degradation, 

catalytic degradation and biodegradation [10].  Physical degradation is the changes in polymer 

properties with time without involving the bond scission. Normally it relates to the change of 

polymer conformation from a non- equilibrium state to a relatively equilibrium state by 

Brownian motion [11], for example, functional fatigue in some functional polymers, etc. 

Physical degradation is a kind of thermodynamically reversible process. If physically degraded 

polymer material is heated above melting temperature and quickly cooled down, the property 

will be recovered to the state before degradation [11]. 

 

Degradation reflects changes in material properties such as mechanical, optical or electrical 

characteristics in crazing, cracking, erosion, and phase separation [5]. Three kinds of main 

polymer degradation are introduced here: 

 

1.1.1.1 Photo-oxidative degradation  

Photo-oxidative degradation is the process of decomposition of the material by light, which is 

considered as one of the primary sources of damage exerted upon polymeric substrates in 

environment. The process of photo-oxidative degradation is as follows: the absorption of UV 

light that has sufficient energy to break the chemical bonds leads to the formation of radical 

group. After that, propagating reactions of auto-oxidation cycle takes place.  It terminated by 

‘mopping up’ the free radicals to create inert products.  

Methods for photo-degradation are natural weathering method and artificial weathering method. 

In natural method, outdoor exposure is performed on samples, with temperature and humidity of 
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the location [5]. While artificial method is in laboratory using environmental chambers and 

artificial light sources to replicate outdoor conditions. The advantage of using artificial method is 

that it can quickly assess the degradability of material but disadvantage is, the quicker the test the 

lower is the correlation to real behavior [12]. 

 

1.1.1.2 Thermal degradation 

Normally, photo chemistry and thermal degradations are similar. Both are classified as oxidative 

degradation. The main difference between the two is the sequence of initiation steps leading to 

auto-oxidation cycle. The thermal degradation of polymers consists of two distinct reactions, 

which occur simultaneously. One is a random scission of links, causing a molecular weight 

reduction, and the other is a chain-end scission of C-C bonds, generating volatile products [13]. 

Methods for thermal degradation are batch reactor method and thermogravimetric analysis 

(TGA). Batch reactor is a glass reactor which allows temperature increasing to degradation 

temperature under nitrogen protection.  The gaseous products can be condensed to liquid 

products and measured. The solid residue can be identified by FTIR spectrometer for 

composition analysis [14]. TGA method is for the investigation of oxidative and thermal 

degradation of the polymers by weighing initial weight, actual weight at each point and final 

weight [15].  

 

1.1.1.3 Biodegradation 

Biodegradation is defined as the propensity of a material to get breakdown into its constituent 

molecules by natural processes. It has several different mechanisms, depends on the properties of 

materials. For example, for polymers which have good hydrophilicity, hydration results from 

disruption of secondary and tertiary structure stabilized by van der Waals forces and hydrogen 

bonds. During and after hydration, the polymer chains may become water soluble, backbone of 

polymer may be cleaved because of hydrolysis, which results in the loss of polymer strength. 

[16].  

When choosing a test method for biodegradation, most important factor is selecting the test 

procedure based on the nature of plastic and the conditions of study environment. Soil burial 

method is very frequently used for the determination of biodegradability of plastic in natural 
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environment. Phosphate buffered saline (PBS) is a buffer solution commonly used in biological 

research which has osmolarity and ion concentration similar to human body [17]. It is often 

chosen in biodegradation study when vitro simulation is needed.  

 

1.1.2 Types of polymer composite degradation  

Polymer composites have two phases, which are polymer matrix phase and reinforcing phase 

such as fibers, sheets or particles [18]. Normally, reinforcing phase contributes most to the 

material strength. Matrix serves to transfer applied structured loads to the fibers as well as 

binding the fibers together and protecting them from environment. Interface between these two 

phases governs these load transfer characteristics and contributes to the overall damage tolerance 

of the structure [19, 20]. 

Since matrix part is polymer, all the mechanisms that cause neat polymer degradation as 

introduced in last section could cause degradation in polymer composites. Therefore, in this 

section, degradation mechanisms which influence matrix – reinforcing interface are introduced.   

 

1.1.2.1 Degradation due to moisture exposure 

Moisture penetration into composite materials is conducted by diffusion. Some mechanisms 

involve direct diffusion of water molecules into the matrix and in some cases into the fibers. 

Some other mechanisms indicate capillary flow of water along the fiber/matrix interface, 

followed by diffusion from the interface into the bulk resin, and transport by microcracks [21]. 

Moisture diffuses into matrix, which leads to dilatation and also chemical changes, such as 

plasticization and hydrolysis [22]. The first effect of water to be discussed here is hygroelasticity 

and swelling. Hygroelasticity is the dimensional response of the material to water penetration. It 

is resulting from the build-up of internal stresses due to accumulation of water molecules within 

the polymer network and at the interface. This in long-term would result in failure of the matrix 

and of the interface. Also failure could be caused from two other contributions. One is 

hydrolysis, in case hydrophilic groups exist [23]. The other is plasticization of polymeric matrix. 

Water acts as an internal lubricant, decreasing the energy barriers for chain segment movement. 

Moreover, water can break hydrogen bonds which present in the polymer and act similar to 

cross-links in raising glass transition temperature (Tg) [24]. Only a percent or so of water is 
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sufficient to yield large Tg reductions. A direct consequence is that, under some given conditions, 

the composite structure might operate at a temperature which is higher than actual Tg, thus 

failure happens.  

 

1.1.2.2 Degradation due to temperature effects 

Various applications of composite materials expose to environment whose temperature can vary 

over a wide range. The temperature effect derives from mechanical stresses can be induced in 

composites containing constituents with different thermal expansivities [25, 26]. For example, 

epoxy resin has a linear coefficient of thermal expansion of about 60×10
-6

 °C
-1

, while that of 

Kevlar aramid fiber is about -6×10
-6

 °C
-1 

[27] For composites which already have residual 

stresses in the structure, the stress magnitude can be changed due to environment temperature 

changes. During temperature changes, tensile constraint in matrix may lead to thermal cracking, 

which in turn, facilitates moisture penetration into the structure.  

 

1.1.3 Degradable chemical compounds - PLA 

Poly vinyl alcohol (PVA), polyesters, polyethylene and polymer blends such as 

starch/polyethylene, starch/polyester are common degradable polymers [28]. Polyesters play a 

predominant role as degradable polymers due to their potentially hydrolysable ester bonds [29]. 

Among these, poly (lactic acid) (PLA), which belongs to the family of aliphatic polyesters, is one 

of the most widely used synthetic degradable polymers due to its many favorable properties such 

as availability, relatively good strength, biocompatibility, etc. [30, 31, 32]. 

 

Fig.1.1 A sketch of chemical structure of PLA 

 

PLA degradation is dependent on many factors such as molecular weight, crystallinity, purity, 

temperature, pH, presence of terminal carboxyl or hydroxyl; groups, water permeability, and 

additives acting catalytically that may include enzymes, bacteria or inorganic fillers [33]. 

Pyrolysis is chemical decomposition of a condensed substance by heating. For waste 



6 
 

degradation, it provides a method to dispose and convert PLA waste origins into higher value 

fuel [34]. PLA can also be hydrolyzed and recycled back to the monomer [35]. Moreover, reports 

show PLA can be decomposed into carbon dioxide and water in a “controlled composting 

environment” in fewer than 90 days [36]. Also, it has been confirmed that PLA is naturally 

degraded in soil or compost. The products of the PLA hydrolytic degradation can be totally 

assimilated by microorganisms such as bacteria or fungi [37, 38, 39].  

Because degradation properties mentioned above, PLA is a commodity resin for general 

packaging applications. In the form of fibers and non-woven textiles, PLA can be used as 

upholstery, disposable garments, awnings, feminine hygiene products, and nappies. Since PLA is 

biodegradable, it has extensive applications in biomedical fields, including suture, bone fixation 

material, drug delivery microsphere, and tissue engineering [40, 41]. 

 

 

 

1.2 Polyurethane Shape Memory Polymers 

1.2.1 Shape memory thermomechanical cycle and working mechanisms  

 

Shape memory polymers (SMPs) are polymers with the ability to store and recover strains on the 

order of several hundred percent when subjected to a particular thermomechanical cycles [42]. 

They have been widely researched since the 1980s and are an example of a promising smart 

material [43, 44, 45].  

A shape memory cycle represents its response when subjected to a thermomechanical cycle that 

allows for deforming and fixing of a temporary shape and recovering the permanent shape [46].  

For simplicity, the thermal cycle here is described in tensile deformation of a thermally activated 

SMPs. Four successive steps are needed for a thermal cycle: 

1. Deformation: The sample is deformed to a predetermined strain at the temperature Td 

above transition temperature (Ttrans), which is glass transition temperature (Tg) for 

amorphous polymers and melting point (Tm) for crystalline polymers.  

2. Cooling: Under the imposed deformation constraint, the sample is cooled to a setting 

temperature. Normally faster cooling prevents excessive stress or strain relaxation, if any.  

3. Fixing: The initial deformation constraint is released after cooled down.  
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4. Recovery: The temporarily deformed sample is heated back to above Ttrans.   

 

 

 

Fig.1.2 Schematic of shape memory effect during a typical thermomechanical cycle. Picture by 

Y. Sekiya.  
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Huang [47] proposed three major possible working mechanisms for shape memory effect in 

polymers. Heating responsive polymer was used as an example here: 

1. Heat SMP to above its glass transition temperature (Tg) and deform it easily (since it is 

in the rubbery state). After cooling back to below its Tg, followed by unloading to 

remove the constraint, the distorted shape is largely maintained, apart from some elastic 

recovery (since the polymer is in the glassy state). Heating again to above its Tg, micro-

Brownian motion enables the polymer to return to the original shape. Poly(methyl 

methacrylate) (PMMA) is a typical example of a polymer this mechanism applies to.  

2. In the second working mechanism, there are two segments/domains in a polymer, 

netpoints and molecular switches. The netpoints, which are connected by chain segments, 

determine the permanent shape of SMP. They can be chemical (covalent bonds) or 

physical (intermolecular interactions) nature. Molecular switches are sensitive to external 

stimulus. Polyurethane, which has a typical hard/soft-segment structure, is a good 

example. Scheme about this mechanism is shown in the figure below.  

 

 

Fig.1.3 Molecular mechanism of netpoints and molecular switches. Ttrans is the thermal 

transition temperature of the switching phase.  Adapted from [48]. 
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3. The third mechanism utilizes the polymer itself as both the elastic and transition 

component. Here we take wax as an example. When wax is heated to achieve partial 

melting, the solid part acts as the elastic component, while the melted part functions 

essentially as the transition component. 

 

1.2.2. Application and different opinions on SMPs 

A lot of articles have reported different applications of SMP materials, ranging from outer space 

to biomaterials. Especially for deployable components and structures in aerospace, they are being 

more and more developed and researched recently. Hinges, trusses, booms, antennas, optical 

reflectors, morphine skins are some examples [43, 49, 50, 51]. A review article by Ratra and 

Karger-kocsis [52] covers recent research on SMPs which have potential applications as sensors 

and /or actuators. Moreover, many researches are focusing on the use of SMPs in biomedicine 

area. Lendlein and his co-workers [53] did research on photo-responsive degradable SMPs for 

medical applications. One of the large groups in SMP family is polyurethane SMP, the excellent 

biocompatibility allows it becoming one of the candidate materials for clinical devices when 

contacted or implanted in the human body [54, 55]. Wache et al. [56] have conducted a 

feasibility study on the development of a polymer vascular stent with an SMP as drug delivery 

system.  

 

 

Fig.1.4 A polyurethane SMP structure. Left part is diisocyanate as hard segment, polyol part acts 

as soft segment. Here polyol is 1,6-hexanediol.  Modified from [57]. 

 

Though SMPs are receiving more and more attentions in the recent 20 years, possible 

applications using SMPs are in various areas, some researchers consider shape memory effect is 

a kind of intrinsic property of normal polymer materials since shape memory is based on 

viscoelasticity which is intrinsic property to polymers [58, 59, 60]. Meanwhile some researchers 

stated opposite [44, 61, 62]. According to Rousseau [46], adequate material and structural design 

is necessary for polymeric systems to exhibit shape memory behavior, which is to restore the 
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temporarily fixed residual inelastic deformation once reheated to the rubbery state. In contrast, 

ordinary polymers do not at all, or only to a low extent, recover from such residual inelastic 

deformation.  

 

In Ratna and co-worker’s review [52], they also supported the view that shape memory effect is 

not intrinsic property and a figure on the difference of dynamic modulus versus temperature 

between ordinary crosslinked polymer and SMP was shown as below:  

 

Fig.1.5 Typical dynamic modulus versus temperature plots of an ordinary crosslinked polymer 

and SMP [52]. E’ is dynamic modulus, which means ratio of stress to strain under vibratory 

conditions. 

 

A high elasticity ratio Eg/Er ( Eg: glassy modulus, Er: rubbery modulus) allows for an easy 

shaping at T > Ts (shape memory temperature) and a great resistance to the deformation at T < 

Ts. Thus only polymers meet the above criteria are qualified for shape memory applications.  
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1.3 Assessments for studying polymers and fluorescence spectroscopy  

1.3.1 Methods for characterizing and analyzing polymers 

 

There are many experimental methods for studying structural information of polymers. For 

example, Infrared (IR) and Raman spectroscopy, which base on polymer materials’ vibrational 

properties [63], provide information about chemical structures, conformation, configuration, 

chain arrangement, etc. [64]; Nuclear magnetic resonance (NMR) and Electron spin resonance 

(ESR) which use spin resonance, can provide information about chemical composition, average 

molecular weight and molecular weight distribution [65]. Wide Angle X-Ray Scattering (WAXS) 

and Small Angle X-Ray Scattering (SAXS) are also common methods for studying polymers 

based on principles of diffraction. They can be used for measuring crystallinity, size of 

spherulite, and spinodal decomposition during phase disengagement [64]. Electron microscopy 

such as Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) are 

also common methods to observe and analyze polymers. TEM provides topographical, 

morphological, compositional and crystalline information. TEM cannot image through samples 

thicker than 200nm because electrons cannot readily penetrate sections that thick [66]. SEM is a 

powerful magnification tool that utilizes focused beams of electrons to obtain information. It can 

image morphology of samples with high resolution, including bulk material, coatings, sectioned 

materials, etc. [64]. Thermal analysis provide material characteristics data in relation to 

temperature and time. They help us to understand polymeric formulations, process history and 

physical properties of materials. They include Differential Scanning Calorimetry (DSC), 

Dynamic Mechanical Analysis (DMA), Thermomechanical Analysis (TMA), Thermogravimetric 

Analysis (TGA), etc. [67]. 

 

1.3.2 Laser confocal scanning microscopy and fluorescence spectroscopy 

 

Though as introduced in last section that there are many methods which based on different 

mechanisms can characterize and analyze polymer materials, they are not enough to deal with all 

the needs. For example, DSC can measure crystallinity of polymers. Also it can speculate the 

structural change from the change of crystallinity. However if the structural change is subtle and 
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no obvious crystallinity change observed, it is difficult to speculate structural change. Another 

example, SEM and TEM are normally used to obtain images of the morphology of polymers. 

They also possess some drawbacks. Firstly, the preparation of the samples usually causes 

problems. Moreover, staining methods have to be applied to get good contrast, which could give 

risk to artefacts. Furthermore these methods are destructive, i.e. the material has to be broken or 

cut before the morphology can be examined. Finally, to obtain a three-dimensional picture of the 

morphology of the polymer materials, many different samples are required for these techniques 

[68].  

Laser Confocal Scanning Microscopy (LCSM) is an important non-destructive method in 

biology and materials science, due to attributes that are not readily available using other 

traditional methods [69, 70, 71, 72]. 

Scan head is the core part of LCSM. It is responsible for rasterizing the excitation scans, as well 

as collecting the photon signals from the specimen that are required to assemble the final image. 

A typical scan head contains inputs from the external laser sources, fluorescence filter sets and 

dichromatic mirrors, a galvanometer-based raster scanning mirror system, variable pinhole 

apertures for generating the confocal image, and photomultiplier tube detectors tuned for 

different fluorescence wavelengths [69, 73]. 
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Fig.1.6 A general arrangement of scan head components in LCSM. Picture from NS. Claxton, etc 

[69]. 

 

 

1.4 Structural changes in polymers 

 

Structural features of polymers are usually described at three levels of complexity: primary 

structure, secondary structure and tertiary structure [74].  

Primary structure refers to the atomic composition and chemical structures of the monomer, 

which is the building block of the polymer chain. By definition, a polymer is a chain of atoms 

hooked together by primary valence bonds.  

Secondary structure refers to the size and shape of an isolated single molecule. The size can be 

discussed in terms of molecular weight, and the shape of the polymer molecule is influenced by 
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conformation, which is the arrangement established by rotation about primary valence bonds. 

Tertiary structure is the way how a large number of polymer molecules aggregate. The forces 

responsible for molecular aggregation are the intermolecular secondary bonding forces. Different 

arrangements of molecules lead to different tertiary structures. For example, irregular amorphous 

polymer material, oriented amorphous polymer material and crystalline polymer material have 

different tertiary structures. 

Figure 1.7 demonstrates different structures in primary (a), secondary (b), tertiary (c) level. 

 

 

             (a)                                                       (b)                                         (c) 

Fig. 1.7 Different structures in primary (a), secondary (b) and tertiary (c) level.  

 

The chemical and electrical properties of a polymer are directly related to the chemistry of the 

constituent monomers, which is the primary structure. The physical and mechanical properties of 

polymers, on the other hand, are largely a consequence of secondary and tertiary structures.  

In this thesis, structural change in Chapter 2 is in a secondary level, while Chapter 3 and 4 focus 

on the tertiary structural change and its assessment.   

 

1.5 Objective of this research 

 

Structural changes affect the performance of polymer products. Subtle changes to polymer 

structure have a great influence on the chemical and physical, mechanical properties of a 

polymer material. Thus it is important to understand how structure changes in polymer materials 

and develop methods to detect these changes.  

Specifically, when it comes to shape memory polymers (SMPs), a thorough understanding of 

how shape recovery takes place is necessary in order to design or modify their properties. 

Recovery ratio is an important factor when characterizing SMPs’ structural performance. In some 
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SMPs, a recovery ratio close to 100% can be achieved. However, not all the SMPs have such a 

good recovery ratio. Some researches are also studying shape recovery ratio of certain bio-SMP 

materials [75, 76, 77]. Therefore, there is much to be gained by looking closer into this subject 

and finding ways to control recovery ratios more effectively. 

In the present study, we were interested in developing a suitable experiment method to detect 

tertiary structural changes in SMPs at different thermomechanical cycles. While currently there 

are many experiment methods for characterizing polymers’ structures (as introduced in section 

1.3.1), none of them can easily detect differences between different modes of polymer chain 

aggregation. The method used in this study, however, is expected better able to detect damage in 

polymers and polymer composites as a non-destructive testing method.   

 

Our objectives are: 

1) To gain a thorough understanding of effect of structural change on mechanical properties 

during degradation by measuring degradation properties in the new CF/HA/PLA material 

for bone fixation that we designed.  

2) To identify the principle of shape memory effect from polymer structural point of view 

and to propose a new method for controlling shape recovery ratio by annealing.  

3) To develop a new experiment method to detect tertiary structural change by measuring 

fluorescence spectroscopy at different depths of material by LCSM.  
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Chapter 2  

Preparation and degradation properties of CF/HA/PLA biocomposites 

 

 

 

2.1 Introduction 

The traditional ways for recovering bone defect are autotransplantation or allotransplantation, 

due to the scarcity of the possible tissues, the man-made biological material has been receiving a 

great deal of interest. At first, metals such as stainless steel and titanium alloy are taken for the 

internal fixation of bone fracture. Compare with the natural bone tissue, these materials 

characterize high modulus of elasticity. However numerous studies have shown that these rigid 

metal plates interfere with normal bone physiology by stress shielding of the bone beneath the 

plates [1-5]. Also metals can’t degrade in vivo. People would suffer the extra pain during the 

surgery to fetch the fixation material. 

Hydroxyapatite (HA) is the main inorganic component of bone with great bioactivity and bone 

bonding ability [6-8]. Polylactide (PLA) is widely used in the bone fixation material and surgical 

suture because of its good degradation [9-11]. However, the low mechanical strength of the pure 

PLA can’t meet the requirement of the repairing of weight bearing bones which limits the 

application.  

Nowadays, inorganic/polymer biomaterials have been the subjects of intense study in surgical 

reconstruction and bone tissue engineering [12-15]. HA/PLA composite becomes an important 

representative of these materials since they combine the osteoconductivity and bone bonding 

ability of HA with the absorbability and the easy processing property of the polymer matrix PLA 

[16-19]. Nevertheless, the mechanical strength still fails to meet the demands of the fixture of 

weight bearing bones. Carbon fiber (CF) was widely chosen as a reinforced material in the bone 

implant for its great biocompatibility and high strength. Though the long-term effect of carbon 
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fiber in the living tissues is still an opening question, many researches indicated that the bone 

grew on the exposed carbon fibers and cause no inflammation [20-22]. Furthermore, Czajkowska 

and Bhiewicz reported that, by oxidizing treatment of carbon fibers with nitric acid as mentioned 

in our paper, the powders of carbon fiber can be phagocytized [23]. CF reinforced HA/PLA 

composite not only improves the mechanical properties, but also keeps the advantages of 

HA/PLA composite material. The flexural and shear strength along the fiber direction is believed 

to be still poor. However, most of the time fibers are perpendicular to the direction of the applied 

load when the implanted material located in the tensile area of the construction. It is hopefully to 

be the internal fixation material with its good bioactivity, absorbability, degradation and high 

mechanical strength. 

2.2 Materials and methods 

2.2.1 Surface treatment of CF 

CF (T300, Toray Industries, Inc. Japan) and HNO3 were introduced into a flask. The mixture was 

heated up to 70°C, refluxing and oxidation for 5h. After the treatment, CF was washed with vast 

amount of deionized water, the resulting CF was dried for 24h before use. The surface areas of 

CF before and after the oxidation were determined by a gas sorption analyzer (AUTOSORB-1-C, 

QUANTACHROME Apparatus company, USA).  

2.2.2 Preparation of CF/PLA/HA composites 

Weighed HA (Sinopharm Chemical Reagent Co. Ltd, China), PLA (Mn＝172000，Mw＝

214000, Zhejiang Hisun Biomaterials Co. Ltd, China) in the mass ratio of HA to PLA 2.5/97.5，

5/95，10/90，15/85，20/80，25/75, 30/70. First, solved PLA with chloroform, after the 

ultrasonic dispersion of HA in a little chloroform for 15 min, put the dispersed HA to the PLA 

solution, and then stirred for 4 h. Second, we weighed 20% continuous and aligned CF bundles 

in volume fraction, and then dip the CF into the mixture solution made in the first step to form 

the pre-impregnating belt. Solvent was volatilized later. In order to decrease the alveoli in the 

specimens, we took the following steps: cold pressing in room temperature for 10 min, then hot 

pressing at 170°C, 40 MPa for 20min, transfer the specimens to the cold press machine for 

cooling to the room temperature. The sample we obtained indicated that the carbon fiber 
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paralleled along the length and mechanical properties tests were carried out perpendicularly from 

the fiber direction. The flexural strength and modulus of the intact CF/HA/PLA composites and 

after in vitro exposure were measured by the three-point bending method, using a universal 

material testing machine (SANS-CMT 4204，SANS，China) at room temperature. The distance 

between supports was 30 mm. The testing speed was 1 mm/min. Samples for three-point bend 

tests had dimensions of approximately 2 mm × 3 mm × 40 mm.  

The shear strength of the intact CF/HA/PLA  composites and after in vitro exposure, was 

measured by means of a tool, which was constructed by modifying the standard BS 2782, 

Method 340B [24]. The tool consisted of two parts, which were joined together by the implant 

(Fig.2.1). During the test, the parts were pulled apart using a universal material testing machine 

operating at a crosshead speed of 10 mm/min. Thus the implant, resting in a drill hole, was cut 

into three pieces perpendicular to the long axis of the rod. The size of the drill hole was chosen 

such that it was easy to push the test sample through the holes in the tool (approximate diameter 

of the drill hole 0.1 mm larger than the test sample). The shear strength was calculated using 

max

2

2
s

F

d



                                     (2.1) 

where s is the shear strength (MPa), Fmax the maximum force recorded (N) and the d the 

diameter of the rod (mm). Samples for shear tests were cylindrical with an approximate diameter 

of 3 mm and height of 30 mm. 
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Fig.2.1 A schematic cross-sectional drawing of the shear strength test. During the test, the two 

parts of the hardened stainless steel test tool were pulled apart such that the test sample resting in 

a drill hole, and initially joining the parts of the tool together (a), was cut into three pieces 

perpendicular to the long axis of the rod (b). 
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2.2.3 Degradation in vitro of CF/PLA/ HA   

Several specimens of CF/HA/PLA composites (mass ratio of HA to PLA 15/85) were chosen. 

Phosphate buffer solution (PBS) with the initial pH value of 7.40 was prepared. Put the 

specimens into the PBS (10ml PBS for each specimen). After that, specimens were stored in the 

37°C incubator, replaced PBS once a week. 5 specimens have been chosen every few weeks, to 

determine the mechanical properties of CF/HA/PLA by a universal material testing machine in 

the whole 3 months. Meanwhile, the variation of pH values, water uptake and mass loss of 

CF/HA/PLA composites were studied by the general ways as below: number 10 specimens and 

weigh each specimen with electronic balance, soak them in 100ml PBS, change PBS once a 

week. Measure the pH value of PBS with pH meter and weigh the wet weight of specimens 

regularly. After that, vacuum dry the specimens at 50°C until constant weight is attained. Record 

the constant weight. Then calculate the water uptake and mass loss of the 10 specimens and 

average them. The formula for calculating the water uptake WA and mass loss WL are shown as 

follows: 

WA % = 100 ( Ws - Wr) / Wr             (2.2) 

WL % = 100 ( W0 - Wr) / W0                  (2.3) 

where, Ws is the wet weight, Wr the constant weight, Wo the initial weight. 

2.2.4 Scanning electron microscopy (SEM) 

SIRION FE-SEM (FEI, Netherlands) was used to characterize the surface morphology of the CF 

before and after oxidized by HNO3 and the microstructures of the intact CF/HA/PLA composites 

and after in vitro exposure.  
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2.3 Results and discussion 

2.3.1 Surface treatment of CF 

SEM photos of CF before and after oxidized by HNO3 show that it increases the surface 

roughness of CF, as presented in Fig.2.2. Its smooth surface has been shift to be grooved one 

after the oxidation. According to the analysis of specific surface area, the specific surface area of 

oxidized CF is 1.172m
2
/g nearly 5 times than the previous one untreated (0.289m

2
/g). Thus 

increase the contact area and mechanical interlocking effect between CF and matrix. 

 

Fig.2.2 SEM photos of CF before (a) and after (b) oxidized by HNO3   
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2.3.2 Flexural properties and degradation in vitro of CF/HA/PLA  

Fig.2.3 shows the dependence of flexural strength (a) and flexural modulus (b) on HA mass 

fraction of CF/HA/PLA composites. Fig.2.3 (a) suggests that when HA mass fraction is low, 

flexural strength increases as HA mass fraction rises, it reaches the maximum when HA mass 

fraction is 15%, after reaching the peak, flexural strength decreases as HA mass fraction rises. In 

the Fig.2.3 (b), In the Fig.2.3 (b), it illustrates that the flexural modulus performed the similar 

trend to Fig.2.3 (a). The trend is nearly the same as the literatures reported, but the flexural 

strength is almost 4-6 times that of the HA/PLA composite [14]. The reason why the strength of 

this kind of composite is higher than HA/PLA is that CF plays the role of strengthening material. 

HA could increase the flexural modulus because of its rigidity, on the other hand, with the 

joining in of HA particles, the interfacial bonding between CF and matrix weakens, and it 

increases the opportunity to form defects in the composite. When the added HA mass fraction 

reaches a certain amount, the dispersal of HA particles reduces, which causes the stress 

concentration, and finally the flexural strength to decrease. The mutual competition of the two 

mechanisms leads to the trend that the flexural strength and flexural modulus increase in the 

beginning and decrease after the peak. 
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Fig.2.3 The dependence of flexural strength (a) and flexural modulus (b) on HA mass fraction of 

CF/HA/PLA composites（CF volume fraction 20%） 
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The in vitro degradation behavior of the ternary composite is mainly investigated in following 

aspects: the strength of the material, the attenuation of the modulus, mass loss, water absorption 

and the change of the pH value during soaking in certain solution.  

Fig.2.4 shows the changes in flexural strength and flexural modulus of CF/HA/PLA during the 

degradation in phosphate buffer solution (PBS) at 37°C, it can be observed that as the 

degradation goes, the flexural strength and flexural modulus decrease continuously. With the 12-

week degradation, the flexural strength decrease 10% from 430 MPa to 388 MPa, the flexural 

modulus decrease 13%, from 22 GPa to 19 GPa. The CF/HA/PLA composite can maintain the 

excellent mechanical properties for several months, which is conducive to the regeneration of 

bone tissue at an early period.  

Fig.2.5 indicates changes in water uptake and mass loss during the degradation in PBS at 37°C. 

It represents that with the extension of degradation, water uptake and mass loss both increase, 

after degradation for 12 weeks, water uptake is 5% while mass loss is only 1.6%.  
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Fig.2.4 Changes in flexural strength and flexural modulus of CF/HA/PLA during the degradation 

in phosphate buffer solution (PBS) at 37°C (CF volume fraction 20%，HA/PLA mass ratio 

15/85)   
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Fig.2.5 Changes in water uptake (a) and mass loss (b) during the degradation in PBS at 37°C (CF 

volume fraction 20%，HA/PLA mass ratio 15/85) 
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Fig.2.6 Longitudinal profile (fiber direction) SEM photos of the CF/HA/PLA composites 

degraded in PBS for 1 week (a) and 12 weeks (b) (CF volume fraction 20%，HA/PLA mass 

ratio 15/85) 
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Fig.2.6 shows SEM photos of the CF/HA/PLA composites degraded in PBS for 1 week (a) and 

12 weeks (b). It shows that CF and matrix combine closely in the first week, but then there’re 

gaps between CF and matrix after soaking 12 weeks. Interfacial degradation is the most 

important factor of the strength falling. SEM photos would prove it. As the interfacial bonding 

strength declines, the strength of the material declines. Between CF and matrix, there exists 

interface where the water uptake effects take place.  Water diffuses to the inner of the composite 

easily through the interfaces because of capillarity. These account for the continuously increasing 

water uptake. Fig.2.7 states changes in pH values of PBS during the degradation. The pH value 

of PBS during the whole degradation drops less than 0.1, shows that the alkaline of HA 

neutralize the acid degrades from PLA. 

 

 

Fig.2.7 Changes in pH values of PBS during the degradation time (CF volume fraction 20%，

HA/PLA mass ratio 15/85) 

 

 

 



36 
 

2.3.3 Shear strength and degradation in vitro of CF/HA/PLA  

We can see in the Fig.2.8 that the dependence of shear strength on HA content of CF/HA/PLA 

composites is similar to the dependence of flexural strength on HA content of CF/HA/PLA 

composites. When HA mass fraction is low, flexural strength increases as HA mass fraction rises, 

it reaches the maximum when HA mass fraction is 20%, after that, flexural strength decreases as 

HA mass fraction rises.  

 

Fig.2.8 The dependence of shear strength on HA mass fraction of CF/HA/PLA composites （CF 

volume fraction 20%） 
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Fig.2.9 shows the changes in shear strength during the degradation in PBS at 37°C of the 

CF/HA/PLA composites. It indicates that after degradation for a week, it is saturated in water 

uptake, the shear strength drops by 100 MPa. With the degradation carrying on, there is no 

obvious change in the shear strength, keeping it at the level of 190 MPa. Fig.2.10 shows SEM 

photos of fracture surfaces of the CF/HA/PLA composites degraded in PBS for 1 week (a) and 

12 weeks (b) after shear strength test. We can see that the PLA matrix has not been degraded 

after soaking in PBS for one week. However the PBS immersing takes place in the interface and 

leads to the strength decline. After immersing for 12 weeks, as degradation of some PLA matrix, 

we can observe that there are gaps between CF and PLA, as shown in Fig. 10 (b). Because there 

are no changes on CF, the shear strength of the composite levels off in the later degradation. 

 

Fig.2.9 Changes in shear strength during the degradation in PBS at 37°C of the CF/HA/PLA 

composites (CF volume fraction 20%，HA/PLA mass ratio 15/85)   
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Fig.2.10 SEM photos of fracture faces of the CF/ PLA/HA composites degraded in PBS for 1 

week (a) and 12 weeks (b) 
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2.4 Conclusions 

CF reinforced HA/PLA degradable biomaterial is prepared by hot pressing a prepreg which 

consisting of PLA, HA and CF. The composites have good mechanical properties. A peak 

showed in flexural strength, flexural modulus and shear strength aspects, reaching up 430 MPa, 

22 GPa, 212 MPa respectively, as the HA content increased. Degraded in vitro for 3 months, the 

flexural strength and flexural modulus of the CF/HA/PLA fell 13.2% and 5.4% respectively, 

while the shear strength of the CF/HA/PLA composites remains at the 190 MPa level. Water 

uptake increased to 5%, while the mass loss rate was 1.6%. The SEM photos showed that there 

were gaps between the PLA matrix and CF after degradation, which was considered as 

hydrolysis of PLA at interface. The pH values of the PBS dropped less than 0.1. That’s because 

the alkaline of HA neutralize the acid degrades from PLA, which can prevent the body from the 

acidity harm.  
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Chapter 3 

Relationship between Annealing and Shape Memory Effect of Shape Memory 

Polyurethane 

 

 

 

 

3.1 Introduction 

Shape memory polymers (SMPs) are polymers with the ability to store and recover strains on the 

order of several hundred percent when subjected to a particular thermomechanical cycle [1]. 

Different from shape memory alloys (SMAs) [2], the shape memory effects in SMPs is 

predominantly an entropic phenomenon [3]. It can be induced by various external stimuli, such 

as heat [4], light [5], electric field [6], magnetic field [7] or radiation [8] to return to its original 

shape. Polyurethane (PU) is one of the most important materials in the SMP family. SMPs’ 

attractiveness mainly lies in their ease of processing and low cost [9]. PU shape memory 

polymers are generally synthesized following common synthetic routes such at reacting 

diisocyanates and polyols with a diol or triol as a crosslinker [10]. Shape recovery is one of the 

indexes that people are concerned about for evaluating shape memory effect. In general, 

polyurethane SMPs are considered to consist of ‘netpoints’ and molecular switches. Netpoints 

are hard segments acting as a fixed phase under a certain thermomechanical cycle, which are 

assumed as crystalline, glassydomains, chain entanglements or chemical cross-links. The soft 

segments work as a reversible phase, which actively move as the thermal energy is inputted [11]. 

Meanwhile, annealing of polymer is a kind of second process wherein the polymer is brought to 

a certain temperature, kept for a certain time and then cooled to room temperature [12].  

Annealing is also one of the ways to modify the material properties of thin films to the preferred 

properties [13, 14]. For example, the crystallinity of the polymer can be adjusted from annealing, 

as degree of crystallinity is determined by structural regularity of the polymer. Annealing can 

decrease the regularity if the polymer has a regular structure, which is obtained from external 

forces. In contrast, it also could increase the regularity if the initial structure is disordered. There 

are also some other researchers doing investigation on effects of annealing with morphology 

change [12]. Thus, annealing treatment of shape memory polyurethane (SMPU) and the 
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influence of annealing on shape memory recovery are quite important. 

In this study, thermal annealing experiments of SMPU film were conducted to investigate how 

annealing affects film length by time. After that, annealing and thermomechanical cycle 

experiments with different time combination were conducted to discover the relationship 

between annealing and shape recovery effect of this film. Finally, experiments with precisely 

controlled annealing time and thermal recovery time from calculation were carried out in order to 

validate our assumption.  

 

 

3.2 Experiments 

 

3.2.1 Experiment for annealing: equipment and process 

Uniaxially oriented SMPU film with approximately 50µm thickness was prepared. Raw 

materials which were thermoplastic polyurethane pellets with glass transition temperature (Tg) 

of 55°C (MM5520) were provided by SMP Technologies Inc. SMPU film was produced by cast 

film extrusion process in a factory. For experiment, films with size of 250mm × 15mm were cut 

from film rolls. Figure 3.1 is the photo of SMPU film roll and film cut from the roll.  
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Fig. 3.1 Photo of a roll of polyurethane shape memory polymer produced by cast film extrusion 

process and some film slices cut from the roll. 

 

For annealing, water bath was used to control the temperature. A ceramic glass hotplate (IKA C-

MAG HP7) which can provide constant temperature to water bath was used. A digital 

thermometer was also used to measure water bath temperature. PU has high polarity, which 

makes it have high surface tension and high surface free energy. Moreover, the SMPU film that 

used for experiment was oriented during manufacturing. So at relatively high temperature, film 

curls and sticks together to reduce surface free energy. Therefore in our experiment, one end of 

the film is clipped by a binder clip. The other end wounds round a small piece of balsa wood. 

Balsa wood was chosen because of its low density (0.11g/cm
3
), which could reduce the influence 

from constraints to the greatest extend when taking out film from water bath. Binder clip is tired 

with a string for the ease of taking out film. Length change of the red mark at different time 

intervals is measured by microscope. Annealing test equipment is illustrated in Fig.3.2. 

Annealing was carried out at 60°C, 65°C and 70°C, for each temperature, 3 repetitions were 

done to see if the results had good repeatability. Length change of the film was recorded. Curve 

fitting was done.  
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Fig. 3.2 Sketch of annealing process of SMPU film. 
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Fig. 3.3 Device for shape memory thermomechanical cycles. 

 

 

 

3.2.2 Experiment for thermomechanical cycle: equipment and process 

For thermomechanical cycles, a tensile test machine with heating system imbedded was used and 

a microscope was used for recording the length change of the film as seen in Fig.3.3.  

 

 

Thermomechanical cycles were done by fixing the film in the tensile machine, followed by 

increasing temperature to 65°C. Temperature of the film was measured by a digital infrared 

temperature sensor (KEYENCE, FT) and keeping at the same temperature by the imbedded heat. 

After that, approx. 15(±1) % of elongation was applied to the film. Length was measured by 

microscope (KEYENCE, VHX). Then temperature was cooled down to room temperature at 

27°C within 10min with two small fan motors. Shape recovery was carried out at 65°C water 

bath for 10s. 
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3.2.3 Experiment for annealing and shape memory effect 

4 samples with different annealing time and shape recovery time were prepared. Table 1 shows 

annealing time and shape recovery time of these 4 samples. For example, sample No.2 went 

through a 10s of annealing first, followed by a thermomechanical cycle with recovery time of 

20s. This experiment was repeated three times. After that the relationship of annealing and shape 

recovery was revealed.  

 

 

 

Table 3.1 Annealing time and shape recovery time of 4 samples. 

Sample 

number 

Annealing time 

[s] 

Elongation ratio in 

thermomechanical cycle 

Shape recovery time 

[s] 

1 / 15% 30 

2 10 15% 20 

3 20 15% 10 

4 30 15% / 

 

 

 

3.2.4 Experiment designed for controlling shape change ratio 

From the curving fitting equation and the relationship of annealing and shape recovery, the time 

which is needed for a desired length change ratio can be calculated. Annealing and 

thermomechanical cycle experiments with controlled time that calculated from equation were 

conducted and results were analyzed. 
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3.3 Results and discussion 

3.3.1 Result of annealing  

 

 (a) Film length change ratio with respect to annealing time. 3 repetitions for each temperature. 
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(b) Figure of film length change ratio with respect to annealing time. Curve in the middle of 

3 repetitions is shown here.  
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Fig. 3.4 (a) (b) Relationship of film length change ratio and annealing time at 60°C, 65°C, and 

70°C. 3 repetitions and the one in the middle. (c) Least square fitting to the curve at 65°C.  

 

Fig. 3.4 (a) shows the relationship of length change ratio and annealing time at three different 

temperatures. The intermediate curve for each temperature is shown in figure 3. 4 (b).  

 

Length change ratio here (as well as shape change ratio and shape recovery ratio) is defined as 

the following equation: 

𝑟 =
𝑙𝑜−𝑙𝑎

𝑙𝑜
                                                        (3.1) 

where r is length change ratio, lo is the original length and la is the length afterwards.                        

3 repetitions were done for each temperature. It can be seen that annealing property at one 

temperature is quite stable. For temperature at 60°C, length change ratio was in the region from 

nearly 0.2 to 0.58, while for both 65°C and 70°C, this was from nearly 0.3 to 0.68. It can be seen 

that in this temperature region, the higher the temperature, the larger the length change ratio. 

This is obvious because high temperature provides more energy for polymer chains to relax from 

orientation. Curves for 65°C and 70°C are close. That means polymer chains are reaching their 
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relaxation limit at these temperatures. It is also shown that with the increasing of time, length 

change ratio caused by annealing becomes stable. It is because with the time increasing, residual 

strain from material manufacturing process decreases.   

Fig. 3.4(c) shows the curve fitting of length change ratio r as a function of time t. This was done 

by least square method.  

Equation from curve fitting for 65°C is as following: 

 

r = -0.3379*e
(-0.0287*t)

 + 0.6237           (3.2)  

  

where r is length change ratio, and t is annealing time.  

From this equation, length change ratio at any annealing time can be calculated.  

 

 

 

3.3.2 Result of thermomechanical cycles 

3 samples were used to carry out thermomechanical cycle test for SMPU film, shown in Fig. 3.5. 

Y axis is normalized film length, which means dividing all the lengths by its original length.  

Shape recovery time was 10 seconds. 3 samples had shape change ratio of 23.4%, 28.9% and 

27.1% respectively. This shows there is good reproducibility among these 3 samples in length 

change ratio.  

Minor difference can come from: Sample difference, for example, slightly difference of internal 

residual stress or samples were from different batches; Error in operating experiment, such as 

controlling heating temperature, recovery temperature and recovery time.  
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Fig. 3.5 Film length changes of 3 samples in one thermomechanical cycle after normalizing.  

 

 

 

3.3.3 Relationship between annealing and shape memory effect  

Fig. 3.6 shows a total length change ratio of 4 samples described in Table 3.1. Here a total length 

change ratio is defined by the difference between lengths before annealing and after 

thermomechanical cycle divided by the original length before annealing. From this figure, we 

can see that no matter it was pure annealing or pure shape memory thermomechanical cycle, or 

different time combination of annealing and shape recovery, as long as they are the same in total 

time, the length change ratio is almost the same. This means, for this SMPU, length change from 

annealing and shape memory effect at the same temperature is the same. This can be understood 

as follows: annealing is a process that by heating up material, polymer chains relax from the low 

entropy state created by the stretch from manufacturing, follows by returning to stable high 

entropy state if annealing time is long enough. Meanwhile, the mechanism of shape memory 

effect is similar, by stretching at relatively high temperature above the glass transition 

temperature and cooling down, it temporarily stores energy of low conformational entropy state 

in molecular chains between crosslinking nodes, when heating above the glass transition 

temperature, stored strain recovers via an increase in the network free volume, chain 

rearrangement, and finally the recovery of a stable high entropy state in polymer.  
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Fig. 3.6 Total length change ratio of 4 samples. The figure shows results from 3 replications of 

experiment.  

 

3.3.4 Result of shape change ratio controlling experiment 

From results above, we can assume, it is a feasible and easy way to control the shape recovery 

ratio of SMP by controlling the annealing level, which is of interest in various parts of fields 

where SMP is used. Here is an example of controlling shape recovery ratio at 45% by annealing 

time. We assume original length as lo, length after pure annealing is la, and then final length 

includes elongation after annealing is (1+0.15) × la.  

𝑙𝑜−(1+0.15)×𝑙𝑎

𝑙𝑜
= 0.45                                                      (3.3) 

So     𝑙𝑎 =
1−0.45

1+0.15
× 𝑙𝑜  = 0.478 lo 

For annealing without elongation: 

Length change ratio is   r = 
𝑙𝑜−𝑙𝑎

𝑙𝑜
  = 

𝑙𝑜−0.478𝑙𝑜

𝑙𝑜
 = 0.522      

Substitute r as 0.522 into equation 3.2, we can calculate the time needed to have a shape recovery 

ratio of 45% is 41.7s.            
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We performed experiments of 3 samples with a total processing time of 41.7s and length change 

during the experiments was measured. We can see all 3 samples closely reached to a length 

change ratio of 45%. This proves that shape recovery ratio of shape memory polyurethane can be 

designed by annealing.  

 

  

Fig. 3.7 All three samples with same total annealing time and thermal recovery time reach the 

designated shape recovery ratio. 

 

 

3.3.5 Discussion from molecular point of view 

SMP has a working principle of storing energy in molecular chains during cooling down in 

thermomechanical cycle and releasing energy when temperature increases. As written in the 

introduction part, it is a process of changing of entropy in materials. For annealing, it is same. 

Energy is stored in molecules during orientation in manufacturing, kept when the products cool 

down, and released during annealing. Therefore, the processes of annealing and shape memory 

are, in essence, the same. In this article, only temperature at 65°C was discussed. Results need to 

be further discussed if temperature is changed when crystallization occurs.  
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3.4 Conclusions 

(1) We studied length change of SMPU film under annealing at 3 different temperatures. From 

the results it can be seen that different temperatures lead to different length change ratio at same 

time interval.  

(2) By comparing the length change ratio from annealing and thermomechanical effect of SMPU, 

we concluded that annealing and shape memory effect had same effect on length change of 

SMPU.  

(3) We also demonstrated that for obtaining a certain length change ratio of SMPU, result is same 

if the total processing time of annealing and thermomechanical recovery is same as the pure 

annealing time which is needed for the equivalent effect. Therefore, we conclude that we can 

control shape recovery ratio of SMPU by adjusting annealing time.  
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Chapter 4 

Fluorescence Spectroscopy to Detect Structural Change in PU Shape Memory 

Polymer with Different Thermomechanical Cycles 
 

 

 

 

 

 

 

4.1 Introduction 

 

Shape memory polymers (SMPs) are polymers with the ability to store and recover strains on the 

order of several hundred percent when subjected to a particular thermomechanical cycle [1]. 
 

They are a kind of important smart polymers, which have the advantages of light weight, good 

processability, low cost, high shape deformability, high shape recoverability and tailor-able 

switch temperature [2-6]. SMPs have found broad applications in smart textiles [7], intelligent 

medical devices [8, 9], heat shrinkable packages for electronics [10], sensor and actuators [11], 

self-deployable structures in space craft [7, 12], etc. Among various SMPs, shape memory 

polyurethanes (PUs) are receiving much attention for their excellent shape memory effect and the 

potential to be used as self-repairing or biomaterials [13]. Shape memory PUs basically consist 

of two phases, hard segments which act as the physical crosslink, and soft segments which act as 

reversible phase. When reversible phase is heated to a softened state, SMPs would be deformed. 

The deformation would be fixed when it is cooled to a hardened state. After that, original shape 

is recovered at above glass transition temperature (Tg), which is due to the strong dipole-dipole 

interaction among the hard segments components [14].
 
There are researches show that shape 

memory effect is closely related to some structural change, e.g. the amount of hard segments 

would affect the ratio of recovery and low content of hard segments would lead to the recovery 

incomplete [15]. Shape recovery ratio is one of the key factors when designing SMPs. Therefore, 

we attempted to develop a method to investigate the change of shape recovery ratio, assuming it 

is attributed to structural change in polymer.    

 

Laser confocal scanning microscopy (LCSM) is a microscopic technique that can provide 

fluorescent information of specimen layer-by-layer. It has become an invaluable tool for a wide 
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range of investigations in biological, medical and material sciences for imaging and analyzing 

thin sections in fixed specimens ranging in thickness up to 100 micrometers [16].  Modern 

instruments usually are equipped with 3-5 laser systems controlled by high-speed acousto-optic 

tunable filters, which is an electro-optical device that functions as an electronically tunable 

exciation filter to simultaneously modulate the intensity and wavelength of multiple laser lines 

from one or more sources [17]. Also it coupled with photo multipliers which are capable of 

examining fluorescence emission ranging from 400nm to 750nm [18]. Spectral imaging 

detection systems further refine the technique by enabling the examination and resolution of 

fluorophores with overlapping spectra as well as providing the ability to compensate for auto-

fluorescence [16]. The main advantage of using an LCSM to measure fluorescence is that it is 

primarily sensitive to the response coming from an in-focus plane of the specimen, by the design 

of pinhole. Meanwhile focus on thickness direction can be adjusted. Thus layer-by-layer 

fluorescence information can be gained.  

 

The confocal principle in LCSM is schematically presented in figure below.  

 

 

Fig.4.1 Schematic diagram of the optical pathway and principal components in a laser confocal 

scanning microscopy [19]. 
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Coherent light emitted by the laser system (excitation source) passes through a pinhole aperture 

that is situated in a conjugate plane (confocal) with a scanning point on the specimen and a 

second pinhole aperture positioned in front of the detector (a photomultiplier tube). As the laser 

is reflected by a dichromatic mirror and scanned across the specimen in a defined focal plane, 

secondary fluorescence emitted from points on the specimen (in the same focal plane) pass back 

through the dichromatic mirror and are focused as a confocal point at the detector pinhole 

aperture [16]. 

Light originating from in-focus plane can pass the pinhole freely, whereas light coming from out-

of-focus planes is blocked by pinhole. In the measurement, fluorescence dyes are excited by laser 

light. Fluorescence from that focalized point can be detected. By controlling laser’s focus points 

inside specimen, fluorescent intensity at different depths in the specimen can be detected [19]. 

 

Previous researches show that LCSM is useful in characterizing material properties such as 

surface morphology [20, 21, 22], structure development in polymers [23]. Moreover researches 

of detecting material properties by bonding fluorescent dye molecules to target material by 

chemical reaction such as done by Goda et al. [24]
 
or by immersion of fluorescent dye in 

fluid/fluid system [25] were reported. We attempt to apply this technology to detect structural 

change by immersing fluorescent dye in fluid/solid system using LCSM.  

The present study developed a method based on fluorescence spectroscopy in order to detect the 

difference of shape recovery ratio (length change ratio in this work) of PU shape memory 

polymer film. Fluorescence intensity change was measured by LCSM. Comparing results 

between the samples with different thermomechanical cycles, we discuss the effectiveness of the 

fluorescence spectroscopy to detect the structural change of shape memory polyurethane 

(SMPU). 

 

 

 

 

 

 



61 
 

 

4.2 Experiment  

 

4.2.1 Thermomechanical cycles for PU shape memory polymer 

 

We investigated the effectiveness of fluorescence spectroscopy using SMPU film with different 

thermomehcanical cycles. This study used uniaxially oriented SMPU film with approximately 

50µm thickness. Raw materials which were thermoplastic polyurethane with glass transition 

temperature of 55°C (MM5520) were provided by SMP Technologies Inc. 

For thermomechanical cycle, a tensile test machine with heating system imbedded was used and 

a microscopy was used for recording the shape change of the film. Thermomechanical cycles 

were done by fixing the film in the tensile machine, then temperature was increased to 65°C and 

kept there by the imbedded heat. After that, approx. 15(±0.5)% of elongation was applied to the 

film. Then temperature was cooled down to room temperature at 27°C within 10min. Shape 

recovery was carried out at 65°C in water bath. Samples with 1 and 5 thermomechanical cycles 

were prepared.  

 

4.2.2 DSC test 

 

Differential scanning calorimetry (DSC) provides a rapid method for determining polymer Tg 

and degree of crystallinity based on the heat required to melt the polymer, if crystallized. In our 

experiment, DRG-50 (Shimadzu) was used for measuring sample weight. DSC-50 and DTG-50 

(Shimadzu) were used for DSC test.  

Samples after 0, 1, 5, 10 thermomechanical cycles were prepared and analyzed over the 

temperature range from ambient (about 17°C) to 200°C. A heating rate of 10°C/min was used 

with atmospheric air around the sample. Since thermal history of a polymer affects the measured 

degree of crystallinity, these samples were evaluated “as received”.  

 

4.2.3 Fluorescent solution and immersion 
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After thermomechanical cycle(s), one group of samples (with 0, 1, 5 thermomechanical cycles) 

were soaked in pyranine ethanol solution (5µg/ml), another group (same samples) were soaked 

in uranine ethanol solution (5µg/ml), both were at room temperature (21°C) for 30min. Pyranine 

and uranine in ethanol solution have peak absorption wavelength at about 400nm [26] and 

493nm [27] respectively. Our experiment values of peak emission wavelength of pyranine and 

uranine are 437nm and 522nm. After specimens were taken out, both surfaces were rinsed by 

ethanol twice. Whereafter, surfaces were dried by paper. The basic principle of our method is we 

immerse the fluorescence dyes into the sample and measure how much the fluorescence dyes can 

be immersed. We can consider that the difference in the amount of immersed fluorescence dyes 

represents some structural change in the material.  

 

4.2.4 Laser confocal scanning microscopy measurement at different depth 

 

The measurement of distribution of fluorescence intensity in depth direction is based on the 

confocal laser scanning microscopy (Olympus FV1000-D). Scanning size is 313µm by 313µm. 

Numerical aperture (NA) is 0.4. The excitation laser wavelength was 405nm for pyranine and 

473nm for uranine. A depth of about 80µm is scanned from a bit outside of surface to inner 

sample and then out of the other surface. Interval from point to point is 5 to 10µm.  

 

4.2.5 Data processing method 

 

 

 

Fig. 4.2 Treatment of fluorescent spectrum. This reduces the interference of laser light scattering. 

 

A typical spectrum that we obtain below the surface is shown in Figure 4.2. Baseline in this 

spectrum is not horizontal. One possible reason is that the scattering of laser incident light can 
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influence the spectrum when it is under the surface. Here we used a method called Fluorescence 

Line Height (FLH) to characterize the fluorescent intensity. λ1, λ3 are two wavelengths at the left 

and right side of spectral peak. λ2 is the wavelength at the emission maximum. Fluorescent 

intensity I is defined by following equation: 
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
                                                 (4.1) 

where I1, I2 and I3 are intensities at λ1, λ2 and λ3.  

 

From description above, fluorescent intensity at certain point can be calculated from the 

spectrum. If we connect fluorescence intensity in one figure, a fluorescence intensity profile in 

one sample can be obtained, as in sketch below.  

 

 

Fig.4.3 Example of intensity profile in one sample from experiment.  

 

 

 

 

 

4.3 Results and discussion 

 

4.3.1 Shape recovery ratio with different thermomechanical cycles 

Figure 4.4 shows the results of length change ratio of the PU film with different 
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thermomechanical cycles. Here the length change ratio R is defined as following equation: 

before

beforeafter

l

ll
R

)(
1


                                                         (4.2) 

lafter is the length after a cycle and lbefore stands for the length before a thermomechanical cycle.  

Fig.4.4 has some points whose value exceeds 1, because length change here includes annealing 

during thermomechanical cycle. Annealing and shape recovery share same mechanism as 

reported in chapter 3 [28]. 

 

Fig.4.4 Results of shape recovery rate of the PU film with different thermomechanical cycles.  
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4.3.2 DSC results 
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Fig. 4.5 Results of DSC measurement. (a) (b) (c) and (d) are results of samples with 0, 1, 5, 10 

thermomechanical cycles respectively.  
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Table 4.1 DSC characterization of 4 samples. 

Sample Glass transition 

temperature (°C) 

Crystallization 

temperature (°C) 

Melt peak temperature 

(°C) 

Enthalpy 

(J/g) 

(a)  0 cycle 53.02 / / / 

(b) 1 cycle 47.39 81.08 161.93 1.17 

(c) 5 cycles 47.13 95.33 161.50 1.95 

(d) 10 cycles 47.16 90.56 161.34 1.15 

 

 

From Table 4.1, it can be seen that there is a difference of Tg between sample (a) which did not 

undergo thermomechanical cycles and sample (b), (c), (d) which underwent thermomechanical 

cycles. This may because of different degree of orientation between samples with and without 

thermomechanical cycles [29]. But from Tg, there is no difference among samples with 1, 5, 10 

cycles. 

Sample (a) does not have melting temperature in DSC measurement. In samples (b) (c) and (d), 

melting peak appears. Moreover, (b), (c) and (d) show identical in terms of melting profile. 

Theoretical value of the melting enthalpy of pure crystalline phase is ΔHf = 136J/g [30]. 

Theoretical value of 100% crystallinity polymer may be determined by indirect methods such as 

extrapolation using Flory equation or other estimate methods [31].  

 

Crystallinity% =
   −   

   
 ×  00                                                                                      (4.3) 

where ΔHc is the heat of cold crystallization.  

Therefore degree of crystallinity is less than 1.5% for samples (b), (c) and (d). From here, we can 

see samples with 1, 5, 10 thermomechanical cycles have very small amount of crystalline, and 

DSC cannot show differences among these samples.  
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4.3.3 Fluorescence spectra of one sample 
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Fig. 4.6 Fluorescence spectra of SMPU sample after 1 thermomechanical cycle and immersing in 

pyranine solution. 11 depths in the sample from near surface to inner side were measured. 11 

fluorescence spectra were obtained. (a) is most close to lower surface, and  two adjacent spectra 

are at interval of 5µm.  
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This is an example of fluorescent spectra from pyranine immersed in PU shape memory film. We 

can see the peak emitted wavelength is at 437nm.  In all the spectra from (a) to (k), there are two 

minor peaks appearing at wavelength of 429nm and 431nm. These two peaks can be impurities 

in the sample, or overlap of some other peaks which needs further discussion.  

(a) and (i) which are closer to the surfaces, have larger intensity. While for (f), (g) and (h), which 

are about in the middle of the sample, almost do not have obvious fluorescence intensity detected. 

If we connect all the intensity after FLH treatment, we can obtain fluorescence intensity profile 

as shown in Fig. 4.7. 

 

 

 

Fig. 4.7 Fluorescence intensity profile of SMPU sample after 1 thermomechanical cycle and 

followed by immersing in pyranine solution. Left side is where the laser light enters. 

Two peaks in Fig. 4.7 correspond to two surfaces. The part between two peaks is our interest 

because it shows the change in immersion. Peaks at left and right have different intensity, which 

is considered as the result of surface facing during immersion. Also LCSM has limited detection 

depth range. Spectra which are closer to the surface where laser light enters are more accurate. 

Then as the first step, the part closer to surface where laser light enters was studied.  
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4.3.4 Fluorescence spectroscopy from different depth and their processing 

Figure 4.8 shows the results of fluorescence spectroscopy with different thermomechanical 

cycles. Here peak points were discarded, because probes remained on surface influence the peak 

value, in addition, for pyranine, sometimes regular emission spectra on surface couldn’t be 

obtainedIn figure 4.8, 0 on x axis doesn’t mean it is surface of the sample. Figure 4.8(a) shows 

the distribution of fluorescence intensity in depth direction for the samples with pyranine probe 

under different cycles; Figure 4.8(b) shows the results with uranine probe under different cycles. 

In the results, we can see obvious difference of probe immersed in samples with different 

thermomechanical cycles.   
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Fig.4.8 (a) Distribution of fluorescence intensity in depth direction for different 

thermomechanical cycles, probe: pyranine; (b) Distribution of fluorescence intensity in depth 

direction for different thermomechanical cycles, probe: uranine. 

 

 

 

4.3.5 Discussion about result 

 

When the sample is subjected to structural change, the amount of fluorescence dyes immersed in 

the film becomes smaller, as revealed by Fig. 4.8. It might be attributed to the structural change 

inside the polymer during thermomechanical cycles. Generally, the reduction of length change 

ratio is considered as the change in the irrecoverable tensile strain during fabrication or 

thermomechanical cycles [32]. From the figure, we can detect the change in fluorescence 

intensity distribution between the sample with large length change ratio and small length change 

ratio. Therefore, our designed fluorescence spectroscopy has a sufficient sensitivity to determine 

whether the sample is subjected to relatively large length recovery ratio. While for DSC, there is 

no difference. At the current state, the experimental condition for immersion of fluorescence dyes 

and the selection of fluorescence probe is not sufficiently optimized, and a further study is 

needed. A quantitative correspondence between the length change ratio and the change in 

fluorescence intensity has not been obtained,  we will leave it as a remaining issue. 
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4.4 Conclusions 

(1) SMPU materials used in our experiment have obvious length change ratio difference at 

thermomechanical cycles at very beginning. After that, length change ratio decreases in a very 

mild way. 

(2) From DSC, SMPU which doesn’t undergo thermomechanical cycle is amorphous. After 1, 5, 

10 cycles, they have very small amount of crystalline (<1.5%). DSC doesn’t show difference 

from samples after 1, 5, 10 cycles.  

(3) The method we developed, based on fluorescence spectroscopy, with the using of LCSM, can 

detect the internal structural change of the polyurethane (PU) shape memory polymer films, 

which have different length change ratio. The polymer structural change by thermomechanical 

cycles was detected by the change in the amount of fluorescence dyes in the film. Experimental 

results show that our designed fluorescence spectroscopy is sufficiently sensitive to detect the 

change in fluorescence intensity distribution between the samples with different length change 

ratio. 
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Chapter 5 

Conclusions 
 

 

 

 

 

Neat polymer materials and polymer composites are designed, manufactured, and employed for 

various purposes. Among these, shape memory polymers (SMPs) are a class of smart materials 

that has attracted much attention recently. A thorough understanding of SMPs’ shape memory 

properties including tailoring shape recovery ratio is therefore essential, and researchers have 

been especially interested in finding a more convenient and accurate method of detecting tertiary 

structural change of SMPs. This thesis focuses on functional polymer – PU SMP’s structural 

change and its assessment. Meanwhile the effect of structural change on mechanical properties in 

polymer-based composite system with mechanical function was also investigated on a 

biodegradable carbon fiber (CF) reinforced hydroxyapatite (HA) / polylactide (PLA) composite.  

 

Chapter 2 studies the degradation property of a novel biodegradable CF/HA/PLA composite. 

This material was designed for bone fixation. CF provides strength, while HA provides 

bioactivity and PLA meets the requirement of degradation. In a three-month in vitro experiment, 

we measured shear strength, pH and fracture surface morphology at certain time intervals. We 

discovered that as the degradation time increased, gaps appeared in the interface between CF and 

HA/PLA because PLA hydrolyses.. Shear strength remained at the same level, since the carbon 

fiber did not change much. After 3-month degradation, the pH value of the PBS changed little, 

since the alkalinity of HA neutralized the acid which degrades from PLA. This provides a 

reasonable method to design biodegradable bone fixation material.  

 

Chapter 3 is dedicated to studying the relationship between shape memory effect and annealing 

at a specific temperature for PU SMP from tertiary structural changes point of view. Tertiary 

structure in polymer is the three-dimensional shaping or folding of the polymer chains.  This 

research is useful to increase shape recovery ratio of SMP with poor recovery behavior and 

manufacture polymers in  complex shape from simple-shape molds.  At 65°C, we confirmed 

that SMPU film’s length change ratio due to annealing is actually the same as the change due to 
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shape memory effect. We also confirmed that we could control shape recovery ratio by 

controlling annealing time because annealing and shape memory effect have the same 

mechanism, which is the change of state from low conformational entropy states to the recovery 

of a stable high entropy state in the polymer.  

 

Chapter 4 develops a method to detect structural changes in PU SMP by measuring the 

fluorescence intensity of fluorescent dye immersed in this material using laser confocal scanning 

microscopy. Assuming that the decrease in length change ratio could be attributed to the 

structural change in the polymer, we compared the fluorescence intensity of immersed 

fluorescent dyes into the shape memory polyurethane samples with different thermomechanical 

cycles. Two fluorescent probes (pyranine and uranine) were used. Experiment results indicate a 

difference in fluorescence intensity distribution between the samples with different length change 

ratios, which also means that this method is sufficiently sensitive to detect such structural 

changes.  

 

To sum up, this thesis primarily describes structural changes in PU SMP and results of 

experimental studies using fluorescence spectroscopy to detect structural changes in SMP. An 

easy-to-implement approach to tailoring shape recovery ratio by annealing is demonstrated. By 

using PU shape memory polymer, we have also developed a sensitive experiment method for 

detecting polymer tertiary structural changes, by fluorescence spectroscopy using laser confocal 

scanning microscopy, which can potentially be utilized as a non-destructive testing method to 

defect damage in polymers and polymer composites. In addition, the effect of structural change 

on mechanical properties in polymer-based composite system was also investigated on 

CF/HA/PLA biocomposite material.  

 

Although the results presented here have demonstrated the effectiveness of controlling shape 

recovery ratio by annealing and the approach to detect tertiary structural changes in PU SMP by 

fluorescence spectroscopy with LCSM, they could be further researched and developed in a 

number of aspects: 

For controlling shape recovery ratio by annealing, we only conducted experiments at 65°C with a 

recovery time and an annealing time of less than one minute. Results for annealing and shape 
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recovery at higher temperatures and longer annealing time and recovery time are left for further 

research. Moreover, in current experiments, a tensile stretch was used as external stimulus to 

deform SMP to a temporary shape. It is also interesting to conduct experiments with complex 

temporary shapes.  

LCSM is one of the many methods which used to characterize material properties.  Measuring 

fluorescence spectroscopy at different depth of material to obtain structural information is a 

novel approach. It can be optimized even further by choosing a more suitable fluorescent probe 

or by changing measurement parameters, etc. Future work will be necessary in order to develop 

these directions.  
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