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Abstract 

Stents based on poly(L-lactic acid), PLLA, are very prominent in the field of biodegradable 

stents but a disadvantage of PLLA is its relative brittleness. Cardiologists have noted the 

occurrence of strut fracture during deployment of balloon expandable PLLA stents. Blends 

of PLLA and poly(butylene-succinate), PBS , are attractive candidates for coronary artery 

stents because of their ductility. Hence the motivation for this research – which aimed to 

evaluate effects of degradation on properties of PLLA/PBS blends relevant the intended 

application.  

 

PLLA/PBS blends were degraded in-vitro over a 24-week period. Their tensile strengths 

and Young’s moduli decrease gradually with increasing degradation time whilst those of 

neat PLLA exhibit less significant change. Thus PLLA/PBS blends may retain sufficient 

strength and stiffness to be suitable for use in biodegradable stents. Further evaluation was 

undertaken by investigating creep. 

 

Creep behaviour of a 75/25 wt  % PLLA/PBS blend (PLLA.PBS.25) was compared with 

that of neat PLLA. Non-degraded PLLA.PBS.25 exhibits lower initial creep resistance than 

PLLA but aging during creep eventually results in nearly identical creep rates in the two 

materials. However, during degradation PLLA.PBS.25 loses creep resistance fairly quickly 

whilst PLLA experiences increasing creep resistance during the first 8 weeks of degradation, 

due to physical ageing, before its creep resistance decreases. This prompted investigation of 

potential reinforcements.  

 

Micro-fibrillar composites, MFCs, were produced from PLLA and poly(glycolic acid), PGA. 

The PLLA/PGA MFCs produced are stiffer and stronger than PLLA but very interestingly 

their creep propensity is greater due to the onset of glass transition of PGA occurring near 

37 °C.  

 

PLLA/PBS blends alone are not recommended for coronary artery stents based on the 

effects of degradation on creep resistance. MFCs are very promising for reinforcing 
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biodegradable stents but require further investigation. Particulate reinforcements are 

considered to be currently feasible but this approach of reinforcing stents is hindered by the 

inherent compromise of relying on the stent material to be ductile but also rigid enough to 

support a vessel. This may be overcome by decoupling the requirements and designing 

accordingly. Some stent concepts based on this are discussed.  
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Introduction 

 

 

 

 

Stents have been in use to treat coronary artery disease since 1986 and provide a minimally-

invasive alternative to bypass surgery. The evolution of stenting eventually led to the 

development of biodegradable stents which provide support for the necessary amount of 

time and are eventually absorbed by the body. Stents based on Poly(L-lactic acid), PLLA, 

are widely researched in this area with a lot of success. However, cardiologists noted that 

the inherent brittleness of PLLA was a drawback for biodegradable stents delivered via 

balloon expansion. This brittleness would sometimes result in parts of the stent fracturing 

during deployment in the vessel, which was of course undesirable. Biodegradable stents are 

still a relatively young technology and there is enormous scope for development. Clinical 

trials have been underway for the last decade and still the biggest players do not have FDA 

approval for the use of biodegradable stents in the USA, although in 2011 Abbott Vascular® 

was awarded CE-mark approval for its PLLA-based stent to be used in Europe.  

 

Modifications of PLLA can be made to alter its properties. PLLA/PBS blends have been 

noted to overcome the brittleness of PLLA and were thus seen as potential biodegradable 

coronary stent materials. This doctoral research focuses on evaluation of PLLA/PBS blends 

for this application. Because of the nature of the medical devices industry, finding the 

requirements for evaluation was by no means trivial. Significant effort went into 

determining where to focus research efforts for evaluation of PLLA/PBS blends as potential 

biodegradable stent materials.  
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Chapter 2 provides a background to understand the context of the work. The evolution of 

stenting from the early days of bare-metal stents to the current era of biodegradable stents 

is outlined. The engineering point of view of stents is discussed to determine which material 

properties are important and why. Background information on biodegradable polymers, 

their properties and how they degrade is given and current knowledge on PLLA/PBS blends 

is reviewed to clarify what is known and what must be investigated. Potential means of 

reinforcing polymeric, biodegradable stents are also reviewed. Finally, the motivation for 

this research is outlined. 

 

Chapter 3 contains information on the methods used to undertake experiments. Details on 

material preparation, specimen manufacture, mechanical testing and various analytical 

techniques are provided. This chapter serves as a reference for experimental methodology 

whilst the results and provided and discussed in their relevant chapters which follow.  

 

Chapter 4 discusses results of preliminary evaluation of PLLA/PBS blends. Their strengths, 

moduli and ductility are compared with those of neat PLLA before degradation and after 

various durations of degradation up to 24 weeks. This is to provide insight into the ability 

of PLLA/PBS blends to support loads while they degrade since biodegradable stents 

undergo degradation during their service life. To better understand causes of changes in 

mechanical properties during degradation, morphologies, thermal behaviour and molecular 

weights were investigated.  

 

Chapter 5 begins with a comparison of the creep resistances of PLLA and a PLLA/PBS 

blend. The effects of aging specimens via annealing are considered in further tests. A 

dedicated creep testing rig was constructed for further testing at various stresses. Some 

attempts are made to prediction of creep life at lower stresses than those tested. The models 

could not capture ageing effects occurring during creep tests, however. Further results are 

presented on the effects of annealing on ductility. Additional creep tests on as-moulded 

specimens are performed to compare them further since their initial comparison could not be 
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completed without a dedicated creep testing rig. Information on a PLLA-based stent is then 

used to present a case study for determination of expected stress levels. A stress level for 

creep tests of degraded specimens is chosen based on this case study and finally the effects 

of degradation of creep are presented. The results are far more revealing and provide much 

clearer information for evaluation of the ability on a PLLA/PBS blend to sustain loads over 

extended periods during degradation. Based on these results the course of the research was 

set to investigate potential means of reinforcing PLLA-based stents. Interestingly, the 

decision to investigate reinforcements is shown to be in line with what the industry is also 

investigating, based on patents published by medical device companies in 2012. 

 

Chapter 6 compares two potential avenues considered for reinforcement, namely, particulate 

reinforcements and the micro-fibrillar composite (MFC) technique. Reasoning is provided 

for the decision to investigate the MFC technique for reinforcement. MFCs produced using 

poly(glycolic acid), PGA, as the reinforcing component and PLLA as the matrix are 

characterised. The morphologies and their effects on strengths and moduli are discussed. 

The creep propensity of the MFCs is elucidated via relaxation tests and dynamic 

mechanical thermal analysis (DMTA). Scope for improvement of creep resistance of MFCs 

is discussed based on these results.  

 

Chapter 7 summarises the conclusions of each portion of the work. Following this summary 

is a discussion on the approach to evaluation of potential biodegradable stent materials 

which highlights the importance of investigating creep resistance and the effects of 

degradation on it. The scope for future work is presented; it is broken down into future 

work which may continue directly from this research, as well as further thoughts on the 

future of biodegradable stent material development and alternative approaches to solving 

the challenges faced in this field. Stent concepts which decouple the requirements for 

expansion and for vessel support are presented based on the assertion that the current 

approach suffers from compromise, the details of which are discussed.  
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2.1 Introduction 

This chapter begins with a background of stenting and its development over the years to 

illustrate how stents evolved from permanent implants to biodegradable stents in response 

to clinical drivers. An engineering point of view of biodegradable stents is outlined to aid 

understanding of the material requirements. Following this, more detailed information on 

biodegradable stent development is provided through relevant literature to form a 

foundation of the concepts and ideas which form the context of this research. Information 
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on biodegradable polymers used for medical devices and stents in particular, as well as what 

is currently known about PLLA/PBS blends is elucidated to form a basis for preliminary 

work. Further background gathered in accordance with progression of the work is included; 

it forms a basis for the later stages of this research. Finally the motivation for undertaking 

this research is outlined. 

2.2 An Overview of Stenting 

The human body is an extraordinarily complex system comprised of many parts and 

systems all working in unison to maintain and sustain health. Being mostly fluid, it is not 

surprising that there are various tubes within the body with functions ranging from delivery 

of nutrients to transmission of chemical signals to removal of metabolic waste. Sometimes 

these tubes may become compromised, thus losing their ability to perform their roles. In 

such cases, medical intervention can help to restore function by providing the vessels or 

tubes with support via the use of stents. In general a stent is “a splint placed temporarily 

inside a duct, canal, or blood vessel to aid healing or relieve an obstruction”, according to 

the Oxford English Dictionary [1]. The practise of implanting or deploying a stent into a 

vessel or tube is referred to as ‘stenting’. 

  

Coronary arteries are vessels commonly treated by stenting because of the prevalence of 

coronary artery disease (CAD). CAD has become very widespread within many regions of 

the world and is the leading cause of death in the US and Europe [2]. From here onwards, 

‘stents’ and ‘stenting’ refer to coronary artery stents and the implantation of stents into 

coronary arteries, respectively. CAD is basically the build-up of plaque within the coronary 

arteries, as shown in Figure 2-1. Excessive plaque build-up leads to constriction of flow 

through the vessel, in which case the vessel must be treated to restore normal flow.  
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Figure 2-1: Position of coronary arteries (left) and progression of plaque build-up within a coronary artery 

(right). Images adapted from [3] © medmovie.com 

 

CAD may be treated in several ways, namely bypass surgery, angioplasty or stenting. 

Bypass surgery was first introduced in 1968, before angioplasty and stenting were developed 

[4]. During bypass surgery a section of healthy artery is extracted from one of the legs of the 

patient and is used to bypass the blocked section of a coronary artery- hence the name 

bypass surgery (also known as coronary artery bypass grafting, CABG).  In 1977 

percutaneous transluminal coronary angioplasty (PTCA) was introduced. PTCA is a less 

invasive technique than CABG and begins with insertion of a catheter into the target 

vessel. Once the catheter is in position, a balloon on the end of it is expanded to open the 

blockage caused by the plaque (illustrated by a-b of Figure 2-2), then the balloon is deflated 

and the catheter removed. Unfortunately, the rate of restenosis (re-narrowing of the vessel) 

after PTCA is high, thus stenting of coronary arteries after PTCA was introduced. The use 

of stenting began in 1986 and the procedure begins with PTCA then a second catheter, with 

a stent mounted over the end, is inserted into the vessel. Once the end of the catheter is in 

the target region, the stent is implanted by balloon-expansion, as shown in c-d of Figure 

2-2. The balloon is then deflated and the catheter removed, leaving the stent in place to 

provide support to the vessel, Figure 2-2e.  

 Coronary arteries 

 Plaque build-up 
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Figure 2-2: Stenting procedure: (a) catheter insertion, (b) balloon expansion, (c) insertion of catheter with stent 

mounted on the end after removal of the balloon catheter, (d) stent deployment, (e) stented vessel. Images 

adapted from [3] © medmovie.com 

2.3 Evolution of Coronary Stents  

2.3.1 Bare Metal Stents 

The first stents were relatively simple in nature when compared with stents of today and 

were primarily made of medical grade stainless-steel [4] (316L stainless steel) and less 

commonly of cobalt-chromium or nickel-titanium alloys. Stents of this nature fit into the 

category of ‘bare metal stents’ – BMSs. Although stainless steel has excellent mechanical 

properties, it contains small amounts of nickel, molybdenum and manganese to which some 

people are allergic [5], thus heightening the risk of restenosis (i.e. re-narrowing of the vessel) 

in some patients [6]. Restenosis occurs via an inflammatory reaction at the stented site of 

the vessel which causes smooth muscle cells to migrate to the surface of the inner wall of 

the vessel and proliferate. This proliferation (i.e. multiplication and spreading) of the cells is 

what causes the vessel to re-narrow [7].  Furthermore, blood platelets (also known as 

thrombocytes) have a tendency to stick to BMSs which can cause a clot, or thrombus, to 

form at the stented site- a phenomenon called thrombosis. This is extremely dangerous since 

a thrombus may break away from the stent and cause a heart attack [8, 9]. Stent 

thrombosis occurring soon (within 30 days) after implantation is common in the case of 

BMSs  although the introduction of anti-platelet therapy for patients who received BMS 

implantations greatly reduced occurrence rates [9]. 

 (a) (b) (c) (d) (e) 
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2.3.2 Coated Metal Stents  

Due to the common occurrence of restenosis and thrombosis after BMS implantation [10], a 

need was seen to alter the surface characteristics of BMSs without changing their 

mechanical properties since it seemed that restenosis resulted mainly from the body’s 

chemical interaction with BMSs. Experimentation with coating BMSs began and a new 

category of stents was formed called ‘coated metal stents’ – CMSs. Several different coatings 

have been applied to stents, including platinum, carbon, gold, silicon carbide, 

phosphorylcholine, polymers and titanium-nitride-oxide [11, 8] in an attempt to lower 

restenosis and thrombosis rates. The results of coating stents were mixed and in some cases, 

such as in the case of gold-coated stents, restenosis rates were higher than those of uncoated 

stents [12].  

2.3.3 Drug Eluting Stents 

The first stent coatings were passive and the train of thought had been to make stents as 

benign and stable as possible to prevent undesirable responses within patents’ vessels. 

Coated stents eventually evolved by way of a new train of thought: what if the coating 

could play an active role in preventing the body’s responses responsible for complications 

after stent implantation? Thus began the era of drug-eluting stents (DESs), which are metal 

stents loaded with drugs which are gradually released to provide local treatment to prevent 

restenosis. DESs were a significant improvement over BMSs and CMSs but a problem which 

persisted was the presence of a permanent, foreign object in the body. Furthermore, studies 

on the outcomes of treatment with DESs revealed that late stent thrombosis rates were 

sometimes higher than those of BMSs [13].  The cause of this may be that endothelialisation 

of the stent struts is delayed by drug elution [14].  

2.3.4 Recap and the Next Phase of Stent Evolution: Biodegradable Stents 

Taking a step back and considering the challenges faced by stent technology throughout its 

evolution from BMSs to DESs, we notice that the initial complications faced after BMS 

implantation were acute, occurring soon after implantation, and were addressed as stents 

evolved to DESs. However, complications still persisted but tend to occur later after 

implantation, for example late stent thrombosis (i.e. thrombosis occurring long after 
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implantation). Naturally, we expect the next evolutionary step to address this. It has been 

recognised that stented vessels need support for only up to 6 months while they heal [15] so 

development of stents which degrade and essentially disappear after their jobs are done 

began. These stents are known as biodegradable, or bioabsorbable, stents. Biodegradable 

stents offer the advantage of completely disappearing after their jobs are done, which makes 

future intervention less complicated. Furthermore, there is no need for rest-of-life 

pharmaceutical treatment as is the case for permanent stents (aspirin is taken indefinitely 

after treatment) [12, 16]. Figure 2-3 shows a summary of the evolution of CAD treatment 

and highlights the key issues addressed and remaining with each evolutionary step. Before 

biodegradable stent development is discussed from a materials perspective, let us lay the 

foundation for this by looking at stents from an engineering point of view.  
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Figure 2-3: The evolution of stents and the issues addressed with each step as well as issues which remained or 

new issues which arose. 

2.4 Stents - An Engineering Point of View 

In order to better understand the challenges of biodegradable stent development, it is useful 

to first think about what a stent must endure during its lifetime. Thus an engineering point 

of view is outlined in this section to distil some of the key material requirements of 

biodegradable stents. 
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2.4.1 Stent Deployment: the Need for Ductility 

As a starting point to describe what is required of stent materials, imagine that a stent has 

been navigated to the target site of a vessel needing support. Now, the stent is deployed via 

balloon expansion during which the balloon upon which the stent is mounted is inflated, as 

shown in Figure 2-4(a-b). Keep in mind that the stent is expanded to a diameter greater 

than the desired final diameter. Once expansion of the stent is complete, the balloon is 

deflated and withdrawn, Figure 2-4c. After the balloon is deflated, the stent diameter 

reduces somewhat because the elastic strains within the stent material are recovered, a 

phenomenon termed ‘recoil’. This is why the stent has to be expanded beyond the desired 

final diameter. Once the balloon has been deflated and withdrawn, the stent remains in 

place to support the vessel, Figure 2-4d.  

 

Figure 2-4: Balloon angioplasty (a-c) followed by stent delivery via balloon-expansion (d-g) and a schematic of 

stent loading conditions (h). 

 

From a material point of view, it is important to note is that the stent has to undergo 

permanent deformation during the deployment process. Photos of a stent prototype by 

Grabow et al. [17] taken before and after balloon-expansion clearly illustrate this,  Figure 

2-5. This permanent deformation leads to the first of many material requirements: ductility. 

Ductile materials can be subjected to large strains before breaking whilst brittle materials 

fracture at low strains instead of deforming and stretching.  
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Figure 2-5: A stent prototype made of a PLLA/P4HB blend. The stent is shown before (top) and after (bottom) 

balloon-expansion [17]. The stent diameter remains enlarged because of permanent deformation of the 

PLLA/P4HB during balloon expansion. 

2.4.2 Importance of Creep after Implantation 

Once the stent has been deployed it provides support to the healing vessel to prevent it 

from collapsing. This implies that the vessel exerts an inward pressure on the stent which 

must be supported until the vessel has healed sufficiently, meaning that the stent needs to 

endure pressure for an extended period of time. With long-term loading comes the 

possibility of creep, which is the gradual deformation of a material under load- even if the 

stresses caused by this load are well below the maximum load the material can handle 

(please refer to section 2.9 for more information on creep). In the case of a stent, creep 

would cause a gradual collapse, resulting in narrowing of the vessel. Creep is an especially 

important consideration for biodegradable stents for two main reasons, the first being that 

the majority of biodegradable stents are made of thermoplastic polymers which are prone to 

creep deformation and the second being the effect of degradation on material performance.  

 

It is very challenging to design with creep in mind because of the numerous variables 

involved. For example, if a stent collapses slightly through creep deformation and the vessel 

experiences a corresponding narrowing, the pressure exerted on the stent decreases because 

the vessel is now less ‘stretched’ than it was immediately after stent implantation. Therefore 

the creep rate would slow down since the lower the stresses in a material, the lower the 

creep rate. Furthermore, as a vessel heals we should expect that the pressure it exerts on a 

stent decreases as it gradually regains the ability to support itself. This Implies that 

resistance to creep deformation is most critical in the early stages after stent implantation 
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but there seems to be a gap in the knowledge of the healing profile of a stented vessel, from 

an engineering point of view at least.  

2.4.3 A Vessel is not Static: Material Fatigue Considerations 

With every heartbeat, blood pressure in coronary arteries fluctuates [18] and some branches 

also experience significant curvature changes as they bend and unbend during each cardiac 

cycle [19]. Blood pressure fluctuations result in subsequent vessel diameter fluctuations 

which would, in turn, cause the pressure exerted on an implanted stent to fluctuate. 

Furthermore, a stent implanted in a region where the vessel’s curvature changes 

significantly would be forced to bend and unbend with each heartbeat. Both of these 

phenomena result in the presence of cyclic stresses in the stent, which raises the concern of 

fatigue failure. In the case of biodegradable stents, fatigue failure is destined to occur at 

some point when the stent material integrity has diminished enough but care must be taken 

to prevent premature fatigue failures.  

2.4.4 Material Degradation: a Critical Variable 

The material considerations discussed so far apply to both permanent stents and 

biodegradable stents but a consideration unique to biodegradable stents is the effect of 

degradation on the mechanical characteristics of the material. In order to design a 

biodegradable stent, one first needs to understand how the properties of a potential stent 

material will change with time as it degrades. It is a complex challenge because there is still 

much to be learned about the rate at which support required by a healing vessel decreases, 

whether or not it is linear and how much it varies from patient to patient depending on age, 

medical conditions, etc. Perhaps when there is more knowledge in this area, biodegradable 

stents could be tailored to meet the needs of specific patients.  

2.4.5 Engineering Solutions vs Clinical Implications 

At first glance, some of the challenges of stent design may seem trivial to solve but these 

trivial solutions may have negative clinical implications. For example, making stent struts 

thicker and wider enhances the support provided to the vessel but results in more restriction 

of blood flow as well as increased risk of small side-branches of the vessel being blocked. 

Furthermore, endothelialisation would be more difficult in the case of thicker struts. To 
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enhance stent performance whilst minimising negative impacts on clinical outcomes, stent 

materials must be developed to have improved mechanical properties. The next sections will 

outline biodegradable polymers used for medical applications then focus on biodegradable 

stent material development progress and compare the various materials which have been, or 

are currently under, investigation for biodegradable stents. 

2.5 Biodegradable Polymers for Medical Applications 

Biodegradable polymers are used extensively in medical applications and, as will be seen in 

an upcoming section, are prevalent in biodegradable stent material development. Therefore, 

before discussing materials used for biodegradable stents, some general information on 

biodegradable polymers will be introduced to form a foundation for the context of the 

discussion on biodegradable stent materials. Firstly, the concept of biodegradable polymers 

and their degradation mechanisms will be introduced since, after all, commodity polymers 

we interact with on a day-to-day basis are not biodegradable and the concept of 

biodegradable polymers is unknown to most. 

2.5.1 Degradation of Biodegradable Polymers 

Biodegradable polymers are degraded via hydrolysis [20] which, as the name implies, 

involves water. During hydrolysis the bonds along polymer chains are broken and the chains 

are cut into shorter segments, as illustrated in Figure 2-6. Thus, hydrolysis results in 

reduction of molecular weight and eventually the oligomers (short chains) which form are 

short enough to dissolve in the surrounding aqueous medium, resulting in physical erosion of 

the polymer. To clarify, degradation is the scission of polymer chains by hydrolysis whilst 

erosion is the physical loss of material from the polymer.  
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Figure 2-6: An example polyester repeat unit  [21] and the mechanism of hydrolysis [22] of a polymer chain 

constructed from this unit. 

2.5.1.1 Erosion Characteristics 

Erosion of polymers takes two forms, surface- and bulk-erosion [23, 24]. During the former, 

the polymer loses material from the surface so it retains its geometrical form but its 

dimensions reduce as degradation progresses. On the other hand, bulk erosion results from 

material being lost evenly throughout the entire volume of the polymer which causes the 

polymer to retain its original shape for a significant portion of the total degradation time. A 

simplified schematic diagram comparing the two forms of erosion is shown in Figure 2-7. 

According to von Burkersroda [24] there are two key factors which determine the type of 

erosion which occurs in a given polymer: 

 

1. The rate of diffusion of water into the polymer. 

2. The rate of the degradation reaction. 

 

If the rate of diffusion of water through the polymer is high enough that water permeates 

the polymer before being used up by hydrolysis then the polymer will undergo bulk erosion. 

On the other hand, if the rate of hydrolysis uses up water faster than it can diffuse into the 

polymer then surface erosion will occur [24].  
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Figure 2-7: Comparison of surface erosion (top) and bulk erosion (bottom) occuring in biodegradable polymers in 

aqueous media. Adapted from [21]. 

2.5.1.2 The Effects of pH 

Chemical reactions are sometimes affected by pH, including some hydrolysis reactions which 

are catalysed by high (basic) or low (acidic) pH levels. Polyester hydrolysis can be catalysed 

by either acids or bases [25] so for medical applications of biodegradable polymers it is 

important to take the pH of the medium to which the polymer will be exposed into account. 

Furthermore, if the degradation products of a polymer are acidic or basic they may result in 

a very interesting phenomenon called ‘autocatalysis’ whereby the degradation products 

catalyse further degradation of the polymer. For example, PLLA hydrolyses to form lactic 

acid which lowers the pH and catalyses degradation [26]. The thinner the device, the less of 

a concern autocatalysis becomes since the degradation products diffuse out of the polymer 

into surrounding tissue, where pH is regulated by the body.  

2.5.1.3 The Effects of Enzymes 

It is known that certain enzymes enhance the rate of hydrolysis of some polymers [27], for 

example, polyglycolic acid (PGA) [28]. For medical applications this is a very relevant 

factor to consider for material selection since there is a multitude of enzymes present at 

various locations in the human body.  
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2.5.1.4 The Effects of Temperature 

It has been shown that hydrolysis rates increase with increasing temperature [29, 30]. A 

great increase in degradation rate occurs when T is raised above Tg since the amorphous 

region of the polymer becomes mobile [31]. This must be kept in mind for selection of 

biodegradable polymers for use in the human body.  

2.5.1.5 The Effects of Crystallinity and Molecular Orientation 

Amorphous regions have more free volume and are disordered, water penetrates more easily 

than it does crystalline regions, therefore hydrolysis occurs more quickly in amorphous 

regions [32]. However, amorphous regions within a polymer can take different forms 

depending on treatment- free volume will decrease with the process of physical ageing [33], 

although the molecules are still disordered, and amorphous regions can be aligned through 

physical stretching of the material, as illustrated in Figure 2-8. It has been found, in the 

case of PGA, that alignment of amorphous regions decreases the rate of hydrolysis since it is 

more difficult for water to penetrate the material [34].  

 

Figure 2-8: A schematic comparison of the molecular arrangement of PGA fibres before and after drawing. A- 

mobile amorphous region, B- crystalline region, C- immobile amorphous region  [34] 

2.5.2 Biodegradable Polymer Spectrum 

There are many biodegradable polymers available and the properties vary greatly from 

polymer to polymer. This range of properties has resulted in biodegradable polymers being 
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applied across many facets of medicine, from tissue scaffolds to sutures to bone nails and 

more. One of the major groups of biodegradable polymers is the family of biodegradable 

polyesters, shown in Figure 2-9. Very many polyester homopolymers and copolymers exist 

and it is not practical to outline all of them in this review; instead some example polyesters 

are elaborated upon.  

 

Figure 2-9: Family of biodegradable polyesters (adapted from [35]) 

2.5.2.1 Poly(hydroxyalkanoate)s - PHAs 

PHA was first characterized in the 1920s by Lemoigne [36] who discovered it in bacteria. 

Since then, significant efforts were been made to understand the process of PHA formation 

in cells to develop plants and bacteria which can yield enough PHA to make production 

feasible. The yield from plants was low because high amounts of PHA were found to be 

problematic for plant growth and development [37] but yields from bacteria could reach 

values of 90 % of the dry weight of the bacteria [37, 38]. There are over 150 known, specific 

polymers and copolymers in the category of PHAs and of these, several can be produced 

viably in large enough volumes to be useful [39]. Examples of these include poly(3-

hydroxybutyrate) [P(3HB)], poly(4-hydroxybutyrate) [P(4HB)], and poly(3-

hydroxyoctanoate) [P(3HO)]; and copolymers of poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) [P(3HB-co-3HV)], among others. The mechanical properties of different 

PHAs vary greatly so they may serve various applications. P(3HB) has a relatively high 

elastic modulus of 3.5GPa [40] and is known to degrade very slowly so it has been used for 

bone fixation devices [41]. 
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2.5.2.2 Polylactides - PLAs  

PLAs form another group of aliphatic polyesters. Although not naturally occurring, 

polylactides are produced from natural materials such as corn whereby fermentation is used 

to yield lactic acid, which is then used for the production of polylactides [42]. Two 

homopolymers, poly(L-lactic acid), PLLA, and poly(D-lactic acid), PDLA are formed from 

L-lactide and D-lactide stereoisomers, respectively. The repeating unit of PLLA is shown in 

Figure 2-10. Additionally, copolymers can be produced from L-lactide and D-lactide and are 

abbreviated PDLLA. PLLA is semicrystalline whilst PDLLA copolymers tend to be 

completely amorphous [43]. However, PLLA has a slow crystallisation rate so when 

processed via injection moulding or extrusion where it is practically quenched from the 

molten state to room temperature, it has very low crystallinity – i.e. it is almost completely 

amorphous. PLLA has a high elastic modulus of 3.2-3.7 GPa and strength of 55-60 MPa 

whilst an equimolar PDLLA copolymer has a an elastic modulus of 0.9 GPa and strength of 

41 MPa [44].  

 

Figure 2-10: Repeating unit of poly(L-lactic acid) 

 

2.5.2.3 Poly(ε-caprolactone) ,PCL, and Poly(butylene succinate), PBS 

PCL and PBS are examples of petrochemical based polyesters, i.e. their monomers are from 

petrochemical sources [45] but they are biodegradable. The repeating unit of PBS is shown 

in Figure 2-11. PCL has a Tg of -60 °C [46] whilst PBS has a Tg of between -45 °C and -15 

°C [47] so both tend to be soft at room temperature with PCL having elastic moduli 

between 0.2 - 0.3 GPa [46, 48] and PBS an elastic modulus of about 0.6 GPa [49, 50]. Thus 

these polymers are not particularly attractive for high-load-bearing applications but both 

PBS and PCL have been investigated for tissue scaffolds and are considered to be 

biocompatible [51, 52]. Because of their soft, rubbery nature both PCL and PBS have been 
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investigated for toughening of stronger, yet more brittle, polymers such as PLLA [53, 46, 

50].  

 

Figure 2-11: Repeating unit of poly(butylene succinate) 

 

Table 2-1: Comparison of thermal and mechanical properties of various biodegradable polymers 

Polymer Source 

Tensile 

Strength 

[MPa] 

Tensile 

modulus 

[GPa] 

Time to 

degrade 

completely 

in the body 

Elong-

ation at 

break 

[%] 

Tg 

[°C] 

Tm 

[°C] 

P3HB 
Naturally 

occurring 

40-43 [37, 

40] 
3.5 [40] 

24-30 months 

[40] 

5-6 [37, 

40] 
2 177 

P4HB 
Naturally 

occurring 
50 [54] 0.7 [54] Not reported 1000 [54] 

Not 

repor-

ted 

Not 

repor-

ted 

PHBV 

(30% 

HV) 

Naturally 

occurring 
20 

Not 

reported 
Not reported 50 -1 145 

PLLA 
Plant matter, 

e.g. corn 
55-60 [44] 3.2-3.7 [44] 2 years   

55-60 

[43] 

180 

[43] 

PDLLA 

(50:50 

L:D 

ratio) 

Plant matter, 

e.g. corn 
41 [44] 0.9 [44] Not reported 9 [44] 50 [43] 

amor-

phous 

PCL Petrochemical 21 [46] 0.4 [46] 
>30 months 

[55] 
500 [46] 

-60 

[46] 

60 

[46] 

PBS Petrochemical 35 [50] 0.7 [50] Not reported 15 [50] 
-60 

[50] 

113 

[56] 

 

2.5.3 Selection Criteria for Biodegradable Stent Materials 

Engineering design work often involves careful selection of materials to suit the application 

and the conditions under which the product or device will operate. From Section 2.4 the 

requirements for mechanical function of stents are clear but there are several more 

requirements arising from physiological and biological considerations which have been 

outlined in several reviews [4, 11, 57-59]. Firstly, the material from which a stent is made, 

as well as the resulting degradation by-products, must be biocompatible [59, 58, 57]. In 
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other words, they must not cause harm to cells and organs and must not cause unfavourable 

reactions, such as excessive inflammation.  

 

As was mentioned previously during the outline of stent evolution, it is essential that clots 

(formed by thrombocytes or ‘platelets’ in blood) do not form on a stent after implantation. 

Thus the stent material should have low thrombogenicity [4], i.e. a low tendency to attract 

thrombocytes to its surface. While a stent degrades the material must retain enough 

stiffness and strength in order to provide support to the healing vessel for 6 months [57, 60, 

61]. Furthermore, when the material begins to disintegrate, resulting fragments must not be 

released into the bloodstream [57]. The implication of this being that endothelialisation of 

the stent should occur before any fragments begin to break off.  

 

Table 2-2: Stent and stent material requirements 

Requirement Refs 

Biocompatibility of stent material and its degradation products [59, 58, 57] 

Low thrombogenicity to prevent stent thrombosis [4] 

The material must retain enough strength and stiffness for the stent to 

provide sufficient support for 6 months 

[57, 60, 61] 

Fragments of material must not be released into the bloodstream during 

degradation. 

[57] 

Radio-opague for tracking during delivery [4, 57] 

Stent must be able to withstand a minimum crush-pressure but the value 

reported ranges from 100 mmHg to 750 mmHg 

[57, 62, 63] 

The material must have sufficient flexibility to withstand being bent to get 

through tortuous vessels during delivery. 

[4, 59] 

The material must deform plastically upon balloon expansion to avoid recoil. [57] 

 

Some of the requirements for stents are not exclusively material requirements but also rely 

on the geometry of the stent. For one, the stent must be flexible enough to be bent through 

curved vessels during navigation to the target site of implantation [4, 59]. This implies that 

the material may have to experience large strains but the bending stiffness of a stent is 

largely controlled by the design geometry. Another requirement of a stent is that it must 

withstand a minimum crush-pressure but the values stated in literature vary enormously 

from 100 mmHg to 750 mmHg [57, 62, 63] sometimes quoted without explanation or 

reasoning. In work by Lanzer et al. [63] it is mentioned that 200 mmHg is the expected 
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pressure exerted by a vessel on a stent, assuming that the stent retains the vessel at 10% 

over-expansion [63], but this figure did not take into account that blood pressure opposes 

inward pressure from the vessel. Thus the pressure on the stent is 200 mmHg – blood 

pressure. Blood pressure fluctuates between 80 mmHg and 160 mmHg with each cardiac 

cycle according to ASTM standard F2477, therefore the stent would have to sustain a 

pressure of 80 mmHg, assuming a mean blood pressure of 120 mmHg. It is also stated that 

unhealthy vessels may exert less pressure on stents. Additionally, the authors did not take 

recoil into account, this will be discussed in Chapter 5 when a case study is reviewed. In a 

stent design handbook by Bonsignore the mean vessel pressure, determined by taking vessel 

compliance and blood pressure into account, was determined to be 100 mmHg [62]. The 

figure quoted by Venkatraman of 100 kPa (750 mmHg) deviates enormously from those 

quoted by Lanzer et al. and Bonsignore and is potentially a typographical error, considering 

that no explanation was given as to how the figure was determined. Finally, the material of 

which a stent is made must be able to withstand the high strains and plastic deformation 

resulting from balloon expansion [57], as was described in in Section 2.4.1.  

 

A point to stress here is that although there are some requirements outlining the physical 

requirements to be met by stents, they are not all explicit and not in-depth. For example, 

the change in the level of support required by a vessel while it heals is not reported. 

Furthermore, creep is not addressed by the requirements – potentially because permanent 

stents, which preceding biodegradable stents, are metallic and creep is not an important 

consideration for metals at 37°C. Biodegradable stent technology is still very undeveloped, 

which is evidenced by the majority of stents on the market being permanent and made of 

metal alloys. In fact, even permanent stent technology is still being developed and various 

medical device firms still produce only permanent stents (Boston Scientific being an 

example).  
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2.6 Materials for Biodegradable Stents 

Because of the array of demands of biodegradable stent materials, it is not surprising that 

researchers are experimenting with a wide range of materials with a broad spectrum of 

properties. To illustrate this, a selection of biodegradable stents, reviewed by Ormiston & 

Serruys [60], is shown in Table 2-3- note that these stents have been through clinical trials. 

The radial support period of these stents varies from days (in the case of a magnesium 

stent) through to 6 months for a poly(L-lactic acid) (PLLA) stent.  

 

Table 2-3: Comparison of biodegradable stents [60]. 

Stent Material Drug Eluting? Drug Eluted 

Radial 

Support 

Period 

Absorption 

Time 

Igaki-Tamai PLLA No - 6 months 2 years 

BVS PLLA Yes Everolimus Cohort A- 

weeks 

Cohort B- 3 

months 

2 years 

REVA Tyrosine-derived 

polycarbonate 

No - 3 to 6 months 2 years 

Magnesium 

Stent 

Magnesium alloy No - Days or weeks 4 months 

      

BTI Salicylate linker Yes Sirolimus and 

salicylic acid 

3 months 6 months 
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Figure 2-12: Igaki tamai stent (a), ART stent (b), REVA stent (c), Biotronik magnesium stent (d), BTI stent 

(e), BVS stent (f), DESolve stent (g) [60, 64-66] 

 

To demonstrate examples of the pros and cons of different materials, the use of magnesium 

and polymers for biodegradable stents is compared. The magnesium stent has the distinct 

disadvantage of a short period of vessel support because it degrades fairly quickly. However, 

an advantage is has over polymeric stents is that magnesium has far superior elastic 

modulus so it can be designed to have thinner, narrower struts than polymeric stents whilst 

still offering good vessel support. Another advantage of magnesium is the short time for 

total absorption- just 4 months versus 2 years for a PLLA stent- but again, this comes at 

the cost of a short vessel support period.  

 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 
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Magnesium is not the only metal which has been considered - iron stents have been under 

investigation too. Iron takes longer to degrade in the body than magnesium and it has far 

superior mechanical properties to polymers but it seems that researchers have steered away 

from it because of toxicity concerns [67].  
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2.6.1 Prominent Stent Geometry 

Looking at the stents shown in Figure 2-12 one can quickly see a common denominator 

among the geometries used in their designs:  zig-zag hoops joined at all or some nodes. This 

stent geometry seems to have been adopted from what is used in permanent stents. In order 

to understand why this stent geometry is so prominent, one must just ask what drives stent 

geometry.  

 

Firstly, a stent needs not only provide radial support, it must hold back flaps which may be 

present [60] as a result of vessel wall damage which may have occurred during balloon 

angioplasty. Secondly, stents introduce the possibility of blocking side-branches which are 

sometimes present at the implant site- it is of course favourable to avoid or reduce this 

effect with suitable stent geometry. Stent geometry also needs to allow a stent to be 

introduced to the body in a collapsed state which can be expanded to its final dimensions to 

support the vessel – usually by balloon expansion. It is also favourable to have a flexible 

stent for easy navigation to the target site through tortuous vessels.  

 

The linked zig-zag hoops geometry meets the first criterion by having coils close enough to 

each other – the zig-zag shape also helps to hold back flaps within the length of vessel 

covered by the stent. Regular gaps within the pattern keep the probability of blocking side-

branches low. Finally, the geometry clearly allows for expansion – a stent prototype 

photographed before and after expansion, shown in Figure 2-5 [17], demonstrates this. The 

flexibility of a zig-zag hoop geometry stent can be adjusted by changing the number of links 

between adjacent hoops. 

 

As an example of vastly different stent geometry, a prototype stent made from PLLA and 

PLGA with a helical strip design was produced by Tan et al. and is shown in Figure 2-13 

[68]. Something which is immediately observable is the much greater surface area which 

would be in contact with the vessel – this would increase the risk of side-branch occlusion. 

Apart from that the stent should fulfil the other aforementioned criteria. Endothelialisation 
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may be an additional shortcoming though since the width of the strip poses a greater 

barrier for endothelial cells to bridge.  

 

Figure 2-13: Stent prototype based on PLLA and PLGA [68] 

2.6.2 Prominence of PLLA 

Of the stents listed in Table 2-3, two are based on PLLA and these are not the only PLLA-

based stents which have been developed by medical device companies- the ART stent (by 

Arterial Remodelling Technologies, France) and the DESolve stent (by Elixir Medical 

Corporation, USA) are also PLLA-based (see Figure 2-12b and g for respective images). 

Clearly PLLA is quite prominent in biodegradable stent material research. 

 

PLLA is attractive because of its relatively high strength and stiffness when compared with 

other biodegradable polymers. Furthermore, it has a low enough degradation rate that 

stents made of PLLA can provide support for 6 months [60]. However, PLLA suffers from 

brittleness [69] which heightens the risk of stent strut fracture during deployment. For this 

reason, researchers have been investigating ways of modifying PLLA to be more ductile.  

2.6.3 Poly(lactic acid) and Modifications Thereof for Biodegradable Stents 

There are various means of modifying polymers to alter their properties and to enhance 

ductility. Methods such as plasticiser addition, blending with rubbery polymers and 

copolymerisation have been used. Published work on biodegradable stent material 

development is very sparse, likely because the vast majority of the work is undertaken by 

medical device firms who do not disclose their developments because of commercial 

sensitivity.  
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Attempts at modifying PLLA were made by Grabow et al. who blended PLLA with poly(4-

hydroxybutyrate) (P4HB), as well as poly(caprolactone) (PCL), and attempted to produce 

biodegradable stents from these blends [17, 70]. The ductility of the blends was far greater 

than that of PLLA but there were significant reductions in the mechanical properties. In the 

case of the PLLA/P4HB blend, tensile strength was reduced by 20% whilst stiffness was 

reduced by 50%, which is undesirable since sufficient stiffness is a high priority for stents. 

The PLLA/PCL blend exhibited an increase in strength but also a 50% decrease in stiffness, 

as well as a major loss of creep resistance when compared with neat PLLA. Thus the 

PLLA/PCL blend was found to be unsuitable for application in biodegradable stents 

because stents made from this blend would collapse prematurely due to low stiffness and 

insufficient resistance to creep.  

 

Other work done on enhancing the ductility of PLLA involved blending with either 

poly(butylene succinate) (PBS) or poly(butylene succinate-co-L-lactate) (PBSL). This work 

was a general study not aimed at application for biodegradable stents but the results were 

promising. In this study, Shibata et al. [50] showed that the tensile elongation at break of 

PLLA is significantly enhanced by blending it with PBS or PBSL [50]. Furthermore, the 

losses of strength and stiffness were not as extreme as those exhibited by the PLLA/P4HB 

and PLLA/PCL blends investigated by Grabow et al. [36, 37]. For this reason, these blends 

are of interest for the manufacture of biodegradable stents but there is still a lot which is 

unknown about them- for example, how does PBS addition influence the creep resistance of 

PLLA and how will degradation affect the blends’ strength, stiffness and creep resistance?  

These and many other questions must be answered if the material is to be considered for 

manufacture of biodegradable stents, hence is the motivation for this research (which is 

discussed in section 2.13).   

2.7 PLLA/PBS Blends: What is Known? 

There have been several studies on PLLA/PBS blends in the past (and some, in fact, during 

the progression of this research) to investigate various properties ranging from morphology 
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to mechanical and thermal characteristics and even biocompatibility [50, 69, 71-75]. It is 

clear that PLLA/PBS blends are receiving significant attention in the area of work dealing 

with modifications of PLLA (or conversely, modifications of PBS depending on the point of 

view the authors have come from).  

2.7.1 Mechanical Properties 

In 2006 Shibata et al. [50] investigated PLLA/PBS blends with PBS contents ranging from 

1 - 90 wt %. One of the most striking and important results was the observed improvement 

in ductility of PLLA by blending it with PBS, as determined by elongation at break. Most 

of the PLLA/PBS blends exhibited elongations at break beyond 100 % but interestingly, 

the elongation at break of neat PBS was relatively low at 15 %. In general the tensile 

strengths and moduli of the blends decreased with increasing PBS content; interesting 

outliers were the increases in tensile strength and modulus of a 99/1 PLLA/PBS blend 

compared with neat PLLA. This was found to be due to enhanced crystallisation of PLLA 

at this blend ratio. Furthermore, elongation at break increased with increasing PBS content 

(except, again, in the case of the 99/1 PLLA/PBS blend) [50].   

 

Further work on the mechanical properties of PLLA/PBS blends was done by Homklin et 

al. in 2013 [73]. Their work focussed on PLLA/PBS blends with 40-60 wt % PBS [73]. 

Tensile tests revealed greater elongations at break for PLLA/PBS blends when compared 

with neat PLLA but elongations at break of their PLLA/PBS blends were very low- about 

3 %.  

 

More work by Zhou et al. [74] , published in 2013, on PLLA/PBS blends shows much lower 

elongations at break for PLLA/PBS blends containing 10% and 20% PBS when compared 

with the results of Shibata et al. There was no mention of any part of the processing and 

handling before tensile testing which indicated that significant physical ageing had taken 

place but the specimens used were short and the extension rate during tensile testing was 

very high [74], which explains the results. The consequence of short specimens and a high 

extension rate during tensile testing is a very high strain rate which restricts the elongation 
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after necking because the material does not have enough time to flow and become aligned so 

it ruptures instead.  

 

Quantitative results from the reviewed studies are compared with those of PLLA/PBS 

blends evaluated in this study and discussed in Chapter 4, section 4.2.3.  

2.7.2 Morphology and Material Grades 

Polymers, like other classes of material, are available in different grades, each more suitable 

for a certain application or processing method. For example, some grades of the same 

polymer are tailored for injection moulding whilst others are better suited to film blowing. 

 

The authors of the studies on PLLA/PBS blends did not explain their reasons for selecting 

the material grades used but it may have come down to what processing equipment was 

available as well as what grades local suppliers could supply. In the case of an immiscible 

polymer blend, the morphology can be influenced by the properties of the blend components 

as well as the method used for blending. Influencing factors include the shear rate, shear 

stress, blend composition, molecular weights of blend components, viscosity ratio and 

interfacial tension [76-80]. 

 

Shibata et al. [50] used LACEA-100 PLLA with a melt-flow index (MFI) of 8 g/10 min (at 

190°C, 2.16kg) and Bionolle #1020 PBS, MFI = 25 g/10 min (at 190°C, 2.16 kg). Since 

melt-flow rate is inversely proportional to viscosity, it is clear that the viscosity of the 

PLLA was significantly higher than that of PBS. The PLLA and PBS were melt-blended in 

a twin-rotary mixer and the morphology which resulted was a fine dispersion of PBS 

particles with sizes ranging from 100 nm – 400 nm. On the other hand, Yokohara et al. [69] 

used unspecified grades of PLLA and PBS but they did, however, determine the static 

viscosities of the PLLA and PBS to be 3.1 x 103 Pa.s and 4.0 x 102 Pa.s, respectively. Thus, 

in their blends, PLLA had a significantly higher viscosity than PBS did, with the viscosity 

ratio being about 8. Melt-blending was done using a rotary mixer. The sizes of the dispersed 

PBS particles were around 1-3 μm which was significantly larger than the particles observed 
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by Shibata et al. This may be due to the higher viscosity ratio since it has been shown that 

an increase in viscosity ratio of immiscible poly(propylene)/poly(carbonate) blends can 

cause an increase in the size of the particles of the dispersed component [80]. Finally, Qiong 

et al. [71] used PLLA 2002D from Natureworks LLC (USA) and PBS grade 1903I by 

Hangzhou Xinfu Pharmaceutical (China). The PLLA and PBS MFIs supplied were 

determined at different temperatures so they could not be used for estimating viscosity 

ratio. Fortunately the viscosities were measured and the zero-shear viscosities of PLLA and 

PBS were 2.8 x 103 Pa.s and 5.5 x 102 Pa.s, respectively, thus the viscosity ratio was ~5. 

Blending was done using a single-screw extruder with a screw configuration intended for 

good mixing. The PBS particles in the resulting blends had sizes ranging from about 1-3 μm 

despite the lower viscosity ratio (results are summarised in Table 2-4 for comparison). Most 

surprising are the much finer particle sizes observed by Shibata et al. but in their case 

blending was performed at 190°C whilst in the cases of Yokohara et al. and Qiong et al. 

melt-blending was done at 180°C. 

 

Table 2-4: Summary of PLLA/PBS blend morphologies and related data 

Authors PLLA used PBS used 
Viscos-ity 

ratio 

Blending 

method 
Morphology Refs 

Shibata 

et al. 

LACEA-100 

PLLA (Mitsui 

Chemicals, 

Japan) 

Bionolle #1020 

PBS, (Showa 

Highpolymer, 

Japan) 

3.1 

(estimated 

by MFI 

ratio) 

Twin rotor 

mixer 

Fine dispersion 

of PBS particles 

100-400 nm in 

size 

[50] 

Yokohara 

et al. 

Unspecified 

LACEA grade 

(Mitsui 

Chemicals, 

Japan) 

Unspecified 

grade by 

Mitsubishi 

Chemical, Japan. 

7.8 

(calculated 

from 

measured 

viscosities) 

Rotor 

mixer 

Dispersion of 

PBS particles 1-3 

μm in size 

[69] 

Qiong et 

al. 

PLLA 2002D 

(Natureworks 

LLC, USA) 

PBS grade 1903I 

(Hangzhou Xinfu 

Pharmaceutical, 

China) 

5.1 

(calculated 

from 

measured 

viscosities) 

Single-

screw 

extruder 

Dispersion of 

PBS particles 1-3 

μm in size 

[71] 

 

Although the equipment used for melt-blending was different in all cases, a common feature 

of the equipment is that high shear rates were used to accomplish mixing. Furthermore, it is 

evident that PBS disperses well within PLLA. Another concern is how good interfacial 
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bonding between PLLA and PBS is- some insight into this can be gained through thermal 

analysis.  

2.7.3 Thermal Characterisation 

Polymer blends can be characterised to some extent by their thermal behaviour. Completely 

miscible blends of two polymers will exhibit a glass-transition temperature somewhere 

between the glass-transition temperatures of the neat polymers, whilst completely 

immiscible polymer blends will exhibit the glass transition temperatures of the individual 

components [81]. Interestingly, polymers can also be partially miscible- which means that 

some dissolution occurs but separate phases of the components still exist. In such cases the 

glass transition temperatures are changed in the direction of the median glass transition 

temperature- i.e. the higher Tg polymer will show a decrease in its Tg whilst the lower Tg 

polymer will show an increase in Tg [81].  

 

It was shown by Shibata et al. [50] and Park et al. [75] that the Tg of the PLLA component 

in PLLA blends decreased with increasing PBS content, which indicated that PLLA and 

PBS were partially miscible. Partial miscibility results in good interfacial bonding since the 

polymer components slightly dissolve into each other at the interface and this bonding is 

favourable for the mechanical properties of the blend.  

2.7.4 Biocompatibility of PBS 

Because the target application of PLLA/PBS blends being considered in this research is 

biodegradable stents, the biocompatibility of the blends is very important. Without 

biocompatibility the favourable mechanical properties would be irrelevant. PLLA has been 

used for various medical applications requiring biocompatibility and it has built up a 

reputation within the medical community as a biocompatible material. For example, PLLA 

has been used for bone fixation devices, tissue engineering applications and biodegradable 

stents [43]. PBS was investigated as a tissue scaffold material and the cells were successfully 

cultured on PBS tissue scaffolds [82]. Furthermore, PBS/chitosan composite materials have 

been used to fabricate tissue scaffolds for bone repair [83, 84, 51]. The results of these 

studies on scaffolds were encouraging because no adverse effects were reported and the 
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outcomes of the studies were successful [83, 84, 51]. Further research in 2012 bore even more 

positive results more relevant to this research- the biocompatibility of PLLA/PBS blends 

was investigated by Kun et al. [85]. The results showed no cytotoxicity and the tissue 

response after implantation in rats was similar to that of neat PLLA. Thus PLLA/PBS 

blends are a promising biocompatible material.  

2.8 Degradation of Polymer blends 

When biodegradable materials are blended for industrial or commercial applications, the 

effects of hydrolysis on the mechanical properties of such blends are not considered because 

hydrolysis does not come into play during the service life in the application. In the case of 

implantable devices, however, the effects of degradation on the mechanical characteristics of 

the material must be understood. A basis for this understanding is to learn how polymer 

blends behave during degradation when compared with the neat polymers of which they 

comprise. Because of the fact that degradation often occurs after the service life of many 

products made from biodegradable polymers or their blends, some studies tended to focus 

on hydrolysis rates and not on mechanical properties. Nevertheless, these are very useful 

since hydrolysis directly affects mechanical properties.   

 

Shirahase et al. [86] studied miscible blends of PLLA and poly(methylmethacrylate) 

(PMMA) and the effect of the blend ratio on the rate of degradation at 37°C, pH = 12 [86]. 

Although PMMA is not biodegradable, the study still provides some interesting insight and 

unexpected results. The authors found that generally the higher the PMMA content, the 

slower the hydrolysis as measured by weight loss, which is intuitive since only the PLLA 

degraded and was eluted from the blend. However, an unexpected observation was that 

PLLA/PMMA blends with <30 wt % PMMA had higher hydrolysis rates than that of neat 

PLLA. The authors attributed this to possible enhancement of water absorption in such 

blends. Since the degradation experiments were performed in alkaline solution, increased 

absorption of it into the blends would have catalysed hydrolysis. The most important 

observations were that the hydrolysis rate could be controlled by the PMMA content as 
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well as the fact that the hydrolysis of PLLA could be influenced even by a stable, non-

degradable blend component. 

 

Weng et al. [87] investigated the degradation of immiscible PLLA/poly(butylene-adipate-co-

terephthalate) (PBAT) blends . It was demonstrated that the PLLA and PBAT in a 

PLLA/PBAT blend degraded slower than their neat forms did. The study highlights that in 

a blend of biodegradable polymers, one cannot assume that the components will degrade at 

the same rate that they do in their neat forms. 

 

Hiljanen et al. studied PLLA/PCL blends and PLLA/poly(ε-caprolactone-co-L-lactic acid) 

(PLLA/P(CL-LLA) ). Comparisons revealed that PCL did not influence hydrolysis whilst 

the P(CL-LLA) copolymer resulted in accelerated hydrolysis of PLLA. Note that P(CL-

LLA) is miscible with PLLA whilst PCL is not. However, the same blends produced with a 

lower molecular weight PLLA of lesser purity exhibited no differences in hydrolysis rates 

[88]. This peculiar result adds another level of complexity to understanding the way in 

which blends degrade by hydrolysis. However, one can distil the results somewhat – the 

hydrolysis blends with lower molecular weight PLLA of lower purity may have been 

dominated by autocatalysis if the monomer content before hydrolysis was high enough (due 

to the low purity of the PLLA in these blends). . The PLLA/PCL and PLLA/P(CL-LLA) 

blends produced using the higher purity and higher molecular weight PLLA would have 

been affected significantly less by autocatalysis in early stages of hydrolysis assuming a very 

low initial monomer content. Thus the effects of PCL and P(CL-LLA) on the degradation of 

PLLA are better observed in the high molecular weight, high purity PLLA based blends. 

 

In summary the degradation of polymer blends is affected by the blend ratio of the 

components and degradation is not necessarily correlated to the degradation of the 

components in their neat forms. These observations may differ from blend to blend and it is 

clear that there is not enough data available on degradation of polymer blends to form 

useful generalisations to predict their behaviour. Thus it is important to investigate the 



Background 

36 

 

degradation behaviour of individual polymer blends when the devices to be made from such 

blends will be subjected to degradation in service.  

2.9 Time-Dependent Material Behaviour 

Polymers exhibit time-dependent behaviour when subjected to loads and gradually deform 

with time even under a constant load – a phenomenon known as creep  [89]. Strain increases 

gradually after the initial elastic response and the rate of creep depends on the applied load 

and temperature [89-91], as illustrated in Figure 2-14a . A typical creep curve consists of 

three distinct regions: primary creep, characterised by decreasing strain rate, secondary 

creep during which the creep rate is fairly constant and finally tertiary creep, which leads to 

failure. Tertiary creep begins with a characteristic increasing strain rate leading to eventual 

rupture [92]. A typical creep response curve which illustrates these various stages is shown 

in Figure 2-14b.  

 

Figure 2-14: Typical constant-load creep response curves and the influence of increasing load or temperature on 

the creep response (a). Full creep curve showing tertiary creep which leads to failure (b) indicated by the 

asterisk (*). 

2.9.1 Modelling Time-Dependent Behaviour 

Various models have been developed to describe creep behaviour. Spring-dashpot models are 

quite common and apart from modelling creep behaviour they also provide a schematic aid 

for visualising the time-dependent nature of materials subjected to stresses. Some of the 

spring-dashpot models are described in the following paragraphs.  
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2.9.1.1 Maxwell model 

The Maxwell model consists of a spring and dashpot in series and captures part of creep 

behaviour which results in irrecoverable deformation. Upon application of a constant stress 

the spring provides an instantaneous elastic strain followed by a linear increase in strain 

with time as a result of the dashpot, Figure 2-15. The strain response for a constant stress is 

given in Equation 2-1 where ε is the strain at time t, σ is the applied stress, E is the stiffness 

of the spring and η is the viscosity of the dashpot. If the stress is released there is an 

instantaneous recovery of the elastic strain component and an irrecoverable strain equal to 

σt/η remains [90, 93].  

 

 

Figure 2-15: Maxwell spring-dashpot model and its strain-time response to a constant stress. The response after 

releasing the applied stress is also shown. 

 

 𝜀 = 𝜎 (
1

𝐸
+

𝑡

𝜂
) (2-1) 

2.9.1.2 Kelvin-Voigt Model 

The Kelvin-Voigt model consists also of a spring and dashpot but connected in parallel 

instead of in series [90, 93], Figure 2-16. Upon application of a constant stress there is no 

instantaneous elastic strain because the spring is constrained by the dashpot. Instead, the 

response is a gradual increase in strain with a constantly decreasing strain rate, as shown in 

Figure 2-16, since each incremental strain increase causes the stress in the dashpot to 
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decrease as the stress in the spring increases. The strain response for a constant applied 

stress is given in Equation 2-2 and strain asymptotically approaches σ/E as t → ∞. When 

the stress is released, the strain is gradually recovered and approaches 0 asymptotically as t 

→ ∞ [90, 93]. The Kelvin-Voigt model captures the behaviour of the initial part of a typical 

strain versus time response curve for a material under constant stress. However, is does not 

capture the gradual build-up of irrecoverable strain which follows.   

 

Figure 2-16: Kelvin-Voigt model and its strain-time response to a constant stress. The response after releasing 

the applied stress is also shown. 

 
𝜀(𝑡) =

𝜎

𝐸
(1 − 𝑒

−
𝐸𝑡
𝜂 ) 

(2-2) 

2.9.1.3 Burgers Model 

The Burgers model consists of 4 elements and is essentially a Maxwell model in series with a 

Kelvin-Voigt model, as shown in Figure 2-17. Consequently, this model is able to better 

capture the phenomena observed in a typical creep response curve. Upon application of a 

constant stress there is an instantaneous elastic strain followed by a rate-decreasing increase 

in strain and finally a linear increase in strain with increasing time [93]. When the stress is 

released there is an instantaneous recovery of the elastic strain followed by a gradual 

recovery of strain in the Kelvin-Voigt portion. The final strain approachs the irrecoverable 

strain built up in the dashpot of the Maxwell portion during the time over which stress was 

applied,  Figure 2-17. 
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Figure 2-17: Burgers 4-element spring-dashpot model and its strain-time response to a constant stress. The 

response after releasing the applied stress is also shown. 

 

The strain response for the Burgers model is a sum of the strain of the Maxwell portion, ε1, 

and strain of the Kelvin-Voigt portion, ε2, as is shown in Equation 2-3 (1 corresponds to the 

Maxwell elements whilst 2 corresponds to those of the Voigt portion) [90]. 

 𝜀(𝑡) = 𝜀1 + 𝜀2 

𝜀(𝑡) = 𝜎 [
1

𝐸1
+

𝑡

𝜂1
+

1

𝐸2
(1 − 𝑒

−
𝐸2𝑡
𝜂2 )] 

 

(2-3) 

2.9.2 Creep of Amorphous Polymers 

The creep behaviour of amorphous polymers is of interest because PLLA is such a material 

(although semicrystalline, PLLA has such a low crystallisation rate that extrusion and 

injection moulding, which have high cooling rates, result in practically amorphous PLLA 

[92]). There has been considerable interest in the topic of creep of polymers because 

engineers require a means of predicting creep failure but creep of polymers can differ from 

that of metals. Interestingly, it has been stated that creep failure of metal components is 

due to bad design but creep of plastics is a fact of life [91].  

 

Sherby and Dorn [94] demonstrated that the activation energy required for creep of 

poly(methyl methacrylate) (PMMA) under constant tensile stress is dependent on the 

applied stress, unlike in metals where this activation energy is independent of applied stress 
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[94]. They also demonstrated that creep strain of PMMA could be completely recovered 

upon increasing temperature above the Tg [94] but the results also suggested that without 

this temperature rise there would have been a component of irrecoverable strain. Mindel 

and Brown [95] performed tensile and compression creep tests on polycarbonate (PC) – 

some results are shown in Figure 2-18a. They demonstrated that in compression, the strain 

at which the minimum strain rate occurs is independent of stress [94], Figure 2-18b. On the 

other hand, tensile creep test results indicated that the strain at which the minimum strain 

rate occurs was dependent on the applied stress because of localised strain effects which 

were absent in compression [95].  

 

 

Figure 2-18: Strain versus time curves from compressive and tensile creep tests (a) and strain rate versus strain 

(b) for PC [95]. 

In 2010 Engels et al. were motivated to perform a creep investigation on PLLA and PDLA 

because spinal implants made of such materials failed prematurely. They emphasised that 

PLLA is often praised for its outstanding mechanical properties but little is ever noted 

about long-term effects of loading on it [92]. In the investigation PLLA and PC were 

compared and it has been shown that although PC had a lower compressive strength than 

that of PLLA at any given strain rate, Figure 2-19a, its time-to-failure dependence on 

applied stress was much lower, as indicated in Figure 2-19b. The authors also noted that 

 (a) (b) 
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that for creep tests performed at 50 MPa, PLLA failed after little more than a day whilst 

PC took 3 months to fail [92]. 

 

Figure 2-19: Compressive yield stress versus strain rate (a) and applied compressive stress versus time-to-failure 

(b) for PLLA and PC [92]. 

 

The results really emphasise the necessity for long-term evaluation of polymers to be used 

for load-bearing applications and that short timescale performance tests, such as 

compressive or tensile tests are insufficient for evaluation.  

 

In the same study the authors also pointed out a very interesting relationship between 

constant strain rate data and constant stress data – the gradient of yield stress versus strain 

rate is equal in magnitude (and opposite in sign) to that of applied stress versus time-to-

failure (if time and strain are plotted on logarithmic scales). Engels et al. adapted Eyring’s 

equations for viscous flow [96] and the resulting equations for constant strain rate and 

constant stress are shown in Equations 2-4 and 2-5, respectively [92]: 

 

Constant strain rate: 

 
𝜎(𝜀̇, 𝑇) =

𝑘𝑇

𝑉∗
∙ 𝑠𝑖𝑛ℎ−1 (

𝜀̇

𝜀0̇
∗(𝑇)

) 
(2-4) 

 

where σ is the yield stress resulting from an applied constant strain rate, 𝜀̇, T is the 

temperature, V* is the activation volume, k is Boltzmann’s constant and 𝜀0̇
∗ is a reference 

strain rate at an arbitrary temperature. 

 (a) (b) 
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Constant stress: 

 
𝑡𝑓(𝜎, 𝑇) =

𝜀𝑐𝑟
𝜀0̇
∗(𝜎, 𝑇)

=
𝜀𝑐𝑟

𝜀0̇
∗(𝑇)

∙ [𝑠𝑖𝑛ℎ (
𝜎𝑉∗

𝑘𝑇
)]

−1

 
(2-5) 

 

where 𝑡𝑓 is the time to failure resulting from a constant applied stress, σ. A critical 

accumulated plastic strain, 𝜀𝑐𝑟, is the plastic strain at which the onset of failure begins. 

Engels et al. presented experimental results of creep of PLLA which agreed well with 

theoretical predictions made using the Eyring equations [92]. 

2.9.2.1 The effects of Physical Ageing  

A comprehensive publication on the effects of physical ageing of materials was published in 

1978 by Struik, [33]. The work focused mainly on amorphous polymers but also included 

results of a range of non-polymeric materials which demonstrated that physical ageing is a 

general phenomenon which occured in many amorphous materials. These included cheese, 

bitumen and others [33]. Physical ageing occurs below the Tg of a given material and in 

polymers it is a gradual rearrangement of the amorphous phase chains as they try to 

establish equilibrium, resulting in reduced free-volume [33, 97]. The free-volume reduction 

with ageing reduces chain mobility [33], as depicted in Figure 2-20a. The rate of physical 

ageing reduces exponentially with decreasing temperature [33], Figure 2-20b. It has also 

been shown that physical ageing can be stress-induced [98, 99] – therefore, for a given 

temperature, a material under load will age quicker than one not under load.  
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Figure 2-20: Qualitative depiction of free-volume concept (a) and calculations of time needed for chains to reach 

equilibrium for PVC, adapted from [33]. 

 

Visser et al. [100] studied the application of modified Eyring equations to PC specimens 

with different thermal histories – some specimens were tested in the as-manufactured state 

whilst others were annealed at 100 °C for 4.5 days before testing to age the specimens. They 

found that for annealed specimens the yield stresses increased and higher stresses were 

required to cause creep failure within similar times to as-manufactured specimens. They also 

found that the slopes of the yield stress versus strain rate and applied stress versus time-to-

failure were the same after annealing- as shown in Figure 2-21 [101]. Consequently, they 

found that using yield stress versus strain rate data from as-manufactured specimens and 

the yield stress of annealed specimens from just one strain rate, time-to-failure could be 

predicted using Eyring equations. The authors performed similar experiments on 

unplasticised poly(vinyl chloride) (uPVC) [101]. Some of the parameters which were 

required for these equations, however, had been determined previously by others. 

Nevertheless, if one had yield and creep data for specimens with a certain thermal history 

(e.g. as-manufactured specimens) and creep data at one applied stress for aged specimens 

then one could predict failure times for aged specimens tested at other applied stresses 

because of the phenomenon of the magnitudes of the gradients of yield stress versus applied 

strain rate and applied stress versus time-to-failure being equal. A potentially useful 

phenomenon evident from their results is that annealing can enhance the creep resistance of 

amorphous polymers. 
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Figure 2-21: Comparison of yield stresses and time-to-failure for constant-stress creep tests of PC [101]. Note 

that physical ageing (during annealing) has not influenced the slopes of the curves. 

2.9.2.2 Relationship to Fatigue Life 

It was hypothesised that fatigue failure in amorphous polymers is dominated by the gradual 

accumulation of plastic strain since time for crack growth leading to eventual failure is very 

much shorter than the crack initiation period in such materials  [102, 100]. Janssen et al. 

successfully predicted fatigue failure times for PC and PMMA based on this hypothesis 

[102].  An extraordinary finding they highlighted was that fatigue failure of amorphous 

polymers was independent of the load frequency, as long as conditions remained isothermal 

[102]. To explain this finding, an example is useful: imagine a material is subjected to a 

triangular stress with a frequency of 0.1 Hz. Now imagine how the creep rate changes during 

one cycle – it increases as the stress rises to its peak and decreases again as the stress falls 

to its minimum, then finally increases while the stress increases for the final quarter of the 

cycle. If the frequency is increased to 1 Hz the time at which the creep rate is above the 

mean creep rate for each cycle is reduced tenfold resulting in less strain accumulation per 

cycle but the cycles occur tenfold more frequently – these two factors cancel and the result 

is an independence of fatigue life on frequency of the applied stress.  

 

Stents are subjected to cyclic loads; so fatigue failure is of course a concern. Owing to this 

intrinsic link between fatigue life and creep, direct insight into fatigue life can be obtained 

through creep testing.  
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2.10 Potential Means of Reinforcing Biodegradable Stents 

As the research discussed in this thesis progressed the results highlighted the scope for 

addition of reinforcements to biodegradable stents. This will become clear during the 

discussion of results presented in Chapter 5. Two potential methods of reinforcing were 

identified, namely, reinforcing via addition of micro- or nanoparticles and the use of micro-

fibrillar polymer-polymer composites, MFCs. Both methods are reviewed in the following 

section to aid a decision on which route should be investigated. 

2.11 Micro-Fibrillar Composites 

2.11.1 What are MFCs? 

A fibrillar composite, is a polymer-polymer composite which consists of an isotropic matrix 

polymer with fibrils of a second polymer dispersed within it. The idea was developed by 

Fakirov et al. with the knowledge that drawing of polymers enhances their mechanical 

properties [103]. Depending on the fibril diameters, such composites are referred to as micro-

fibrillar or nano-fibrillar composites (MFCs or NFCs). For simplicity, MFCs are discussed 

because the manufacturing process is essentially the same. One method of creating MFCs is 

to produce a blend of the two selected polymers in the form of a continuous wire. The 

polymers must be thermodynamically immiscible such that one polymer acts as a matrix 

and the second polymer exists as dispersed particles within this matrix. The wire is then 

drawn by applying tension to invoke necking. The material elongates from the necks until 

the entire wire has necked and drawn. During this process the dispersed phase is 

transformed from spherical particles to high aspect-ratio fibrils. The transformation involves 

stretching and coalescence of the dispersed particles. Coalescence is key to the creation of 

very high aspect-ratio fibrils [104]. The process is shown schematically in Figure 2-22. 
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Figure 2-22: The MFC concept explained. First the polymers are blended such that the component to be 

fibrillised exists as dispersed particles within a matrix. The wire is drawn under tensile load resulting in the 

dispersed phase elongating and coalescing to form fibrils with a high aspect ratio. 

 

Some of the advantages of MFCs as outlined by Fakirov et al. [105] include: reinforcement 

of polymer by polymer, enhanced mechanical properties versus the same blend with both 

polymers in an isotropic state, no mineral additives, reduction in weight compared with 

other composites (e.g. glass fibre composites), easy processing,  no need for compatibilisers 

and recyclability [105]. Furthermore, since the reinforcement is created in-situ the problem 

of agglomeration which commonly occurs in micro- and nano-composites is circumvented 

[106]. 

2.11.2 Compatibility of MFC Components 

MFCs are produced from immiscible blends but these can be broken down further into 

blends of condensation polymers and blends of addition polymers. The former can be self-

compatibilising whilst the latter may require compatibilisers to enhance matrix-fibril 

adhesion.  

2.11.2.1 Compatibiliser Addition 

The observed effects of compatibiliser addition  include: improved interfacial adhesion, lower 

aspect ratio fibrils, lower elastic modulus values compared with neat matrix polymer, better 

extruded wire 
cross-sectional view of wire (parallel 

to drawing direction) 

wire is drawn under tension – necking is initiated 

eventually the entire length has elongated and the dispersed phase is fibrillised 

elongation occurs as the neck propagates, stretching the dispersed phase. 
Coalescence of the dispersed particles occurs during this process. 
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fibril orientation and hindrance of nucleation of matrix crystallites onto fibrils [104, 107-

109]. A detrimental effect of compatibiliser addition is the shorter (lower aspect-ratio) fibrils 

which result because the compatibiliser prevents coalescence during drawing. This, in turn, 

results in less effective reinforcement.   

2.11.2.2 Self-Compatibilisation 

It has been shown in MFCs manufactured from some condensation polymer pairs that 

chemical reactions can occur at fibril-matrix interfaces which enhance interfacial adhesion 

[103, 104, 110]. These reactions can occur in the time required for injection moulding or 

extrusion of the MFC during the isotropisation step (melting of the matrix after fibril 

creation) [111]. They are called transreactions and result in the formation of a copolymer at 

the interface between the fibrils and matrix [103, 110, 111]. Because the resulting copolymer 

contains groups which interact with both the matrix and reinforcement polymers it serves 

to enhance interfacial adhesion, thus improving mechanical properties [103, 104, 110, 111]. 

This self-compatibilisation phenomenon is an advantage for reinforcing stents since it 

eliminates one variable, compatibilisers, which could affect biocompatibility. For example, a 

composite material made from two biocompatible materials may be rendered non-

biocompatible if a non-biocompatible compatibiliser is used.  

2.11.3 Transcrystallisation 

Further investigations into MFCs to understand their physical properties have revealed that 

the fibrils can act as nucleation points for the matrix which results in columns of crystalline 

structures forming around the microfibrils. This phenomenon, labelled transcrystallisation, is 

known to occur in fibre reinforced polymers, including MFCs, and has been investigated in 

several works [112-116]. Examples of the phenomenon are shown in Figure 2-23. Krumova et 

al. studied transcrystallisation of polypropylene (PP) on poly(ethylene terephthalate) (PET) 

micro-fibrils [112]. One of the key observations they made was that the use of a 

compatibiliser hindered transcrystallisation [112]. Furthermore, they observed that 

processing parameters influenced its extent - the example given was that rapid cooling of 

the PP matrix during injection moulding results in a thinner transcrystalline layer than that 

which results from processes with relatively slow cooling [112]. Another interesting 
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observation of the formation of trans-crystalline layers was made by Lee et al. who studied 

transcrystallisation in carbon fibre reinforced poly(ether-ether ketone) (PEEK) composites. 

They determined that keeping the PEEK matrix above its melting temperature for longer 

times before cooling enhanced transcrystallisation because this completely melted all of the 

spherulites in the matrix, thus favouring transcrystallisation [117]. 

 

Figure 2-23: Cross-polar optical micrograph of a single carbon fibre in PEEK with PEEK lamellae surrounding 

the fibre [117]. Transmission electron micrograph showing the cross-section of a PET fibril in a low-density 

polyethylene (LDPE) matrix- crystal lamellae of LDPE surround the fibril [118].  

 

The effect of transcrystallisation on mechanical properties is varied. For example, in 

composites of PEEK and carbon fibre the presence of transcrystalline layers of PEEK 

around the carbon fibres was claimed, by Lee et al., to improve interfacial adhesion thereby 

enhancing mechanical properties [117]. On the other hand when Gati et al. investigated the 

effect of transcrystallisation on interfacial adhesion between PCL and Kevlar fibres was, no 

enhancement of interfacial adhesion was observed [119]. Thus there is no ‘rule of thumb’ 

governing the effect of transcrystallisation on interfacial adhesion but the possibility of 

enhancing mechanical properties does exist in cases where interfacial adhesion is improved.  

2.11.4 Mechanical Properties of MFCs 

A major focus of MFC development has been to enhance the mechanical properties of 

polymers and their blends. Enhancement of mechanical properties by MFCs has been 

documented in several studies [104, 107, 108, 111, 118] . In all of these studies there was an 

increase in either modulus or strength or both when comparing the MFC with neat matrix 

material. The results from the studies reviewed are summarised in Table 6-1. They are quite 

varied – some MFCs show improvement when compared with neat matrix polymer whilst 

200 nm 50 μm 

(a) (b) 
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others show little or no improvement. However, there are a few factors to consider when 

comparing the results of MFCs including: the types (condensation or addition) of polymers 

blended and whether or not compatibilisers were used.  

 

Table 2-5: Comparison of mechanical properties of MFCs*.  

Authors 
Polymer 

system 

Blend type 

A- 

addition 

C- conden-

sation 

Fibril 

orientation 

in test 

specimens 

Modulus 

[GPa] 

Strength 

[MPa] 

Refs 

MFC 

Neat 

mat-

rix 

MFC 

Neat 

mat-

rix 

Evstatiev 

et al. 

PA6/PET 

70/30 

C/C uni- 

directional 

(T) 

4.0  

(T) 

1.1  

(T) 

187  

(T) 

81  
[111] 

PA6/PET 

70/30 

C/C random (T) 

3.2  

(T) 

1.2  

(T) 

60  

(T) 

40  

Fakirov  

et al. 

LDPE/PET 

70/30 
A/C random 

(T) 

0.8  

(T) 

0.1  

(T) 

17  

(T)  

8  
[118] 

Friedrich 

et al. 

PP/PET 

60/40 
A/C random 

(F) 

1.9  

(F) 

1.2  

(F) 

42  

(F) 

38  

[104] 

PP/PET/c 

59/40/1 

 

A/C random 
(F) 

1.8  

(F) 

1.2  

(F) 

52  

(F) 

38  

PP/PET 

60/40 
A/C 

uni- 

directional 

(F) 

3.1  

(F) 

1.2  

(F) 

88  

(F) 

41  

PP/PET/c 

59/40/1 

 

A/C 
uni- 

directional 

(F) 

3.5  

(F) 

1.2  

(F) 

95  

(F) 

41  

Denchev 

et al. 

PE/PA12/c 

70/20/10 
A/C random 

(T) 

0.6  

(T) 

0.7  

(T) 

33  

(T) 

21  
[108] 

PE/PA12/c 

70/20/10 
A/C 

uni- 

directional 

(T) 

0.6  

(T) 

0.7  

(T) 

37  

(T) 

21  

Taepai-

boon  

et al. 

iPP/PET  

85/15 

70/30 

 

A/C random 

(T) 

1.9 

1.7 

(T) 

1.7 

1.7 

(T) 

29 

32 

(T) 

31 

31 

[107] 

iPP/PET/c  

83/15/2 

68/30/2 

A/C random 

(T) 

1.7 

2.1  

(T) 

1.7 

1.7  

(T) 

31 

28  

(T) 

31 

31  

*Compatibilisers in blends are denoted as 'c'. Tensile and flexural modulus and strength results are indicated by 

 ‘T’ and ‘F’, respectively. 

 

An interesting point to note is that self-compatibilisation seems more effective than 

compatibiliser addition when comparing the results of PET-reinforced MFCs in Table 6-1. 

For example Evstatiev et al. [111] reported an increase in Young’s modulus of 2 GPa for a 

an MFC comprised of 30 wt % PET fibrils in a polyamide-6 (PA6) matrix when compared 

with neat PA6. Taepaiboon et al. [107] reported a Young’s modulus increase of just 0.3 GPa 
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for a PET-reinforced, compatibilised MFC with the same fibril content in a PP matrix. 

Looking at this from another perspective, self-compatibilisation is a controllable form of 

compatibilisation with the advantage that it can be induced after fibril formation by 

tailoring the manufacturing process accordingly. On the other hand, when a separate 

compatibiliser is used it must be added at the melt-blending step and any influence it may 

have on fibril formation during the drawing step cannot be avoided.  

 

Another variable to consider is the reinforcing component content. Intuitively one would 

expect increased mechanical properties for MFCs with greater fibril contents. However, 

Taepaiboon et al. reported that injection moulded iPP/PET MFCs exhibited a decrease in 

the tensile modulus with an increase in fibril content from 15 % to 30 % when no 

compatibiliser was used [107]. This might have been due to poor dispersion of PET in the 

30 % PET blend, consequently resulting in poor fibril formation. Thus, one cannot assume 

good fibril formation for every blend ratio.  

 

In summary, the key considerations affecting the mechanical properties of MFCs include the 

following: 

 the use of two condensation polymers to produce a MFC may result in 

transreactions leading to improved interfacial adhesion; 

 transcrystallisation can improve mechanical properties if the bonds between the 

lamellae and fibre/fibril are strong (i.e. if it results in good interfacial adhesion); 

 compatibilisers can enhance interfacial adhesion but can result in shorter fibrils thus 

reducing strength in some cases and modulus in others; 

 increasing the reinforcing component does not necessarily equate to better 

mechanical properties since dispersion and fibril formation cannot be assumed to be 

good for every blend ratio. 

2.11.5 Advantages of MFCs for Reinforcing Biodegradable Stents 

Han et al. reported on the potential use of PLGA short fibres for reinforcing biodegradable 

stents [120] but the methodology required the matrix to be dissolved in dichloromethane to 
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enable the PLGA fibres to be mixed and dispersed within it [120]. The MFC technique, on 

the other hand, benefits from good dispersion without the need for compatibilisers or 

organic solvents. Additionally this technique can create a completely biodegradable fibre-

reinforced composite if the reinforcing polymer is biodegradable.  

 

MFCs also allow molecular orientation to be taken advantage of whilst enabling the matrix 

to be kept amorphous, or manipulated to be partially aligned, in order to retain as much 

ductility as is desired. This should allow a stent reinforced via the MFC technique to be 

balloon-expanded in the same manner as existing PLLA-based stents. An example of a stent 

which makes use of molecular orientation is the Igaki-Tamai stent, Figure 2-12a , made of 

drawn PLLA monofilament [121]. This stent must be covered by a sheath when loaded onto 

a catheter because it is partially self-expanding but still requires balloon expansion to be 

deployed. Furthermore it requires the balloon to be filled with liquid at 50 °C during 

expansion. Initially this liquid is at 80 °C to compensate for heat loss as it flows through the 

catheter to the balloon [121, 122]. This requirement to heat the stent during expansion has 

apparently hampered development [123] possibly because cardiologists find the equipment 

cumbersome to use [60].  

2.12 Particulate Micro- and Nanocomposites 

Particulate reinforcements were also considered as a potential means of reinforcing 

biodegradable stents. Interestingly, Abbott Vascular® (USA) and Donguan 

Tiantianxiangshiang Medical Technology Co.® (China) published patents in 2012 outlining 

the use of particulate reinforcements for polymeric biodegradable stents [124, 125]. Some 

literature in this area is reviewed in this section to better understand the state of 

development and the effects of various parameters, such as particle type, surface treatment, 

etc. on the resulting composites’ properties. 

2.12.1 Spectrum of Particulate Reinforcements 

The use of particulate fillers to increase the rigidity of thermoplastics is commonplace. 

Several particle types have been investigated, including silica, hydroxyapatite, layered 
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silicates (e.g. montmorillonite) and halloysite; Table 2-6 summarises some of their physical 

properties and SEM images from literature are provided in Figure 2-24.  

 

Table 2-6: Overview of particle forms and typical dimensions of various inorganic particles. 

Mineral Particle type Typical dimensions Refs 

silica granular 7-20nm [126] 

hydroxyapatite granular Micro sized: 5nm 

Nano sized: 100nm 

[127] 

calcium carbonate cubic granules 40nm [128] 

montmorillonite layered sheets 

platelets 

200x340x1.3nm  

35x54x1.2nm  

[129] 

mica layered sheets 85x1.2nm  [130] 

halloysite nanotubes Length: 50-3000nm 

Diameter: 20-200nm 

(largely dependent on source) 

[131] 
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          Figure 2-24: Various filler particles. (a) Silica nanoparticles in PLLA matrix [126]; (b) an individual 

micro-size hydroxyapatite particle embedded in a PLLA matrix [127]; (c) Montmorillonite layers within a PLLA 

matrix [132]; (d) Mica layers within a PLA matrix [132]; calcium carbonate particles dispersed in PLLA matrix 

[128]; (f) halloysite nanotubes [131]. 

 

Several studies have been done on reinforcing PLLA with particulates, usually with medical 

applications in mind. Let us focus on these results since they are the most relevant to this 

research. The mechanical properties of some PLLA-based micro/nanocomposites are not 

always intuitive – for example, elongation at break in some cases increased with increasing 

filler content [126, 128]. In other cases elongation at break was reduced as one might expect. 

Surface treatment of the fillers, commonly through the use of silanes, is sometimes used to 

enhance interfacial adhesion. PLLA micro/nanocomposites’ properties from literature are 

(a) (b) 

(c) (d) 

(e) (f) 
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summarised in Table 2-7 for comparison. It is not easy to make generalisations about all of 

the results because of some of the peculiar trends. Nevertheless, the results are reviewed 

categorically.  

 

Table 2-7: Mechanical properties of various PLLA-particle composites 

Composite 

Filler 

content 

[%] 

Surface 

treated

? 

Strength [MPa] 

T-tensile 

F-flexural 

Modulus [GPa] 

T-tensile 

F-flexural 

Elongation at 

break (%) 
Refs 

PLLA-

halloysite 

nanotubes  

3 

6 

12 

Yes 

Yes 

Yes 

(T) 66 

(T) 70 

(T) 63 

(63 for neat 

PLLA used) 

(T) 2.5 

(T) 2.8 

(T) 2.3 

(2 for neat 

PLLA used) 

not reported [133] 

PLLA-

halloysite 

nanotubes 

2 

 

4 

 

6 

 

 

No 

Yes 

No 

Yes 

No 

Yes 

(T) 58 

(T) 62 

(T) 61 

(T) 66 

(T) 63 

(T) 70 

(54 for neat 

PLLA used) 

(T) 3.1 

(T) 3.3 

(T) 3.3 

(T) 3.5 

(T) 3.4 

(T) 3.6 

(2.9 for neat 

PLLA used) 

3.3 

3.6 

3.0 

3.4 

2.6 

3.2 

(3.6 for neat 

PLLA used) 

[134] 

PLLA-

synthetic 

halloysite 

nanotubes 

2 No (T) 49 

(23 for neat 

PLLA used) 

(T) 2.25GPa 

(0.8 for neat 

PLLA used) 
not reported [135] 

PLLA –

hydroxyapatite 

(n – nano,  

m –micro) 

10m 

10n 

5n,5m 

No 

No 

No 

(F) 115 

(F) 65 

(F) 128 

(120 for neat 

PLLA used) 

(F) 4.5 

(F) 4.7 

(F) 6.7 

(4 for neat 

PLLA used) 

not reported [127] 

PLLA-silica 

nanoparticles 

2 

 

8 

No 

Yes 

Yes 

(T) 52.1 

(T) 55.2 

(T) 54 

(51.3 for neat 

PLLA used) 

(T) 3.52 

(T) 3.58 

(T) 3.8 

(3.31 for neat 

PLLA used) 

5.9 

11.9 

20 

(7.8 for neat 

PLLA used) 

[126] 

PLLA-

montmorillonit

e 

2.5 

5 

7.5 

Yes 

Yes 

Yes 

(T) 65.5 

(T) 67 

(T) 55 

(64.5 for neat 

PLLA used) 

(T) 4 

(T) 4.6 

(T) 5.1 

(3.4 for neat 

PLLA used) 

16 

2 

1.5 

(4 for neat 

PLLA used) 

[128] 

PLA-calcium 

carbonate 

nanoparticles 

2.5 

5 

7.5 

Yes 

Yes 

Yes 

(T) 63.5 

(T) 60 

(T) 58 

(64.5 for neat 

PLLA used) 

(T) 3.5 

(T) 3.6 

(T) 3.4 

(3.4 for neat 

PLLA used) 

5 

13 

12 

(4 for neat 

PLLA used) 

[128] 
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2.12.2 Strengths and Moduli of PLLA Micro- and Nanocomposites 

In almost all cases reviewed, the strengths and moduli of the filled PLLA composites were 

greater than those of neat PLLA. Generally the strengths and moduli increased with 

increasing filler content up to a point, with a few exceptions. Additionally, surface 

treatment resulted in improvements in strengths and moduli of the composites compared 

with those of composites made with untreated fillers [126, 134]. Takayama et al. [127] 

reported very interesting results for PLLA-hydroxyapatite composites in which the 

hydroxyapatite consisted of a 50:50 mix of micro- and nanoparticles (so-called ‘bimodal’ 

particle size distribution). Such composites were stiffer and stronger than PLLA-

hydroxyapatite composites with only micro- or nanoparticles. The authors attributed the 

superior mechanical properties of the bimodal PLLA-hydroxyapatite composites to 

microparticles aiding dispersion the nanoparticles between PLLA molecules, thus 

constraining them [127].  

 

Jiang et al. [128] compared the use of montmorillonite and calcium carbonate nanoparticles 

for reinforcing PLLA. They reported different trends in the effects of filler contents on 

strengths and moduli of the resulting composites [128] as can be seen in Table 2-7. A 

common denominator they reported though, was that when filler contents were 7.5 % the 

strengths were reduced due to stress concentration caused by agglomerates [128]. This trend 

was also observed by Murariu et al. for PLLA-halloysite composites with halloysite contents 

between 3 % and 12 % [133]. Matusik et al. [135] reported a massive increase in modulus of 

PLLA-halloysite composites from 0.8 GPa for neat PLLA to 2.25 GPa for a 2 % halloysite 

composite. However their results are viewed with scepticism since the modulus of 0.8 GPa 

reported for PLLA is suspiciously low, considering that PLLA typically has a Young’s 

modulus of 3.2 – 3.7 GPa [44]. Their specimens were all prepared by solution casting, 

however, which may explain the low modulus reported for neat PLLA if the residual solvent 

had plasticised the PLLA [136]. 

 

Evidently it is difficult to make generalised conclusions about the effects of filler aspect 

ratio, content, etc. on the strengths and moduli of the resulting composites when 
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considering unusual results like those reported my Takayama et al. [127]. The minute 

dimensions of some nanoparticle fillers can result in interactions (e.g. hydrogen bonding or 

van der Waals forces) with the matrix polymer on a molecular level, affecting chain 

mobility [127, 128]. Perhaps such interactions may be viewed as a form of weak cross-linking 

(weak because the composites are still thermoplastic, implying that particle-matrix bonds 

are broken upon heating). This sets nanoparticle composites apart from conventional fibre-

reinforced or particle-filled composites in which the reinforcements/fillers may be bonded to 

the matrix polymers via compatibilisers but they are not dispersed between the polymer 

molecules. 

2.12.3  Effects of Fillers on ductility 

Considering that mineral fillers are effectively rigid one would expect that increasing the 

filler content would decrease the ductility, or worsen the brittleness, of the filled polymer. In 

a few cases, however, fillers actually can enhance ductility. For example, Dorigato et al. 

[126] reported higher elongations at break for PLLA-silica nanocomposites compared with 

that of neat PLLA whilst Jiang et al. [128] reported the same phenomenon for some PLLA-

montmorillonite and PLLA-calcium carbonate nanocomposites. Very interesting to note is 

the different failure behaviours observed – tensile tested PLLA-calcium carbonate 

nanocomposites had stress whitening along the entire gauge lengths of specimens and no 

necking occurred whilst PLLA-montmorillonite nanocomposites exhibited necking [128]. 

Agglomerates which formed at higher filler contents were cited as causes of reduced 

elongation at break [126, 128]. Again, due to the scale of nanoparticle fillers there are 

interactions with the polymer molecules and effects on the micromechanical failure modes 

which makes generalisations difficult. For example, Takayama et al. attributed 

enhancement of PLLA-hydroxyapatite composite properties to hydroxyapatite nanoparticles 

being dispersed between PLLA molecules, restricting their movement [127]. Jiang et al. [128] 

noted differences in the failure behaviours of montmorillonite and calcium carbonate 

nanocomposites due to the differences between their forms and how they interact with the 

polymer chains. Note that this is significantly more complex than the general effects of filler 

or reinforcement aspect ratio on composite properties where it is just the greater surface 
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area of high aspect ratio particles which prevents debonding of the matrix and filler 

particles. In all cases reviewed in Table 2-7, surface treating the fillers increased strain at 

break of the resulting composites compared with those made from untreated fillers.   

2.12.4 Creep Resistance of Micro/Nanocomposites 

Fillers such as silica nanoparticles and montmorillonite have been shown to improve creep 

resistance of various thermoplastics such as nylon, PCL/starch blends and PLLA [137, 126, 

138-140]. Furthermore, the strain at break was sometimes even improved, as observed by 

Dorigato et al., Table 2-7 [126]. This is quite advantageous – added creep resistance and 

improved strain at break. However, improved strain at break does not necessarily mean that 

the composite has favourable ductility behaviour – sometimes the entire gauge lengths of 

specimens exhibited crazing and stress whitening but no necking which can result in 

softening [99]. Strain softening is highly undesired in the case of polymeric stents since it 

would weaken the integrity of the stent if it occurred during balloon expansion. This would, 

of course, reduce the stent’s ability to support the vessel. 

2.13 Motivation 

PLLA is very prominent in the field of biodegradable stent material research. Several stents 

which have undergone (or are undergoing) clinical trials, such as the the Igaki-Tamai, ART, 

DESolve (Elixir Medical Corporation, USA) and BVS (Abbott Vascular, USA) stents, are 

PLLA based.  

 

A drawback of PLLA is its brittleness, which has been the basis of much research into 

modifications of PLLA to mitigate brittleness. Most of the work on biodegradable stents is 

not publicly available because the knowledge is owned by medical device companies. 

However, some work by Grabow et al. on modifications of PLLA was specifically for 

development of biodegradable stent materials [17, 141, 70] and is useful for guidance and 

comparison.  
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PLLA/PBS blends have been shown to exhibit ductile behaviour and they also retain much 

of the original strength and stiffness of neat PLLA. Therefore PLLA/PBS blends are 

promising candidate materials for biodegradable stents and hence the motivation for this 

research. In order to determine whether PLLA/PBS blends are suitable biodegradable stent 

material candidates, extensive characterisation is required to understand them. Further to 

this, part of the motivation for this research is to contribute knowledge to guide future 

research by highlighting phenomena relevant to biodegradable thermoplastic polymers and 

their degradation. This will enable a stronger foundation for future research in this field to 

be laid – something much needed in the public domain where currently available 

information is very limited.  

2.14 Summary and Concluding Remarks 

Stents have evolved significantly over time since their conception. Early versions manifested 

themselves in the form of BMSs. CMSs were then developed in an attempt to reduce the 

body’s reactions to BMSs by making the stent surfaces more inert. However, these soon 

evolved into DESs which actively addressed thrombosis and restenosis through the use of 

drugs eluted from the stent surfaces. Despite success in reducing thrombosis rates, DESs 

came with their own complications – incomplete endothelialisation and, consequently, late 

stent thrombosis. It has been noted that the need for stent support is only temporary so 

permanent stents are redundant once the vessel has had sufficient time to heal. Hence the 

development of biodegradable stents which provide support temporarily and eventually 

degrade.  

 

Biodegradable stent development has been on-going for several years and cardiologists have 

suggested that stented vessels need support for up to six months. Something which has not 

been elucidated, however, is the change in level of support required as the vessel heals 

during the first six months following stent implantation. From an engineering point of view, 

this is just one concern among others for further development of biodegradable stent 

materials. A major concern with thermoplastics is their tendency to creep significantly 
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under load but this does not seem to have caught the attention of many and is not 

addressed in reviews outlining stent material requirements. However, Grabow et al. 

discussed its relevance briefly in their work on PLLA/PCL/TEC and PLLA/TEC blends for 

biodegradable stents [70, 141].  

 

Biodegradable stent technology is still in relative infancy, as can be seen by the broad range 

of materials being trialled for their manufacture. PLLA is quite prominent since it exhibits 

good mechanical properties relative to many other thermoplastics and it also degrades 

sufficiently slowly in the body to provide support for 6 months. The main drawback of 

PLLA is its brittleness, which sometimes results in strut fracture during deployment at the 

target site of a vessel. This has motivated researchers to find means of modifying PLLA in 

order to mitigate its brittle behaviour and is the motivation for this research. Beyond this, 

further motivation for this research is to highlight some of the many variables which 

influence thermoplastic polymers such that stent material requirements can be 

supplemented to guide development of polymeric biodegradable stent materials. 

 

Two potential types of reinforcement for biodegradable stents are MFCs and particulate 

micro/nanocomposites. Both present advantages and disadvantages which are discussed 

further in Chapter 6, which focuses on results of reinforcement investigation.  

 

Table 2-8 provides a summary of selected key papers from the main sections of this chapter. 
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Table 2-8: Summary of key papers 

Authors Comments Refs 

Stenting evolution   

Serruys et al. Highlights the occurrence of stent thrombosis and vessel restenosis 

after implantation of BMSs 

[10] 

O’Brien et al. Review of stent material development. The desire to make BMS 

surfaces more inert is outlined and coatings for CMSs are subsequently 

reviewed. 

The results of CMSs left room for improvement, thus DESs were 

developed. 

[11] 

Biodegradable stent development 

Tamai et al. Results (initial and 6-month follow-up) of first in-man trial of 

biodegradable polymeric stent 

[122] 

Ormiston Concluded that vessels require support for up to 6 months but not 

longer, thus providing a goal for biodegradable stent development. 

[15] 

Biodegradable polymers for medical applications 

Göpferich  Reviewed degradation characteristics of biodegradable polymers, 

distinguishing between surface and bulk erosion and highlighting 

various factors influencing degradation (temperature, pH and 

enzymatic activity).  

[21] 

Bhubalan et al. Properties, characteristics and applications of PHAs reviewed. [41] 

Letchford et al. Properties, characteristics and applications of biodegradable polyesters 

reviewed. 

[43] 

Modifications of PLLA for biodegradable stents 

Grabow et al. Demonstrated ductility enhancement of PLLA via blending with P4HB 

or PCL and TEC but both resulted in large decreases in Young’s 

modulus. Large creep propensity of PLLA/PCL/TEC observed. Effects 

of physical ageing not considered. 

[17, 70, 141] 

PLLA/PBS blends 

Shibata et al. Showed PLLA/PBS blends exhibit excellent ductility [50] 

Rungsima et al. PLLA/PBS blends studied showed less improvement in ductility but 

specimens were unknowingly aged via heating – the importance of 

physical ageing is highlighted. 

[73] 

 

Kun et al.  

Demonstrated that PBS exhibits no cytotoxicity and the inflammatory 

response of rats cells to it is similar to that of PLLA, thus indicating 

PBS is biocompatible. 

[85] 

Degradation of polymer blends 

Shirahase et al. Studied degradation of miscible PLLA/PMMA blends. PLLA 

component in blends with <30% PMMA degraded faster than neat 

PLLA, showing that even a stable polymer can influence degradation 

when blended with a biodegradable polymer. 

[86] 

    

Wang et al. Studied degradation of PLLA/PBAT blends. Demonstrated that PLLA 

and PBAT components in PBAT blends degraded at different rates to 

the respective neat polymers. 

 

(continued on the next page) 

[87] 
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Creep   

Engels et al.  Prompted by premature failure of spinal cages, a study on the creep 

characteristics of PLLA was undertaken. The relatively poor creep 

performance of PLLA was highlighted as a concern for load-bearing 

implants. 

 

[92] 

Janssen et al. Hypothesised that fatigue life of amorphous polymers is dominated 

essentially by creep. Constructed and experimentally validated a model 

which predicts fatigue life of amorphous polymers under cyclic loading. 

Fatigue life predictions were based on creep characteristics. 

[102] 

Reinforcement   

Evstatiev et al. 

 

Reported results of PA6/PET MFCs which demonstrate both the 

advantages of MFCs as well as the enhancement of their mechanical 

properties via transreactions between the fibril- and matrix polymers 

when both are condensation polymers. 

 

[111] 

Jiang et al.  Compared PLLA-calcium carbonate and PLLA-montmorillonite 

nanocomposites manufactured with and without compatibilisers. The 

results showed interesting effects of particle type and compatibiliser use 

on mechanical properties. Ductility increases were noted for both 

composite types at certain filler contents when compatibilisers were 

used. However, failure modes depended on the particle type used – 

calcium carbonate resulted in elongation of specimens’ entire gauge 

lengths whilst montmorillonite resulted in necking.  

[128] 

 

 

 





 

63 

 

  

Experimental Methodologies and 
Analytical Techniques 

 

 

 

 

 

 

 

 

 

3.1 Introduction 

This chapter serves as a reference for information on the experimental methodologies and 

analytical techniques used throughout this research project. Details on the processes used 

for specimen manufacture, degradation experiments, mechanical testing and analytical 

methods are provided. The information provided in this chapter is best used for reference 

since the rationales for performing certain experiments or analyses are discussed in their 

respective chapters. 

3.2 PLLA/PBS Blends and Specimen Preparation 

3.2.1 Materials 

Since the specimens for testing were to be prepared via injection moulding, an injection 

moulding grade of PLLA was acquired- grade 3051D (NatureWorks LLC, USA). According 
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to the manufacturer’s data, this grade of PLLA has a melt flow index (MFI) of 18 g/10 

min, density equal to 1.25 g/cm3 (190 °C, 2.16 kg) and a Tg of 60 °C. In 2000 NatureWorks 

LLC was quoted as producing 130 tons of PLLA per year [42] so it was believed that they 

would be a reliable source of material throughout the duration of the research. 

PBS grade 4560J (IreChem, South Korea) was used for this research since it was readily 

available in sufficient quantities and had been successfully blended with PLLA during 

unpublished work which was a precursor to this PhD research. The indicated MFI and 

density were 25 g/10 min (190 °C, 2.16 kg) and 1.26 g/cm3, respectively. 

3.2.2 Melt-Blending  

In order to disperse PBS within PLLA, both materials were mixed in a molten state. The 

process used was blending in a twin-screw extruder. Twin-screw extruders are commonly 

used for mixing applications because the high shear results in excellent blending and 

dispersion of second phases or dyes within the matrix material. A Brabender (Germany) 

twin-screw extruder, with a screw configuration shown in Figure 3-1, was used for blending 

PLLA and PBS. The three kneading zones along the screw are regions of high shear 

designed for thorough mixing.  

 

Figure 3-1: Screw configuration of the Brabender twin-screw extruder used for blending. Enlarged portion shows 

one of 3 kneading zones. Note only 1 of 2 screws is shown. 

 

 

 

 

C1 C2 K C1 C2 K C1 C2 K C1 M C2 C2 

C1 – conveying elements, course pitch 
C2 – conveying elements, fine pitch 

K – kneading discs 
M – mixing teeth 

Screw length – 1000mm 
Screw diameter – 25mm 
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Before processing, PLLA and PBS pellets were dried overnight at 60 °C and 70 °C, 

respectively. This was done to remove as much moisture as possible before processing as the 

materials are easily hydrolysable. If PLLA and PBS were not properly dried before 

processing at high temperatures, they may have degraded during processing which would 

have adversely affected their properties and decreased their molecular weights. Next the 

pellets were combined in the desired weight ratios before being fed into the extruder as 

shown in Figure 3-2.  To minimise moisture absorption by the dried, mixed PLLA and PBS 

pellets, the bulk of the material was kept in a dryer at 60 °C and small amounts were 

removed regularly to continuously feed the extruder. The heating zones along the barrel of 

the extruder were set as per Table 3-1.  

 

Table 3-1: Extrusion temperature profile for PLLA/PBS blending 

Zone 1 2 3 4 5 6 7 8 DIE 

Temp [°C] 170 180 185 190 190 190 200 200 205 

 

As the extrudate exited the die it was passed through a water bath to cool it sufficiently 

such that it had solidified before being pelletised, Figure 3-2.  

 

Figure 3-2: Schematic showing the combining of PLLA and PBS pellets followed melt-blending via extrusion. 

Also shown is quenching of the extrudate as it is pulled through a water bath. Finally, the extrudate is 

pelletised. 
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extruder 
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Figure 3-3: As-supplied pellets of PLLA (a) and PBS (b); pellets of a PLLA/PBS blend (c) 

3.2.3 Injection Moulding 

To produce specimens for testing, injection moulding was used. It has advantages such as 

high repeatability and a high rate of specimen production with no finishing operations 

required to prepare the specimens for testing (because they are moulded in the required 

shape). A model 50A injection moulding unit (Dr. Boy GmbH & Co. KG, Germany) was 

used throughout this research to produce Type I dog bone specimens, Figure 3-5, in 

accordance with dimensions specified in ASTM standard D638.  

 

Before beginning injection moulding the barrel was purged first with polypropylene (PP) to 

remove any residual polymers and particles which may have been present. Following this it 

was purged with neat PLLA to flush out all of the PP, thus preventing contamination. 

Once the barrel had been flushed with neat PLLA, pellets of PLLA/PBS were fed into it. 

Generally injection moulding followed this sequence (shown schematically in Figure 3-4):  

 

1. material was fed into a hopper, melted and conveyed along the screw to the front of 

the barrel, Figure 3-4(a-b); 

2. the screw was pushed forwards and molten material was injected into a cavity in the 

closed mould (mould temperature was maintained at 30 °C), Figure 3-4; 

3. the material was allowed to cool for 30 s to ensure that it had solidified before 

removal; 

4. the mould was opened and the part was ejected, Figure 3-4d. 

(b) (a) (c) 
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Figure 3-4: Schematic diagram of a general injection moulding process 

 

Table 3-2: Temperature profile of the injection moulding unit’s barrel and mould temperature 

Zone 1 2 3 Nozzle Mould 

Temp [°C] 180 200 210 205 30 

 

The moulding cycle was run until the colour of the specimens became consistent since. They 

would gradually change from being transparent, because of the neat PLLA in the barrel, to 

the colour of the particular PLLA/PBS blend being moulded. The first 10 consistent 

specimens were discarded to ensure that specimens collected for testing were of the desired 

blend ratio. 

 

Figure 3-5: Dog-bone test specimens produced via injection moulding. Neat PLLA (top) is transparent whilst 

75/25 wt % PLLA/PBS (bottom) is white because of the PBS component. 

 

 

(a) (b) 

(c) (d) 
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3.3 In-Vitro Degradation  

Degradation experiments were carried out in accordance with ASTM standard F1635 – a 

standard method for in-vitro degradation of polymers for surgical implants. Phosphate 

buffered saline was prepared using the constituents shown in Table 3-3 in the 

concentrations indicated. The pH was adjusted to 7.4 using diluted acetic acid. 

 

Table 3-3: Constituents of phosphate buffered saline used for degradation medium 

Salt 
Concentration 

[g/L] 

Sodium chloride (NaCl) 8 

Potassium chloride (KCl) 0.2 

Disodium hydrogen phosphate (Na2HPO4) 1.44 

Potassium dihydrogen phosphate (KH2PO4) 0.24 

 

The saline solution was placed in a temperature-controlled water bath which was then set 

to maintain a temperature of 37 °C. Specimens were hung from rods above the saline such 

that the gauge length regions of the specimens were completely submerged. Additional rods 

were placed between specimens to keep them evenly spaced, as shown in Figure 3-6. A lid 

was kept on the water bath to minimise evaporation. The pH and temperature of the 

solution were monitored to ensure that they remained within the limits set by the standard 

of 7.4 ± 0.2 and 37 ± 2 °C, respectively.  

 

 

Figure 3-6: Specimens hanging in phosphate-buffered saline for degradation experiments. 
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3.4 Mechanical Characterisation of PLLA/PBS Blends 

3.4.1 Tensile Testing 

Tensile testing was used to evaluate the strengths, Young’s moduli and ductility of 

PLLA/PBS blends. At least 5 specimens were tested for every permutation of variables. 

Tests were performed in accordance with ASTM standard D638, a standard for tensile 

testing of plastics . An Instron 1185 universal testing machine was used for this. Wedge-

grips were used to secure the specimen being tested and a 5kN load cell was used to 

measure the load applied throughout the duration of each test. Strain was measured using 

an Instron 50mm gauge length extensometer which was clipped onto the specimen, Figure 

3-7. Masking tape was placed on the specimen at the regions where the extensometer blades 

were in contact with it in order to prevent them from causing premature failure. 

 

Figure 3-7: Tensile testing setup showing specimen held by grips and extensometer attached to specimen. 

 

Thermoplastic polymers’ properties depend heavily on temperature. Therefore, for all tensile 

tests, an Instron 3119-406 environmental chamber was used to maintain a temperature of 37 

°C in order to obtain results relevent for use of the material in the human body. The 

crosshead speed used for all tensile tests was 50 mm/min, apart from the 0 - 0.6 % strain 

region, where a slower crosshead speed of 5 mm/min was used. The reason for using a 

grips 

specimen 

extensometer 
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slower crosshead speed for the first 0.6 % strain was to minimise viscoelastic effects on 

Young’s moduli measurements.  

 

Young’s moduli were determined using linear regression to find the average slope of the 

stress-strain data between 0.05 % and 0.25 % strain. Both stress and strain were based on 

initial cross-sectional area and initial length, respectively; i.e. engineering stress and 

engineering strain were used. Tensile strength was determined by dividing the maximum 

load reached by the original cross-sectional area of the specimen. 

 

Degraded specimens were tested immediately after removal from the degradation medium to 

ensure that they were tested whilst still saturated with water. This was essential for 

acquisition of relevant properties as water acts as a plasticiser for some polymers, like PLLA 

[142]. Therefore if specimens had been tested too long after removal from the degradation 

medium they would have lost moisture and the measured properties would not be relavent 

for use of the material in the human body. 

3.4.2 Creep Testing 

For this research, constant-load creep tests were performed on injection moulded specimens. 

A minimum of 2 tests were performed for each applied stress and each material (PLLA or a 

75/25 wt % PLLA/PBS blend). Preliminary tests were done using the same Instron testing 

machine as was used for tensile testing but the machine was programmed to apply a 

constant load instead of a constant elongation rate as in tensile tests. The maximum 

duration of these preliminary tests was limited because the testing machine was heavily 

utilised in the CACM lab so it was soon realised that a dedicated creep testing rig was 

required. Thus a creep testing rig was constructed to meet the following criteria: 
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1. Provision for environmental chamber to be fitted for testing at 37°C (and other 

temperatures for future users); 

2. Data acquisition facilities to monitor the applied load and strain; 

3. Stackable weights for applying a broad range of loads; 

4. A means of supporting the weights during placement of a specimen in the grips; 

5. A means of ensuring that the load is not applied suddenly in order to avoid an 

initial spike in in the load due to inertial effects. 

 

An Instron testing machine was acquired with an above-test actuated crosshead. A bracket 

to attach the environmental chamber to the crosshead was designed to satisfy the first 

criterion. Weights were designed along with a connecting rod to allow grips to be attached 

to them. This enabled load to be applied to the specimen via the grips, as depicted in 

Figure 3-8d. The test procedure involved first setting up the weights and adjusting the 

spacing between the crossheads to allow a specimen to be put in place. Once a specimen 

was placed in the grips, the extensometer was attached and the test was initiated by slowly 

raising the crosshead - this procedure is outlined in (a) – (c) of Figure 3-8.  
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Figure 3-8: Schematic diagram of creep testing setup. The operating procedure is outlined in (a) – (c); first the 

weights and grips are put in place and the grip separation distance set (a) then the specimen is loaded and the 

extensometer clipped onto the it (b). Finally the crosshead is lifted slowly such that the weights are lifted off the 

support, thus applying load to the specimen (c). An enlarged view of the test setup is shown in (d).  

 

250N, 125N, 60N weights were designed and produced such that a broad range of loads 

could be applied to meet the third criterion. A computed-aided drawing (CAD) model of the 

weights and bracket designed for the rig is shown in Figure 3-9a alongside the resulting 

creep rig, Figure 3-9b. In order to acquire data during testing, a computer was loaded with 

LabVIEW to interface with data acquisition equipment (Natiaonal Instruments NI cDAQ 

 

extensometer 

top grips (fixed) 

bottom grips 

weights 

specimen 

environmental 
chamber 

37°C 

Instron crosshead 

(a) (b) (c) 
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9172 USB-interace data acquisition unit with NI9237 bridge modules). The Instron was 

fitted with a 5kN load cell and the same 50mm gauge length extensometer used for tensile 

testing was used to monitor strain during creep tests. Both the load cell and extensometer 

were connected to a data acquisition unit connected to a computer running LabVIEW and 

they were calibrated before testing.  

 

 

Figure 3-9: CAD model of creep rig showing bracket and weights designed according to the dimensional 

constraints of the Instron frame (indicated by the transparent form). The resulting rig is shown in (b). 

  

Initial testing of the rig revealed that very slight swaying of the weights resulted in 

corresponding fluctuations in the strain measurements. Thus a means of stabilising the 

weights was devised and consited of four pins which surrounded the base plate upon which 

the weights were supported. These pins, shown in Figure 3-10, stopped any swaying and 

solved the issue.  

(a) (b) 
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environmental 
chamber 

weights 
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Figure 3-10: Stack of weights for creep testing with 2 of 4 stabilising pins visible (a) and close-up of stabilising 

pin with weights lifted during a creep test (b). 

 

For creep tests of degraded specimens, it would have been ideal to perform creep tests at 

100 % humidity in the case of very long creep tests to prevent the specimens from drying 

out so an attempt was made to humidify the environmental chamber. A misting nozzle was 

connected to water under pressure and a solenoid-actuated valve was used to control water 

flow to the nozzle. The valve was connected to a microcontroller which was programmed to 

open the valve for 0.1s every minute to spray fine water droplets into the chamber to 

increease humidity. However, because the chamber has a built-in fan to circulate air for 

better temperature regulation, there was a continuous flow of air out of the chamber. 

Therefore high humidity could not be maintained. A possible solution would have been to 

have the specimen submerged in water during the test but this would have required a 

water-proof extensometer, which was not available. Ultimately the humidity could not be 

controlled for creep tests of degraded specimens but most of these tests were relatively short 

(< 24 h) and the effects of degradation were clear. Therefore although some moisture loss 

may have occurred during creep tests of degraded specimens, it did not interfere with the 

objectives of the experiments. 

 

 (a)  (b) 
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3.5 Micro-Fibrillar Composite (MFC) Manufacture and Evaluation 

3.5.1 Materials 

Poly(glycolic acid), PGA, was selected as the polymer to be fibrillised, the reasons for which 

are discussed in Chapter 6. It was sourced from Kureha Corporation (Japan) and was 

indicated by the manufacturer to have a melting temperature (Tm) of 220 °C, glass 

transition temperature (Tg) of 40 °C and density of 1.5 - 1.6 g/cm3, depending on the degree 

of crystallinity. Kureha Corporation was the only known entity which produced PGA 

commercially when PGA was being sourced for experiments. PGA was available from other 

suppliers but in small quantities at very high costs. 

 

Because of the high melting temperature of PGA, a grade of PLLA with a high melt-

viscosity was needed such that it could be melt-blended with PGA whilst maintaining 

sufficient viscosity to be collected from the die of the extruder. PLLA grade 2002D 

(NatureWorks LLC, USA) was supplied in pellet form. Manufacturer’s data indicates that it 

has a density of 1.24 g/cm3 and a melt flow index of 4-8 g/10 min (190 °C, 2.16 kg).  

3.5.2 PLLA/PGA Blending and Wire Production 

PLLA/PGA blends were produced via melt-blending using the same twin-screw extruder 

used for blending PLLA and PBS. The Tm of PGA was checked via differential scanning 

calorimetry (DSC – section 3.9.2) in order to determine an appropriate temperature profile 

for melt-blending of PLLA and PGA. Something of concern was processing of PLLA at high 

temperatures because there was a risk of thermal degradation. Therefore the temperature 

profile of the extruder was set to be high enough to melt PGA only over a short portion of 

the screw, as shown in Table 3-4. The decreasing temperatures gradient set between heating 

zone 5 and the die helped to increase the viscosity and melt-strength of the material exiting 

the die which made handling possible.  

 

Table 3-4: Extruder temperature profile used for blending PLLA and PGA 

Zone 1 2 3 4 5 6 7 8 DIE 

Temp [°C] 190 190 220 230 235 230 220 215 210 
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The extruded blends needed to be cooled and collected as a continuous wire for drawing. A 

common method of cooling extrudates is by pulling them through cold water, as was done 

for PLLA/PBS blends (section 3.2.1). This was attempted for PLLA/PGA but the 

extrudate would momentarily stick to the rollers over which it was running in the water 

bath, resulting in wire with inconsistent thickness. The quality of the wire had to be 

improved to ensure that it did not cause consequent quality issues and inconsistencies 

during the remaining steps of MFC production. An alternative haul-off and cooling method 

was used: the extrudate was hauled off with a conveyor belt. Because the conveyor belt ran 

at a constant speed, the extrudate diameter was consistent, provided the feed rate of 

material into the extruder was consistent too. A constant feed rate was achieved by feeding 

the PLLA and PGA pellets into the hopper with a Retsch automatic feeder. The conveyor 

belt had a tunnel with fans which cooled the extrudate cooled sufficiently before it was 

collected on a spool, as shown in Figure 3-11. 

 

Figure 3-11: Extrusion, haul-off and collection of PLLA/PGA wire 

3.5.3 Drawing of PLLA/PGA Wire 

The next step in the MFC process was drawing. This was done using a custom-built 

drawing rig in the CACM lab which was previously developed for MFC research. The rig 

consisted of a tunnel heated by 16 radiator elements along its length. It had two sets of 

rollers, each powered by high-precision motors with variable speed control. The undrawn 

 

PLLA and PGA pellets fed 
in by automatic feeder 

cooling fans 

conveyor belt 

spool 

extruder 



Experimental Details 

77 

 

wire was passed through the first set of rollers and then into the heated tunnel. At the end 

of the tunnel the wire passed through the second set of rollers and was collected on a spool, 

Figure 3-12. In order to draw the wire, the second set of rollers was set to rotate at a higher 

speed than the first set- thus applying the necessary tension to initiate necking and to 

elongate the wire. The drawn wire was collected on a spool. In order to realise stable and 

consistent drawing the relative speeds of the sets of rollers were set such that no undrawn 

portions of the wire remained once it exited the tunnel. Adding to this, careful adjustment 

was done to ensure that there was no excessive tension (which would have resulted in the 

wire breaking). The former would occur if the second set of rollers was turning too slowly 

and the latter if they were turning too quickly. Roller speeds and temperatures along the 

tunnel were adjusted until stable, uniform drawing was achieved. The temperatures differed 

slightly depending on the blend ratio of the PLLA/PGA wire being drawn as shown in 

Table 3-5. 

 

Table 3-5: Temperatures used for drawing PLLA/PGA wire 

Blend ratio [wt %] 
Temperatures [°C] 

Zone 1 Zone 2 Zone 3 Zone 4 

70/30 65 60 60 60 

80/20 60 60 60 60 

 

 

 

Figure 3-12: Schematic diagram of the drawing rig used for drawing PLLA/PGA wire. 
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3.5.4 MFC Film moulding 

After PLLA/PGA wire had been drawn it was analysed via SEM to confirm whether or not 

PGA fibrils had in fact been created. The results revealed that PGA fibrils were successfully 

created. The next step was to evaluate the reinforcing effect of these fibrils. The best way to 

determine the upper limit of the reinforcing capability of the fibrils was to produce 

specimens in which the fibrils were aligned in one direction; i.e. the reinforcement was 

unidirectional. Thus, films were produced from drawn PLLA/PGA wire and, for 

comparison, films were produced from the undrawn wire as well as from neat PLLA. The 

first step was winding the drawn wire around a Teflon-bound aluminium plate. This was 

done  using a lathe to ensure uniform spacing and parallel winding. Note that there were 

spacers 0.4 mm thick under the Teflon to control film thickness. Winding was followed by 

compression moulding in a heated press. Additional aluminium plates bound with Teflon 

film were placed above and below the wound plate to essentially form a mould, as shown in 

Figure 3-13a. The moulding process followed this sequence (an accompanying schematic 

diagram is shown in Figure 3-13): 

 

1. pre-heat press to 185 °C; 

2. place the film mould (wound plate and additional plates, Figure 3-13a) between the 

hot platens; 

3. wait 2 minutes for the PLLA to melt; 

4. slowly apply load up until  1000kg is reached (platen pressure 1.3 MPa); 

5. wait 5 minutes for molten PLLA to flow and begin consolidating; 

6. slowly increase load to 3000kg (platen pressure 4MPa); 

7. wait 10 minutes for the molten PLLA to fully consolidate and form a film; 

8. remove the plate and place between two blocks of aluminium at room temperature 

to quench the film. 
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Figure 3-13: Cross-section of layup of a plate wound with PLLA/PGA filament before compression moulding (a). 

Hot pressing procedure (b-d).  Quenching of film between two aluminium blocks at room temperature to quench 

the film (e). The process results in transformation of the drawn wire into a uniform film (f).  

3.5.4.1 Residual Stress Relief of Drawn Wire 

Initial attempts at moulding films revealed that as the drawn wire heated up it upon 

placement of the mould in the press, it would contract considerably. This causes it to break 

during the moulding process, resulting in poor-quality film as demonstrated in Figure 3-14.  
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Figure 3-14: An example of a poor quality compression-moulded film resulting from residual stress relief of the 

drawn wire during the heating step of the moulding process. 

 

It was thought that the shrinkage was most likely due to relief of the residual stresses 

arising in the wire during the drawing process. To better understand this behaviour, 1 m 

segments of drawn 70/30 wt % PLLA/PGA were annealed at 50 °C, 70 °C and 80 °C for a 

total of 10 mins. A separate segment was used for each temperature. Each segment was 

marked at 100 mm intervals prior to annealing. Shrinkage measurements were made at 2 

mins, 5 mins and 10 mins by measuring the changes in lengths of all the demarcated 

intervals along each wire segment. 

 

These results were used to solve the problem of shrinkage during compression moulding by 

incorporating an annealing step into the manufacturing process. Drawn wire was annealed 

at 80 °C for 5 mins before winding it around the mould plate. The annealing step proved 

successful in mitigating the problem of poor-quality films, evidenced by the example in 

Figure 3-15. Detailed results of the annealing experiment are discussed in Chapter 6. 
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Figure 3-15: PLLA/PGA MFC film 

3.6 Mechanical Characterisation of PLLA/PGA MFCs 

3.6.1 Tensile Testing  

Because the PLLA/PGA MFCs were in the form of films, a suitable tensile testing 

procedure had to be used. Tests were performed as per ASTM standard D882 for tensile 

testing of plastic films and sheets. Specimens 150 mm X 15 mm were cut from the films, 

which had thicknesses of ~0.4 mm. Individual specimens’ widths and thicknesses were 

determined by averaging results of 5 measurements of both the width and thickness along 

each specimen’s gauge length. 5 specimens were tested for each material. 

 

A crosshead speed of 10 mm/min was used and strain was measured using a video 

extensometer (Instron Advanced Video Extensometer). This extensometer is a non-

contacting type since it uses a camera to record changes in strain. 50 mm gauge lengths 

were marked on all specimens using a paint-marker. These marks were tracked by the 

extensometer for strain measurements.  

3.6.2 Relaxation Testing 

Relaxation tests on PLLA/PGA MFCs were performed using the same equipment as was 

used for tensile testing since the specimen type was the same. Each test was performed by 

applying an initial stress of 20 MPa then fixing the crosshead such that the specimen’s 

elongation was fixed. Then the change in stress was then tracked over 15 mins. 3 specimens 

were tested for each material.  
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3.7 Fibril Resilience  

Whilst visiting the Leibniz Institute for Polymer Research (Dresden, Germany), the 

resilience of PGA fibrils in drawn PLLA/PGA was investigated. For these experiments a 

small, twin-screw compounder (DSM, Netherlands), with a volume of 15 ml, was used. This 

compounder used a cyclic process whereby the material which reached the end of the barrel 

was fed back to the beginning, allowing compounding time to be varied. A trial run was 

done at 190 °C with the minimum screw speed of 50 rev/min selected. The resulting torque 

on the screws of the compounder was unacceptably high because of the high viscosity of the 

blend at this temperature. Thus the remaining experiments on drawn 70/30 wt % 

PLLA/PGA wire were done at 200 °C and a screw speed of 150 rev/min to reduce viscosity 

to a level the compounder could handle. In order to investigate processing at a lower 

temperature, the drawn wire was diluted with neat PLLA to lower the viscosity of the melt. 

This allowed processing at 180 °C. The experiment parameters are summarised in Table 3-6.  

 

Table 3-6: Compounding parameters for fibril resilience study 

Drawn 

PLLA/PGA 

content 

[wt %] 

Neat 

PLLA 

content 

[wt %] 

Final blend 

composition 

Temperature 

[°C] 

Screw 

speed 

[rev/min] 

Time 

[min] 

100 - 
70/30 

PLLA/PGA 

190 50 5 

200 150 10 

200 150 5 

200 150 2 

33 67 
90/10 

PLLA/PGA 

180 50 2 

180 50 5 

180 50 10 

 

When the desired compounding time was reached, a valve was switched which blocked the 

material feedback path and opened the die, allowing the compounded material to flow out 

of the barrel for collection, as depicted in Figure 3-16. 
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Figure 3-16: Schematic diagram of micro compounder showing compounding prostage with material feedback (a) 

and extrusion after compounding (b) 

3.8 Fibril Extraction 

PGA fibrils were extracted from PLLA/PGA MFCs and from a batch of compounded 

material for observation via SEM. A Soxhlet extraction apparatus, with tetrahydrofuran 

(THF) as the selective solvent, were used to remove PLLA from the aforementioned 

materials. During extraction THF boiled in a heated reservoir and condensed on a heat 

exchanger through which water was running. The condensate filled a tube in which the 

material sample had been place, allowing dissolution of PLLA using fresh solvent. At a 

critical level the sample tube automatically emptied into the reservoir, allowing itself to be 

refilled with fresh THF dripping from the heat exchanger. This cycle continued throughout 

the extraction period, which was 6-7 hours.   

3.9 Material Analysis 

3.9.1 Scanning Electron Microscopy (SEM) 

The morphologies of various blends were studied by observing fracture surfaces via SEM. 

These surfaces were created by first immersing a piece of the specimen in liquid nitrogen for 

10 minutes to cool before fracturing to ensure a brittle fracture, a process known as cryo-

(a) (b) 
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fracturing. Non-conducting specimens, such as polymers, have a tendency to charge when 

scanned by an electron beam which causes parts of the image to become completely white, 

similar to overexposed areas of a photograph. Therefore, specimens were coated with 

platinum using a sputter coater. 

3.9.2 Differential Scanning Calorimetry (DSC) 

DSC was performed using a DSC Q2000 (TA Instruments, USA). Material samples with 

masses of 8 - 10 mg were cut from specimens and placed in aluminium sample pans for 

analysis. A heating rate of 10 °C/min was used for all samples. For each sample an empty 

reference pan of the same type used to hold the sample was used as a reference. 

3.9.3 Dynamic Mechanical Thermal Analysis (DMTA) 

DMTA was used to investigate the viscoelastic behaviour of PLLA/PGA MFCs. 

Rectangular specimens 40 mm X 5 mm were cut from compression moulded films of 

PLLA.PGA.MFC.20, PLLA.PGA.MFC.30 and neat PLLA (for comparison). Tensile mode 

DMTA with a strain amplitude of 0.05 % and a frequency of 1 Hz was done using a DMA 

Q800 (TA Instruments) at a heating rate of 3 °C/min. At least 2 specimens of each material 

were tested. 

3.9.4 Gel-Permeation Chromatography (GPC) 

GPC was used to measure molecular weight changes during degradation. Chloroform was 

used as the sample solvent and eluent during GPC. Samples were prepared by dissolving 50 

mg of each material to be tested in 10 mL of chloroform. The resulting solutions were 

injected into the system through 0.45 μm PTFE filters to prevent contaminants like dust, 

etc. from entering the apparatus. Each sample volume injected was 0.200 mL. A Waters 515 

HPCL pump was used to pump the solution through the columns at 0.800 mL/min. 

Measurements from a Waters 2410 refractive index detector were used to determine the 

weight-average molecular weight, Mw, based on calibration with polystyrene samples of 

known molecular weights. 
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4.1 Introduction 

The literature review in Chapter 2 discussed several considerations about what stents need 

to endure during their service lives. PLLA/PBS blends are known to exhibit significant 

ductility improvement compared with neat PLLA and so they are attractive potential 

materials for biodegradable stents. There were discrepancies in mechanical properties of 

PLLA/PBS blends reported in literature and no reports of properties at 37 °C were found. 

Therefore various PLLA/PBS blends were produced and tested. The results are compared 

to those found in literature.  

 

Because relatively little is known about PLLA/PBS blends, the first objective of this 

research was to characterise changes which occur in these blends during degradation. Thus, 

morphological and thermal characterisation results of PLLA/PBS blends before and during 

degradation are presented. Further aims of this portion of the work were to determine the 

effects of varying PBS content, coupled with degradation, on the mechanical properties of 

PLLA/PBS blends. These were the first steps in determining the suitability of PLLA/PBS 
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blends for use as biodegradable stent materials and also provided a basis for deciding if 

further evaluation is worthwhile.  

4.2 Effects of PLLA/PBS Blend Ratio on Mechanical Properties 

The first step of this research was to determine how the PBS content of PLLA/PBS blends 

affects their mechanical properties as well as their ductility. Furthermore, the mechanical 

properties of PLLA/PBS blends available in literature were measured at ambient 

conditions. Since thermoplastics’ properties depend so heavily on temperature it was 

necessary to measure those of PLLA/PBS blends at the temperature relevant to the target 

application (37 °C in this case). PLLA and PBS were melt-blended in several ratios and 

injection moulded to produce test specimens, as described in Chapter 3, section 3.2.3. The 

nomenclature of the resulting blends is provided in Table 4-1.  

Table 4-1: Nomenclature of PLLA/PBS blends 

PLLA content 

[%] 

PBS content 

[%] 
Designation 

100 0 PLLA 

99 1 PLLA.PBS.1 

96 4 PLLA.PBS.4 

94 6 PLLA.PBS.6 

92 8 PLLA.PBS.8 

83 17 PLLA.PBS.17 

75 25 PLLA.PBS.25 

0 100 PBS 

4.2.1 Strengths and Young’s Moduli of PLLA/PBS Blends 

PLLA/PBS blend specimens were tensile tested at 37 °C, details of the method are provided 

in Chapter 3, section 3.4.1. Tensile test results indicate a trend of decreasing Young’s 

moduli for PLLA/PBS blends with increasing PBS content, as shown in Figure 4-1a. 

PLLA.PBS.1 is an outlier though- it showed an increase in modulus over that of neat 

PLLA. The significance of this result is questionable since the mean Young’s modulus of the 

PLLA.PBS.1 lies within one standard deviation of that of neat PLLA. However, the same 

result was observed by Shibata et al. [50] who attributed it to enhancement of PLLA 

crystallisation at this blend ratio. The results are reasonably close to those predicted by the 

rule of mixtures (ROM) shown in equation 4-6 and indicated in Figure 4-1a by a dashed 

line. The calculations were based on the moduli of neat PLLA (3.23 GPa) and PBS (0.65 
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GPa), EPLLA and EPBS respectively. The blend with the highest PBS content of 25 wt % 

exhibits a Young’s modulus (2.66 GPa) 18 % lower than that of neat PLLA. 

 

 𝐸𝑏𝑙𝑒𝑛𝑑 = (1 − 𝑣𝑃𝐵𝑆)𝐸𝑃𝐿𝐿𝐴 + 𝑣𝑃𝐵𝑆𝐸𝑃𝐵𝑆 (4-6) 

 

where Eblend is the predicted Young’s modulus of a PLLA/PBS blend with a PBS volume 

fraction of vPBS. 

 

  

Figure 4-1: Young's moduli (a) and tensile strengths (b) of PLLA/PBS blends versus PBS content. Error bars 

indicate standard deviations of samples each comprised of 5 specimens. The dashed line in (a) represents the 

ROM estimation of blend moduli. 

 

The tensile strengths of PLLA/PBS blends follow a similar trend to the Young’s moduli 

with increasing PBS content resulting in reduced strength. The highest drop in strength 

occurrs in the blend with the highest PBS content (25%). This blend has a tensile strength 

of 49.6 MPa, 21% lower than that of neat PLLA (58.0 MPa).  

4.2.2 Ductility Variation at Different PLLA/PBS Blend Ratios 

Enhancement of ductility of PLLA was the reason for investigating PLLA/PBS blends for 

the manufacture of biodegradable stents. Results reported in literature were mixed with 

respect to ductility of PLLA/PBS blends. Therefore it was necessary to confirm whether or 

not the addition of PBS to PLLA results in ductility enhancement. Additionally the 
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ductility of PLLA/PBS blends at 37 °C was not found in literature. The elongations at 

break from tensile tests were used as indicators of ductility. PLLA.PBS.1 shows no 

statistically significant increase in ductility over that of neat PLLA but it does exhibit far 

less variation, as indicated by lower standard deviation of the sample tested (see Figure 

4-2). This blend exhibits necking but very little elongation thereafter. Instead it shows 

uniform elongation along the entire gauge length of each specimen. A peculiar phenomenon 

in this blend is softening – the entire gauge length of each specimen was soft and could be 

permanently deformed by hand with little effort after tensile testing. PLLA.PBS.1 also 

exhibits associated whitening and crazing, which can be seen in Figure 4-3b. This 

immediately makes it unsuitable for the application since it implies that a stent made of it 

would be softened in some areas after balloon expansion, thus rendering it unable to support 

the vessel.   

 

Figure 4-2: Elongations at break of PLLA/PBS blends. Error bars indicate standard deviation of samples each 

consisting of 5 specimens. 

 

For specimens with 4 % or more PBS, elongations at break greater than 100% were reached 

but very large variation is evident within the sample results. The reason for this variation is 

that some specimens broke shortly after necking whilst others elongated tremendously after 

necking, Figure 4-3(c-f). This variation decreases with increasing PBS content. Furthermore, 

none of the blends with 4 % or more PBS exhibited the strain softening phenomenon seen in 

the PLLA.PBS.1 blend specimens. Necking and elongation requires strain softening with 
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subsequent strain hardening [143]. Evidently in PLLA.PBS.1 strain softening was not 

followed by continuous strain hardening at the neck since necking occurred but there was no 

further elongation. The difference in the deformation behaviour can be seen in Figure 4-3. 

 

PLLA.PBS.25 shows the best performance in terms of ductility since it exhibits the greatest 

mean elongation at break and also the least variation of the high-elongation blends (blends 

with 4% or more PBS). PLLA.PBS.17 also showed very high elongation at break, except for 

1 specimen. There may be scope to perfect blending conditions to reduce variation in the 

results but this is a step which would be better incorporated into the stent manufacturing 

setup stage.  Since PLLA.PBS.25 already exhibits excellent ductility, it was decided that 

further characterisation of the blends was a greater priority at this stage.  It makes sense to 

understand more about their behaviour before making attempts at incremental 

improvements in performance. It is important that a stent has sufficient resilience to 

withstand overexpansion to lower the risk of strut fracture. Therefore, the consistent 

ductility of PLLA.PBS.25 makes it attractive for this application.  
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Figure 4-3: Tensile tested specimens: neat PLLA (a), PLLA.PBS.1 (b), PLLA.PBS.4 (c), PLLA.PBS.8 (d) (one 

of the specimens was used for microscopy hence only 4 are shown), PLLA.PBS.17 (e) and PLLA.PBS.25 (f). 

4.2.3 Comparison with Results from Literature 

In this section the results from tensile testing of PLLA/PBS blends are compared with 

those available in literature (see Table 4-2). It is interesting to note that two of the four 

studies reviewed were published only in 2013 – after the work discussed in this chapter was 

done. PLLA.PBS.25 and PLLA.PBS.17 results from the current study are compared with 

those taken from literature of PLLA/PBS blends with the same or similar PBS contents. It 

is important to note that all of the results from literature were obtained from measurements 

taken at ambient temperature whereas results from this study were obtained at 37°C. 

Furthermore, the specimen types and extension rates used for tensile testing differ from 

study to study. The extension rate and initial distance between the grips used for tensile 

(a) (b) (c) 

(d) (e) (f) 
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testing determine the strain rate. This is important to note since the strengths of 

thermoplastics depend significantly on strain rate [100].  

 

Table 4-2: PLLA/PBS blends: tensile results comparison 

Authors 

PLLA/PBS 

blend ratio 

[wt %] 

Tensile 

strength 

[MPa] 

Young’s 

modulus 

[GPa] 

Elong-

ation at 

break 

[%] 

Test 

temp 

[°C] 

Cross-head 

speed 

[mm/min] 

Specimen 

type 

CUR-

RENT 

STUDY 

 

75/25 

83/17 

 

49.6 

50.8 

2.7 

2.8 

 

96 

80 

 

37°C 

5 up to 0.6% 

strain, 

thereafter 

50 

Dumbbell 

shaped, length 

of narrow 

section 57 mm 

Zhou et 

al. [74] 

2013 

80/20 60 
not 

reported 
70 ambient 50 

Dumbbell 

shaped, length 

of narrow 

section 30 mm 

Shibata 

et al. 

[50] 

2006 

80/20 62 2.6 80 

Not 

reported 

(ambient 

assumed) 

20 

Dumbbell 

shaped, length 

of narrow 

section 32mm 

Chen et 

al. [144] 

2005 

75/25 44.7 1.1 72 ambient 20 

Rectangular 

strips, 10 mm x 

50 mm. Portion 

between grips 

not given,  ~30 

mm assumed 

Homkli

n et al. 

[73] 

2013 

60/40 31 
not 

reported 
3  ambient 50 

Dimensions not 

reported 

 

4.2.3.1 Elongations at Break 

All authors, except Homklin et al., reported very high elongations at break. Homklin et al. 

[73] reported a strain at break of just 3 % for a 60/40 wt % PLLA/PBS blend. This 

deviates enormously from all the other results. A closer look at their experimental procedure 

revealed that they dried their specimens at 50 °C overnight before testing. What they 

effectively did, perhaps unknowingly, was to accelerate physical ageing of the PLLA 

component of their specimens, leading to loss of ductility. Physical ageing occurs rapidly at 

temperatures close to Tg [33] which is typically 55-60 °C for PLLA. Therefore the drying 

step Homklin et al. performed would have aged their specimens significantly. The effect of 

physical ageing on ductility of PLLA/PBS blends, investigated during this doctoral research 
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before 2013, is discussed in Chapter 5, section 5.6.1. Those results actually formed part of 

the basis of the conclusion about the discrepancies of Homklin’s results because they show 

that ductility of PLLA.PBS.25 is reduced by ageing. 

4.2.3.2 Tensile Strengths 

Tensile strengths from literature show significant variation too but considering that all 

reported results were obtained at ambient temperature, which can vary significantly, this is 

no surprise. To demonstrate this more clearly a sample of PLLA.PBS.25 specimens was 

tested at ambient temperature (~20 °C) and the mean tensile strength was measured to be 

63.7 MPa – significantly higher than 49.6 MPa for specimens tested at 37 °C. Homklin et al. 

reported the lowest tensile strength (31 MPa) but their blend had the highest PBS content 

(40 %). Furthermore, tensile strengths are difficult to compare because of the different 

specimen lengths and crosshead speeds used for tensile tests. As mentioned before, these 

determine strain rate which directly affects the tensile strength. 

4.2.3.3 Young’s Moduli 

Young’s moduli were not reported in all studies but Shibata et al. reported a Young’s 

modulus of 2.6 GPa for an 80/20 wt % PLLA/PBS blend, very similar to that of 

PLLA.PBS.17 (2.8 GPa). Chen et al. reported a very low Young’s modulus of 1.1 GPa for 

their 75/25 wt % PLLA/PBS blend but also reported a Young’s modulus of only 2.2 GPa 

for neat PLLA, despite PLLA typically exhibiting a Young’s modulus of 3.2-3.7 GPa [44]. 

Therefore their determination of Young’s modulus may be the cause for this discrepancy, 

although they did not provide details on their method. In the current study the crosshead 

speed (extension rate) was 5 mm/min until 0.6 % strain was reached and 50 mm/min 

thereafter. This was done to (1) reduce the effects of viscoelasticity on Young’s modulus 

measurements by using a very low extension rate for the initial part of the test and (2) to 

ensure that failure occurred within the time limit stipulated by the tensile testing standard 

ASTM D638. The high extension rate is useful in demonstrating that the materials tested 

are ductile even when stretched relatively quickly. Some materials may be ductile at low 

extension rates but brittle at high extension rates [145]. This information is relevant to the 

rate at which a stent may be expanded during deployment via balloon expansion. A higher 
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upper limit for stent expansion rate is favourable since it reduces delivery time and the time 

during which blood flow is restricted in the target vessel during the implantation procedure 

[17].  

4.2.4 Implications for Stent Design 

A stent serves to provide radial support to a vessel and therefore the Young’s modulus of 

the stent material is a very relevant design variable. It directly affects the radial stiffness of 

a stent. The other variable affecting radial stiffness is stent geometry. The design of 

polymeric stents seems evidently derived from the typical geometry of metallic stents. Thus, 

they generally consist of a series of zig-zag hoops with links between them to form a meshed 

tube, Figure 4-4. The prominence of this geometry was discussed in Chapter 2, section 0. 

Each segment of the zig-zag pattern is called a strut and the geometry of these struts 

determines the radial stiffness of the stent for a given material.  

           

Figure 4-4: Revision 1.1 of Abbott Vascular's Bioresorbable Vascular Scaffold (BVS) stent shown after balloon 

expansion. The example on the left [60] was expanded to less of an extent than the example on the right [146]; 

the smaller angle between struts of the example on the left illustrates this.  

 

If we consider one hoop of a stent and approximate each strut as a cantilever beam with its 

end on a sliding support, the dependence of radial stiffness on strut dimensions can be 

determined. Details are outlined in Bonsignore’s book on stent design [62]. Let the strut 

dimension in the radial direction be termed ‘thickness’ and the dimension in the tangential 

direction be termed ‘width’. The cantilever model reveals that the strut width is more 

significant in determining radial stiffness since radial stiffness is proportional to the cube of 

strut width. On the other hand, the radial stiffness is directly proportional to the strut 

thickness. Therefore small increases in strut width can greatly increase radial stiffness.  
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Figure 4-5: Schematic diagram showing one hoop of a stent with zig-zag geometry (a) and its cross-section (b) 

used for calculations of forces acting on struts (c). Adapted from [62]. 

 

𝑅 ∝
𝐸𝐼

𝐿3
 

𝐼 =
𝑡𝑤3

12
 

For a given stent geometry, strut width would need to be increased to compensate for the 

decrease in Young’s modulus of PLLA resulting from PBS addition. According to the 

relationship between radial stiffness (R), Young’s modulus (E) and width (w) in equation 4-

7, a neat PLLA (Young’s modulus of 3.23 GPa) stent with a strut width of 150 µm could be 

modified to have a strut width of 160 µm if it were to be made with PLLA.PBS.25 (Young’s 

modulus of 2.66 GPa). This strut width increase of only 18 µm compensates for the lower 

Young’s modulus of the PLLA/PBS blend, resulting in the same amount of radial stiffness. 

The same calculation was repeated for some PLLA/PBS blends and the results are listed in 

 𝑅 ∝
𝐸𝑡𝑤3

𝐿3
 (4-7) 
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Table 4-3. These results demonstrate that PLLA/PBS blends are promising biodegradable 

stent materials since they overcome the brittleness of PLLA whilst maintaining sufficient 

stiffness.  

 

Table 4-3: Required strut widths which would be required for PLLA/PBS stents based on a PLLA stent design 

with a strut width of 150 µm 

Blend 
Young’s modulus 

[GPa] 

Required strut width to maintain 

radial stiffness [µm] 

PLLA.PBS.8 2.95 155 

PLLA.PBS.17 2.79 158 

PLLA.PBS.25 2.66 160 

4.3 Characterising the Effects of Degradation 

Observing changes in the morphology, thermal behaviour and molecular weight of 

PLLA/PBS blends which occur during degradation aid understanding of changes in 

mechanical characteristics. Thus, before the effects of degradation on mechanical properties 

are presented, results from characterisation of degraded specimens are given such that they 

may be referred to during the discussion of mechanical properties which follows in section 

4.4. In this section PLLA.PBS.25 is compared with neat PLLA. 

4.3.1 Morphology 

Samples of PLLA and PLLA.PBS.25 were cut from injection-moulded specimens then cryo-

fractured to create fracture surfaces for observation via SEM. The fracture surfaces were 

perpendicular to the direction of flow in injection moulding, as shown in Figure 4-6 (the 

flow direction during injection moulding was along the length of each specimen).  
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Figure 4-6: Preparation of SEM samples from PLLA.PBS.25 specimens. 

 

PLLA.PBS.25 exhibits a phase-separated morphology with PBS particles dispersed within a 

PLLA matrix as shown in Figure 4-7a. The PBS particles have an average diameter of 

about 1 μm and are well-dispersed. An important observation is that the boundaries around 

the PBS particles are not clear which indicates that there is good interfacial adhesion. 

Another indication of good interfacial adhesion is that no PBS particles have been pulled 

out of the PLLA matrix. 

 

As degradation progresses there are clear changes in the morphology. After 2 weeks the 

boundaries between PBS particles and PLLA are more distinct, Figure 4-7b, which indicates 

that the adhesion between PLLA and PBS has weakened. This is even more evident after 4 

weeks after which the boundaries between PLLA and PBS are very clear. There are also 

voids and pits where some PBS particles pulled out of the PLLA matrix during fracturing 

,Figure 4-7c. These observations are indicative of poor interfacial adhesion [147]. Similar 

observations were made after 8 weeks of degradation Figure 4-7d. There is an interesting 

sighting after 16 weeks of degradation. The boundaries between PLLA and PBS are still 

clear but there seems to be matter within the gaps between the PBS particles and PLLA 

matrix ,Figure 4-7e. A possible explanation for this is that low molecular weight oligomers 

resulting from degradation had begun to migrate through the material. It was noted around 
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this time that the outsides of PLLA.PBS.25 specimens were somewhat sticky/waxy. This 

may have been due to degradation products which had migrated to the surfaces of the 

specimens. This did not occur with neat PLLA specimens so the substance likely originated 

from the faster-degrading PBS component of PLLA.PBS.25.  

 

 

Figure 4-7: SEM images of PLLA.PBS.25 before (a) and during degradation after two weeks (b), four weeks (c), 

8 weeks (d), sixteen weeks (e) and twenty weeks (f). 

(a) (b) 

(c) (d) 

(e) (f) 
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4.3.2 Thermal Behaviour 

DSC was used to compare the thermal behaviour of PLLA and PLLA.PBS.25 before and 

during degradation. Because hydrolysis is expected to occur during degradation the thermal 

behaviours of PLLA and PLLA.PBS.25 were expected to exhibit corresponding changes.  

4.3.2.1 PLLA 

Let us first consider the results from neat PLLA, the curves of which are shown in Figure 

4-9. The first observation is that glass transition occurs near 60 °C. As the temperature 

increases, exothermic peaks arise in the degraded samples but not in the non-degraded 

sample. These represent cold-crystallisation. Following this is an endothermic melting peak 

at ~150 °C. Detailed results are summarised in Table 4-5.  

4.3.2.2 PBS 

The PBS samples, Figure 4-10, show little change with increasing degradation time. The 

curves exhibit cold-crystallisation endotherms which peak at ~95 °C, immediately followed 

by melting exotherms which peak at 115 °C. Crystallinity is high, as discussed in section 

4.3.2.4.  

4.3.2.3 PLLA.PBS.25 

The results from PLLA.PBS.25, Figure 4-11, show similar trends to the combined trends of 

PLLA and PBS. Interestingly, there is only one cold-crystallisation peak for each sample. 

This peak could potentially be the sum of cold-crystallisation peaks of PLLA and PBS. The 

area under these endotherms is too great to have resulted from only the PBS component 

since neat PBS specimens’ cold-crystallisation peaks are far smaller, see Figure 4-10. As an 

example, the neat PBS specimen degraded for 4 weeks absorbed 10 J/g during cold-

crystallisation whilst PLLA.PBS.25 absorbed 14 J/g during cold-crystallisation. Only 2.5 

J/g of this would be expected to have been absorbed by the PBS component since only 25 

% of the mass of the sample was PBS. Furthermore the cold-crystallisation peaks of 

PLLA.PBS.25 shift to lower temperature ranges as degradation time increases (resembling 

the behaviour observed for neat PLLA). For neat PBS this does not occur, therefore they 

represent predominantly the cold-crystallisation of PLLA. It is interesting to note that these 
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peaks occur at lower temperature ranges than those of neat PLLA – cold-crystallisation is 

therefore enhanced by the PBS component in PLLA.PBS.25.  

  

It is clear from both neat PLLA and PLLA.PBS.25 that the extent of cold-crystallisation 

increases with increasing degradation time. This is evidenced by the greater area under 

cold-crystallisation endotherms for samples degraded for longer periods. Furthermore, the 

cold-crystallisation peaks occur at lower temperature ranges as degradation time increases. 

These observations imply that the molecular weight is decreasing as a result of degradation 

since shorter chains crystallise more easily [147]. 

4.3.2.4 Degrees of Crystallinity 

The degrees of crystallinity of neat PLLA and neat PBS samples were determined using 

equation 4-8, where Xc is the degree of crystallinity (%), ∆Hm is the enthalpy of fusion 

observed in the DSC data being analysed, ∆Hc is the enthalpy of cold-crystallisation and 

∆Hf is the enthalpy of fusion for 100 % crystalline polymer. PLLA has an enthalpy of fusion 

of 93 J/g [148, 73] whilst that of PBS has been shown to depend significantly on the rate at 

which it was cooled, varying between 70 J/g and 90 J/g [56]. Injection moulding of the 

specimens resulted in rapid cooling. However, the exact cooling rate of the tiny samples 

extracted for DSC measurements would have depended on their positions through the 

thicknesses of the moulded specimens. A ∆Hf of 80 J/g was chosen for the sake of being able 

to at least compare the degrees of crystallinity of the PBS samples. 70 J/g resulted in 

calculated crystallinities above 100% in some cases and was therefore too low. The 

crystallinity results are shown in Table 4-4. 

 

 𝑋𝑐 = 100 ∙
∆𝐻𝑚 − ∆𝐻𝑐

∆𝐻𝑓
 (4-8) 
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Table 4-4: Changes in crystallinity of neat PLLA and neat PBS during degradation 

Degradation 

time [weeks] 

Xc [%] 

PLLA PBS 

0 2.7 84.7 

4 1.0 87.5 

8 1.9 90.7 

12 2.3 85.3 

16 1.6 93.4 

20 5.6 90.2 

 

Clearly neat PLLA is mostly amorphous and remains so up to 20 weeks of degradation. 

PBS on the other hand is highly crystalline. Differences in crystallinity  may be due to 

individual samples having experienced different cooling rates during injection moulding, 

depending on exactly which part of an injection moulded specimen they were cut from. 

Crystallinity values for the PLLA and PBS components in PLLA.PBS.25 cannot be reliably 

determined because of the overlap of cold-crystallisation and melting peaks, Figure 4-9.  

 

Table 4-5: Summary of DSC results of PLLA and PLLA.PBS.25 

Degradation 

time 

[weeks] 

Tc [°C] Tm,PLLA [°C] Tg [°C] 

PLLA PLLA.PBS.25 PLLA PLLA.PBS.25 PLLA PLLA.PBS.25 

0 - 104.9 148.2 150.5 56.1 53.5 

2 124.7 97.4 150.2 151.6 59.5 54.7 

4 121.0 95.6 149.4 151.2 60.8 55.3 

8 124.5 96.0 149.9 151.1 60.6 57.6 

12 122.7 90.1 150.0 150.9 60.3 53.2 

16 120.3 86.6 149.3 150.4 58.5 51.2 

20 119.4 85.1 148.8 150.4 53.5 53.6 

 

4.3.2.5 Changes in Tg During Degradation 

Comparing the Tg changes of PLLA with that of the PLLA component in PLLA.PBS.25, 

there appear to be some interesting differences in their trends. Results from the first heating 

runs of non-degraded samples indicate that the Tg of PLLA in PLLA.PBS.25 (53.5°C) is 

slightly lower than that of neat PLLA (56.1°C), as shown in Table 4-5 and Figure 4-8. This 

could imply that PLLA and PBS are partially miscible or that the molecular weight of 

PLLA in the blend decreased sufficiently during melt-blending to reduce its Tg. The Tgs of 
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neat PLLA and PLLA in the blend increase during the first 4 and 8 weeks of degradation, 

respectively. This indicates that physical ageing has occurred whilst the specimens were 

kept in buffered saline since physical ageing increases Tg [149]. Between week 8 and week 20 

the Tg of neat PLLA decreases, possibly indicating that the molecular weight is decreasing 

[150, 151]. The same observation is made from week 8 onwards in PLLA.PBS.25, with the 

result at week 20 being an outlier.  

 

Results from second heating runs of neat PLLA indicate little change in Tg. The first 

heating runs would have erased aging effects. It is interesting that the decline from week 8 

onwards is very marginal except between 16 and 20 weeks where there is a more significant 

decrease. These second heating run results for neat PLLA hint at reduction in molecular 

weight during degradation and molecular weight measurements shown later confirm this 

assertion.  

 

The results from second heating runs of PLLA.PBS.25 are very interesting and show large 

decreases in Tg of the PLLA component as degradation time increases. Note that during the 

first heating run both polymers melted and had the opportunity to mix. Thus the large 

decrease in Tg implies increasing miscibility between PLLA and PBS. This likely results 

from their molecular weights having decreased during degradation since it has been shown 

that decreasing molecular weight of blend components increases their miscibility [152, 153]. 

This effect is seen only in the second heating scan because the polymers had the 

opportunity to melt and diffuse into one another during the first heating scan.  
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Figure 4-8: Changes in glass transition temperature of (a) neat PLLA specimens and (b) PLLA.PBS.25 

specimens resulting from degradation. 

 

 

Figure 4-9: DSC curves of degraded PLLA samples – first heating runs. 
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Figure 4-10: DSC curves of degraded PBS samples – first heating runs. 

 

Figure 4-11: DSC curves of degraded PLLA/PBS samples – first heating runs. 
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4.3.3 Molecular Weight Changes 

Changes in weight-average molecular weight (Mw) of PLLA and PLLA.PBS.25 were tracked 

over the degradation period. The aim of this was to determine whether the degradation of 

PLLA was affected by the presence of PBS. Mw results from non-degraded material and 

material degraded up to 8 weeks were extracted from unpublished work from the CACM 

lab. This work was the precursor from which this current research followed. In said work 

PLLA and PLLA.PBS.25 specimens produced using the same methods were degraded under 

the same conditions used for this research. Their molecular weight measurements were made 

using the same methodology and equipment. Figure 4-12 shows the Mw of PLLA and 

PLLA.PBS.25 determined via GPC (experimental details are provided in Chapter 3). 

Immediately the lower molecular weight of PLLA in the blend stands out. As-moulded neat 

PLLA and PLLA.PBS.25 have Mws of 69 x 103 g/mol and 49 x 103 g/mol, respectively. The 

lower initial molecular weight of PLLA.PBS.25 can be ascribed to chain scission during the 

melt-blending step in the production of PLLA.PBS.25 specimens [88]. It is also possible that 

initial molecular weight of PBS lowered the average. The chromatographs of PLLA.PBS.25 

exhibited single peaks, thus the molecular weights of PLLA and PBS in the blend could not 

be individually measured. 

 

As degradation proceeds, the molecular weights decrease as a result of hydrolysis. The rates 

of molecular weight change are practically the same for the two materials which implies 

that the presence of PBS does not influence the rate of hydrolysis of PLLA, at least not 

enough to be observable in the results. Similar results were observed by Zhang et al. [154] 

who degraded PLLA/PBS blends in soil at temperatures of 29 °C to 39 °C. Their results 

showed that neat PBS has a somewhat higher hydrolysis rate than that of neat PLLA. 

Their results also demonstrate that the blends’ molecular weight changes during 

degradation reflected what would be expected based on their compositions. I.e. the higher 

the PBS content the greater the loss of molecular weight during degradation [154]. 
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Figure 4-12: Changes in Mw of neat PLLA and PLLA.PBS.25 during degradation. 

 

An important point to note for the design of biodegradable stents is that the initial 

molecular weight must be sufficiently high to ensure that structural integrity can be 

maintained throughout the first 6 months of degradation during which stent support is 

required. If a polymer blend is to be created then it should be kept in mind that the 

additional processing can reduce the molecular weight.  

4.4 Effect of Degradation on Mechanical Characteristics 

Results from tensile testing of as-moulded specimens demonstrate that PLLA/PBS blends 

exhibit ductile behaviour whilst still maintaining stiffness and strength at 37°C. These are 

favourable characteristics of a potential biodegradable stent material. The next step to take 

was to measure changes in properties of PLLA/PBS blends while they degrade.  Results of 

changes in strengths and Young’s moduli of PLLA/PBS blends during degradation are 

discussed in this section. 

4.4.1 Changes in Young’s Moduli During Degradation 

Figure 4-13 shows the Young’s moduli of PLLA/PBS samples versus the incubation 

duration in buffered saline (i.e. degradation time). Neat PLLA and neat PBS both show 

increases in their moduli over the first 8 weeks of degradation. PLLA shows virtually very 

little reduction in Young’s modulus thereafter, reflecting the results reported by Migliaresi 

et al. for low and high initial molecular weight PLLAs [155]. On the other hand, all of the 
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PLLA/PBS blends exhibit gradual decreases in their Young’s moduli over this period. Note 

that neat PBS could not be tested beyond 12 weeks of degradation because the specimens 

were too brittle. The predicted the Young’s modulus trend for PLLA.PBS.25 during 

degradation was calculated via the rule of mixtures. Calculations made use of measured 

Young’s moduli of degraded PLLA and PBS. The predicted trend is indicated by a red, 

dashed line in Figure 4-13. Note that the rule-of-mixtures prediction for 12 weeks was based 

on an interpolated Young’s modulus for neat PLLA.  The calculated Young’s moduli of 

PLLA.PBS.25 during degradation are clearly over-predicted. 

 

Figure 4-13: Young's moduli of samples of PLLA/PBS, PLLA and PBS degraded for various periods of time. 

Error bars represent standard deviations of samples of 5 specimens each. The red, dashed line is a rule-of-

mixtures prediction of Young’s moduli of PLLA.PBS.25 based on PLLA and PBS moduli. 

 

The contrast in behaviour between the blend and its constituent materials is affected by 

several variables and is difficult to understand entirely. As shown by morphologies of 

degraded PLLA.PBS.25, the adhesion between PBS particles and PLLA becomes poorer as 

degradation progresses. Thus the blends are gradually becoming essentially porous materials 

since the PBS particles are gradually disconnecting from the PLLA matrix. Porosity can 

greatly reduce Young’s modulus [156, 157]. Consider the case of PBS particles becoming 

completely debonded from the PLLA matrix. The resulting stress distribution under tensile 
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load would lead to some portions of the matrix not bearing load whilst stress concentration 

occurs in load-bearing regions, as depicted in Figure 4-14. In summary, the PBS particles 

gradually act more and more like stress concentrators as degradation progresses. Another 

contributing variable is molecular weight. It was demonstrated that the lower initial 

molecular weight of PLLA.PBS.25 results in molecular weights consistently lower than 

those of PLLA during degradation. This may be a contributing factor to the losses in 

Young’s moduli of the blends. Migliarersi et al. [155] degraded two PLLAs of differing initial 

molecular weights. They reported that the lower initial molecular weight sample showed a 

more rapid decline in mechanical properties [155]. 

 

Figure 4-14: Schematic diagram illustrating stress distribution (red lines) under tensile loading in  a blend with 

good interfacial adhesion (a) and a blend with little or no interfacial adhesion (b).  

 

Interestingly the PBS content does not seem to have a consistent effect on the Young’s 

moduli of PLLA/PBS blends during degradation – for example after 16 weeks of 

degradation PLLA.PBS.17 exhibits a higher Young’s modulus than that of PLLA.PBS.8. 

However, PLLA.PBS.4 has a consistently higher modulus than that of PLLA.PBS.25 

throughout the degradation period of 24 weeks so there is some small influence of the PBS 

content on Young’s modulus during degradation but given that all blends’ moduli show 

similar rates of decrease, stress concentration effects described before are dominant. 

4.4.2 Changes in Tensile Strength During Degradation 

The strength retained by a biodegradable stent material is important in determining how 

long structural integrity can be maintained. Once the strength of a biodegradable stent 

decreases sufficiently it will begin to break apart 

 

 
(a) (b) 
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Neat PLLA shows a slight decrease in tensile strength – decreasing from 58 MPa to 53 MPa 

after 24 weeks of degradation, Figure 4-15. Neat PBS shows a fairly rapid decrease in tensile 

strength from 32 MPa to 8 MPa in 12 weeks, beyond which tensile tests could not be 

performed due to the loss of material integrity. PLLA/PBS blends all show gradual declines 

in their tensile strengths. Initial molecular weight could again be a contributing factor but 

results from Zhou et al. [74] contradict this assertion. They produced PLLA/PBS blends 

using a higher molecular weight PLLA grade (4032D by NatureWorks LLC, USA) [74] 

known to have a Mw of 181 000 [158] and performed tensile tests on degraded specimens. 

Their results indicate a similar trend of decreasing strengths for PLLA/PBS blends despite 

the higher initial molecular weight of PLLA used in their study. Therefore, stress 

concentration resulting from reduced interfacial adhesion is believed to be the main 

contributing factor towards the losses in strengths exhibited by PLLA/PBS blends.  

 

Figure 4-15: Tensile strengths of samples of PLLA/PBS, PLLA and PBS degraded for various periods of time. 

Error bars represent standard deviations of samples of 5 specimens each. 

4.4.3 Changes in Ductility During Degradation 

It has already been emphasised that ductility is important for reliable delivery of polymeric 

stents via balloon expansion. After stent implantation ductility is not immediately 

important because it is only needed during deployment. However, it becomes relevant again 

at later stages. Eventually a combination of loss of strength and embrittlement (i.e. loss of 

ductility) will lead to failure since the material loses its integrity – i.e. the stent loses 
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structural integrity. Neat PBS quickly becomes brittle, as demonstrated by its decrease in 

elongation at break with increasing degradation time, Figure 4-16a. PBS specimens 

degraded beyond 12 weeks were too brittle to be tested. Neat PLLA on the other hand 

showed quite consistent elongation at break (11 - 12 %) up until 16 weeks of degradation. 

The PLLA specimens tested after 24 weeks of degradation were more brittle, failing at 5 % 

strain.  

 

Figure 4-16: Change in elongation at break of tensile tested PBS and PLLA specimens (a) and elongations at 

break of tensile tested PLLA.PBS.4 and PLLA.PBS.25 specimens (b) over 24 weeks of degradation. Beyond 12 

weeks the PBS specimens were too fragile to be tested. Error bars represent standard deviations of samples of 5 

specimens each.  

 

PLLA.PBS.4 exhibits a rapid decline in elongation at break, from 68 % before degradation 

to 28 % after 4 weeks, Figure 4-16b. Thereafter it maintains similar levels of ductility up to 

16 weeks followed by a decline in ductility with an elongation at break of 3 % after 24 

weeks. PLLA.PBS.25 exhibits an exponentially decaying trend in elongation at break versus 

degradation time, as shown in Figure 4-16b. After 24 weeks it exhibits an elongation at 

break of just 1.5 %. Typical PLLA.PBS.25 specimens after tensile testing are shown in 

Figure 4-17. Gradual change from very ductile to brittle behaviour as degradation 

progresses is observed.  
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Figure 4-17: Comparison of typical tensile tested PLLA.PBS.25 dog-bone specimens degraded for 0, 8, 12 and 

16+ weeks. There is a gradual shift from ductile to brittle failure as degradation proceeds. 

 

PLLA.PBS.25 and PLLA.PBS.4 maintain greater ductility than neat PLLA up to about 16 

weeks of degradation. By 24 weeks both blends are more brittle than neat PLLA. This, 

coupled with the lower strength of PLLA/PBS blends during degradation implies that 

stents made from PLLA/PBS blends would begin to break apart before those made from 

neat PLLA. Whether or not this loss of structural integrity would occur within 6 months is 

difficult to conclude based only on these results.  It is possible that the strengths and 

Young’s moduli of PLLA/PBS blends are sufficient for a stent made of them to provide 

support to a healing vessel, considering that as the vessel heals it should gradually require 

less support. It has been shown that vasomotion, part of healthy vessel function, is restored 

after structural integrity of a stent has been lost [159]. Perhaps an earlier loss of structural 

integrity (but still after 6 months of degradation) could be favourable for earlier restoration 

of normal vessel function. The clinical trials and medical expertise needed to investigate this 

are far beyond the scope of this research. However, there are still more unknowns about 

PLLA/PBS blends which are important to investigate for the target application, as 

discussed in the following section. 
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4.5 Further Considerations for Stent Material Evaluation 

The requirement of a stent to withstand crushing pressure exerted it by the stented vessel 

results in stent prototypes being tested by applying a gradually increasing crush pressure to 

determine whether they can withstand the required pressure. This is analogous to the way 

in which load is gradually increased during a tensile test in order to determine the Young’s 

modulus and strength of a material. However, further thought leads to the question – if a 

stent were to have a static crush pressure applied to it over an extended time period, how 

long would it withstand this load for? This is a question which seems to have received little 

attention. However, Grabow et al. [70] who have been researching potential biodegradable 

stent materials for several years, highlighted the importance of creep for evaluation of stent 

materials. Stent material requirements should be expanded to take creep into account. This 

will be discussed in detail in the next chapter which deals primarily with creep of 

PLLA/PBS blends to further evaluate their suitability as biodegradable stent materials. 

4.5.1 Strategy for Moving Forward 

At this point the preliminary results indicate that PLLA/PBS blends may be suitable for 

biodegradable stents because of their excellent ductility and retention of some strength and 

stiffness over a 6-month degradation period. Certainly, more information is required. One 

strategy would be to manufacture stents from PLLA/PBS blends and subject them to 

conditions mimicking those which stents would endure in service. However, equipment 

required for the manufacture of stents is not available in the CACM lab. Nor is the 

specialised equipment required for stent testing because this research is a new avenue being 

explored by our centre. The capital investment which would be needed for even some of this 

equipment is far beyond the budget for this research. Furthermore it could be justified at 

this point, without knowing more about the materials. Working within the research budget 

and with the resources currently available the way forward was to further characterise 

PLLA/PBS blends.  
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4.6 Summary and Concluding Remarks 

PLLA/PBS blends have been shown in the past to exhibit ductile behaviour and this was 

confirmed via tensile test results. Elongations at break of 96 % were observed for 

PLLA.PBS.25.  All tensile testing was performed at 37 °C to obtain measurements relevant 

for the target application of biodegradable stents. The results indicate that strengths and 

moduli of PLLA/PBS blends decrease with increasing PBS content but their ductility 

improves. Furthermore, variation in ductility decreases with increasing PBS content.  

 

PLLA/PBS blends are promising biodegradable stent material candidates. They exhibit 

good ductility (especially PLLA.PBS.25) at the expense of reduced stiffness which can be 

compensated for with minor stent geometry adjustments. Hence further investigation into 

the behaviour of PLLA/PBS blends focussed on the effects of degradation on their strengths 

and moduli to gauge how performance of stents made from them would change following 

implantation. 

 

Gradual declines in strengths and Young’s moduli of PLLA/PBS blends over the course of 

24 weeks of degradation are evident. Neat PLLA demonstrates no decrease in Young’s 

modulus and a small decrease in strength over the same period. A combination of variables 

may be responsible for the notable differences. However, evidence points to morphological 

changes as the main underlying cause for strength and stiffness losses during degradation. 

SEM images demonstrated a loss in interfacial adhestion which worsened as degradation 

progressed. Therefore, the dispersed PBS particles essentially act more like stress-

concentrators as degradation time increases.   

 

Nevertheless, significant strengths and moduli are retained by PLLA/PBS blends after 24 

weeks of degradation. These results indicate that stents based on such blends may meet the 

requirements for providing support to healing vessels. However, it is impossible to make 

solid conclusions based on these preliminary results because there are other considerations 

to be taken in account. Creep is one such consideration which has not been discussed much 
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published literature. This is possibly because stents are predominantly made from metal 

alloys which exhibit negligible creep at body temperature. It is felt that requirements for 

stent materials, which were found in reviewed literature, are not sufficient for guiding 

research of new materials or modifications of existing materials for biodegradable stents. 

This is especially important if these materials are thermoplastic polymers. The next chapter 

focusses on the influence of PBS addition to PLLA on creep characteristics. 
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5.1 Introduction 

The preliminary evaluation of PLLA/PBS blends provides useful insight into the effects of 

degradation on their strengths and moduli. However, since stents must endure loads over 

extended durations, the effect of PBS addition to PLLA on its creep characteristics must be 

evaluated. In this chapter PLLA.PBS.25 and PLLA are compared. Preliminary creep tests 

evaluate as-moulded and aged specimens which were annealed to accelerate physical ageing 

and enhance creep resistance. Annealing is shown to reduce ductility of PLLA.PBS.75 

significantly so further creep testing was done on as-moulded specimens.  

 

A case study of a PLLA-based stent is presented which explains calculations used to 

determine expected stress levels in stents. The results are used to select a stress level for 

creep testing of degraded PLLA and PLLA.PBS.25. Finally the effects of degradation are 

presented. A proposed modelling concept for predicting creep behaviour of amorphous 

polymers during degradation is outlined. More importantly, the results from creep testing of 

degraded specimens prompted the course of the research to shift the focus to investigation 

potential reinforcements for biodegradable stents. 
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5.2 Background 

5.2.1 Stent-Related Creep Investigations 

In 2005 Grabow et al. [141] studied tri-ethyl citrate (TEC) as a plasticiser for PLLA for use 

as a biodegradable stent material. Their evaluation included constant stress creep tests on 

tensile specimens as well as monitoring of strain recovery after removal of the applied stress. 

Depending on TEC content, the creep resistance decreased by 1 -2 orderes of magnitude 

when compared with that of neat PLLA [141]. Therefore, they concluded that only amounts 

of TEC < 5 % were realistic for plasticising PLLA [141]. Physical ageing was not considered 

in their study.  

 

A further study in 2007 by Grabow et al. [70] in this area was done on stent prototypes 

made from PLLA/PCL/TEC. They performed creep tests by subjecting stents to a constant 

crush-pressure of 100 mmHg. Under this pressure, neat PLLA stents showed only a very 

gradual radial displacement whilst the PLLA/PCL/TEC stents showed far more 

pronounced radial displacement as they collapsed via creep deformation [70]. In their study 

creep tests were not performed on degraded stents and again, physical ageing was not at all 

considered.  

 

The same group published further work in this area but this time on PLLA/poly(4-

hydroxybutyrate) (PLLA/P4HB) stent prototypes [17]. Strangely, creep was not considered 

in this particular study. Once again, physical ageing was not reported on at all.  

5.2.2 Effects of Degradation on Creep 

There is very little published literature on creep characteristics of biodegradable polymers. 

Some compressive creep tests have been performed on PLGA foams by Lu et al. [160] but it 

is difficult to draw conclusions from the results because (1) foams may behave differently 

from bulk materials and (2) no strain versus time or strain rate data was provided. Masia 
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proposed a model [161] to predict creep behaviour of degraded PLLA but did not present 

experimental results for comparison [161].  

 

Soares [162] performed relaxation tests on PLLA degraded for 3 months, 6 months and 9 

months but because of the experimental error and the fact that only 1 specimen of each 

type was tested, no clear trend relating degradation and relaxation was determined [162]. In 

a study by Söntjens et al. [151], the molecular weight was taken into account in modified 

Eyring equations for predicting creep behaviour of poly(D-L lactic acid) (PDLLA). They did 

not take physical ageing into account in this study but successfully predicted lower creep 

resistance for low molecular weight PDLLA compared with high molecular weight PDLLA 

[151]. This implies that molecular weight loss arising from hydrolysis during degradation 

would reduce creep resistance. Existing work on degradation effects on creep is apparently 

quite limited so an experimental approach towards studying this was decided upon.  

5.3 Relevance of Creep 

It was previously explained that from an engineering point of view a stent is under 

persistent loading throughout its service life. Material requirements for biodegradable stents 

listed in literature did not explicitly highlight creep resistance as a necessity. However, since 

polymers dominate in this field of research, understanding a potential stent material’s creep 

behaviour is believed to be highly relevant. Furthermore, PLLA and modifications thereof 

are very prominent in stent material investigations. Engels et al. [92] have stressed that 

despite its excellent strength and stiffness, PLLA has relatively poor creep resistance. 

Pietrzak et al. also highlighted the importance of potential creep failure of implants in their 

study on creep of craniofacial implants made from PLGA [163]. 

 

There is evidence that creep is an important phenomenon to test when investigating 

potential stent materials: it was a deciding factor for Grabow et al. to reject 

PLLA/PCL/TEC as a potential material for biodegradable stents [70]. It is clear that 

investigating the creep behaviour of PLLA/PBS blends is a fundamental step which needs 
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to be taken to aid evaluation of the material for the intended application. Furthermore, as 

far as we are aware, the effects of degradation on creep have not been explored for potential 

stent materials. They have not received much attention even in other fields either.  

5.3.1 What about the Effects of Cyclic Loading? 

It is important to highlight here that stents are subjected to cyclic stresses. Thus an 

immediate query may be why to perform creep tests instead of immediately performing 

fatigue tests. The decision to go ahead with creep tests was based on the link between creep 

and fatigue life which amorphous polymers exhibit, as explained in section 2.9.2.2.  Because 

of this phenomenon creep testing of PLLA and PLLA.PBS.25 provides a direct indication of 

how PBS addition affects fatigue life. Of course, relying only on creep tests to draw 

conclusions about fatigue life is not wise but it does provide a good starting point. 

Furthermore, fatigue testing was originally planned but creep testing results provide 

sufficient evidence for altering the course of this research, as will be elucidated later in this 

chapter.  

5.3.2 Potential Creep-Related Clinical Implications  

Apart from motivation from literature to investigate creep, thought went into the potential 

clinical implications to better understand why creep resistance is relevant. It is important to 

stress at this point that supporting a healing vessel is more complex than supporting a 

simple elastic tube. Thinking about the clinical implications of material property changes 

occurring in a stent is crucial to reduce risks to patients.  

 

Let us consider an ideal scenario following implantation of a biodegradable stent: 

 following implantation, a stent provides support to the healing vessel to keep it 

dilated and also to support any tissue flaps which may be present following PTCA 

[60]; 

 endothelialisation gradually proceeds to cover the stent struts until it essentially 

becomes embedded in the vessel wall as shown in Figure 5-1 [54]; 

 complete endothelialisation prevents late stent thrombosis [14]; 

 the stent provides support to the healing vessel until the vessel can support itself 
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 degradation eventually causes the stent to break apart but endothelialisation which 

occurred in early stages after implantation prevents any stent fragments from 

entering the bloodstream  

 

 

Figure 5-1: Ideal post-implantation schematic diagram showing a cross section of  stented vessel (a) just after 

stent implantation then endothelialisation of the stent struts (b) and eventual embedding of the stent in the 

vessel (c). Diagram adapted from [54]. 

 

Now let us consider the effects of creep deformation with clinical outcomes in mind. If a 

stent has insufficient creep resistance a possible scenario following implantation could be: 

 

 the pressure applied by the vessel causes the stent to reduce in diameter via creep; 

 blood flow would be restricted by the diameter reduction but is not the only factor 

to consider; 

 if the stent diameter reduces too much then some areas of the stent may lose 

contact with the vessel momentarily during each cardiac cycle when peak blood 

pressure dilates the vessel; 

 endothelialisation would be hindered by the stent not being in constant good contact 

with the vessel wall; 

 incomplete endothelialisation can result in late stent thrombosis, causing a heart 

attack;  

 if late stent thrombosis does not occur another risk remains – degradation will 

eventually cause the stent to break apart and without complete endothelialisation 

the resulting stent fragments will enter the bloodstream.  
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Therefore it is essential that a biodegradable stent material exhibits sufficient creep 

resistance while it degrades, not only to reduce gradual recoil in order to maintain good 

blood flow but also to mitigate serious risks to patient health.  

 

 

Figure 5-2: Schematic diagram stented vessel cross section showing creep-induced diameter reduction caused by 

insufficient creep resistance (a). Demonstration of how stent diameter reduction may prevent endothelialisation 

if systolic blood pressure causes loss of stent contact with vessel wall (b). 

5.4 Preliminary Creep Comparison of PLLA and PLLA.PBS.25  

PLLA.PBS.25 was chosen for creep investigations as it exhibits the best ductility of the 

PLLA/PBS blends tested with the least variation in its ductility measurements. PLLA was 

 

increasing time 

 

diastolic systolic 

time 

b
lo

o
d

 p
re

ss
u

re
 

(a) 

(b) 

partial loss of contact 
with vessel wall 



Creep Characteristics 

121 

 

also included in the experiments for comparison. The preliminary comparison was made 

using non-degraded specimens because the effects of PBS addition on creep resistance of 

PLLA were unknown. There was a possibility that even without degradation the creep 

resistance of PLLA.PBS.25 could be low for it to be used as a stent material.  

5.4.1 Comparison at 50 % of Strength 

The first creep tests were performed on as-moulded PLLA and PLLA.PBS.25 specimens at 

30 MPa and 25MPa (~50 % of their respective strengths), respectively. The results are 

shown in Figure 5-3. For both PLLA and PLLA.PBS.25 there is significant variation within 

each sample but time-to-failure differences are still clear. PLLA failure times ranged from 

900 s to 1140 s whilst those for PLLA.PBS.25 ranged from 590 s to 850 s. This  indicates 

that the creep resistance of PLLA.PBS.25 is lower than that of neat PLLA.  

 

Figure 5-3: Strain-time plots of creep results of as-moulded PLLA (a) and PLLA.PBS.25 (b) specimens tested at 

30 MPa and 25 MPa, respectively.  

 

The variation in creep rates makes further comparison of these results difficult but strain 

rate versus strain plots are useful in obtaining a value for the critical strain beyond which 

tertiary creep occurs. The minimum strain rates for PLLA specimens were lower than those 

of PLLA.PBS.25 specimens. Plots of typical specimens are shown in Figure 5-4. In both 

cases the onset of tertiary creep, which is associated with an increase in strain rate leading 

to failure, occurs at about 1.5 % strain. For all specimens this critical strain varied from 1.3 
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% to 1.6 % strain for both PLLA and PLLA.PBS.25. This information is useful for 

predicting time-to-failure for creep at lower stresses. Mindel et al. found that for PC the 

critical strain decreased with increasing applied stress for tensile creep tests [95]. This 

implies that predicting failure times at low stresses using a critical strain level for tertiary 

creep onset found at high stresses would yield conservative results. 

 

 

Figure 5-4: Strain rate versus strain of as-moulded PLLA and PLLA.PBS.25 from constant-stress creep tests at 

~50 % of their respective yield strengths.  

 

Considering that physical ageing affects creep resistance it was thought that perhaps if the 

specimens had more similar thermal histories the variation might be reduced. Thus, 

specimens annealed at 45°C for 7 days were tested at the same stresses as before and the 

results are shown in Figure 5-5. The effects of ageing are abundantly clear – neither PLLA 

nor PLLA.PBS.25 reached tertiary creep within the 2000 s timeframe and the final strains 

reached were just barely greater than 1 %.  
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Figure 5-5: Strain-time plots of creep tests of annealed PLLA (a) and PLLA.PBS.25 (b) specimens tested at 30 

MPa and 25 MPa, respectively.  

 

The strain rates look quite similar upon observation so the mean strain rate of each 

specimen between 1000 s and 2000 s was calculated to better compare the results. The 

average strain rate for PLLA was found to be 0.20 %.h-1 whilst that of PLLA.PBS.25 was 

0.27 %.h-1. Therefore PLLA.PBS.25 annealed for 7 days at 45°C (when under constant 

stresses equal to ~50 % of its yield strength) creeps 35% faster than neat PLLA with the 

same thermal history and under stress ~50 % of its yield strength. Based on these rates, 

annealed PLLA and PLLA.PBS.25 would take an additional 1.5 h and 0.7 h, respectively, 

to reach 1.3 % strain (the lower limit for tertiary creep onset seen for as-moulded 

specimens). Typical strain rate versus strain plots are shown in 
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Figure 5-6. It is clear that strain rate minima were not reached, as expected since no onset 

of tertiary creep is seen in any of the creep curves, Figure 5-5. Note that noise in the strain 

rate plots arose from amplification of noise in the raw strain versus time data during 

numerical differentiation, despite data smoothing. 

 

 

Figure 5-6: Strain rate plots of typical results from creep tests of annealed (45°C, 7days) PLLA and 

PLLA.PBS.25 at ~50% of their respective yield strengths. The average strain rates shown were calculated for all 

specimens.  

 

These preliminary results indicate that annealing for 7 days at 45°C has increased the creep 

resistance of PLLA and PLLA.PBS.75 by an order of magnitude. Further creep testing is, of 

course, necessary to evaluate the materials. For this reason a dedicated creep testing rig was 

constructed. Details of its development are provided in Chapter 3, section 3.4.2. 

5.5 Creep of Annealed PLLA and PLLA.PBS.25 at Various Stresses 

The enhancement of creep resistance resulting from physical ageing is very advantageous 

since it requires only a simple heat treatment. Further creep tests were done on annealed 

specimens at various stresses to determine the sensitivity of PLLA.PBS.25’s creep resistance 

on applied stress. By this point the creep testing rig had been constructed so that longer 

creep tests could be done. Some test times were limited because of the high demand for the 
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data acquisition equipment (the creep testing rig did not have dedicated data acquisition 

equipment when this work was undertaken).   

5.5.1 Sensitivity to Applied Stress 

PLLA and PLLA.PBS.25 specimens which were annealed for 7 days at 45°C were tested at 

several applied stresses. The strain versus time plots for typical results at each applied 

stress are shown in Figure 5-7. When comparing results from tests performed at the same 

stress level, the reduction in creep resistance from PBS addition becomes clear. At 30 MPa 

PLLA.PBS.25 reached tertiary creep and failed after about 2000 s whilst PLLA showed no 

sign of tertiary creep onset within that timeframe. At 27 MPa a similar comparison can be 

made – PLLA.PBS.25 fails after about 5000 s whilst neat PLLA shows no sign at all of 

tertiary creep onset, even after 10000 s. PLLA.PBS.25 under a stress of 16 MPa shows 

similar creep to that of PLLA under a stress of 25.5 MPa.  

 

 

Figure 5-7: Typical strain-time curves from creep tests of annealed (45°C, 7days) PLLA (a) and PLLA.PBS.25 

(b) at applied stresses indicated on the graphs 

 

Although there is a reduction in creep resistance from PBS addition, it is not very severe so 

PLLA.PBS.25 is still a promising biodegradable stent material candidate. It is of interest to 

be able to predict creep behaviour at stresses other than those tested – especially lower 

stresses at which creep rates are very low. It is more difficult to evaluate materials 

experimentally at very low stresses because of instrument sensitivity as well as the long 
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creep times which may be required. Therefore attempts to predict creep of PLLA.PBS.25 

were made. They are discussed in the next section. 

5.5.2 Creep Modelling: Burgers Model 

The strain versus time behaviour during primary and secondary creep from tests performed 

thus far closely resembles that of the 4-element spring-dashpot model, called Burgers model, 

described in section 2.9.1.3. Therefore this model was chosen to represent the material. The 

goal was to be able to predict creep behaviour stresses low than those previously tested. The 

time taken to reach strain levels near which tertiary creep onset is expected could then be 

calculated.  

 

Raw strain data from creep tests were fitted to Equation 2-3. This equation describing 

strain evolution of the Burgers model with increasing time, t, under a constant applied 

stress, σ. Fitting was done using least-squares regression in MATLAB. The model fits creep 

data well as shown in Figure 5-8. 

 

Figure 5-8: 30 MPa creep results (blue dots) of annealed (45°C, 7days) PLLA.PBS.25 with fitted curves (red) 
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reason for this is that creep rates are not linearly related to applied stress, except within a 

very small range of low stresses (i.e. nonlinear viscoelasticity) [164].  Majda et al. applied 

Burgers model to creep of epoxy resin and found building a stress-dependent Burgers model 

to be effective in capturing this behaviour [165]. This approach was tried for PLLA.PBS.25 

and the model parameters showed the same trends as those of Majda et al. The dashpot 

values show exponential decay with increasing stress and the parallel spring shows a 

parabolic change with applied stress, Figure 5-9. The series spring seemed to have no 

obvious trend related to applied stress. Functions were fitted to Model parameters obtained 

from 20 MPa, 25 MPa, 30 MPa and 35 MPa tests to form the stress-dependent Burgers 

model. These parameter values and curves fitted to them, via regression, are shown in 

Figure 5-9. The parallel spring (E2) and dashpot (η2) values show the most variation. This 

can be partially attributed to the model fitting sometimes being less accurate in the primary 

creep region represented by these elements. Nevertheless the trends in the parameter values 

are clear and the R-squared values for the fits from η1, η2 and E2 are 0.99, 0.96, and 0.88 

respectively, indicating good fits.  

 

Figure 5-9: Burgers model parameters versus applied stress for annealed (45°C, 7 days) PLLA.PBS.25 specimens. 

Markers indicate single creep tests, lines indicate fitted functions. 
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Figure 5-10: Stress dependent Burgers model representing PLLA.PBS.25 annealed at 45°C for 7 days. 

 

5.5.2.1 Model Predictions versus Experimental Results 

The stress-dependent Burgers model should allow predictions of strain at time t for 

PLLA.PBS.25 (annealed for 7 days at 45°C) subjected to stress levels other than those used 

to form the model. The parameters shown in Figure 5-10 were used to predict creep 

behaviour of PLLA.PBS.25 at lower stress levels. Model predictions are compared with 

experimental data from creep tests at 16 MPa and 23 MPa, Figure 5-11. Looking at the 23 

MPa results, Figure 5-11a, the Burgers model prediction lies between the experimental 

results of two specimens. The model captures the characteristic shape of primary creep quite 

well and considering the variation in creep rates during secondary creep, the model predicts 

a reasonable ballpark for time to reach a given strain since creep rate changes 

logarithmically with applied stress. The results are similar for the first 10 000 s of 16 MPa 

tests, as shown in Figure 5-11b. The model predicts the creep rate well within this time 

frame but what happens in the long term is very interesting. Longer term creep results up 

to 300 000s (~3.5 days) reveal that the creep rates of the two specimens tested decrease over 

this entire period, Figure 5-11c.  
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Figure 5-11: Experimental data from 16 MPa and 23 MPa creep tests of annealed PLLA.PBS.25 and Burgers 

model predictions (a & b). Long term creep results from the 16 MPa tests are shown in (c). 

 

The continuously decreasing creep rate observed in the 16 MPa results indicates that 

further ageing is occurring during creep – which may be caused by a combination of stress-

induced and temperature-induced ageing [100]. Stress-induced ageing is observed in 

amorphous polymers as a result of chain mobility being enhanced by an applied load [99]. 

Thus, the modified Burgers model may be useful for higher stresses where failure occurs 

before the effects of further ageing are seen but for lower stresses the model does not 

capture the behaviour of the material. For long periods it overestimates the extent of creep. 
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It is also interesting to note that at 16 MPa, strains much greater than 1.6 % are reached 

but there is no sign of tertiary creep at all – in fact, the creep rates evidently decreased for 

the duration of the tests.  

5.5.3 Time to Failure Predictions via Eyring Relations 

In parallel with work on the Burgers model, further work was done to determine whether 

Eyring’s flow equations could be used to predict failure times for PLLA.PBS.25. The 

equations do not need to be used directly because of the very useful link between constant 

strain rate data and constant stress data; i.e. the yield-stress versus applied strain rate and 

applied stress versus time-to-failure plot gradients’ magnitudes are expected to be equal [92, 

166], as can be seen in Figure 2-21, section 2.9.2.  

 

To determine the dependence of yield stress on strain rate, tensile tests were performed at 

various extension rates (resulting in corresponding various strain rates in the gauge lengths 

of the specimens) using the same setup as for prior tensile tests. The resulting strain rates 

were determined by finding the gradients of strain versus time using raw data from each 

specimen. The yield stress versus strain rate data are plotted on a logarithmic scale, as 

shown in Figure 5-12a, and the slope of the resulting fitted line was used to plot the time-

to-failure prediction line in the applied stress versus time-to-failure plot, Figure 5-12b. The 

prediction line was placed by using the time-to-failure result of one of the specimens as a 

reference point. For high stresses the predicted failure times are quite accurate but at lower 

stresses failure did not occur within the range of the predicted times-to-failure.  
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Figure 5-12: Yield stress versus strain rate (a) and time-to-failure versus applied stress (b) for PLLA.PBS.25 

annealed for 7 days at 45°C. Note the empty dots indicate that no failure had occurred by the time the tests 

were stopped and that the corresponding predicted failure times are too low. 

 

The specimens tested at 16 MPa and 10 MPa showed no signs of tertiary creep onset within 

the timeframes tested (350 000 s and 1 047 000 s, respectively). Therefore the predictions 

are again only useful for higher stresses but the material is not useful at such stresses 

because of the short times to failure. These predictions do not take into account the effects 

of physical ageing which occur during testing but it has been shown that Eyring equations 

can be modified, if all of the necessary material parameters are known, to include the effects 

of physical ageing [100].  

 

The modified Eyring equations used by Visser et al. and Engels et al. assume a constant 

activation volume, ν* [92, 101, 100]. This implies that the slopes of yield stress versus strain 

rate plots for samples at different aged states should be equal but tensile testing of as-

moulded and annealed PLLA and PLLA.PBS.25 revealed that for these materials at 37°C 

this does not hold true. The results are shown in Figure 5-13 and the yield stresses of as-

moulded specimens appear to have higher dependences on strain rate than those of annealed 

specimens. Taking a closer look, it seems that it is the results from the lowest strain rates 

which have caused this difference in the trends for as-moulded versus annealed specimens. 

The most important observation from tensile testing, however, was the effect of annealing 

on ductility, which will be discussed in the following section.  
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Figure 5-13: Yield stress versus strain rate data for as-moulded and annealed (45°C, 7 days)  PLLA and 

PLLA.PBS.25 specimens. Each data point is the mean of a sample of 5 specimens. 

5.6 Side-effects of annealing 

The tensile tests of PLLA.PBS.25 at various strain rates revealed that specimens which had 

been annealed showed a loss of ductility and did not neck and elongate after yielding. For 

this reason, a further study into the effects of annealing on mechanical properties was 

undertaken to evaluate the influence of annealing time (i.e. the extent of ageing).  

5.6.1 Effect of Annealing Time on Ductility 

PLLA.PBS.25 specimens were annealed at 45 °C for 2 hours and 21 hours then tensile 

tested. The ductility changes markedly from annealing and the elongations at break for as-

moulded and annealed specimens are shown in Figure 5-14. Annealing for 2 hours results in 

a drop in mean elongation at break from 96 % to 59 % whilst annealing for 21 hours results 

in a drop to a mere 8 % elongation at break. Therefore annealing for too long results in 

practically all of the ductility gained from PBS addition being lost, making PBS redundant 

since it serves only to enhance ductility of PLLA. 
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Figure 5-14: Elongation at break versus annealing time of PLLA.PBS.25 specimens. 

 

The failure mode of PLLA.PBS.25 was still characteristic necking followed by elongation for 

specimens annealed for 2 hours but those annealed for 21 hours showed no necking and 

failed in a more brittle manner, Figure 5-15. An important conclusion of these results is that 

excessive annealing causes the ductility gained from PBS addition to be lost entirely. 

Annealing for short times, however, may be useful because creep resistance should be 

enhanced at the cost of some loss of ductility but not complete loss – a compromise 

potentially useful for preparation of biodegradable stents.  
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Figure 5-15: Typical tensile tested PLLA.PBS.25 specimens: as moulded (a), annealed 2 h (b) and annealed 21 h 

(c). 

 

It is surprising that in the work done by Grabow et al. [141, 70, 17] on potential 

biodegradable stent materials based on PLLA, physical ageing was not considered despite 

the fact that (a) it can significantly reduce ductility and (b) it is a potentially useful tool for 

enhancing stent performance via a very basic heat treatment if used carefully.  

 

Since PLLA.PBS.25 annealed for 2 hours still exhibits ductile behaviour a brief comparison 

was made between it and as-moulded PLLA.PBS.25 via relaxation tests. A specimen of each 

was loaded to 30 MPa and the extension was fixed once this stress was reached so that the 

stress relaxation could be recorded. Since it is so well-known that physical ageing enhances 

creep resistance of amorphous polymers, a full set of creep tests on 2 h annealed specimens 

is unnecessary. Furthermore, annealing time would require tweaking at the stent design 

stage. Time had to be invested in higher priority work – effects of degradation on creep. 

Nevertheless, a comparison was made and the results are shown in Figure 5-16. The 

annealed specimen clearly relaxes at a lower rate, reaching 18.6 MPa after 500 s whilst the 

as-moulded specimen stress decreased to 12 MPa in the same time. After 2000 s the 

annealed specimen’s stress was still at 12.6 MPa whilst that of the as-moulded specimen was 
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at 6.8 MPa. The slower stress-relaxation of the 2 h annealed specimen indicates that the 

brief annealing treatment enhanced creep resistance.  

 

Figure 5-16: Stress relaxation curves for as-moulded and 2 h annealed PLLA.PBS.25 

 

Finding an suitable annealing time for PLLA.PBS.25 to retain sufficient ductility whilst 

enhancing creep resistance is an investigation which would be most valuable at a stent 

prototype stage. Balloon expansion trials would provide the best information on the 

ductility limits. There is, however, still a variable which looms large and must be 

investigated before stent prototyping is feasible – degradation. Degradation has profound 

effects on mechanical properties and will affect the creep behaviour of PLLA and 

PLLA.PBS.25. The extent of these effects is unknown. It was decided that this should take 

priority because it does not make sense to optimise the material in a non-degraded state 

without knowing how degradation will affect creep.  

5.7 Comparison PLLA and PLLA.PBS.25 at Lower Stresses 

The creep behaviour of as-moulded PLLA and PLLA.PBS.25 were directly compared at 10 

MPa and 16 MPa since the preliminary creep experiments did not include low stress tests. 

These are useful in getting a clearer idea of the sensitivity to applied stress. These results 

also serve as a precursor to creep tests of degraded material since they will aid 
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term. The results are shown in Figure 5-17. For both PLLA and PLLA.PBS.25, aging 

occurring during creep at 10 MPa and 16 MPa constantly slows creep rates. The creep rates 

of both materials seem to be similar after 30 000 s but because PLLA.PBS.25 has higher 

creep rates during secondary creep, it reaches higher final strains. Something interesting to 

note is the enormous strains that can be reached at 16 MPa without any sign of tertiary 

creep onset – up to 17 % and 20 % for PLLA and PLLA.PBS.25, respectively. Of course, 

such high strains are undesirable since, although the material might not have failed, a 

device such as a stent would be considered to have failed in its function. At 10 MPa much 

lower strains are reached which demonstrates that PLLA.PBS.25 may exhibit sufficient 

creep resistance to be useful as a stent material, even without any annealing.  

 

 

Figure 5-17: 10 MPa and 16 MPa strain versus time measurements for as-moulded PLLA and PLLA.PBS.25.  

 

Taking a closer look at the early stages of creep, the higher creep rates of PLLA.PBS.25 

before the effects of ageing during creep are clear. Figure 5-18. The strain increase during 

secondary creep is fairly linear and if we compare strain rates in this early stage of creep, 

PLLA.PBS.25 creeps about 4 times faster as shown in Table 5-1.  
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Figure 5-18: First 1500 s of 10 MPa and 16 MPa creep tests of as-moulded PLLA and PLLA.PBS.25. 

 

Table 5-1: Strain rates of PLLA.PBS.25 and neat PLLA specimens during secondary creep. Results of two 

specimens for each stress level – 10 MPa and 16 MPa – are shown. 

Stress Specimen 
Creep strain rates [%/s] Ratio of average 

creep rates PLA PLLA.PBS.25 

10 
1 6.3 x 10-5 2.8 x 10-4 

4.4 
2 6.8 x 10-5 3.0 x 10-4 

16 
1 6.9 x 10-4 2.8 x 10-3 

3.6 
2 8.2 x 10-4 2.6 x 10-3 

 

The enormous decreases in strain rates with time are made clearer through the use of strain-

rate versus strain plots, Figure 5-19. The constant-strain rate creep plateau during 

secondary creep is clear for 10 MPa tests, shown in Figure 5-19a. Usually this is followed by 

tertiary creep, which has a characteristic increasing strain rate leading to failure. However, 

at 10 MPa and 16 MPa, secondary creep is proceeded by a decrease in strain rate due to 

ageing during the creep tests, as described before. Interestingly PLLA tested at 16 MPa did 

in fact seem to be heading into tertiary creep, as shown by increasing strain rate before 

ageing effects reverted the trend strain rate. The strain rate plots clearly show that the 
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strain rates of PLLA and PLLA.PBS.25 become approximately equal beyond certain strain 

levels and that the strain rates continue to decrease.  

 

Figure 5-19: Strain rate versus strain plots from 10 MPa (a) and 16 MPa (b) creep tests of as-moulded PLLA 

and PLLA.PBS.25 

5.8 Strategy for the Next Phase of Assessment 

The results obtained so far demonstrate very clearly that physical ageing which occurs 

during creep tests plays a significant role in the creep response, even in the case of 

specimens aged significantly via annealing. This phenomenon was not captured by the 

model predictions discussed and resulted in failure times for lower stresses being under-

predicted. Although it is possible to incorporate physical ageing into modified Eyring 

equations, as shown by Visser et al. [100], the time investment required to do so is not 

worthwhile because the predictions which could be made would be for non-degraded PLLA 

and PLLA.PBS.25.  Following that path would only further validate a model which has 

already been shown to work well for other amorphous polymers. Instead, investigating the 

effects of in-vitro degradation on creep was prioritised since it is an area barely studied yet 

so important.  

 

The next section will discuss a case study used to calculate stress levels expected to be 

present in a PLLA-based stent after implantation. The results are used to aid the decision 

of an appropriate stress level at which to test degraded PLLA and PLLA.PBS.25.  
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5.9 Determining Expected Stress Levels in Stents 

In the few biodegradable stent material investigations published in literature, not much is 

said about expected stress levels in stents based on polymers. Fortunately, Bonsignore has 

published an online book entitled ‘Open Stent Design’ which provides methods for 

calculating stresses arising in stents [62]. The reported crush pressure a stent is expected to 

withstand varies significantly (100 – 750 mmHg) in literature, as discussed in section 2.5.3. 

In some cases no calculations were provided and in others certain factors which are expected 

to influence results were not considered. Therefore, in this section an expected pressure is 

calculated by using a case study example. From this result the stresses expected to be 

present in the case-study stent are calculated. 

5.9.1 Pressure Required to Widen a Vessel 

Tambaca et al. [167] calculated the expected pressure exerted on a stent implanted in a 

coronary artery to be 50 kPa (375 mmHg) based on 10 % over-expansion of the vessel 

during implantation. However, in their calculations they neglected (1) elastic recoil after 

removal of the balloon and (2) the fact that blood pressure counteracts the pressure exerted 

by the blood vessel. However, the equation (Equation 5-9) they used to determine this 

pressure is still useful: 

 

 𝑝 =
𝐸ℎ

(1 − 𝑣2)𝑅2
𝑢 (5-9) 

 

This equation calculates the pressure, p, required to radially expand a vessel with a Young’s 

modulus of E and a wall thickness, h, by an amount u. R is the initial radius before 

expansion and v is the Poisson’s ratio, assumed to be 0.5 for vessel wall tissue [167]. Since a 

stent holds open a vessel at a certain diameter, the vessel exerts a reaction pressure on the 

stent –which the stent must withstand in order to hold the vessel open. Young’s moduli of 

arteries range between 0.1 MPa and 1 MPa according to Canic et al. [168] so an 

intermediate Young’s modulus value of 0.5 MPa was used for calculations. A coronary 
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artery with R = 1.3 mm and a wall thickness, h, of 1 mm was used as the basis for the 

calculations, as done by Tambaca et al. [167]. 

5.9.1.1 Case Study: Abbot Vascular BVS 

The ‘Bioresorbable Vascular Scaffold’ (BVS) by Abbott Vascular (USA) is a PLLA-based 

stent which has been undergoing clinical trials and provides a basis for stent stress 

calculations because it has a typical design consisting of zig-zap hoops. The data from 

clinical trials also provide some information necessary for the calculations since stent recoil 

is being taken into account unlike in the calculations done by Tambaca et al. [167].  

 

Tanimoto et al. [169] published data on a clinical trial of the BVS including stent recoil 

measurements, which averaged 6.9 %. Recoil was calculated based on reduction in diameter 

of stents after balloon deflation from maximum balloon pressure [169]. Therefore, the vessel 

radial expansion, u, for calculation of pressure was determined based on 10 % oversizing at 

maximum balloon pressure followed by a 6.9 % diameter reduction. This results in an 

overall expansion of the vessel of 2.3 %. From this a calculated pressure of about 12 kPa is 

required to expand a vessel having an initial diameter of 2.6 mm and wall thickness of 1 

mm. In other words, the stent holding the vessel open 2.3 % wider than its initial diameter 

will experience a pressure of 12 kPa exerted on it by the vessel. 

 

It has been mentioned that Tambaca et al. [167] did not take into account the blood 

pressure in an artery, which counters some of the pressure of the expanded vessel. The effect 

of blood pressure was taken into account by recoil data since recoil was measured when 

there was blood flow through the vessel [169]. It is assumed that recoil measurements did 

not take into account fluctuations in blood pressure since Tanimoto et al. state that they 

used mean vessel diameters [169]. Blood pressure fluctuation will be discussed in more detail 

later. Note that the calculated pressure of 12 kPa is equal to 90 mmHg which is fairly close 

to the crush pressure level of 100 mmHg sometimes used to evaluate stent prototypes or 

designs [70, 62]. This provides some confidence in the calculations.  
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5.9.2 Stent Dimensions and Stress Calculations 

An SEM image of a BVS was found, Figure 5-20, and used for determining strut length 

(found to be 0.9 mm) based on the given strut thickness of 150 μm [60]. The angle between 

struts seems to vary so an average strut angle was calculated based on the number of struts 

per hoop (12) and the vessel diameter after implantation (2.6 mm + 2.3 % = 2.66 mm). 

The average angle between struts was calculated to be 100°. 

 

Figure 5-20: SEM image of Abbott Vascular's BVS stent [60] 

 

The stent strut approximation provided by Bonsignore et al. [62], shown in section 4.2.4, 

was used to calculate the maximum expected bending stress in a strut. The circumferential 

force in each hoop is determined by calculating the hoop stress of each zig-zag hoop and 

multiplying it by the hoop cross sectional area, as shown in Equation 5-10. 

 

 ∴ 𝐹ℎ𝑜𝑜𝑝 =
𝑃𝑣𝑒𝑠𝑠𝑒𝑙 ∙ 𝐷𝑣𝑒𝑠𝑠𝑒𝑙

2𝑡𝑠𝑡𝑟𝑢𝑡
∙ 𝐴ℎ𝑜𝑜𝑝 (5-10) 

  

A hoop area, Ahoop, of strut thickness (t) and, based on the SEM image, about 1.1 mm wide 

was used. The resulting hoop force was used to calculate the maximum bending stress in a 

strut. The strut width of the case study BVS stent is believed to be about 180 μm based on 

measurements of the SEM image shown before, Figure 5-20. Nevertheless, calculations were 

performed based on strut widths between 150 μm and 180 μm to provide an idea of the 

sensitivity of bending stress on strut width. It was also mentioned previously that artery 

Young’s moduli vary between 0.1 MPa and 1 MPa and that a median value of 0.5 MPa was 

used for calculations. Further calculations were done using the upper limit of 1 MPa for 
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comparison and the results are shown in Table 5-2. They demonstrate the influence of strut 

width and vessel modulus on the maximum bending stress in stent struts.  

 

Table 5-2: The dependence of maximum strut bending stress on strut width and vessel modulus 

Strut width 

[μm] 

Max bending stress [MPa]  

Evessel : 0.5 MPa Evessel : 1 MPa 

150 8.7 17.4 

160 7.6 15.2 

170 6.8 13.6 

180 6.1 12.2 

  

5.9.3 Pressure Exerted on a Stent is Cyclic 

It is important to note that the pressure exerted on a stent is not static but will fluctuate in 

tune with blood pressure fluctuations during each cardiac cycle. According to ASTM 

standard F2477 the blood pressure in coronary arteries fluctuates between 80 mmHg and 

160 mmHg. Previously it was assumed that stent recoil was measured at average blood 

pressure. Therefore the vessel pressure exerted on the stent fluctuates by  ± 40 mmHg (5.3 

kPa). Consequently, for the case study BVS stent with a strut width of 180 μm the 

calculated bending stress would fluctuate between 3.3 MPa and 8.8 MPa (using an 

intermediate artery modulus of 0.5 MPa) during each cardiac cycle. This cyclic loading 

would result in acceleration of creep and is important to keep in mind during further 

evaluation of PLLA.PBS.25.  

5.9.4 What about other Stent Geometries? 

The prominence of the zig-zag hoop geometry commonly present in stent designs was 

discussed in Chapter 2, section 0. Overcoming the brittleness of PLLA for such stent 

designs is the basis for investigating ductile PLLA/PBS blends as potential stent materials. 

The prominence of this common geometry also indicates that it meets criteria of clinical 

driving factors so it is rational to discuss the characteristics of PLLA/PBS blends in light of 

this design.  
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There is certainly scope for research into alternative geometries which take advantage of the 

nature of thermoplastics – however, this is well beyond the scope of the current work. 

Furthermore, stent geometry development is well-suited to a team with multi-disciplinary 

expertise because of clinical drivers which influence design decisions – a privilege we do not 

have presently. Nevertheless creep is relevant regardless of the stent geometry.  

5.10 Effect of Degradation on Creep Resistance 

The results discussed thus far have established that PBS addition reduces the creep 

resistance of PLLA but not to such a great extent. The 10 MPa creep results indicate that 

PLLA.PBS.25 may exhibit sufficient creep resistance. The effects of degradation on creep 

characteristics needs to be evaluated because a stent degrades throughout its service life.  

5.10.1 Practical Considerations 

For creep testing of degraded specimens the following considerations were taken into 

account: 

 

 Specimens must be tested immediately after removal from the degradation medium 

to ensure that they are saturated before being tested such that the material is in the 

state it would be in if it were in the body; 

 The duration of each creep test should not be too long otherwise the specimen may 

begin to dry out, therefore its properties would change;  

 If the stress level selected is too low then the creep rate may be too low for the time 

and measurement sensitivity limitations and would make comparison difficult. 

 

Non-degraded PLLA and PLLA.PBS.25 exhibit quite low creep rates at 10 MPa but high 

enough to see the influence of physical ageing during testing and to compare the two 

materials. Additionally, 10 MPa is within the ballpark of stresses which stents may be 

subjected to, as calculated for the case-study PLLA-based stent.  Therefore 10 MPa was 

selected as an appropriate stress level for creep tests of degraded specimens.  
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5.10.2 Degraded PLLA and PLLA.PBS.25 Creep Resistance Contrasts 

Firstly, let us consider the creep results from degraded PLLA since there is very little 

published literature on the effects of degradation on creep resistance of even neat PLLA. 

Typical strain versus time plots of PLLA before- and after 1, 8 and 16 weeks of degradation 

(W0, W1, W8 and W16, respectively) are shown in Figure 5-21a. There is an immediately 

unintuitive contrast between non-degraded PLLA and PLLA degraded for 1 week – the 

creep resistance increased, evidenced by a significantly lower creep rate. The two W1 PLLA 

specimens were tested up to 100 000 s with no signs of tertiary creep onset and no failure 

occurring within this time. After 8 weeks of degradation the creep resistance improves 

further, as evidenced by the lower strains when compared with the W1 results. Reduction of 

molecular weight via hydrolysis is expected to reduce creep resistance whilst physical ageing 

occurring during degradation has an opposing effect of increasing creep resistance. It is clear 

that between 0 and 8 weeks physical ageing dominates and causes the creep resistance of 

neat PLLA to increase. Only after 16 weeks of degradation a drop in creep resistance is 

noted, as well as failure. The two specimens tested failed near 20 000 s but interestingly 

there were no signs of tertiary creep onset in either specimen. Rather, the failure occurred as 

sudden, unexpected fracture.  

 

Comparing the results of PLLA with those of PLLA.PBS.25 the differences are immediately 

obvious. PLLA.PBS.25 exhibits a decrease in creep resistance with each increase in 

degradation time, as shown in Figure 5-21b. The W1 result, shows a clear loss of creep 

resistance, especially below 10 000 s. This is likely due to plasticisation via water absorption 

and  mirrors the drop in strengths and moduli observed in tensile test results of degraded 

specimens. After 8 weeks of degradation there is a marked change – the creep resistance is 

similar to that at 1 week but only up to 10 000 s, after which tertiary creep onset occurs, 

leading to failure at 20 000 s. After 16 weeks of degradation so little creep resistance is 

retained by PLLA.PBS.25 that failure occurs within 200 s.  

 

An additional factor contributing to loss of creep resistance of PLLA.PBS.25 is the gradual 

loss of interfacial adhesion observed as degradation progresses. As discussed in section 4.3.1, 
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the PBS particles behave more like voids or stress concentrators as they become detached 

from the PLLA matrix. Bucknall et al. [170] studied the effects of dispersed rubbery 

particles on the creep resistance of PP and attributed the observed decrease in creep 

resistance to stress concentration caused by the dispersed particles [170]. Thus it is 

hypothesised that as PBS particles become detached from PLLA during degradation, they 

increasingly reduce the creep resistance of PLLA.PBS.25 via stress concentration. 

Furthermore, the lower initial molecular weight resulting from melt-blending subsequently 

results in lower molecular weight of PLLA.PBS.25 at any point during degradation, as 

shown in the previous chapter, but this is not expected to have a major impact. Firstly, 

neat PLLA undergoes significant molecular weight reduction but no reduction in creep 

resistance arising from this is evident until after 16 weeks of degradation. Secondly, the rate 

of molecular weight loss of PLLA.PBS.25 was similar to that of neat PLLA but creep 

resistance reductions were far more significant. Therefore molecular weight is not the main 

contributing factor to loss in creep resistance of PLLA.PBS.25 during degradation.  
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Figure 5-21: Strain-time plots from constant-load creep tests (engineering stress ~10 MPa) of non-degraded and 

degraded PLLA (a) and PLLA.PBS.25 (b). All tests were performed at 37°C. An asterisk (*) indicates failure. 
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5.10.3 Creep versus Tensile Testing for Material Evaluation 

It is clear from the creep tests of degraded PLLA and PLLA.PBS.25 that the ability of 

PLLA.PBS.25 to sustain loads during degradation is hindered by its reduction in creep 

resistance. On the other hand, it’s Young’s modulus shows a steady, gradual decline during 

degradation up to 24 weeks. If one were to evaluate a potential stent material only by strain 

ramp or load ramp types of testing, such as tensile testing, then conclusions about the 

ability of the material to sustain load as it degrades may be misleading. In the case of 

PLLA.PBS.25, conclusions based on tensile tests of degraded specimens alone would imply 

that a stent made of this material could possibly support a vessel for 24 weeks (with gradual 

reduction in the amount of support provided). However, creep tests reveal that there could 

be too much creep deformation to sufficiently support a healing vessel.  

5.10.4 Relationship to Fatigue Failure 

Creep results provide a direct indication of fatigue life assuming that PLLA and 

PLLA.PBS.25 fatigue lives are dominated by accumulation of plastic strain as for other 

amorphous polymers [102]. To demonstrate the acceleration of creep under cyclic loading, 

the strain response of the Burgers model constructed for PLLA.PBS.25 was determined for 

a triangular waveform. The response is compared with the creep response for an applied 

stress equal to the mean stress of the cyclic stress, Figure 5-22. Janssen et al. demonstrated 

this for the modified Eyring equation they formulated for fatigue life prediction of 

amorphous polymers [102]. Acceleration of creep by cyclic loading is clear. 

 

Of course, it is not sufficient to rely only upon creep results to predict behaviour under 

cyclic loading but they do provide a conservative indication. Initially fatigue life 

experiments were planned to follow on from creep testing but the results from degraded 

specimens provide sufficient motivation to alter the course of the work to instead focus on 

reinforcements.  
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Figure 5-22: Triangular stress wave applied to Burgers model of PLLA.PBS.25 (a) and the resulting strain 

response (b). The strain response under a constant stress of 15 MPa (the mean stress of the triangular stress) is 

shown for comparison. 

5.11 Modelling Opportunities and Potential Strategies 

Creep of degraded material is a barely-studied area, which is why this research focussed on 

experiments as opposed to modelling. Experimental experience gives invaluable insight into 

the factors which influence material behaviour. From this better assumptions can be made 

when venturing into modelling. A model with too many assumptions and simplifications is 

not useful since it cannot capture phenomena which may dramatically affect real-life results. 

5.11.1 A Lesson from an Early Modelling Attempt 

It was mentioned previously in this chapter that there was an attempt at modelling creep of 

degraded PLLA by Masia in 2007 [161]. The model was based on the assumption that 
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reduction in molecular weight during degradation is the only factor influencing changes in 

viscoelastic properties. Consequently, the model predicted that creep resistance of PLLA 

reduces with increasing degradation time. No experimental results were provided for 

comparison. This prediction behaviour is contrasts with the experimental results discussed 

in this chapter. Creep resistance of neat PLLA increased between 0 and 8 weeks of 

degradation – a phenomenon which the model by Masia et al. does not capture at all. The 

point to be made here is that if a useful model is to be produced then experimentation is 

needed to appreciate the effects of various phenomena on the results.  

5.11.2 A Good Foundation 

Modified Eyring equations have been shown to predict creep of amorphous polymers well 

and can accommodate for physical ageing – including temperature- and stress-induced 

ageing [92, 100]. This is a significant advantage when considering material subjected to 

stresses over extended periods at a certain temperature. Furthermore, these equations can 

also be used to predict fatigue failure under cyclic loading [171, 102]. This is a useful ability 

when considering that stents undergo some degree of cyclic loading.  

 

In May 2012 Söntjens et al. published work on the effect of molecular weight on creep of 

PDLLA by comparing a high and a low molecular weight grade PDLA. Note that this was 

discovered around mid-2012, after the experiments on creep of degraded material had 

begun. The authors showed that molecular weight can be incorporated into Eyring 

equations, though their equations were not modified to include the effects of physical ageing 

[151]. In their investigation creep tests were all performed at quite high stresses and were 

therefore short, such that physical ageing occurring during creep did not come into play. It 

is of interest to model creep behaviour at stresses low enough for preventing failure for long 

durations.  

 

The model Söntjens et al. [151] formulated requires the material parameters for the Eyring 

equation to be determined for a given molecular weight to serve as a foundation or 

reference. Predicting creep behaviour of the same material but with a different molecular 
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weight requires only Tg measurements of the materials being compared since there exists a 

relationship between Tg and molecular weight for a given polymer. They showed that creep 

of a lower molecular weight PDLLA at a temperature T is equivalent to the creep behaviour 

of a higher molecular weight PDLLA at a temperature T+ΔTg where ΔTg is the difference 

between the Tgs of the two PDLLAs [151].  

5.11.3 A Proposed Modelling Concept 

Extensive work by Visser, Engels, Janssen et al. has been done on modelling creep of 

amorphous polymers using modified Eyring equations [171, 102, 100, 92]. As mentioned 

before, Visser et al. incorporated physical ageing into their modified Eyring equation [100] 

and Söntjens et al. incorporated molecular weight effects into a modified Eyring equation 

but without incorporating physical ageing [151].  

 

Now, considering that a device in service must be subjected to creep loads low enough for it 

to survive its entire service life, predicting how physical ageing affects creep is necessary. 

PLLA-based stents, as well as other PLLA-based implantable medical devices, are subjected 

to degradation which reduces molecular weight gradually. Physical ageing also occurs 

though and, as was shown by the creep results of degraded PLLA discussed in section 

5.10.2, increases creep resistance despite molecular weight decreases.  

 

Therefore, it is desirable to be able to predict the effects of physical ageing, as well as those 

of molecular weight change during degradation, on creep resistance. The approaches of 

Visser et al. [100] and Söntjens et al. [151] could be combined to form a modified Eyring 

equation which incorporates physical ageing and molecular weight effects on creep.  

5.11.3.1 Experimental Requirements to Produce Model 

Let us use PLLA as an example for explaining the experimental requirements for producing 

the conceptual model. Starting with PLLA of a given molecular weight as the reference 

material (from now termed PLLAref),  yield stresses at various strain rates and also yield 

stress under various superimposed hydrostatic pressures are required to determine material 

constants for the Eyring equation. Additionally, the effect of thermal and mechanical ageing 
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on the yield stress of specimens of PLLAref must be determined.  The details are fully 

described in the work by Visser [100]. In order to incorporate molecular weight change, the 

Tg of PLLAref must be measured by DSC. Once this data has been analysed the modified 

Eyring equation can be constructed. 

 

 

Figure 5-23: Concept of the modified Eyring equation which would incorporate both physical ageing and 

molecular weight into creep predictions. 

 

To predict the creep behaviour of PLLA of a different molecular weight and with a different 

aged state (let it be termed PLLAb) the differences between its Tg and that of PLLAref must 

be determined. With this information the modified Eyring equation could be used to predict 

the creep behaviour of PLLAb at a given temperature and stress level. Imagine PLLAb as 

the result of degradation of PLLAref for some time at a given temperature and stress level 

and the usefulness of the conceptual modified Eyring equation becomes apparent. Note that 

an underlying assumption for simplification is that ageing parameters are independent of 

molecular weight. If the molecular weight vs degradation time is known then the model 

could predict creep behaviour changes of a material during degradation. Real-life examples 

such as stents are, however, complex geometries with stresses varying throughout. 

Incorporation of the model just discussed into finite element analysis would allow the creep 

deformation of such complex devices to be simulated – the next section discusses how this 

could be done. 

5.11.3.2 Incorporation into Finite Element Analysis 

For modelling components with stresses which vary throughout the geometry, the 

conceptualised modified Eyring equation could be incorporated into a finite element analysis 

model to simulate deformation over time of a component, such as a stent, subjected to 
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degradation and mechanical loads. A very important note to highlight is that the hydrolysis 

rate is affected not only by the temperature and pH of the medium in which a polymer is 

degrading but also by stress level [162]. This implies that a component with geometry and 

applied loads which result in stress variation will consequently hydrolyse at different rates 

at various regions.  

 

A finite element model can simulate stress distribution but for a component subjected to 

degradation and mechanical load, the stress distribution will change as deformation and 

hydrolysis proceed. To account for these individual elements can be modelled using the 

modified Eyring equation to determine localised creep deformation. Molecular weight for 

each element can take into account (1) time-dependent hydrolysis (2) stress-acceleration of 

hydrolysis. So, starting from the beginning the user would need to supply: 

 

 material parameters for the modified Eyring equation, as outlined in the previous 

section; 

 molecular weight versus degradation time data for material not under load; 

 molecular weight versus degradation time data for material under various stresses; 

 Tg versus molecular weight data; 

 modulus versus degradation time data. 

 

Then the geometry to be modelled must be created and boundary conditions applied. From 

here stresses throughout the geometry could be calculated for the starting time 0. The 

Eyring equation and other material parameters could then be used to determine strains for 

each time step, which are used to recalculate stresses. A flow-chart outlining the envisioned 

procedure is shown in Figure 5-24.  
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Figure 5-24: Flow-chart outlining a procedure for incorporating physical ageing and degradation into a finite 

element model of a component subjected to degradation and mechanical load. 
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Stress-induced crystallisation and molecular orientation should enhance mechanical 

properties and potentially reduce the hydrolysis rate [172, 173, 34]. Therefore the proposed 

modelling strategy may provide conservative results if it does not take plastically deformed 

regions of an expanded stent into account. 

5.11.4 Added Complexity of Blends 

A more complex model is likely necessary for PLLA/PBS blends. Consider the creep results 

of PLLA.PBS.25 versus those of neat PLLA – after 8 weeks of degradation PLLA.PBS.25 

has significantly lower creep resistance than that of neat PLLA but their molecular weights 

had not been enormously reduced by this stage. In addition, neat PLLA’s creep resistance 

had in fact increased due to physical ageing. Creep results of degraded PLLA concur with 

the statement by Söntjens et al. that molecular weight does not hugely impact creep 

resistance [151]. PLLA.PBS.25 on the other hand, shows a significant loss of creep resistance 

as it degrades. Therefore, the strategy outlined for modelling may not necessarily be of use 

for PLLA/PBS blends. However, for PLLA and perhaps other amorphous polymers, it 

would be a particularly useful tool to aid design of degradable implants made of such 

materials.  

5.12 Summary and Concluding Remarks 

Creep seems to be an easily overlooked phenomenon but its relevance is clear when 

considering some key points - Grabow et al. rejected PLLA/PCL/TEC as a potential 

biodegradable stent material based on poor creep performance [70] and Engels et al. 

highlighted the relatively poor creep performance of PLLA, linking it to premature failure of 

PLLA spine cages [92]. Poor creep performance of stents could lead to severe risks for 

patients, apart from the obvious inferior performance which would result from extensive 

creep deformation. This prompted investigation into the effects of PBS addition on the 

creep resistance of PLLA.  

 

Creep tests of as-moulded specimens revealed that PLLA.PBS.25 has lower creep resistance 

than that of neat PLLA. Further creep testing of annealed specimens revealed that ageing 
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enhances creep resistance but ductility is completely lost if annealing time is too long. 

Specimens annealed for 2 hours retain some ductility and creep resistance is improved as 

indicated by relaxation tests. Therefore annealing is a useful tool to recover some creep 

resistance but must be used carefully because it can result in complete loss of ductility. The 

storage conditions of PLLA-based stents or other implants where ductility is required must 

account for the occurrence of physical ageing. Often in studies reporting on the mechanical 

properties of PLLA or blends of PLLA with other polymers physical ageing is not discussed 

despite the enormous influence it has on mechanical properties, ductility and creep 

resistance.  

 

Because biodegradable stents are subjected to degradation, creep tests were carried out on 

degraded PLLA and PLLA.PBS.25 specimens. These results are arguably the most 

important in evaluating the ability of PLLA.PBS.25 to sustain loads during degradation. 

Furthermore, and quite surprisingly, results from creep testing degraded PLLA are very 

scarce in literature and not extensive. Since PLLA is so prominent in biomedical engineering 

these results are highly relevant and particularly useful for future medical device 

development. The creep resistance changes of PLLA and PLLA.PBS.25 during degradation 

contrast quite clearly. PLLA shows increasing creep resistance between 0 and 8 weeks of 

degradation as a result of physical ageing occurring during incubation of the specimens in 

phosphate buffered saline at 37°C. After 16 weeks of degradation PLLA shows some loss of 

creep resistance compared to that at 8 weeks and sudden failure occurs without being 

preceded by tertiary creep. PLLA.PBS.25, on the other hand, shows decreased creep 

resistance with each increase in degradation time and this is seen even after only 1 week. 

After 16 weeks of degradation PLLA.PBS.25 practically could not support a tensile stress of 

10 MPa with failure occurring within 200 s.  

 

The contrast between tensile test results and creep results of PLLA.PBS.25 clearly 

highlights the importance of creep testing. Tensile tests reveal gradual decreases in Young’s 

modulus and strength over a 24 week degradation period which may lead to thinking that 

the material can sustain some load during this period as it degrades. However, creep tests of 
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degraded material indicate a more rapid decline in the ability of PLLA.PBS.25 to sustain 

loads. These results are sufficient to make the need for fatigue testing of PLLA.PBS.25 

obsolete since it is already clear that further material development is required to improve its 

ability to sustain loads during degradation. Furthermore, cyclic loading will, at the very 

least, accelerate creep.  

 

Based on works by Visser et al. [100] and Söntjens et al. [151] which use modified Eyring 

equations to predict creep behaviour which incorporate physical ageing [100] and molecular 

weight change [151], respectively, a concept is proposed to combine these approaches. The 

resulting conceptual model could predict the creep behaviour of an amorphous polymer 

undergoing degradation (i.e. molecular weight change) whilst incorporating the effects of 

physical ageing occurring in parallel with degradation. This could be incorporated into finite 

element analysis of devices, such as stents, to incorporate stress variation influences on 

hydrolysis rates in high stress areas. This could be a useful tool to predict creep deformation 

of stents under load during degradation. 

 

The focus of this research, however, is the development of biodegradable stent materials. 

PLLA.PBS.25 shows a reduced ability to sustain loads during degradation when compared 

with neat PLLA. PLLA/PCL/TEC and PLLA/TEC blends are also reported to exhibit 

reduced creep resistance compared with that of neat PLLA [141, 70]. An emerging pattern 

to note is that attempts at enhancing ductility reduce the creep resistance. One approach to 

deal with this reduction is to increase stent strut width and thickness but this cannot 

simply be done without first considering the side-effects. The stent crossing profile would be 

larger, making it more difficult to navigate to the target site. Additionally, reducing strut 

thickness has been shown to reduce restenosis [11] and of course, reduced strut width 

decreases the probability of blocking side-branches originating in the stented area. 

Furthermore, endothelialisation occurs more readily if strut thickness is reduced [174]. 

Therefore, there is a clinical drive to reduce strut dimensions. With this in mind, the course 

of the research was set to investigate reinforcements.  
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6.1 Introduction 

Creep testing of degraded PLLA.PBS.25 indicated that its ability to sustain loads for 

extended periods of time deteriorates significantly as degradation proceeds, indicating a 

need for reinforcement. Thus the focus of this research shifted to investigating potential 

means of reinforcing biodegradable stents. In this chapter, the motivation and unique 

challenges of reinforcing biodegradable stents are discussed, followed by a review and 

comparison of two possible routes for reinforcing polymeric stents micro/nanofillers and 

micro-fibrillar polymer-polymer composites (MFCs). The review provides reasoning for 

selection of the MFC technique as the preferred reinforcing method. The focus thereafter is 

the evaluation of MFCs, in which PGA has been chosen as the fibrillised reinforcing 

component. 
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6.2 Stent Reinforcement Motivation 

The results from creep testing of PLLA.PBS.25 discussed in Chapter 5 highlight that as it 

degrades its ability to sustain loads is significantly reduced. Inclusion of a reinforcement 

may be a possible solution to improve performance during degradation. PBS could be 

replaced with a different polymer or plasticiser to enhance PLLA’s ductility but there is still 

motivation to improve the mechanical performance of biodegradable stents, especially since 

ductility enhancement tends to lead to reduced creep resistance and Young’s modulus [141, 

70, 17]. Dongguan Tiantianxiangshang Medical Technology Co.® and Abbott Vascular® have 

already published patents (in August and November 2012, respectively) describing 

reinforcement of PLLA-based stents [125, 124].  This is the evidence that the industry is 

aiming for improved mechanical performance of biodegradable stents, thus providing even 

more motivation to focus research efforts in this area. The approach taken in this work 

makes use of a different technique to those published in the aforementioned patents, the 

reasoning for which will be discussed in this chapter.  

 

Reasons for improvement of a stent material’s modulus and creep resistance are clear. These 

include: reduction of stent recoil, improving blood flow post-implantation, potential strut 

thickness and width reductions, possibly leading to reduced restenosis and improved 

endothelialisation [11, 174]. Additionally, reduced strut thickness and width could reduce 

the crossing profile of a stent-loaded catheter, favouring navigation to the target vessel. 

Therefore, it is clear that investigation of potential reinforcements is an important research 

area.  

6.3 Stent Reinforcement Challenges 

Reinforcing biodegradable stents presents a unique set of challenges to consider on top of 

the challenges normally associated with adding reinforcements to polymers. These are 

discussed in this section. 
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6.3.1 Biocompatibility 

Naturally, any added reinforcing component must be biocompatible, whether it is 

biodegradable or biostable. If it is biodegradable, the products of degradation must also be 

biocompatible. On the other hand, if the reinforcement is biostable it must be inert and 

must not cause undesired responses (such as inflammation or other immune responses) 

whilst it remains in the vessel wall after the rest of the stent has completely degraded. It 

should also not interfere with normal function of the vessel. Another challenge is that 

compatibilising agents required to enhance adhesion between the reinforcement and matrix 

must also be biocompatible.  

6.3.2 Degradation  

Considering the case of a reinforcement which is biodegradable, it should ideally degrade 

slowly enough that it provides reinforcement for a sufficient period of time. Stent support is 

required for 6 months but changes in the level of support required by a healing vessel are 

not elucidated in literature. Degradation may also affect interfacial adhesion, as seen in the 

case of PLLA.PBS.25 (section 4.3.1). If this same phenomenon occurs at the interfaces of 

reinforcing particles and the matrix material, the effectiveness of the reinforcement will be 

reduced. This effect has already been observed by Jiang et al. [175] who reinforced PCL 

with bioglass fibres and reported that chemical compatibilisation could overcome the 

problem. Similarly, Felfel et al. ascribed the decrease in mechanical properties of degraded 

PLLA-based composite screws to degradation of the interface between PLLA and the 

reinforcement [176]. 

6.3.3 Maintaining Ductility 

Ductility is an important requirement for successful delivery of stents via balloon expansion, 

as previously discussed. Relying on a material to be ductile for permanent deformation 

during delivery of a stent as well as to be sufficiently strong and stiff to provide vessel 

support is a unique set of requirements. Adding rigid reinforcing particles may lead to a loss 

of ductility if the reinforcement content is too high [177, 137], which will render the 

reinforcement efforts redundant. Therefore, a balance must be struck between improving 

mechanical performance and maintaining ductility. 
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6.3.4 Reinforcement Dimensions 

Good dispersion of the reinforcement within the matrix material is essential for achieving 

uniform properties throughout the material. Considering the small dimensions of stent 

struts, with thicknesses in the region of 150 µm, the dimensions of the reinforcing 

component require strict control and limits. For example, particles with sizes of 50 μm 

might be suitable for reinforcing large devices but since they are the same order of 

magnitude as stent struts, they would clearly be unsuitable for reinforcing stents.   

Adequate dispersion of particulate or short-fibre reinforcements must be kept in mind for 

the same reason since agglomerates much larger than the size of individual particles or 

fibres can form if dispersion is poor. 

6.4 Choosing a Research Direction: MFCs or Particulate Composites? 

The two reinforcing techniques reviewed are both applicable to biodegradable stents. It is 

clear that nanocomposites based on particulates have been extensively researched and such 

nanocomposites are already being widely used commercially in the automotive and 

packaging industries [178, 179]. Furthermore, since medical device companies already hold 

patents [124, 125] on the use of particulate nanocomposites for polymeric, biodegradable 

stents there is little motivation to delve into this area. 

 

MFCs, on the other hand, have not been extensively investigated for biodegradable 

implants. The MFC concept is also much younger than that of particulate nanocomposites 

and consequently there is large potential for further development. Part of the reason 

particulate nanocomposites have been so extensively researched may be the fact that 

existing techniques can be used as-is to manufacture products, thus minimising capital 

expenditure and easing commercialisation. MFCs may also be processed using conventional 

equipment but to get the most out of the fibrils, unique fabrication techniques to produce 

the final product may be more effective than injection moulding or other processes which 

would shorten and randomly orientate the fibrils. This is not unique to MFCs – it applied 
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to any fibre-based composite material. The advantages and disadvantages of MFCs and 

particulate based composites are summarised in Table 6-1. 

 

The MFC technique was chosen because it is a less developed technology and there is a lot 

of scope for development. It also has some advantages for the intended application, such as 

the lack of a need for compatibilisation. This, combined with selection of polymers already 

in use in biodegradable implants, is attractive for achieving biocompatibility. 

 

Table 6-1: Advantages and disadvantages of MFCs and particulate-based composites 

MFCs Particulate-bases composites 

Advantages Advantages 

No compatibiliser required, self-compatibilisation is 

possible. 

 

Very small amounts of filler can make significant 

improvements to mechanical properties 

 

Excellent dispersion because reinforcement is created 

in-situ – agglomeration is avoided 

 

Compatibilisation systems well-developed and 

pretreated fillers are commercially available 

 

Very high aspect ratio fibrils can be created, ideal for 

reinforcement 

 

No changes to existing equipment are needed 

 

Completely biodegradable and absorbable polymer 

pairs are possible through selection of polymers 

already in use in biodegradable implants 

 

Processing temperatures can be adjusted without 

destroying the reinforcement 

 

Opportunity to create laminates to fabricate parts 

with tailored fibril orientation to maximise 

reinforcement where it is needed 

Reinforcement selection is independent of melting 

behaviour – reinforcing a given matrix polymer 

requires only selection of an appropriate compatibiliser 

 

 Incoporation into current processes is straightforward 

Disadvantages Disadvantages 

Reinforcement selection is not simple – depends on 

melting temperatures of matrix and reinforcing 

polymer and the polymers must form an immiscible 

blend 

 

Many of the particulates used are biostable and would 

thus remain in the body after the matrix polymer has 

degraded 

 

 

Reinforcement is sensitive to processing conditions – 

fibrils can be destroyed by exceeding their melting 

temperature 

Compatibilisers are needed for good interfacial 

adhesion and dispersion; their biocompatibilities must 

be evaluated thus making approval for use in implants 

more difficult 

 

May require alternative fabrication techniques to 

maximise reinforcement offered by the fibrils 

Good dispersion is not trivial, agglomerates may form 

and act as stress concentrators 
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6.5 Selection of a Suitable Polymer to be Fibrillised 

A suitable polymer for fibril creation must have a melting point significantly higher than 

that of PLLA so that melt-processing after the cold-drawing step does not destroy the 

fibrils. On top of this, the polymer must be biocompatible and preferably biodegradable. 

Friedrich et al. reinforced PLLA bone nails with PGA fibrils [180] via solid state extrusion 

of PLLA/PGA blends followed by injection moulding. They reported increased flexural 

strength and modulus [180]. However, only ambient temperature mechanical properties were 

reported so the properties of PLLA/PGA MFCs at 37 °C are unknown. PGA is an 

attractive candidate for fibrillisation since it is already in use in medical devices such as 

dissolving sutures, among others [181, 182, 27, 28, 183]. It is also a stiff and strong polymer 

[183] and its modulus can be greatly enhanced by drawing (bending modulus increased from 

7 GPa for isotropic PGA to 18 GPa after drawing) [184]. These are ideal characteristics of a 

reinforcing material. Furthermore, PGA has a melting temperature of about 225 - 230 °C 

[43], well above that of PLLA – this is essential for MFC creation since it enables processing 

above the melting temperature of the matrix without melting the fibrils. Adding to this, its 

melting temperature is not too high to impede melt-blending with PLLA. This is a very 

important consideration because if the melt-blending temperature is too high, PLLA will 

degrade [185].  

 

There are some concerns surrounding the use of PGA which were identified – it has a Tg in 

the range of 35 – 40 °C [43] which may result in reduced mechanical properties at 37 °C but 

its crystallinity is above 50% [43, 186] so this concern may prove to be insignificant. 

Furthermore, fibrillisation promotes molecular orientation which enhances strength, stiffness 

and creep resistance [173] which may also mitigate the effects of PGAs low Tg. Another 

concern is the hydrolysis rate of PGA which is known to be higher than that of PLLA [27, 

184]. This is a disadvantage for reinforcing a PLLA-based stent since it is preferable for the 

reinforcing component to provide additional support for as long as possible. However, the 

degradation behaviour of PGA microfibrils may be slower than that of bulk PGA since 

molecular orientation can slow diffusion of water into them, reducing the hydrolysis rate 



Reinforcement 

163 

 

[34]. Furthermore, there is also the possibility of transcrystallisation of PLLA occurring on 

the surfaces of PGA fibrils which could provide further protection by slowing diffusion of 

water into the fibrils. There are evidently pros and cons, as well as many unknowns, 

surrounding PGA as a fibrillar reinforcement. Further experimental investigation is needed 

before conclusions can be drawn. 

 

There may also be some polymers from the polyanhydrides class of biodegradable, 

biocompatible polymers which may be suitable for MFC creation with a PLLA matrix. 

Many different polyanhydrides have been synthesises – some with high Tgs (around 100 °C) 

and Tms > 200 °C [187, 188]. Their degradation times also vary from days to years [189].  

 

Availability of materials played a role in the decision making process. PGA could be sourced 

in sufficient quantities for a reasonable price whilst polyanhydrides could not (some are 

available from Sigma Aldrich but for NZ$ 300-1000 per gram). Thus PGA was selected as 

the polymer to be investigated for reinforcement via the MFC technique. A full description 

of the experimental procedures used to produce the blends and MFCs is provided in 

Chapter 3, section 3.5.  
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6.6 Aims of MFC Investigation 

The ultimate goal was to create PGA fibril reinforced PLLA/PBS blends and to determine 

whether creep resistance and Young’s modulus could be enhanced whilst maintaining 

ductility. However, before PGA fibrils can be tested as reinforcement for PLLA/PBS 

blends, they first have to be created and characterised. This initial work was done in the 

absence of PBS to eliminate variables which could hinder the understanding of PGA 

fibrillisation and fibril behaviour. For this reason, the initial aims were: 

 

1. fibrillise PGA in a PLLA matrix via cold-drawing; 

2. confirm fibril creation via morphology observation; 

3. investigate the resilience of PGA fibrils during further thermal processing; 

4. determine the effect of PGA fibrils on PLLA strength and Young’s modulus; 

5. determine the effect of PGA fibrils on creep resistance. 

6.7 Characterisation 

PLLA and PGA were blended in two different ratios, 80/20 wt % and 70/30 wt %. The 

resulting blends were cold-drawn to fibrillise the PGA component, demonstrated in Figure 

6-1, and finally compression moulded to form MFCs. The nomenclatures of these blends and 

MFCs produced from them are provided in Table 6-2. 

 

Table 6-2: Nomenclatures of PLLA/PGA blends and associated MFCs 

Description 
PLLA/PGA ratio 

(wt % / wt %) 
Designation 

PLLA/PGA blend, not drawn 
80/20 PLLA.PGA.20 

70/30 PLLA.PGA.30 

PLLA/PGA MFC resulting from 

compression moulding of drawn 

wire 

80/20 PLLA.PGA.MFC.20 

70/30 PLLA.PGA.MFC.30 
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Figure 6-1: Portion of 70/30 PLLA/PGA wire showing the necking (middle) and elongation process which occurs 

during drawing, thus transforming the as-extruded PLLA/PGA (left) to drawn PLLA/PGA (right). 

 

6.7.1 Thermal Behaviour 

To determine a suitable temperature for compression moulding the melting temperatures of 

PLLA and PGA in drawn PLLA.PGA.30 were measured by DSC, Figure 6-2 (details on the 

machine and settings used are provided in Chapter 3, section 3.9.2). A large window 

between the melting point of PLLA (𝑇𝑚
𝑃𝐿𝐿𝐴, 151 °C) and the onset of melting of PGA (~205 

°C) is ideal for MFC production since PLLA can be melted to allow the drawn material to 

be processed whilst preserving the fibrils. A compression moulding temperature 

(𝑇𝑐𝑜𝑚𝑝.𝑚𝑜𝑢𝑙𝑑𝑖𝑛𝑔 ) of 185 °C was selected because it is well below the melting onset 

temperature of PGA and also high enough that the viscosity of PLLA should be sufficiently 

low for processing since it is generally processed above 180°C. 

 

Figure 6-2: DSC scan of drawn PLLA.PGA.30 wire 
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The PLLA in drawn PLLA.PGA.30 wire is highly oriented and has a crystallinity of 24 %, 

likely due to the drawing process [172] because PLLA was amorphous in the undrawn wire. 

After compression moulding the PLLA in PLLA.PGA.MFC.30 is highly amorphous due to 

quenching of the film to room temperature, with crystallinity measured to be ~1 %. There 

was, however, a large degree of cold-crystallisation, see Figure 6-3, which indicates that the 

fibrils may serve as nucleation sites for PLLA. Moreover the DSC results demonstrate that 

compression moulding completely melted the crystalline part of PLLA in the drawn wire, 

leaving the PLLA isotropic.  

 

Figure 6-3: DSC scan of PLLA.PGA.MFC.30 

6.7.2 Residual Stress Relief of Drawn PLLA/PGA Wire 

As was explained in Chapter 3, initial attempts at compression moulding MFC films were 

hampered by relief of residual stresses in drawn PLLA/PGA wire. For this reason samples 

of drawn PLLA.PGA.30 were studied to understand this behaviour, experimental details are 

provided in Chapter 3, section 3.7. Results from residual stress relief of drawn 

PLLA.PGA.30 at 50 °C, 70 °C and 80 °C are presented in and summarised in Figure 6-5. 

The variations in shrinkage of 100 mm segments along each 1 m sample, Figure 6-4, are 

within measurement error, therefore for these segments the necking process was completed 

during drawing, leaving no areas undrawn. Annealing the drawn wire at 50 °C results in 

very marginal reduction in length of only 1.5 % after 10 min, Figure 6-5. A separate wire 

segment annealed at 70 °C exhibits a much greater length reduction – attributed to this 
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annealing temperature being above the Tgs of both components, allowing their residual 

stresses to be relieved quickly. The shrinkage from segment to segment is reasonably 

consistent and on average the 1 m segment  annealed at 70 °C sample shrank in length by 

10 % after 10 min. Despite the significant shrinkage after 10 min at 70 °C the increasing 

trend of shrinkage with time suggests that the shrinkage is not complete. Finally a third 1 

m sample of drawn wire was annealed at 80 °C to determine if the stress relief could be 

accelerated by increasing the temperature. After just 2 minutes at this temperature the 1 m 

sample shrank by 14 %. After an additional 3 min (i.e. total annealing time of 5 min) the 

shrinkage reached 15 % and after a total annealing time of 10 min no further shrinkage 

occurred, as shown in Figure 6-5.  

 

Figure 6-4: Decreases in length of each 100 mm segment along 1 m samples of drawn PLLA.PGA.30 after 

annealing.  
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Figure 6-5: Total decreases in length of 1m samples of drawn PLLA.PGA.30 annealed for various times and 

temperatures. 

6.7.3 Morphologies of PLLA/PGA Blends and MFCs 

The morphological changes of PLLA/PGA blends from the as-extruded state through to the 

MFC state after compression moulding of films were documented using SEM.  

6.7.3.1 Comparison of PLLA.PGA.20 and PLLA.PGA.30 

Comparing PLLA.PGA.20 and PLLA.PGA.30 before cold-drawing, the morphologies are 

fairly similar, Figure 6-6(a & b). PGA Particles 1-2 μm in diameter are dispersed within the 

PLLA matrix in both cases but taking a closer look reveals that there are more clusters of 

PGA particles in close proximity to one another in the case of PLLA.PGA.30. Overall the 

dispersion of PGA is good in both cases, which is quite important because it directly 

influences the dispersion of the fibrils formed after cold-drawing.  

 

After cold-drawing the initially-brittle PLLA/PGA wire was very tough and even after 

immersion in liquid nitrogen it was not possible to obtain a neat fracture surface as the wire 

tended to tear along the draw direction, parallel with the fibrils. This is actually quite useful 

for comparing the morphologies of the two blend ratios and the resulting SEM images are 

shown in Figure 6-6(c & d) with the fibril direction running horizontally in both cases. 

Fibrils can be quite clearly seen in the case of drawn PLLA.PGA.30, Figure 6-6c, whilst 

drawn PLLA.PGA.20, Figure 6-6d, shows a variety of phenomena. Firstly, there are some 
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fibrils present but there are also PGA particles which are only partially stretched and others 

which have not drawn at all, although the PLLA matrix stretched around them.  

 

Compression moulded MFC film samples fractured parallel with the fibril direction were 

also observed under SEM. The contrast between PLLA.PGA.MFC.30 and 

PLLA.PGA.MFC.20 is even clearer upon observation of the results shown in Figure 6-6(e & 

f). PLLA.PGA.MFC.30 exhibits very well formed fibrils, Figure 6-6e, and very little 

evidence of undrawn PGA whilst PLLA.PGA.MFC.20 exhibits some fibrils but also a large 

proportion of completely undrawn PGA particles. It is possible that this difference is a 

result of lower probability of coalescence of PGA particles during drawing in the case of 

PLLA.PGA.20 since they were not clustered as closely together as in the case of 

PLLA.PGA.30.  
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Figure 6-6: SEM images of PLLA.PGA.20 and PLLA.PGA.30 before drawing (a and b), after drawing (c and d) 

and the resulting MFCs obtained via compression moulding of drawn wire (e and f). 

6.7.3.2 Fibril Dimensions 

Fibril dimensions play a key role in determining how effectively they can reinforce the 

matrix – a phenomenon not exclusive to MFCs. Selective solvent extraction was used to 

obtain fibrils from PLLA.PGA.MFC.30 for measurements. The fibrils were observed via 

SEM and are shown in Figure 6-7. Fibril lengths exceed 100 μm, clearly shown in Figure 

6-7a – note that the fibril misalignment was just a result of handling and sample mounting 

(a) (b) 

(c) (d) 

(e) (f) 
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for SEM. Diameters of several fibrils were measured using the scale bars in SEM images as 

references. The resulting average fibril diameter is 400nm (example measurements are 

shown in Figure 6-7b). Therefore the aspect ratios of fibrils easily exceed 250 making them 

well-suited to serve as reinforcements. 

 

Figure 6-7: SEM images of extracted fibrils exhibiting lengths > 100 μm (a) and example measurements of fibril 

diameters (b). 

 

The morphologies of PLLA/PGA MFCs reveal successful fibrillisation of PGA, especially in 

the case of PLLA.PGA.MFC.30. The poorer fibril formation seen in PLLA.PGA.MFC.20 

highlights important practical considerations. Selecting the reinforcement content is not 

simple since one cannot assume good fibril formation will occur for a desired blend ratio. A 

possible solution is to perfect the drawing parameters but this may not necessarily solve the 

problem completely since it is evident that some isolated PGA particles do not stretch 

during cold-drawing. Nevertheless, the PLLA.PGA.MFC.30 proves that excellent fibrils 

with very high aspect ratios can be obtained. The very small diameters of the fibrils makes 

them attractive for reinforcing stents since they are still very narrow compared to stent 

struts.   

  

(a) (b) 
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6.8 Fibril Resilience 

Once fibrillisation of PGA proved to be successful, further studies on the fibrils were needed 

to evaluate their usefulness and versatility as well as their processing limits. Compression 

moulding, which was used to produce the films to evaluate the MFCs, is just one of several 

processes which may be used to isotropise the PLLA matrix to produce MFC parts. 

Processes such as injection moulding and extrusion need to be considered as well and they 

introduce more variables to consider. Shearing during processing is a concern in such 

processes because it generates additional heat which may push the temperature of the 

material beyond the temperature set by the operator as observed by Shields during injection 

moulding of PP/PET MFCs [190]. The associated temperature rise can melt the fibrillised 

component, thus destroying the fibrils since they will return to spherical forms. Secondly the 

shear forces could deform the fibrils, even if they do not melt. After all, the fibrils in the 

case of PLLA/PGA MFCs were formed during cold-drawing at 60 °C, far below PGA’s 

melting point. 

 

With this in mind, melt-compounding was used to evaluate fibril resilience since the 

conditions are similar to those of extrusion or injection moulding. Thus batches of drawn 

PLLA.PGA.30 were melt-compounded under various conditions with the aim of evaluating 

changes in the morphology to evaluate fibril resilience.  

 

A small, twin-screw compounder was used for the experiments because it allowed good 

control of processing parameters including temperature, screw speed and residence time. A 

further advantage of the small compounder was the batch size of 10 g which allowed 

numerous conditions to be trialled without using much material. The full experimental 

details are provided in Chapter 3, section 3.7.  

6.8.1 Melt Compounding 

Drawn PLLA.PGA.30 was compounded at 190°C with a screw speed of 50 rev/min but the 

limits of the compounder were being pushed at these conditions so further compounding 

tests of this material were done at 200°C and 150 rev/min. These new settings were chosen 
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to reduce the melt-viscosity via increased temperature and shear-thinning, respectively, in 

order to reduce load on the screws of the compounder. The onset of melting of the PGA 

component, as measured by DSC, is ~205°C, Figure 6-3, so the set temperature should not 

destroy the PGA fibrils provided that addition heat generated by shearing does not cause 

overheating. Fibril shortening and deformation is, however, a concern under these 

conditions. 

6.8.1.1 Morphological Changes from Melt-Compounding at 190°C and 200°C 

The SEM results indicate that compounding at 190°C and 200°C destroyed the PGA fibrils 

– even after the shortest compounding time of 2 min. As can be seen clearly in Figure 6-8 

the PGA no longer has a fibril form but rather exists as dispersed, irregularly shaped 

particles. Longer compounding times simply dispersed the particles more, as can be seen 

when comparing the results from compounding for 2 min, Figure 6-8b. and 10 min ,Figure 

6-8e. The results indicate that although the set temperatures used for compounding were 

lower than the melting onset temperature of PGA, enough additional heat was generated 

through shearing of the material to melt the fibrils. The irregular shapes of the PGA 

particles present after compounding are unusual for a polymer blend. They may indicate 

that only partial melting of PGA occurred. Regardless of this the point is that the fibrils 

were destroyed. The high-shear environment could also have destroyed the fibrils since they 

were created at only 60 °C as mentioned before.  
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Figure 6-8: SEM images of fracture surfaces of compounded drawn PLLA/PGA 70/30. Results from 

compounding at190°C (a) and 200°C for 2 min (b), 5 min (c,d) and 10 min (e,f) are shown. 

 

 

 

 

(a) (b) 

(c) (d) 

(e) (f) 
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6.8.1.2 Morphological Changes from Melt-Compounding at 180°C 

A solution to the problem of fibrils being destroyed during melt-compounding is a lower 

processing temperature but 190°C was the lowest temperature the compounder could handle 

when processing drawn PLLA.PGA.30 wire because of the high load on the screws. For 

further experiments it was diluted with neat PLLA to in order to lower the overall melt 

viscosity to allow processing at a lower temperature. The resulting PLLA/PGA ratio was 

90/10 and compounding was done at 180°C.  

 

SEM images demonstrate that melt-compounding at 180°C did not destroy the PGA fibrils, 

Figure 6-9. Fibril-rich areas can be clearly seen on the fracture surfaces of compounded 

material, as shown in Figure 6-9a. The fibrils are not well dispersed because the drawn 

PLLA/PGA was diluted with neat PLLA but the aim was not to disperse the fibrils, it was 

to determine their resilience during melt-compounding. The survival of fibrils after melt-

compounding at 180°C is a very positive sign for further development since it demonstrates 

that extrusion and injection moulding may be viable means of processing PLLA/PGA 

MFCs. Note, however, that the PGA content was reduced in these batches. Having noted 

that, it should also be highlighted that the compounder used was designed for mixing via 

high shear rates. Therefore, processing of PLLA/PGA MFCs without diluting them may be 

possible if processing equipment with lower shear rates is used.  

 

It seems that compounding time has no visible effect on the PGA fibrils. They did not 

coalesce with increasing compounding time, as is eveident from the SEM images shown in 

Figure 6-9. It is very interesting that fibril formation involving permanent deformation and 

coalescence of PGA particles can occur during drawing at 60°C but during melt-

compounding at 180°C there is no coalescence, the fibrils remain separate. Furthermore, the 

fibrils maintained their sub-micron diameters which indicates that they did not revert back 

to irregular or spherical particles. However, the fibrils have experienced shortening and 

deformation. 
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Figure 6-9: SEM images of fracture surfaces of compounded drawn PLLA/PGA 70/30 diluted with neat PLLA. 

Results from compounding at 180°C for 2 min (a,b), 5 min (c,d) and 10 min (e,f) are shown. 

 

To better observe the fibril morphology after compounding, fibrils were extracted from one 

of the compounded batches of diluted drawn PLLA.PGA.30 via selective solvent extraction. 

Fibrils remain bunched and the distortion of the orientation from mixing is evident, Figure 

6-10(a & b). A possible explanation for the fibrils being in bunches is that not all of the 

PLLA matrix was extracted but there is also the rough surface morphology of the fibrils to 

consider. Potential causes are transcrystallisation and/or transreactions. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 6-10: SEM images of fibrils extracted from compounded PLLA.PGA.MFC.30 (diluted to a PLLA/PGA 

ratio of 90/10) 

6.8.1.3 Transcrystallisation or Transreactions? 

The fibrils extracted from compounded material do not appear to be smooth as is clearly 

observable in Figure 6-10d, but fibrils extracted from compression moulded 

PLLA.PGA.MFC.30 appear smooth, Figure 6-7b. Note that attempted capture of higher 

magnification images of fibrils extracted from PLLA.PGA.MFC.30 using SEM tended to 

cause warping of fibrils so perhaps they were not smooth but the detail just could not be 

resolved. The compounding process introduced further processing at high temperatures as 

well as slower cooling compared with that of compression moulded films. These factors bring 

to mind two possible explanations for the rough fibril surface morphology observed after 

compounding: transcrystallisation of PLLA onto the fibril surfaces (made possible by slower 

cooling) or transreactions occurring between PGA and PLLA during compounding. If 

transcrystallisation of PLLA occurred at the fibril surfaces it may have remained there after 

extraction since crystallinity increases dissolution time [191], but if transreactions have 

(a) (b) 

(c) (d) 
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occurred then the resulting copolymer may be insoluble in the extraction solvent 

(tetrahydrofuran) and would have remained on the fibril surfaces. SEM images of 

compounded material, Figure 6-11, clearly show the rough fibril surface morphology, Figure 

6-11b, and evidence of the surrounding matrix still stuck to a fibril segment as well as 

bridges between the fibril and matrix, Figure 6-11c.  

 

 

Figure 6-11: Fracture surface of compounded PLLA/PGA showing PGA fibrils (a). A cropped view of this 

fracture surface (b) showing rough surface of a PGA fibril, (c) a single fibril segment a rough surface which looks 

as though it retained some of the PLLA matrix on its surface and is bridged to the surrounding PLLA. 

 

There is not enough data to confirm which of the two phenomena, transreactions or 

transcrystallisation, is responsible for the rough fibril surfaces (indeed, both could have 

occured). If it is transcrystallisation, then there is the potential to slow the diffusion of 

(a) 

(c) 

200nm 

(b) 
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water into PGA fibrils since water molecules take longer to penetrate crystalline PLLA than 

the amorphous form, which is why hydrolysis occurs preferentially in amorphous regions, 

[183, 21, 155, 148]. Thus if the fibrils are surrounded by PLLA crystals they essentially have 

a shield to possibly slow down their degradation rate. A schematic diagram illustrating this 

is shown in Figure 6-12. If transreactions have occurred then this could be taken advantage 

of to enhance the interfacial adhesion between PLLA and the PGA fibrils. Furthermore, a 

combination of transreactions and transcrystallisation cannot be discounted. The possibility 

exists and will depend on processing parameters. If the copolymer resulting from 

transreactions is a block copolymer then crystallisation may still occur. This will depend on 

the reaction conditions such as time and temperature – longer times eventually result in 

formation of random copolymers which cannot crystallise [192].  

 

This is only speculation but it is important to keep such phenomena in mind so that they 

may be taken advantage of to potentially improve performance of the material before and 

during degradation. PLLA/PGA MFCs still need to be evaluated to measure their 

mechanical performance and determine if further investigation is worthwhile. 

 

Figure 6-12: Schematic diagram illustrating how a trans-crystalline layer of PLLA may slow diffusion of water 

molecules into PGA fibrils. 

  

water molecules PLLA matrix 

PGA fibril PLLA crystallites 
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6.8.2 Practical Implications for PLLA/PGA MFC Processing 

The results of fibril resilience experiments have important practical implications for 

application of PLLA/PGA MFCs and, in fact, for MFCs in general. The conditions under 

which fibrils survived are summarised in Table 6-3. 

 

Table 6-3: Compounding parameters and results summary for fibril resilience study 

Drawn 

PLLA.PGA.30 

content 

[wt %] 

Neat PLLA 

content 

[wt %] 

Final blend 

composition 

Temperature 

[°C] 

Screw 

speed 

[rev/min] 

Time 

[min] 

Did 

fibrils 

survive? 

100 - 
70/30 

PLLA/PGA 

190 50 5 No 

200 150 10 No 

200 150 5 No 

200 150 2 No 

33 67 
90/10 

PLLA/PGA 

180 50 2 Yes 

180 50 5 Yes 

180 50 10 Yes 

 

6.8.2.1 Set Temperature versus Actual Temperature 

In the first set of compounding experiments precaution to prevent fibrils melting was taken 

by selecting compounding temperatures below the onset of melting of PGA (~205 °C). 

However, at set temperatures of 190 °C and 200 °C excess heat developed during mixing 

melted or partially melted the fibrils, thus they lost their form and became irregularly 

shaped particles. Therefore if MFCs are to be processed using conventional thermoplastics 

manufacturing equipment, where high shear rates are common, then the tendency for the 

material to reach temperatures higher than those set by the operator must be accounted for. 

In the case of the PLLA.PGA.MFC.30 compounded at 190°C, the temperature exceeded the 

set temperature by at least 15°C to reach the onset of melting of PGA.   

 

The experiments were performed in a twin-screw compounder designed for thorough mixing 

and highlight one of the challenges of processing MFCs in such environments. However, 

there are methods of melt-processing with lower shear such as single-screw extrusion, piston 

extrusion and piston injection moulding which should better preserve the shape of the fibrils 

whilst also producing less excess heat.  
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6.8.2.2 Dispersion  

The second batch of compounding experiments in which the PGA fibrils survived revealed 

that when drawn PLLA.PGA.30 is diluted with PLLA the fibrils do not become dispersed 

uniformly even after 10 min of compounding. The main goal was not to disperse the fibrils 

but the observations are still worth discussing. The fibrils mostly remain in reasonably close 

proximity in bunches as opposed to being separated into individual fibrils. Thus MFCs 

should be produced in the final desired blend ratio to ensure uniform dispersion of the fibrils 

as opposed to a high fibril content ‘master batch’ being produced and later diluted. There is 

still scope to investigate different processing parameters and longer mixing times but this is 

not in line with the main focus of this chapter. 

6.8.2.3 Appropriate Processing 

Injection moulding and extrusion are not the only means of processing and are in fact not 

ideal for MFC processing. The fibril shortening and misalignment which result from such 

processes have consequent reductions in mechanical properties, as evidenced by the 

literature results summarised in Table 2-5. 

 

With the target application of stents in mind, some alternative methods of fabrication 

include: 

 compression mould a MFC laminate with fibrils in desired directions then form a 

tube from it from which stents may be laser-cut 

 extrude a tube from the blend then cold-draw it to fibrillise the reinforcing 

component. Heat to isotropise matrix. Laser cut stents from the resulting tube. 

 Form a stent from cold-drawn wire in the same manner as the Igaki-Tamai stent is 

made then heat to isotropise the matrix. 

 

These are just some ideas which highlight that there are non-conventional means which 

could be used to fabricate stents from MFCs. However, the mechanical performance of 

PLLA/PGA MFCs must first be evaluated to determine if there is significant reinforcement 

resulting from the PGA fibrils. 
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6.9 Mechanical Performance of PLLA/PGA MFCs 

The mechanical properties of PLLA/PGA MFCs were evaluated using tensile tests and the 

experimental details are provided in Chapter 3, section 3.6. The aim was to evaluate the 

reinforcement provided by PGA fibrils so three types of film specimens were compared: neat 

PLLA, PLLA/PGA blends and PLLA/PGA MFCs.  In some studies MFCs are compared 

only to the neat matrix material, which has merit since this is what is being reinforced. 

There is a key difference between MFCs and other reinforced composites though. In the case 

of MFCs a simple polymer blend of the components is produced then this blend is further 

processed to alter the dispersed phase. Generally the MFCs are not compared to their 

simple polymer blend origins, instead the focus is on drawing conclusions based on 

comparing MFCs with only the matrix polymer. It is felt that it is important to compare an 

MFC with the blend from which it originated since it is the only way to directly evaluate 

the advantage of the MFC process. Therefore results from PLLA/PGA blends are presented 

along with those of the PLLA/PGA MFCs for comparison. Specimens for tensile tests were 

cut from compression moulded films by - some examples are shown in Figure 6-13. 

 

Figure 6-13: Strips cut from compression moulded film for tensile tests. 

6.9.1 Tensile Strengths 

PLLA.PGA.20 and PLLA.PGA.30 have strengths of 51.5 MPa and 52 MPa respectively, 

marginal increases over that of PLLA, 48 MPa. The results from tensile tests are 

summarised in Table 6-4. PLLA.PGA.MFC.20 shows no increase in strength compared with 

the blend from which it originated whilst PLLA.PGA.MFC.30 exhibits an enormous 

increase in strength to 88 MPa as shown in Figure 6-15. Typical stress-strain curves are 
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provided in Figure 6-16 to better demonstrate the difference in behaviour of the MFCs and 

simple blends. Although PLLA.PGA.MFC.20 showed no strength increase it is clearly much 

tougher than PLLA.PGA.20, having failed at strains around 15 % whilst PLLA.PGA.20 

specimens failed at strains around 2 %. The same can be said for PLLA.PGA.MFC.30 and 

PLLA.PGA.30 except in this case another observation should be pointed out: after yielding, 

the stress in the PLLA.PGA.MFC.30 specimen continues to increase until failure. This 

clearly demonstrates the advantage of an MFC over a simple blend. Note that only one 

PLLA specimen failed within the gauge length and its results are shown in Figure 6-16. The 

other PLLA specimens failed at or near the grips during testing. Based on the one specimen 

that failed within its gauge length, PLLA is relatively tough before blending with PGA, 

evidenced by its higher strain at break than the brittle PLLA/PGA blends. Injection 

moulded PLLA specimens exhibit similar behaviour. The MFCs show renewed toughness 

even greater than that of PLLA, represented by the greater area under their stress-strain 

curves, Figure 6-16.  Recall from the morphologies discussed previously that fibril formation 

was not good in the case of PLLA.PGA.MFC.20, which explains its lower-than-expected 

performance. Nevertheless, the fibrils which did form clearly provide much-improved 

toughness over that of the brittle PLLA.PGA.20 blend. This toughness enhancement could 

prove useful for stents by reducing the risk of strut fracture during deployment. 
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Figure 6-14: Typical tensile tested PLLA/PGA blend specimens (a) and MFC specimens (b). Note some pieces 

are missing from the brittle PLLA/PGA blend specimens because they shattered upon failure. 

 

 

Figure 6-15: Ultimate tensile strengths of PLLA/PGA blends and their corresponding MFCs compared with that 

of neat PLLA 
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Figure 6-16: Typical stress-strain curves of PLLA/PGA blends, their corresponding MFCs and neat PLLA 

 

6.9.2 Young’s Moduli 

Improving the Young’s modulus of a stent material directly increases the radial stiffness of 

the stent thereby allowing it to provide more support to the healing vessel since recoil will 

be reduced. Relative to neat PLLA which has a Young’s modulus of 3.03 GPa, 

PLLA.PGA.20 and PLLA.PGA.30 have Young’s moduli 5 % and 16 % higher at 3.16 GPa 

and 3.47 GPa, respectively. The results are provided in Figure 6-17. PLLA.PGA.MFC.20 

and PLLA.PGA.MFC.30 have Young’s moduli of 3.44 GPa and 4.08 GPa, respectively, so 

even though fibril formation was not very good in the case of PLLA.PGA.MFC.20, Young’s 

modulus is still improved. PLLA.PGA.MFC.30 shows an 18 % improvement over 

PLLA.PGA.30, clearly demonstrating the advantage of fibrillisation. Furthermore its 

Young’s modulus is 35% higher than that of neat PLLA.  
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Figure 6-17: Young's moduli of PLLA/PGA blends, their corresponding MFCs and that of neat PLLA 

 

Note that the compression moulded MFC films are unidirectionally reinforced since all of 

the fibrils are aligned in one direction. If the fibril orientation was random, lower 

mechanical performance would be expected. Therefore if stents were to be made using 

MFCs the fabrication techniques should ensure alignment of the fibrils such as to maximise 

their contribution to mechanical performance.  

 

Table 6-4: Strengths, Young’s moduli and strains at break of PLLA, PLLA/PGA blends and MFCs.  

Material 
Young’s modulus 

[GPa] 

Tensile strength 

[MPa] 

Strain at break 

[%] 

PLLA 3.00 ± 0.06 48.0 ± 3.8 12.6* 

PLLA.PGA.20 3.16 ± 0.07 51.5 ± 1.6 2.2 ± 0.2 

PLLA.PGA.30 3.47 ± 0.11 52.0 ± 1.8 2.2 ± 0.3 

PLLA.PGA.MFC.20 3.44 ± 0.14 52.5 ± 0.6 15.3 ± 1.1 

PLLA.PGA.MFC.30 4.08 ± 0.14 88.1 ± 6.8 13.7 ± 1.2 

*strain at break of the one PLLA specimen which failed within the gauge length, others failed at or near the grips. 

 

0

1

2

3

4
Y

o
u

n
g'

s 
M

o
d

u
lu

s 
[G

P
a]

 



Reinforcement 

187 

 

6.9.3 Creep Propensity of PLLA/PGA MFCs 

The strengths and moduli results of PLLA/PGA MFCs are quite positive, especially in the 

case of PLLA.PGA.MFC.30. The next step taken was to evaluate the creep propensity of 

these MFCs to determine whether PGA fibrils enhance creep resistance. Relaxation tests 

were done using samples of film specimens from PLLA, PLLA.PGA.MFC.20 and 

PLLA.PGA.MFC.30 since the specimens were too thin to be testing using the constant-

stress creep apparatus. Creep under constant stress and relaxation under constant strain are 

related, quicker relaxation indicates lower creep resistance [193]. 

6.9.3.1 Stress Relaxation 

The results are quite surprising – the MFCs relax quicker than neat PLLA does, clearly 

shown in Figure 6-18. Considering the sample variation the two MFCs have practically the 

same results with stress reduction from 20 MPa to 10-11 MPa within 1200 s whilst the that 

of the PLLA sample was from 20 MPa to 13-14 MPa within the same period. This implies 

that PLLA/PGA MFCs have lower creep resistance than neat PLLA does and so, at this 

stage of development, PGA fibrils are not suitable for enhancing creep resistance of PLLA-

based stents.  
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Figure 6-18: Stress relaxation curves of PLLA, PLLA.PGA.MFC.20 and PLLA.PGA.MFC.20 at 37°C. 

 

The results are somewhat disappointing after promising results from tensile testing. 

However, they are not entirely unexpected as it was noted in section 6.5 that the low Tg of 

PGA may adversely affect its mechanical properties at 37 °C. In order to better understand 

the underlying cause of these results and the changes in PLLA/PGA MFC properties which 

occur within the region of 37 °C, dynamic mechanical thermal analysis (DMTA) was used.  

6.9.3.2 Dynamic Mechanical Thermal Analysis 

Comparing the storage moduli of PLLA and the PLLA/PGA MFCs there are enormous, 

even at 37 °C: PLLA specimen storage moduli are 4.3 GPa and 4.9 GPa, those of 

PLLA.PGA.MFC.20 are 6.5 GPa and 6.7 GPa whilst those of PLLA.PGA.MFC.30 are even 

higher at 8.4 GPa and 8.7 Gpa. What should really be noted here is the trend in storage 

moduli. The MFCs exhibit an increasing rate of decline in their storage moduli from about 

35 °C onwards, Figure 6-19. PLLA, on the other hand, exhibits this sort of trend only from 

45 – 50 °C. The onset of glass transition of PGA in the MFCs is the suspected reason for 

this difference in behaviour.  
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Loss moduli, Figure 6-20, of the materials tell a similar story. The loss moduli of 

PLLA/PGA MFCs start to increase at lower temperatures than those of the PLLA 

specimens indicating that amorphous phase of the PGA fibrils is becoming mobile and 

viscous effects are becoming evident. Note that the noise in PLLA results is thought to be 

due to slippage of the specimens in the grips of the DMTA machine since the specimens 

were highly amorphous and softened to such a great extent. The reason for the lower creep 

resistances of PLLA/PGA MFCs compared with that of neat PLLA is clear: the onset of 

glass transition of PGA occurring at about 35 °C results in a somewhat mobile amorphous 

phase at 37 °C, thereby making the fibrils prone to creep. Perhaps if the Tg of PGA could 

be increased then the mechanical properties and creep resistance of PLLA/PGA MFCs 

could be improved. Di Lorenzo et al. [194] demonstrated that addition of calcium carbonate 

nanoparticles, compatibilised with stearic acid, to PET increased its Tg by 14 °C [194]. 

Calcium carbonate is bioabsorbable [195] and stearic acid is a fatty acid found present in 

some foods [196] so it can be metabolised in the body. Therefore such a filler/compatibiliser 

combination may be ideal for increasing PGA’s Tg and potentially its creep resistance at 37 

°C.–The compatibiliser must be carefully selected to enable bonding with the functional 

groups found along PGA molecules. Further development of PLLA/PGA MFCs should 

consider this approach since it has the potential to mitigate the effects of glass transition 

onset on mechanical properties.  
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Figure 6-19: Storage moduli of PLLA, PLLA.PGA.MFC.20 and PLLA.PGA.MFC.30 

 

 

Figure 6-20: Loss moduli of PLLA, PLLA.PGA.MFC.20 and PLLA.PGA.MFC.30 specimens 
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6.10 Future Prospects 

PGA fibrils lend good toughness, strength and stiffness to PLLA/PGA MFCs which are all 

advantageous. Unfortunately, the low Tg of PGA seems to make the MFCs quite prone to 

creep. Nevertheless, the MFC technique still holds potential for reinforcing biodegradable 

stents. The main challenges arise from the need for the ideal polymer to have all of the 

following: 

 

 a melting point sufficiently higher than that of PLLA for MFC production 

 biocompatibility; 

 high creep resistance; 

 low degradation rate. 

 

PLLA/PGA MFCs still hold some potential – additional drawing may increase the 

orientation of the PGA molecules further, perhaps enough to enhance their creep resistance. 

As discussed in section 6.9.3.2, it may also be possible to modify PGA to enhance its creep 

resistance. It is indeed quite challenging to find a polymer with all of the listed 

characteristics but perhaps it is worthwhile searching beyond polymers which are normally 

considered biodegradable in the body, such as PLLA and PGA. For example, studies on 

explanted vascular graft devices made of PET have shown that some degree of degradation 

occurred in-vivo [197] and Rudakova et al. report that PET is completely degraded in dogs 

and humans in 307 years [198]. This information invokes thinking more laterally about 

solutions – PET is just an example of a polymer which might be suitable if it is acceptable 

for it to remain in the vessel wall for many years after complete degradation of the stent 

matrix material. This is something which is yet another unknown: what is acceptable with 

regards to stent reinforcements? May they be biostable or very slow-degrading materials if 

the effect of them remaining in the vessel wall after the stent has degraded is neutral?  

Collaboration and formation of interdisciplinary teams are needed to answer these types of 

questions to guide effective research in this area in the future.  
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Adding to this, there may be alternative polymer combinations – the matrix does not have 

to be PLLA. In fact there may even be biodegradable polymer combinations for MFC in 

which, for example, PLLA is the reinforcing component surrounded by a ductile matrix. 

Furthermore, additional drawing steps could be added to maximise the orientation of the 

reinforcing polymer as well as decrease fibril diameters. A very interesting overlap of MFCs 

and particulate composites provides even more potential for improvements and scope for 

future work since, as it was mentioned before, nanoparticles could be used to modify the 

reinforcing polymer’s thermal properties to enhance creep resistance.  

6.11 Summary and Concluding Remarks 

The MFC technique is a potentially good method for reinforcing polymeric, biodegradable 

stents. It has advantages of more conventional means of reinforcement such as blending of 

fillers or particulates, such as the lack of a need of compatibiliser and it overcomes the 

commonly-faced agglomeration issue of fillers. PGA was selected for creation of MFCs using 

a PLLA matrix based on its suitability and many positive attributes: it is biocompatible 

and biodegradable, has good mechanical properties and a high enough melting point relative 

to that of PLLA for MFC production.  

 

Morphology investigation revealed that in PLLA.PGA.MFC.20 a large proportion of PGA 

particles had not elongated at all during drawing whilst others had formed fibrils. 

PLLA.PGA.MFC.30, on the other hand, exhibited excellent fibril formation with sub-

micron fibril diameters and aspect ratios up to 250, possibly greater. The larger average 

distance between PGA particles in PLLA.PGA.20 is thought to be one of the reasons 

underlying the incomplete fibrillisation in this blend during drawing.  

 

Compounding tests indicate that PGA fibrils can survive processing under high-shear 

conditions as long as the heat build-up does not cause the temperature to increase enough 

to melt, or partially melt, them. Processing equipment which induce less shearing of the 

melt, such as single-screw extruders for example, should be used to reduce excess heat 
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developing and melting the fibrils. The morphology of the blend resulting from 

compounding of drawn PLLA.PGA.30 with additional PLLA demonstrates that diluting 

MFCs is not practical since the fibrils do not become evenly dispersed. The SEM images of 

fibrils in, and extracted from, compounded material indicate that either transreactions or 

transcrystallisation have occurred at the fibril surfaces. Both of these processes can be 

manipulated to improve the mechanical properties and potentially alter the degradation rate 

of the fibrils and should be investigated in detail in future work. These processes can be 

manipulated by altering processing parameters such as the residence time during blending 

and/or compression moulding and cooling rate after moulding. 

 

PLLA.PGA.MFC.20 and PLLA.PGA.MFC.30 both exhibit much greater toughness than 

their corresponding simple PLLA/PGA blends which are very brittle. PLLA.PGA.MFC.30 

has tensile strength and a Young’s modulus 88 % and 35 % higher than those of PLLA, 

respectively. PGA.MFC.20 exhibited 8 % higher strength and 14 % higher Young’s modulus 

than those of neat PLLA. The performance of PLLA.PGA.MFC.20 was not expected to be 

very good because of its poor fibrillisation, apart from the lower reinforcement content. 

 

Relaxation tests performed to gauge the creep performance of PLLA/PGA MFCs yielded 

unsatisfactory results which indicated that the MFCs have lower creep resistance than that 

of neat PLLA. Since enhancement of creep resistance was the main motivation for 

reinforcement this result is a blow for PGA fibrils as a potential reinforcing material for 

biodegradable stents. DMTA results pointed towards the onset of glass transition of PGA in 

the MFCs as the underlying cause of the low creep resistance of PLLA/PGA MFCs. There 

is a lot of scope for improvement – additional drawing and manipulation of the Tg to 

improve creep resistance are potential routes to explore for development.  

 

Positive results from tensile tests showcase the advantages of the MFC technique which still 

have potential to be harnessed for reinforcing biodegradable stents. There are still other 

polymer combinations which could be used as well as further development of processing 

techniques to explore. Particulate micro/nanocomposites are well developed and can be used 
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in their current state to reinforce biodegradable stents whilst the MFC technique still 

requires further development but it does have a lot of potential so it is worthwhile to 

investigate biodegradable, biocompatible MFCs further for biodegradable stent 

reinforcement.  
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Conclusions and Recommendations for 
Future Development 

 

 

 

7.1 Introduction 

This chapter provides a synopsis of the conclusions from each portion of the work in this 

thesis. Based on this and on the experience throughout the work, some brief guidelines for 

evaluation of potential biodegradable stent (or other load-bearing implant) materials are 

provided. Recommendations for future work which continues directly from the work 

contained in the thesis are given and future possibilities for biodegradable stent 

development are discussed. 

7.2 Conclusions of PLLA/PBS Blend Evaluation  

The preliminary evaluation of PLLA/PBS blends confirms that they are very ductile and 

that increasing the PBS content reduces variation in ductility. In-vitro degradation over a 

24 week period results in gradual losses of strengths and Young’s moduli in the case of all 

PLLA/PBS blends with the blend ratio having less influence than expected. PLLA exhibits 

no loss of stiffness and only marginal loss of strength over the same period. Morphological 

investigation revealed that the interfacial adhesion between the PBS particles and PLLA 

matrix decreases as degradation proceeds. Therefore the PBS particles are believed to act 

more like voids during degradation and thus result in stress-concentration, consequently 
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reducing mechanical properties of the blends. By this point further evaluation was needed 

and PLLA.PBS.25 was selected for this because of its excellent ductility. 

 

Creep testing of non-degraded specimens reveals that PLLA.PBS.25 has lower creep 

resistance than that of neat PLLA, which was not surprising given that previous attempts 

to improve ductility of PLLA have generally reduced its creep resistance. Annealing to 

induce physical ageing can enhance creep resistance but ductility is lost if annealing time is 

too long. Therefore further creep tests were performed on as-moulded PLLA and 

PLLA.PBS.25. A stress-dependent Burgers model was produced for PLLA.PBS.25 using 

creep test data. This model, as well as predictions made using Eyring relations, 

underestimates time-to-failure at low stresses because the effects of physical ageing 

occurring during creep tests are not captured. Although it is possible to incorporate physical 

ageing through further experimentation to determine ageing parameters (including time, 

temperature and stress effects), priority was given to creep testing of degraded material. 

The reason for this was that understanding the effects of degradation on creep resistance of 

PLLA and PLLA.PBS.25 provides necessary insight into a little-studied area whilst it is 

well-known how physical ageing affects creep resistance.  

 

For creep testing of degraded material an appropriate stress level was determined by 

calculating expected stresses in a case-study PLLA-based stent. 10 MPa was within the 

ballpark of expected stresses and was used for all creep tests of degraded material. Creep 

test results of degraded PLLA and PLLA.PBS.25 had interesting revelations. The creep 

resistance of PLLA increases during the first 8 weeks of degradation, thus demonstrating 

that physical ageing effects dominate over degradation effects during this period. Its creep 

resistance decreases between 8 and 16 weeks of degradation. On the other hand, 

PLLA.PBS.25 shows decreases in creep resistance with each increase in degradation time. 

The results clearly demonstrate the decreasing ability of PLLA.PBS.25 to sustain loads for 

extended periods as it degrades. Based on these results the focus of the research shifted 

toward investigation of potential means of reinforcing biodegradable stents. Patents 
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published by medical device companies in 2012 revealed that the industry was moving in 

this direction, hence providing even more motivation to investigate reinforcements. 

 

The MFC technique was selected as a potential means of reinforcing PLLA-based stents 

because the technology has a lot of scope for development compared with 

micro/nanoparticle composites which are well-developed. Furthermore, the patents 

published on reinforcement of biodegradable stents outline the use of particulate 

reinforcements. Therefore there was little motivation to investigate particulate 

reinforcements. PGA was selected as the reinforcing polymer because of its good mechanical 

properties, biodegradability and biocompatibility. PLLA/PGA MFCs were produced to 

evaluate the reinforcing capabilities of PGA fibrils. Strength greatly increased and modulus 

increased significantly. However, relaxation tests revealed that creep of PLLA/PGA MFCs 

is worse than that of neat PLLA at 37 °C. The underlying cause is onset of glass transition 

of PGA at ~35 °C. This results in a somewhat mobile amorphous phase in PGA fibrils, thus 

reducing their creep resistance. There is still enormous scope for further development by 

using alternative polymer combinations or modifying PGA to enhance its creep resistance. 

These will be discussed in the upcoming section describing future work opportunities. 

 

7.3 Achievements 

Some of the novel work undertaken during this research includes: 

 Evaluation of effects of in-vitro degradation on PLLA/PBS blends’ mechanical 

properties at 37 °C 

 Creep evaluation of a PLLA/PBS blend 

 Effect of annealing time on ductility of a PLLA/PBS blend 

 Creep testing of degraded PLLA and a PLLA/PBS blend 

 Fibril resilience investigation of PLLA/PGA MFCs 

 Evaluation of mechanical properties and relaxation of PLLA/PGA MFCs at 37 °C 
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Results from preliminary experiments were published in 2011: 

 

Kimble L.D., Bhattacharyya D., Easteal A.J. Degradation characteristics and its effects on 

mechanical characteristics of a biodegradable polymer composite of PLLA and PBS for use 

as a stent material.  Processing and Fabrication of Advanced Materials, Auckland 2011 

 

Intellectual property discussions held up further publication for a significant period. A 

manuscript is under review for publication in the International Journal of Polymeric 

Materials & Polymeric Biomaterials. A paper is also pending publication in the proceedings 

of the 2014 Polymer Processing Society (PPS) conference.  

7.4 Guidelines for Future Evaluation of Potential Stent Materials 

Significant thought went into the requirements for biodegradable stent materials throughout 

the duration of this work. As the work progressed more variables were uncovered and 

greater insight evolved. The importance of creep testing combined with effects of 

degradation became very apparent when creep results of degraded PLLA and PLLA.PBS.25 

were compared. Yet creep is often not spoken about in evaluations of biodegradable 

polymers for implants or even in general evaluation of polymers. Furthermore, strain-ramp 

tests such as tensile tests do not reveal much information in the case of polymeric materials. 

Often mechanical properties of polymers are reported for one strain-rate which is alarming 

because it is well-known that the properties are so dependent on it. The results of tensile 

tests of PLLA and PLLA.PBS.25 at various strain rates clearly demonstrate this.  

 

To fast-track evaluation of potential biodegradable stent materials in the future, creep 

testing should be used for preliminary investigations of non-degraded material followed by 

creep testing of degraded material. The reason for this is that creep tests evidently provide 

far more information about the ability of a material to sustain loads over extended periods. 

Tensile tests, among other strain-ramp tests, are useful for evaluating moduli and so should 

be used in parallel with creep tests but not as a primary means of evaluating material 
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performance. Their usefulness in evaluating strength is limited unless samples are tested at 

various strain-rates. 

7.5 Future Work and Development of Biodegradable Stents 

There is scope for future work which may continue directly from this thesis. Additionally 

there are concepts for future work based on foreseen challenges in this field which are 

discussed in this section. 

7.5.1 Modelling Creep of Biodegradable Polymers During Degradation 

There are existing models which can describe the effects of physical ageing on creep 

resistance of amorphous polymers or effects of molecular weight change but not both 

simultaneously. Creep tests of degraded PLLA demonstrate how physical ageing can 

enhance creep resistance despite molecular weight decreases. Because PLLA is so widely 

used in degradable implants it is important to develop models which can incorporate 

physical ageing, as well as degradation, into creep predictions. A potential strategy for this 

is discussed in Chapter 5. Such a model could be incorporated into finite element modelling. 

This would provide the capability of incorporating effects of stress on 

hydrolysis/degradation. Then deformation of load-bearing implants like stents with stress 

variation throughout their geometry could be modelled whilst taking into account: 

degradation, physical ageing and variation in degradation with variation in stress levels 

throughout geometry.  

7.5.2 MFC Development 

PLLA/PGA MFCs exhibit good strengths and moduli but their creep resistances are lower 

than that of neat PLLA. The underlying cause for this is believed to be the onset of glass 

transition of PGA occurring from about 35 °C. Thus, the amorphous phase within PGA 

fibrils is somewhat mobile at 37 °C and consequently their creep resistance is poor. There 

are several opportunities for future development. Additional drawing steps could be used to 

further increase the molecular orientation of PGA fibrils to enhance their mechanical 

performance. Furthermore, modifications such as nanoparticle addition could be used to 

increase the Tg of PGA and increase its creep resistance. There are also alternative polymers 
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and polymer combinations to consider for further development of biodegradable, 

biocompatible MFCs.  

7.5.3 The Bigger Picture - Thinking Ahead  

The current direction of stent material development seems to be reinforcing of PLLA-based 

materials to enhance their creep resistance whilst maintaining ductility – and rightly so. 

The question is, how far can this direction progress before an alternative strategy is needed 

to make further improvements? There seems to be an inevitable limitation of the current 

strategy because of the reliance on a material to provide the necessary properties for 

deployment and vessel support.  Ductility is required for permanent deformation during 

expansion whilst rigidity and creep resistance are required for adequate vessel support.  

 

There are alternative approaches which have been investigated such as the use of shape 

memory to create self-expanding polymeric stents [68] and stents which expand via a slide-

and-lock mechanism (by REVA Medical Inc., USA) [60], among others. Perhaps another 

approach could be to decouple the requirements for expansion and those for vessel support 

by fabricating stents from multiple materials – one to fulfil each requirement. The 

advantage of such an approach allows each material to be optimised for its function, leaving 

more options open for reducing recoil and creep since the material providing support need 

not be ductile. For example, imagine a stent consisting of rigid components held together by 

elastomeric bridges. Such a stent could be held under a sheath in a collapsed state and 

would be self-expanding upon release of the sheath. Since no over-expansion of the vessel 

during deployment would be needed, damage to the vessel wall could be reduced. A possible 

manifestation of this idea is conceptualised here.  The stent could consist of a helix formed 

from a tough, stiff material (for example highly drawn PLLA) with elastomeric bridges 

linking adjacent rings. Resilin, a highly resilient elastomer found in nature, may be suitable 

for making the bridges – it has been synthesised and is being investigated for many 

biomedical applications [199]. The helix provides radial support and the elastomeric bridges 

provide the ability of self-expansion, as well as stability.  Collapsing the stent for later self-

expansion could be achieved by stretching and twisting the helix, demonstrated 
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schematically in Figure 7-1. The forces to do so must be sufficiently high such that collapse 

cannot occur in service. This could be achieved by altering the geometry and number of 

elastomeric links along the helix. Fabrication has been considered too since there is no point 

in coming up with a design which is impossible to produce. Many types of ducts and tubes 

have helical supports built-in. Therefore the concept stent could be produced by first 

making an elastomeric tube supported by a helix followed by laser cutting to remove some 

parts of the elastomeric tube, leaving the desired bridges in place.  

 

There exist many opportunities for alternative stent designs because polymeric materials 

can be manipulated in so many ways. Another approach could be to use a material which is 

ductile but which can be made rigid after expansion. This could be achieved using a photo 

cross-linkable polymer-based material which is ductile before the cross-linking process. A 

stent made of it could be expanded whilst it is ductile then curing could be performed 

before deflation of the balloon by supplying ultra-violet (UV) radiation. The UV source 

could be external and transmission could be achieved via fibre-optics. Of course, such a 

concept raises additional questions, such as the use of UV radiation in arteries. UV cured 

materials are very common in dentistry, for example so the idea is not too far-fetched.  
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Figure 7-1: Conceptual stent design consisting of a helix of highly-drawn polymer linked with elastomeric bridges 

(a). The stent could self-expand from its collapsed state depicted in (b).  

7.5.4 Returning to the Here-and-Now  

Concepts for the future and alternatives from the current path of development are good to 

keep in mind for when the time comes that research and development efforts in the current 

direction see diminishing returns (i.e. small incremental improvements at high costs). 

However, the current path looks very promising. There is still enormous scope for further 

research into reinforcements since there are clear advantages and significant improvements 

to material properties can evidently be made. Particulate composites technology is well-

developed and can be taken advantage of almost immediately with little investment and 

process alterations required. Development in the particulate micro/nanocomposites area 

could see how far the reinforcement content can be pushed whilst maintaining ductility. 

(a) 

(b) 
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Meanwhile, MFCs can be explored to find polymer pairs with suitable degradation and 

mechanical characteristics. There are other reinforcement options to explore as well, such as 

bioglass fibres, hydroxyapatite fibres, etc. Development in this area will improve radial 

support and, if the mechanical and creep properties are improved sufficiently, allow for 

reduced strut thickness. In the future when the current approach reaches a plateau then 

alternative approaches, such as the aforementioned example stent concept, may need to be 

explored. 

7.5.5 Defining the Goals 

One of the major challenges faced whilst undertaking this research was the limited 

information publicly available in the field of biodegradable stent materials. Requirements 

found in literature are not very well defined because the technology is still relatively young. 

Future work needs to be guided by concrete goals set by the demands of cardiologists and 

defined by interdisciplinary teams. 

 

For example, how much vessel support is sufficient? What is the target for reducing stent 

recoil? Futhermore, mechanical support is just one piece of the puzzle – there is a multitude 

of considerations based on how stent healing can be improved, how thin struts should be to 

promote endothelialisation, how blood flow profiles are affected by stent geometry, and 

many more.  Additionally, is there a demand for developing stents which offer support for 

varying periods, tailored according to requirements specific to CAD cases?  

 

Further development of biodegradable stents is full of exciting opportunities and many 

challenges lie ahead, waiting to be overcome. With the right cooperation and collaboration 

between teams of materials scientists, cardiologists, clinicians and others there will be leaps 

in development in the near future. Teamwork and collaboration is central to successful 

development. 
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