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Abstract 

Drug-eluting stents (DES) have established themselves as the gold-standard in treating arterial 

blockages, with over 1.3 million stent procedures carried out across Europe in coronary vessels alone. 

However, these permanent metallic devices remain in the body well beyond the timeframe that their 

structural role has been completed, which can cause long-term complications, such as strut failure, late-

stage thrombosis and restenosis. Polymer bioresorbable scaffolds (BRS) showed great potential as the 

next generation of coronary stents, whereby they would support the vessel during the healing period 

and subsequently being resorbed into the surrounding tissue once their functional role was complete. 

However, the development of polymer BRS have encountered a number of setbacks in recent years that 

has led to the withdrawal of several commercial devices from the market due to inferior long-term 

performance compared to DES. While the underlying reasons for this poor performance are 

complicated, some of the primary contributing factors is thought to be the mechanical changes that take 

place during the degradation process, which remain poorly understood strut thickness and vessel sizing. 

The objective of this thesis is to investigate the physical and mechanical degradation behaviour of 

polymer BRS through a combined experimental and computational approach. Detailed experimental 

bench-top studies using an accelerated degradation protocol were carried out to evaluate the long-term 

physical and mechanical performance of two polymer BRS. In parallel, a phenomenological 

degradation framework was developed and implemented within the Abaqus finite element code and the 

model parameters were calibrated to fully predict the radial response of one of these devices over the 

course of degradation. Experiments were carried out to validate the calibrated model by implanting the 

polymer BRS within a silicone vessel and subjecting it the accelerated degradation protocol and 

comparing the long-term degradation performance to the computational prediction. The developed 

computational framework was used to conduct a detailed investigation of the individual roles of 

scaffolds geometry/design and material properties on both the short-and long-term performance of 

polymer BRS. Finally, the computational degradation framework was integrated into an in silico clinical 

trial platform for the development of coronary stents and used to predict the long-term performance of 

several BRS in a range of clinical scenarios. 

It was found that both polymer BRS were highly effective in maintaining their radial stiffness and 

strength during short-and medium-term degradation, but underwent a ductile to brittle transition in later 

stages of degradation. This brittle behaviour coincided with distinct increases in relative crystallinity of 

the polymer and highlighted a possible reason for polymer BRS poor long-term performance in clinical 

settings. The computational degradation framework was able to successfully capture the short-term 

deployment behaviour and the long-term degradation response under radial loading, including all 

aspects of elastic, yield and post-yield behaviour throughout all time-points. However, in an effort to 

validate the degradation model, the polymer BRS showed distinct creep behaviour in the early stages 

of the degradation response, where the diameter of the BRS was greatly reduced when implanted in a 

silicone vessel and under constant load from a parallel plate test. This was not captured by the 

computational model and suggests that a further understanding of the creep performance of these 

devices is required, both experimentally and computationally to enable future BRS development. It was 

found that optimising the geometry of the polymer BRS generally improved only the short-term 

deployment performance, with design changes only providing modest benefits to long-term degradation 

behaviour. This indicates that material development is the primary route that can be targeted to enhance 

the degradation performance of BRS. The work in this thesis enhances the current understanding of the 

mechanics of degradation in polymer BRS and provides a benchmark for the future development in this 

area. 
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Chapter 1 

Introduction 
 

The introduction of endovascular stenting has revolutionised the treatment of coronary artery 

disease, when compared with the prior standard of open-heart surgery and coronary bypass. 

Since the introduction of the first market approved stent in 1987 (Palmaz et al., 1985; Schatz 

et al., 1991), several generations of coronary stents have been developed to further improve 

patient outcomes and treat the unfortunate associated treatment complications of coronary 

artery disease. The latest generation of coronary stents in development include bioresorbable 

metal and polymer stents. These stents are intended to be completely resorbed into the patient’s 

body once vessel healing is complete to avoid the late-stage complications associated with the 

current generation of coronary stents (Canan and Lee, 2010; Ong and Jang, 2015). However, 

the development of bioresorbable scaffolds (BRS) has suffered significant setbacks in recent 

years. Several companies have pioneered the development of polymer-based BRS, with 

significant clinical data already generated. Unfortunately, this first-generation of BRS has 

essentially failed, with 2-year follow up data from Abbott’s ABSORB III device demonstrating 

increased risk of late-stage adverse events (Byrne et al., 2018). This resulted in the European 

Society for Cardiology making a formal recommendation that current BRS should not be 

preferred to conventional drug-eluting stents for percutaneous coronary intervention in clinical 

practice. There have been devastating consequences to the wider industry, with other major 

manufacturers removing their devices from the market (‘Reva Revives’, 2022), halting 

development of polymer-based bioresorbable devices (Densford 2017) and even filing for 

bankruptcy protection (‘Reva Revives’, 2022). While the underlying reasons for poor clinical 



Chapter 1 

2 

 

performance of polymer-based bioresorbables are complicated, the primary contributing 

factors are the relatively low strength and stiffness that has necessitated relatively thick stent 

struts (Ang et al., 2017) and slow degradation behaviour (Suuronen et al., 1998) that results in 

adverse late-stage events. Recent developments in BRS have seen sub 100 µm thick struts to 

mitigate these previous clinical weaknesses. The work undertaken in this thesis adopts both 

experimental and computational techniques to investigate the biomechanical and degradation 

behaviour of laser-cut polymer BRS. 

1.1. Coronary Artery Stenting and Associated Complications 

Atherosclerosis is the build-up of calcified plaque within blood vessels, which begins to 

occlude the blood vessel and reduces the oxygen supply to the target area. This occlusion, if 

found to occur in the heart, may cause ischemic heart disease (IHD), which is characterised by 

a reduction in blood supply to the heart muscle and may lead to cardiac infarction. IHD can 

cause chest pain or angina and, in severe cases, death. Cardiovascular diseases are responsible 

for 20% of deaths in the US in people aged less than 70 years (Tsao et al., 2022) and affect 

1.72% of the world population (Khan et al., 2020). The heart muscle is served by two coronary 

arteries; the left and right as shown in Figure 1.1(a), which bring oxygenated blood to the heart. 

These arteries can be found at the base of the aorta above the aortic valve. As time passes, the 

diameter of these coronary lumen may be reduced due to the build-up of plaque within the 

artery walls. Plaque formation begins with endothelial dysfunction, which leads to the 

formation of fatty streaks. The deposited material within the artery walls is a plaque that can 

be made from fibrous tissue, foam cells and cholesterol that has permeated through the artery 

walls (Bentzon et al., 2014). Figure 1.1(c) shows an example of a plaque that may develop.  
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Figure 1.1. Schematic showing (a) the coronary arteries in relation to the heart muscle, (b) layer structure of a 

healthy coronary blood vessel and (c) build-up of a plaque within the vessel lumen causing an occlusion. 

Perforation of the plaque could release the contents into the blood stream causing emboli to 

form in the blood. These emboli may continue throughout the vascular system where they can 

cause blockages in smaller vessels. The calcification of the plaque also changes the elasticity 

of the vessel, which can lead to a pressure increase within the lumen. The plaque may remain 

intact and continue to increase in size until it totally occludes the vessel. These occlusions are 

typically treated through a percutaneous coronary intervention (PCI) where a balloon is 

expanded to open the restriction. This is followed by the deployment of either a balloon-

expandable or self-expanding stent. The occluded region is accessed through an incision in the 

groin to the femoral artery or the radial artery in the arm where a guidewire is navigated to the 

occlusion with the assistance of computed tomography (CT) or x-ray. The expansion of the 

stent restores the patency of the vessel and allows the vessel to remodel. Stents are only 

required to provide mechanical support to the surrounding vessel walls while the vessel is 

remodelling (Onuma and Serruys, 2011). After this, the stent is no longer required and it 

becomes embedded into the vessel wall for the duration of the patient’s lifespan. Despite the 

advancements in stent design, a number of late-stage complications are associated with stent 

implantation. These include thrombosis (Ong and Jang, 2015), in-stent restenosis (Moussa et 

al., 2020), strut fracture (Kan et al., 2016), failure to return the original vessel vasomotion 



Chapter 1 

4 

 

(Onuma and Serruys, 2011) or a permanent narrowing of the section of vessel when a stent is 

implanted in younger patients (Ang et al., 2017). 

1.2. Overview of Coronary Stents 

Since their introduction in 1987, there have been a number of generations of coronary stent 

devices. The following section gives a brief overview of each generation of coronary stent, 

their particular complications and the various developments in each generation. 

1.2.1. Bare Metal Stents (BMS) 

The first stents were introduced to overcome the shortcomings of the initial PCI treatments, 

which consisted of dilating the stenosed region through balloon angioplasty. However, this 

method resulted in a high incidence of restenosis or re-blocking of the vessel. This restenosis 

was due to the largely elastic vessel returning or recoiling to its original configuration or re-

occlusion of the vessel due to new cell growth caused by damage to the vessel wall during 

balloon inflation. Re-occluding of the artery can lead to severe complications that could require 

an emergency coronary bypass graft. The introduction of bare metal stents (BMS) significantly 

reduced the incidence of vessel recoil or collapse, leading to an overall reduction in rates of 

acute restenosis (de Feyter et al., 1994), when compared to balloon angioplasty alone. Despite 

the success of using BMS in restoring blood flow through the vessel, it was found that BMS 

implantation caused damage to the endothelium of the intima, resulting in the proliferation of 

endothelial cells leading to restenosis and further occlusion of the vessel. This was found to 

occur in 5-42% of PCI patients within 6 months of treatment (Serruys et al., 1988). Deployment 

of the stents may also lead to stent thrombosis, which is the activation of platelets in the vicinity 

of the exposed metal stent surface and the formation of a blood clot (Ong and Jang, 2015). 

Typically, the treatment for restenosis, known as target region revascularisation is a repeat 

procedure to reopen the vessel. These effects have led to the development and innovation for 

the next generation of coronary stents. 
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1.2.2. Drug Eluting Stents (DES) 

To address the complication of restenosis in BMS implantation, drug eluting stents (DES) were 

developed whereby devices were coated in an anti-proliferative drugs to reduce the neointimal 

hyperplasia caused by the stent implantation. It was found that the use of DES greatly reduced 

the rate of restenosis in patients that underwent stenting procedures (Moses et al., 2003). The 

first generation of DESs had the paclitaxel or sirolimus drug embedded in a biodegradable 

polymer coating that would intentionally degrade to locally release the drugs into the 

surrounding tissue. This first generation of DES was quickly replaced due to biocompatibility 

issues with the drug impregnated polymer coating (Garg, et al., 2013). The current DES are 

still coated with this family of anti-proliferative drugs to reduce neo-intimal hyperplasia, 

however new coating materials have been introduced to overcome the initial complications. 

The materials used in DES manufacture also evolved, with stiffer materials such as platinum-

chromium and cobalt-chromium being used. This allowed for the manufacture of thinner stent 

struts. Figure 1.2 provides a summary of commercially available stents and how there has been 

a trend for gradual thinning of strut dimensions over time. Several of the most recent DES 

designs that have been released to market have sub-100 µm strut thicknesses, with the Biotronic 

Osiro (‘Biotronik Osiro’, Berlin, Germany, 2022) having the thinnest struts of only 60 µm. 

 
Figure 1.2. Schematic plotting the downward trend in stent strut thickness of a few selected market approved 

balloon expanded BMS ,DES and BRS over time. Note that * denotes waiting for approval. 
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Despite the improved patient outcomes with DES, a number of late-stage complications 

persisted (Ong and Jang, 2015; Kan et al., 2016), such as late-stage restenosis, catastrophic 

strut fracture, thrombosis and the associated complications of permanent structures placed in 

the vessels of younger patients and failure to return the original vessel vasomotion. Ultimately, 

despite DES ability to treat the vessel blockage, these devices still remain within the patient 

long after their useful function has been performed. 

1.2.3. Bioresorbable Scaffolds (BRS) 

Bioresorbable scaffolds (BRS) are intended to avoid the late-stage complications associated 

with DES and BMS by completely resorbing into the patient’s body through passive processes. 

Bioresorbtion being the total elimination of the compound from the body through dissolution, 

assimilation and excretion (Byrne et al 2014). The materials for these scaffolds consist of 

metals that are already available in trace amounts in the body, such as magnesium, iron, zinc 

and their various alloys and biodegradable polymers, such as poly-lactic acid (PLLA) and poly-

glycolic acid (PLGA), which are eliminated from the body through metabolic processes. The 

degradation of these polymers progresses through a number of stages including hydration, de-

polymerization and hydrolysis. The polymer chains are broken down further, which are 

metabolized by phagocytes into soluble monomers. These monomers are further metabolized, 

these then enter the Krebs cycle and eventually are converted into carbon dioxide and water 

(Gleadall et al., 2014). In developing polymer BRS, a major challenge has been that the 

polymer materials used in cardiovascular applications have lower mechanical properties 

compared to the existing metallic materials used for DES. 
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Table 1.1. Comparison of conventional constitutive permanent stent materials versus those used in both polymer 

and metal bioresorbable applications. 

Material Name 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Strain to 

Failure 

(%) 

Degradation 

Time 
Ref. 

316 SS 200 264 40-45 - 
(Lee et al., 2011; 

Conway et al., 2012) 

Platinum Chrome 203 480 44.8 - (O’Brien et al., 2010) 

WE43  

(Magnesium Alloy) 
40-50 220-330 2-20 1.35 mm/y (McMahon et al., 2018) 

Iron 207 200 40 0.19 mm/y (McMahon et al., 2018) 

PLLA 1-7 60 2-300 1-5 years 

(McMahon et al., 2018) 

(Pan, Zhu and Inoue, 

2007) 

PCL 0.25-0.44 12-30 80-800 2-3 years 
(Bartnikowski et al., 

2019) 

 

Poly (L-lactide) (PLLA) is by far the most commonly used bioresorbable material for BRS 

devices, with Absorb (Abbott Vascular, Santa Clara, CA, USA), DeSolve (Elixir Medical, 

Sunnyvale, CA, USA), Amaranth (Amaranth Medical Inc., CA, USA), Acute BRS (Orbus 

Neich, Fort Lauderdale, FL, USA) and the Igaki-Tamai scaffold (Kyoto Medical Planning Co, 

Ltd, Kyoto, Japan) all made from this polylactide-based polymer. Due to their lower stiffness, 

polymer BRS have less radial strength when compared with conventional BMS and DES, 

requiring thicker struts to provide a similar level of support, which potentially reduces the 

conformability and increases the crossing-profile of the device. The higher strut thickness also 

increases the time for endothelisation of the struts. Figure 1.3 summarises the differences in 

strut thickness between metallic BMS and DES when compared with the original and current 

strut thickness of BRS. Original polymer BRS strut thicknesses are closer to those BMS that 

were initially developed, with Figure 1.2 showing that they can be more than twice the 

thickness as the thinnest DES currently available. However newer BRS that are in development 

show great improvement in strut thickness. 
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Figure 1.3. Radial strength versus strut thickness from a selection of permanent BMS/DES and bioresorbable 

BRS. *Computational derived radial strength value from (Qiu, Song and Zhao, 2018). **Value for minimum 

required radial strength obtained from (Agrawal et al., 1992). 

Some of the earliest polymer BRS to be developed included the Kyoto Medical Igaki-Tamai 

and Abbott Absorb BRS. The Igaki-Tamai PLLA BRS was the first BRS to be implanted in 

humans. It had a unique heated deployment approach, whereby heated contrast agent at 70 °C 

in the delivery balloon was used to initiate the initial self-expansion via shape memory through 

heating the polymer above its glass transition temperature. Final expansion occurred 20-30 

minutes later at 37 °C. However, due to the unusual heated expansion process, and lack of a 

drug coating, it was not widely adopted (Nishio et al., 2012). The Abbott Absorb was the first 

FDA approved polymer BRS and underwent several major clinical trials. Initial trials, 

ABSORB (Patrick W. Serruys et al. 2009), showed the device to be safe and non-inferior to 

DES at one year follow-up. However, more recent long-term follow up of the ABSORB III 

trial has shown increased rates of thrombosis when compared with conventional stents (Byrne 

et al. 2018; Ellis 2020). The inferior performance was attributed to poor understanding of the 

late-stage performance of the PLLA scaffold and the high strut thickness. Following this, 

Abbott Vascular voluntarily removed the Absorb from the market in 2017. Despite being 

removed from the market, and negative consequences for other manufacturers, several new 

polymer BRS are still under development, such as the DESolve NX by Elixir Medical. The 
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target functional properties of BRS presents a difficult balancing act between (i) providing 

enough vessel support in the first number of months and (ii) minimising subsequent absorption 

time to reduce the possibility of late-stage events. The complex degradation relationship of the 

coupled physical and mechanical properties is highlighted by the initial favourable short-term 

performance of the polymer BRS, but long-term performance that remains to be fully 

understood. Despite the number of polymer BRS that have been under development, there 

is little information on the long-term degradation behaviour of these scaffolds. The late-

stage underperformance of the polymer scaffolds coupled with the high strut thickness 

thus far can be attributed to poor understanding of the long-term degradation behaviour. 

1.3. Biomechanics and Computational Modelling of Coronary Stents 

1.3.1. Stent Mechanics 

Stent designs typically make use of a sinusoidal-like pattern consisting of struts and hinges. All 

balloon-expandable stents use the idea of a plastic hinge, an example of which can be seen in 

Figure 1.4. For the stent and delivery system to be navigated to the treatment site, the stent is 

required to have a small outer diameter such that its crossing profile allows it to be navigated 

through narrowed sections of the vessel. Once the delivery system reaches the restricted area 

of the vessel, the balloon is inflated increasing the outer diameter of the stent such that it makes 

contact with the vessel walls. The change in diameter is facilitated by the hinge-like geometries 

in the stent profile. The opening of the stent results in plastic deformation in the hinge regions, 

which prevents the stent returning to its crimped diameter, as shown in Figure 1.4. Stent 

material properties and design requires a careful balance such that the device can undergo large 

deformation during deployment and maintain the vessel diameter even when the deployed 

scaffold relaxes following balloon inflation. 
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Figure 1.4. Schematic showing the expansion of the stent is facilitated by the plastic deformation of the hinge 

regions within the geometry. 

Stents can be designed in several configurations, open-, closed-cell or hybrid. Closed-cell stents 

typically possess more connections between each circumferential ring compared with open-

cell designs. Fewer of these connections facilitates a more flexible design, allowing for greater 

conformability to tortuous vessels and allows for easier navigability to the site of the occlusion 

(Migliavacca et al., 2004). Greater conformability also reduces the chance of malapposition, 

where the stent strut does not maintain contact with the vessel wall. Malapposed struts can 

interrupt the blood flow within the vessel and cause thrombi to form (Ong and Jang, 2015). 

Stent geometry and strut dimensions have been shown to greatly affect the short-term stent 

performance (Migliavacca et al. 2002; Ormiston et al. 2015; Bressloff, Ragkousis, and Curzen 

2016). In general, thicker stent struts result in a higher radial stiffness, where the increase in 

radial strength must be balanced with the strain experienced within the stent strut to avoid 

premature failure. However, despite the known impact of geometry and strut dimensions, 

these design facets have not been explored for polymer BRS in terms of the long-term 

degradation performance. 
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1.3.2. Computational Methods used in Stent Development 

Computational modelling can be used to simulate a BRS and its environment and can be used 

to predict the real-life behaviour of the system. Due to the complexity of these systems, the 

finite element method (FEM) is employed as the numerical modelling method and is indeed a 

required component by regulatory bodies when proving the safety and efficacy of a design. 

This method has a number of advantages when used in the stent design process, as it can reduce 

the over-reliance of experimental bench testing and the need for trial-and-error prototyping. It 

can also provide insight into scenarios that are difficult or unfeasible to replicate in a laboratory 

setting. However, the vast majority of studies on polymer BRS have focussed on developing 

models to capture the short-term behaviour of polymer devices. These computational models 

of the short-term mechanical performance of BRS are reasonably well-established and 

generally consider mechanical performance in the absence of degradation (Schiavone, Qiu, and 

Zhao 2017; Bobel et al. 2015; Hoddy et al. 2021). However, unlike their metallic counterparts, 

the deployment behaviour of polymeric bioresorbable devices are highly sensitive to rate-

dependent aspects of the procedure (e.g. inflation rate, inflation protocol), which presents 

certain complications. Significant efforts have been made to understand the role of non-linear 

or time-dependent behaviour on device performance through the implementation of visco-

elastic and visco-plastic (Schiavone, Qiu, and Zhao 2017; Bobel et al. 2015; Hoddy et al. 2022) 

constitutive material models that capture rate-dependent short-term behaviour in the absence 

of degradation. Others have sought to understand the role of anisotropy induced during 

manufacturing on the short-term response (Hoddy et al. 2021). However, the prediction of the 

long-term degradation performance of BRS presents further challenges, as degradation kinetics 

are influenced by many factors including loading rate, loading history, temperature and 

environmental conditions (Simamora and Chern, 2006). There remains a distinct lack of 

understanding how microstructural alterations that take place in polymers during degradation 
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are responsible for deterioration in mechanical properties. As such, predicting the long-term 

degradation performance of polymer based BRS devices has generally relied on 

phenomenological approaches to describe the degradation of the mechanical properties. These 

methods generally use a continuum damage mechanics framework to introduce 

phenomenological degradation variables that operate on the constitutive material parameters 

to predict material degradation (Nuutinen et al., 2003; Naseem et al., 2017). However, these 

approaches generally rely on substantial amounts of calibration (Venkatraman et al., 2003) and 

have rarely been validated beyond a limited set of circumstances. These approaches are further 

limited as models developed to date are not compatible with short-term time-dependent 

constitutive models, which are required to accurately predict behaviour during the deployment 

phase. For the continued development of polymer BRS, robust and consistent 

computational models are required to fully capture the mechanical effects of degradation 

and enable predictions of the long-term performance of polymer BRS. 

1.4. Thesis Objectives 

The global aim of this thesis is to investigate the effects of degradation of on the mechanical 

performance of polymer BRS using a combined experimental and computational approach. 

This work will facilitate a better understanding of the long-term performance of these devices 

and contribute towards the design and development of the next generation of polymer BRS. 

The specific objectives of this research are as follows: 

(i) To experimentally characterise the long-term physical, thermal and mechanical 

degradation behaviour of several polymer BRS devices through an accelerated 

degradation protocol. 

(ii) To develop and implement a rate-dependent computational degradation framework 

that can predict both the short-term (e.g. deployment) and long-term performance 

of several polymer BRS devices.  
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(iii) To use the computational degradation framework to investigate the roles of both 

material and geometry in determining the long-term degradation performance of 

polymer BRS.  

(iv) To predict the long-term behaviour of polymer BRS in several patient-specific 

scenarios through an integrated in silico clinical trial platform demonstration.  

1.5. Thesis Structure 

The outline of this thesis is as follows: 

Chapter 2 outlines the existing literature relevant to polymer degradation and current polymer 

BRS devices and development. This chapter describes the polymer degradation process, 

environmental factors affecting polymer BRS and current standards associated with 

experimental scaffold characterisation. It also provides a review of various experimental and 

computational techniques as well as previously developed computational degradation models 

that have been employed to evaluate scaffold performance. 

Chapter 3 presents an overview of the fundamental theory of continuum mechanics, 

particularly in context with the finite element method and the associated constitutive material 

models used in this thesis. 

Chapter 4 presents an experimental investigation into the thermal, physical and mechanical 

effects of degradation on two polymer BRS (REVA Medical Fantom Encore and a non-

commercial PLLA BRS) using an accelerated degradation protocol. A number of experimental 

techniques are used to characterise the degradation performance of the two polymer BRS. 

Chapter 5 presents a flexible computational degradation framework that is developed and 

implemented to capture the various changes in mechanical properties during degradation. This 

model is then applied and calibrated with one of the scaffolds (non-commercial polymer BRS) 
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to capture the degradation behaviour characterised in Chapter 4. The calibrated model is then 

used to predict the long-term performance of that scaffold in a mock blood vessel. 

Chapter 6 uses the developed computational degradation framework to study the effect of 

degrading individual mechanical parameters and its effect on the mechanical performance of 

polymer BRS. Also investigated is the extent to which simple geometrical changes to the 

geometry of the scaffold can alter the long-term degradation performance. Both of these 

investigations are performed on freely expanded and vessel expanded cases. A final case is also 

investigated comparing two different scaffolds in the same vessel using the material and 

degradation performance as shown in the literature and in Chapter 4. 

The primary conclusions of this thesis are summarised and recommendations for future work 

are discussed in Chapter 7.  

Appendix Chapter demonstrates the implementation of the computational degradation 

framework and its integration within an in-silico clinical trial platform to give clinically 

relevant long-term performance data. This in silico chapter acting as a demonstration of the 

degradation module for the InSilc project A number of scenarios are considered such as the 

same BRS used to treat different vessel geometries or the effects of design changes to 

deployment within the same vessel geometries. 
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Chapter 2 

Literature Review 
 

2.1. Biodegradable Polymers 

Polymers are macromolecules that comprise of interconnected monomer units. The constitutive 

properties of polymers are dictated through the arrangement of these monomers, which can be 

grouped in to (i) unorganised amorphous regions or (ii) organised crystalline regions. A 

polymer that comprises of both amorphous and crystalline regions is described as semi-

crystalline, which is represented schematically in Figure 2.5. Apart from the relative proportion 

of these regions, the length of polymer chains throughout the structure contributes to the 

physical properties of the polymer. Longer polymer chains result in entanglements and 

decrease the chain mobility, which in turn increase the mechanical properties and make the 

polymer more stable at higher temperatures. Shorter chains result in polymers with lower 

mechanical properties and are usually soft rubber like solids or viscous liquids. 

 
Figure 2.5. Diagram showing the arrangement of amorphous and crystalline regions within a polymer. Adapted 

from (Callister Jr and Rethwisch, 2020). 
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Polymers have been used in a wide variety of biomedical applications such as biodegradable 

sutures (Lee, Singla and Lee, 2001), tissue engineering scaffolds (Song et al., 2018), dental 

and orthopaedic applications (Leenslag et al., 1987), drug delivery devices/coatings (Farah, 

Anderson and Langer, 2016) and bioresorbable vascular scaffolds (McMahon et al., 2018). The 

ability to tailor the mechanical and degradation properties by controlling molecular variables 

such as the crystallinity, molecular weight and degree of crosslinking (Liu, Zhang and Wang, 

2014) make polymers a highly favourable material, and their use in several biomedical fields 

highlights this. Biodegradable polymers are typically categorised as either natural or synthetic 

(Song et al., 2018). Some examples of natural polymers include collagen, silk and chitin and 

these have primarily been used in biodegradable sutures and tissue engineering scaffolds (Lee, 

Singla and Lee, 2001). Issues associated with natural polymers include the presence of 

biological material, which can elicit an immune response and cause the failure of the scaffold 

or the ability to transport microbes and viruses (Schmidt and Baier, 2000; Lee, Singla and Lee, 

2001), and the relative difficultly in controlling both mechanical properties and degradation 

rates. On the other hand, synthetic polymers offer higher relative strength and stiffness, as well 

as the ability to tailor mechanical properties, which make them an attractive choice for 

cardiovascular applications. Currently, there is ongoing interest in using polymers for 

temporary scaffolding in cardiovascular applications. Synthetic polymers used for vascular 

scaffold applications include polymers such as poly lactic acid (PLA), poly-L-lactic acid 

(PLLA), poly-L-glycolic acid (PLGA) and polycaprolactone (PCL). The use of a temporary or 

biodegradable scaffold potentially provides several advantages over a permanent device as they 

could avoid certain late-stage complications associated with permanent stents. This is 

particularly beneficial in younger patients, where the use of a permanent device can limit vessel 

growth, reduce vasomotion (Welch, Nugent and Veeram Reddy, 2019) and should a revision 

procedure be required avoid any interference with subsequently implanted devices. 
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2.2. Mechanical Properties of Biodegradable Polymers 

2.2.1. General Mechanical Properties of Polymers used in BRS Applications 

Polymers such as PLA, PLLA, PLGA and PCL have been used in bioresorbable scaffold (BRS) 

applications and are semi-crystalline in nature. As such, the mechanical response and overall 

performance of these polymers depends on the ratio of amorphous and crystalline phase within 

the bulk material. Amorphous polymers are characterised by lower strength and greater 

ductility than more crystalline polymers. Thus, depending on the degree of crystallinity within 

the polymer, the mechanical properties can vary greatly, with reported values for elastic 

modulus varying between 1-7GPa (Garlotta, 2001; McMahon et al., 2018) and failure strain 

varying between 2-300% for PLLA (Pan, Zhu and Inoue, 2007; Farah, Anderson and Langer, 

2016). The mechanical behaviour of semi-crystalline polymers demonstrate both plastic and 

non-linear viscoelastic responses. Figure 2.6 shows the typical tensile response under a number 

of conditions for a semi-crystalline polymer, whereby an initial linear response is observed at 

small strains until a defined point of yielding and typically increasing stresses past the point of 

yielding. The microstructural responses that take place under a tensile load within the polymer 

can be summarised by an initial linear increase in stress caused by elastic loading of polymer 

chains within both amorphous and crystalline regions, which causes an untangling of the 

polymer chains. Yielding in semi-crystalline polymers is a complex process and is dependent 

on the underlying microstructure. During the early stages of deformation, the crystals become 

permanently distorted. Further deformation causes the crystalline microstructure to break down 

and a new fibrillar structure forms (Peterlin, 1971). A defined point of yielding and increased 

plasticity without an increase in stress then follows. Hardening behaviour, an increase in the 

stress-strain response after yielding, is caused by large scale orientation of the polymer chain 

molecules and crystals which align in the direction of loading. 
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Figure 2.6. True stress-strain tensile response of PLLA under dry and submerged conditions with different 

applied loading rates (Adapted from (P. Wang et al., 2018)). 

The ratio of crystalline to amorphous regions within a polymer plays a critical role in 

determining its mechanical properties. A number of authors (Perego, et al., 1996) have shown 

that the mechanical properties of polymers generally increase with an increase in crystallinity 

at the expense of ductility. Tsuji et al (1995) demonstrated that higher crystallinity resulted in 

increases in the elastic modulus and tensile strength, coupled with a decrease in the elongation 

at failure. Even small changes in the crystallinity, as little as 5%, were responsible for 

increasing the elastic modulus from 173 MPa to 200 MPa. Lizundia et al (2013) also showed 

an increase in the glass transition temperature was associated with increased crystallinity, 

allowing the PLLA to retain its mechanical properties under higher temperatures. Semi-

crystalline polymers also exhibit viscous behaviour, such as creep and stress relaxation under 

continuous loading. Bobel et al (2016) investigated the tensile behaviour of solvent-cast PLLA 

by subjecting PLLA samples to varying strain rates, cyclic loading and stress relaxation and 

creep tests. It was found that increased strain rates resulted in a higher yield stress. Cyclic 

loading showed material softening, leading to decreased resistance to further deformation. 

Upon continuous loading, the PLLA samples demonstrated a stress relaxation response, with 

stress in the samples gradually reducing. Kimble et al (2015) subjected injection moulded 
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PLLA dog-bones to creep testing by hanging a 10N load at 37°C. They showed that PLLA 

exhibits a creep response with a creep of 2% strain measure from a 10N load after 16 hours 

with the creep rate decreasing slightly after approximately 8 hours. Creep evaluation for 

polymers used in scaffold applications is of vital performance due to the nature of loading on 

a deployed scaffold. The scaffold must be able to resist the constant compressive loading 

applied by the surrounding blood vessel to maintain vessel patency. 

2.2.2. Influence of Environmental Factors on Mechanical Properties 

Polymer BRS can be exposed to multiple environmental factors that can alter the mechanical 

properties during their development including temperature and hydration. Figure 2.7 

demonstrates the extent to which the mechanical properties of PLA can change when subjected 

to different conditions. Moetaxedian et al (2020) subjected PLA dog-bones to a range of testing 

conditions consisting of dry vs hydrated and ambient (20°C) and elevated temperatures (37°C). 

Tensile testing at elevated temperatures reduced the ultimate tensile strength and increased the 

strain-to-failure. Samples tested under elevated temperatures showed a more ductile response 

under a tensile load when compared to the other dry and hydrated samples tested at ambient 

temperature, with samples being loaded up to 40% strain prior to failure. A similar response 

was also seen by Grasso et al (2018). Tests performed at 60°C are within the range of the glass 

transition temperature for PLA. Polymers tested near or above the glass transition temperature 

typically become more elastic and ductile. Bobel et al (2016) also demonstrated that elevated 

temperatures result in greater strain recovery coupled with the decrease in mechanical 

properties. The samples tested at elevated temperatures (42°C) did not have a distinct yield 

point compared with samples tested at lower temperatures. Elevated temperatures provide the 

polymer chains with greater mobility thus resulting in a reduction in the mechanical properties 

of the polymer overall. 
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Figure 2.7. Stress-strain curves of testing conditions of PLA dog-bones under different loading conditions; SREF: 

dry, ambient temperature, SP: dry, elevated temperature, SH: hydrated, ambient temperature, SS: dry, 

submerged, SPHS: hydrated, submerged and elevated temperature (Adapted from (Moetazedian et al., 2020)). 

One representative curve is shown within the shaded region. 

Polymers used in BRS applications also perform differently when under dry and hydrated 

conditions. When exposed to water, the water is absorbed by the polymer, with Yew et al 

(2005) demonstrating that the rate of water absorption plateaued after approximately 4 days of 

immersion for PLA with a total increase in mass of approximately 1% by weight. Moetaxedian 

et al (2020) demonstrated that the adsorption of water led to a lower yield strength and a larger 

strain-to-failure when compared with the dry PLLA sample, Figure 2.7. This response is 

exacerbated when exposed to water and elevated temperatures. Bartkowiak-Jowsa et al (2013) 

showed than within 24 hours of hydration, the mechanical response had changed completely 

for PDGLA. It was also noted that all specimens of PLLA, PGLA and PDGLA demonstrated 

an almost 100-fold increase in strain-to-failure compared with dry specimens. Thermal analysis 

found that hydrated samples also had a lower glass transition temperature. Similar findings 

have been observed in (Yew et al., 2005; P. Wang et al., 2018; Oosterbeek et al., 2019; 

Moetazedian et al., 2020), with the hydration of PLA resulting in a decrease in elastic modulus 

and yield strength and an increase in strain to failure. These effects have been found across 

both amorphous PLLA and PLLA of varying crystallinities (Renouf-Glauser et al., 2005). 
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Sterilization processes may also impact the performance of the constitutive polymers. Grabow 

et al (2005) subjected PLLA to a number of standard sterilization techniques including ethylene 

oxide (EtO), β and γ irradiation and H2O2-plasma before investigating its effect on mechanical 

and physical properties. They found that irradiation sterilization techniques to greatly reduced 

the molecular weight with an 85% reduction reported (by 85%). Irradiated samples also 

exhibited lower elastic modulus, tensile strength and elongation at break, while an increase in 

crystallinity was observed. 

2.2.3. Tailoring the Mechanical Response of Polymers used in BRS Applications 

Changes in the crystallinity and molecular weight can change the mechanical response of 

polymers. These characteristics can be used to control the mechanical response of the polymer. 

A summary of some techniques used to tailor the mechanical response is covered in this section. 

Heat treatments can be used to control the crystallinity of the polymer by annealing at elevated 

temperatures, usually above the glass transition temperature (~55 °C for PLLA).  The cooling 

rate may also be controlled to allow for crystal growth. Tábi et al (2010) subjected PLA sheets 

to annealing temperatures of 80°C and 120°C for varying amounts of time. They found samples 

maintained at 80°C for 10 minutes and 60 minutes resulted in crystallinities of 3.3% and 21% 

respectively. The change in crystallinity was clearly seen from the DSC thermographs, as 

shown in Figure 2.8. Initially, when the polymer had a higher amorphous content, there was a 

clear cold-crystallisation peak visible at 90°C on the thermograph. This peak was absent in 

samples with longer annealing times, with the larger melting peak observed indicating an 

increase in crystallinity. Other studies (Tsuji et al., 2006; Lim et al., 2008; Lizundia et al., 

2013; Dillon et al., 2019) have also noted annealing as an effective means of increasing the 

crystallinity with rapid cooling resulting in a highly amorphous polymer, due to insufficient 

time for crystal growth. On the other hand, longer cooling times allowing for polymer crystals 

to grow from the nucleation sites. 
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Figure 2.8. DSC curves of annealed PLA at 80°C for (a) 10, (b) 40, (c) 60 minutes and (d) 120°C for 10 

minutes. Reduction in glass transition peak coupled with increasing melting peak typically denoted an increase 

in crystallinity (adapted from (Tábi et al., 2010)). 

Molecular weight has a large role in determining the strength and make-up of a polymer. For 

example, a very low molecular weight results in polymers being a viscous liquid if the glass 

transition temperature is below the ambient temperature (Nunes et al., 1982). With higher 

molecular weight, the number of molecular bonds increase resulting in a higher strength 

polymer. For BRS applications, high molecular weight polymers are generally used. Xie et al 

(2016) prepared PLLA and PEG membranes of varying molecular weights and subjected them 

to thermal analysis and degradation at phosphate buffered saline (PBS) at different 

temperatures. They showed that higher molecular weight samples possessed a higher glass 

transition temperature. Higher glass transition temperature would allow the polymer to be used 

in higher temperature applications without softening. Perego et al (1996) synthesised PLLA of 

varying molecular weights and subjected them to tensile testing. They demonstrated that 

increasing the molecular weight did result in slightly increased mechanical properties including 

elastic modulus, yield strength and flexural strength, with the greatest change observed being 

a higher strain to failure. Figure 2.9 demonstrate the effects of crystallinity and molecular 

weight on the mechanical performance. 
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Figure 2.9. (a) Stress-strain plot demonstrating the effects of increasing crystallinity, where increasing 

crystallinity results in more brittle failure (adapted from (Lizundia, et al, 2013)). (b) Stress-strain plot 

demonstrating the effect on molecular weight on stress-strain response, where increasing molecular weight 

results in a transition from brittle to more ductile failure (adapted from (Venkatraman et al., 2003)). 

The manufacturing methods to produce the constitutive material for scaffold applications can 

also influence the final mechanical properties. Some common techniques used in the 

manufacture of biomedical polymer implants include compression, injection, blow and 

extrusion moulding with additive manufacturing processes also becoming popular. Reinoso et 

al (2021) investigated the difference between injection- and compression-moulding a Poly (L-

lactide-co-D,L-lactide)/Poly(L-lactide-co-ε-caprolactone) blend. Compression moulded 

samples had lower elastic moduli and yield stress compared with injection-moulded samples. 

However, the compression-moulded samples were more ductile with a strain-to-failure of 

503% compared with 145%. Thermal analysis showed the injection-moulded samples had a 

higher crystallinity. These differences highlight the impact of manufacturing process despite 

similar preparation in melting and cooling. Dillon et al (2019) produced PLLA tubing by 

extrusion and stretch blow moulding technique. The latter technique involved heating the 

PLLA tubes above its glass transition temperature and circumferentially expanding at a strain 

rate of 12 s-1. The expansion process resulted in an increase of 65% of the elastic modulus, 

45% increase in the maximum tensile stress and an 18-fold increase the strain at maximum load 

when compared to extruded PLLA. Thermal analysis showed a higher crystallinity in the 

expanded samples. The expanded samples were also shown not to have a glass transition peak 

on the DSC thermograms, which is usually indicative of a highly crystalline polymer. 
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2.2.4. Degradation Mechanisms and Effects on Mechanical Performance of Polymers 

The primary mechanism of degradation for aliphatic polyesters such as PLLA is bulk 

degradation via hydrolysis. Experiments evaluating degradation mechanisms for PLLA have 

shown that water is the primary instigator for degradation, with more complex degradation 

solutions that mimic human bodily fluids not contributing or altering the mechanism of 

degradation (Mainil-Varlet, 1997; Suuronen et al., 1998; Luo et al., 2014). In vitro degradation 

studies are typically performed by immersing the polymer into phosphate buffered saline 

(PBS). However, a number of in vitro degradation studies have been performed in other 

solutions such as an enzymatic solution (Cai et al., 1996) and distilled water (Deroiné et al., 

2014). It has also been shown that degradation in vivo follows similar mechanisms to the 

degradation process as those noted in vitro (Mainil-Varlet, Curtis and Gogolewski, 1997). The 

degradation process can be broken down into two stages. First, the penetration of water from 

the surrounding environment into the bulk polymer where it breaks the ester bonds of the 

amorphous phase. The initial degradation can be characterised by a sharp reduction in the 

molecular weight as the length of the polymer chains are reduced. Second, the mass of the 

polymer decreases as the polymer chains, which are gradually reduced in length, become 

soluble and diffuse out of the polymer (Gleadall et al., 2014). This causes a plateau in the 

number average molecular weight caused by a balance of low molecular weight oligomers 

being lost through diffusion and higher molecular weight polymer chains being degraded. 

Owing to the biased degradation of the amorphous phase of polymers, the relative crystallinity 

has been found to increase over time as the quantity of amorphous phase of the polymer is 

reduced. Experiments have also shown that the degradation of polymers can be affected by the 

crystallinity, molecular weight, physical age and chain orientation (Tsuji, Mizuno and Ikada, 

2000; Saha and Tsuji, 2006). 
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In Vitro Degradation Testing of Polymers - Real time studies 

To represent the physiological environment, in vitro degradation studies have generally been 

carried out by immersing polymer specimens an aqueous solution, such as PBS, over time 

periods that range from several weeks to years. Many studies recreate the physiological 

environment by carrying out testing at 37°C. Degradation has been shown to have several 

effects on the mechanical performance of polymers, with the elastic modulus, strain-to-failure 

and yield stress all found to be impacted by degradation, Table 2.2. 

Table 2.2. In Vitro degradation studies performed on biomedical polymers showing the degradation conditions 

and the mechanical properties affected by the degradation. 

Materials Degradation Condition 

Material Property Degraded 

Reference Elastic 

Modulus 

Yield 

Strength 

Strain 

to 

Failure 

PLLA, 

PGLA, 

PDGLA 

Dog-bone samples degraded in 

distilled water at 37°C for a period of 

24, 7 and 1 months for PLLA, PGLA 

and PDGLA respectively. 

✓ ✓  

(Bartkowiak-

Jowsa et al., 

2013) 

PLLA 
Pin samples degraded in PBS at 38°C 

for a period of 24 weeks 
✓  ✓ 

(Duek, et al., 

1999) 

PLLA 

Dog-bone samples degraded in PBS at 

37°C for a period of 65 weeks. 

Comparison samples implanted in rats 

for 44 weeks.  

✓ ✓ ✓ 
(Weir et al., 

2004) 

PLLA 

Dog-bone samples subjected to 

accelerated degradation in PBS at 

50°C and 70°C for a period of 115 and 

23 days respectively for the 50°C and 

70°C samples 

✓ ✓ ✓ 
(Weir et al., 

2004) 

PLLA 
Film samples degraded in PBS at 

37°C for a period of 36 months 
✓ ✓ ✓ (Tsuji, 2000) 

PLLA 
Film samples degraded in PBS at 

37°C for a period of 36 months 
✓ ✓ ✓ 

(Tsuji and 

Ikada, 2000) 

Polyglyconate 

B 

Dumbbell samples degraded in PBS at 

37°C for a period of 31 days 
 ✓ ✓ 

(Farrar and 

Gillson, 2002) 

PLLA/PBS 
Dog-bone samples degraded in PBS at 

37°C for a period of 24 weeks 
✓ ✓  

(Kimble and 

Bhattacharyya, 

2015) 

PLLA 

Dog-bone samples subjected to 

accelerated degradation in PBS at 

50°C for a period of 112 days 

 ✓ ✓ 
(Katarzyna et 

al., 2021) 

 

Bartkowiak-Jowsa et al (2013) investigated the effect of degradation on PLLA samples, which 

consisted of dog-bone specimens that were immersed in distilled water at 37°C for a period of 
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24 months. Mechanical testing showed an increase in the elastic modulus from months 7 to 17, 

while a decreasing trend was observed for the tensile strength and the failure strain from month 

10. The unaffected creep properties of the PLLA samples were attributed to the increase in 

crystallinity that takes place throughout the degradation process. 

Duek et al (1999) subjected PLLA pins of different starting crystallinities (10% and 50%) to 

immersion in PBS at physiological temperatures for 24 weeks. PLLA with a lower starting 

crystallinity was found to be more mechanically stable than the samples with higher starting 

crystallinity. This was seen in the lower rate in the reduction in bending strength, elastic 

modulus and strain-to-failure. Tsuji et al (2000) investigated the effect of varying crystallinity 

and on degradation on PLLA films immersed in PBS 37°C for 36 months. Degradation of the 

films reduced the molecular weight across all samples at a similar rate and an increase in 

polymer dispersity. No mass loss was noted until month 12, after which samples with higher 

starting crystallinities had higher mass loss than those samples with lower starting 

crystallinities. All samples showed an increase in crystallinity over the course of the study. 

Mechanical evaluation showed a faster reduction in elastic modulus, elongation at break and 

tensile strength in samples with higher starting crystallinity, see Figure 2.10 below. The higher 

rate of degradation in samples with higher starting crystallinity was attributed to the crystals 

disturbing the chain arrangement of the amorphous region allowing for faster hydrolysis. 

Another possible reason for the increased rate of degradation is the crystals in samples with 

higher starting crystallinity have exposed polymer end groups, which are more hydrophilic and 

facilitate the ingress water to start hydrolysis. 
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Figure 2.10. Evolution in (a) residual tensile strength, (b) Young’s modulus and (c) Elongation-at-break for 

PLLA films of varied initial crystallinity versus degradation time. (●) PLLA100; () PLLA120; (□) PLLA140; 

and (○) PLLA160. Adapted from (Tsuji and Ikada, 2000). 

Saha and Tsuji (2006) demonstrated the effect of varying molecular weight on the degradation 

process of PLLA. Amorphous PLLA films were degraded in PBS at 37°C for 60 weeks. The 

starting molecular weight had less of an effect on the degradation rate than the starting 

crystallinity for the initial period of the study (Weeks 0-32). These initial effects of starting 

crystallinity/molecular weight did not play a role in determining the rate of degradation in the 

second period of the study (Weeks 32-60) due to the accumulation of oligomers and the 

increase in crystallinity caused by the degradation. Interestingly, the samples with zero starting 

crystallinity remained completely amorphous with no increase in crystallinity over the course 

of the study, while the samples with some starting crystallinity (1.6%) experienced an increase 

in crystallinity (10.2%). This was attributed to the starting crystallized areas acting as 

nucleation points for further crystallization during the degradation. The different starting 

molecular weight had no effect on the evolution in mechanical properties with the elongation 

to break, elastic modulus and tensile strength reduced similarly. 

In Vitro Degradation Testing of Polymers - Accelerated Degradation 

The degradation rate of polymers is highly dependent on the environmental temperature, with 

elevated temperatures shown to increase the rate of degradation (Weir et al., 2004). Many 

studies have used this to conduct thermally-accelerated degradation studies. The effect of 
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temperature on degradation kinetics can be described by Arrhenius relationship, which is 

described by Equation ( 2-1 ), and relates the process back to the service temperature, 

 𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇  ( 2-1 ) 

   

 
𝑙𝑛 𝑘 = − (

𝐸𝑎

𝑅
) (

1

𝑇
) + 𝑙𝑛 𝐴 ( 2-2 ) 

where k is the rate constant, A is a constant, Ea is the activation energy, R is the universal gas 

constant and T is the temperature. For an ideal system, a linear relationship should exist 

between the ln T versus 1/T. Weir et al (2004) showed that the mechanisms of degradation 

remain the same at elevated temperatures provided the glass transition temperature of the 

polymer was not exceeded. Samples of PLLA were immersed in PBS at 37°C, 50°C and 70°C. 

It was found that changes in mass and thermal properties caused by the degradation were not 

affected by the elevated temperatures. It was found that the relationship between the tensile 

strength and the molecular weight remain largely unchanged between the samples degraded at 

different temperatures, highlighting that elevated temperature can be appropriate used to 

accelerate the degradation process. This is advantageous owing to the long-time scales involved 

in degradation of polymers used in BRS applications, which is typically greater than two years 

for PLLA (McMahon et al., 2018).  

In-vivo Degradation Comparison 

While in vitro experiments aim to replicate physiological conditions, several aspects of the in 

vivo environment may also affect the degradation process. Many in vitro experiments are 

performed with the degradation sample immersed freely within an aqueous solution. Weir et 

al (2004) compared the degradation of PLLA pins degraded in PBS at 37°C with in vivo 

samples implanted in rats. The in vitro samples were immersed for a total of 65 weeks while 

the in vivo samples remained implanted for 44 weeks. Molecular weight analysis of the two 

sample groups showed a similar rate of molecular weight loss over the 44-week period. 
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Thermal analysis showed an increase in crystallinity in both groups also. While the degradation 

mechanism is suggested to remain similar for both sample groups, with similar evolutions in 

both mechanical and physical properties, the in vivo samples did show evidence of fibrous 

encapsulation, with little inflammatory response noted. This low inflammatory response was 

attributed to the slow rate of degradation and thus slow change of the local pH as the polymer 

degraded. 

2.3. Experimental Testing of BRS 

2.3.1. BRS Devices 

The development of BRS devices has suffered significant setbacks over the past number of 

years, with 2-year follow up data from the ABSORB III trial on the Abbott Absorb 

demonstrating increased risk of late-stage adverse events (Ellis, 2020). A European Society of 

Cardiology (ESC) taskforce (Byrne et al. 2018) set up to evaluate clinical outcomes of 

approved BRS devices found evidence of excess very late stent thrombosis with the Abbott 

Absorb in comparison with conventional DES. The hypothesized factors for the lesser 

performance include alteration of laminar flow as a consequence of high strut thickness and 

loss in backbone integrity, leading to prolapse of part of the scaffold into the lumen of the 

vessel, thrombogenicity of degradation products and/or extracellular matrix replacing voids 

within the scaffold and finally inflammation caused by degradation of the scaffold. Each of 

these hypotheses relating to the long-term performance of a BRS and highlights the need to 

alter test protocols and characterise all stages of the BRS life cycle. 
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2.3.2. Standardised Testing of BRS – Short-Term Performance 

Throughout development, BRS must undergo a series of bench-top, animal testing and human 

trials to demonstrate their safety and efficacy before being approved. A number of guidance 

documents exist recommending an extensive list of the bench-top tests and minimum 

requirements for vascular stents, with several of these tests summarised in Table 2.3 below. 

These include the FDA guidance document on “Non-Clinical Tests and Recommended 

Labelling for Intravascular Stents and Associated Delivery Systems” (FDA, 2010), the 

International Organisation for Standardisation (ISO) document entitled “Cardiovascular 

Implants - Endovascular Devices - Part 2: Vascular Stents” (ISO 25539-2) and the American 

Society for Testing and Materials (ASTM) guidance on Standard Guide for Testing Absorbable 

Stents (ASTM F3036-21). Specific guidelines that describe in vitro testing of BRS (e.g. ASTM 

F3036-13, ISO 17137) and associated materials (ASTM F1635, ISO 13781) are also now 

available. For design evaluation of BRS, both ASTM F3036-13 and ISO 17137 require the use 

of suitable in vitro models for the anticipated degradation mechanism that should reflect the 

implant composition and interaction with the surrounding environment. ISO 13781 outlines 

that implant performance should be characterized in vitro at multiple time points that 

encompass the timeframe for implantation (“Procedural Stage”), active degradation 

(“Intermediate Stage”), and the expected final in vivo histological disappearance of the 

bioresorbable implant or component (“Advanced Stage”), with these phases represented 

schematically in Figure 2.11. 
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Figure 2.11. Evolving relationship between physical properties and mechanical support provided by a BRS 

during various stages in the degradation (adapted from ISO/TS 17137:2019) 

For bioresorbable implants, ISO 13781 outlines that post-deployment performance must 

specifically ensure that the initial functional design performance is not affected by any 

excessive shrinkage/swelling, premature degradation and/or release of degradation/corrosion 

product(s) that could lead to unwanted defects or unintended loss in mechanical function in the 

short-term. Beyond the procedural stage, the intermediate stage of degradation spans the end 

of the procedure to where the measured mechanical attribute of the implant being tested is no 

longer detectable, which is schematically represented in Figure 2.11. From ISO 13781, the 

primary focus in the intermediate stage is that the decline in “mechanical attributes” of the BRS 

occurs with acceptable measurement limits that are described at multiple relevant time points 

during degradation. In vitro characterisation protocols should, as much as possible, simulate in 

vivo degradation, typically using a physiologically-relevant aqueous solution that maintains the 

appropriate pH and thermal conditions. Depending on the intended in vivo environment, in 

vitro characterisation should consider physiological loading conditions from vessels (such as 

pulsatile axial, torsional, bending tests) to determine if the expected loading has a significant 

impact on the degradation profile. Mechanical and/or performance properties need to be 

evaluated at time intervals in accordance with the requirements of the product specific relevant 
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standards. Such in vitro fatigue testing needs to be of sufficient duration to characterize the 

anticipated functional life of the implant, which may vary depending on the design attribute 

being evaluated.  

Together, the tests recommended in these standards appear comprehensive, enabling detailed 

device characterisation across the entire lifetime of the device. However, while these standards 

provide a broad testing framework, there is substantial room for interpretation within these 

protocols. There is a clear focus on the mechanical performance of the device, suggesting that 

the underlying mechanisms that could be determined through physio-chemical characterisation 

are secondary. The standards provide limited guidance on evaluating the thermal or molecular 

changes that occur to polymers when degraded. Furthermore, while acceptance criteria for the 

short-term performance of the device during implantation (e.g. procedural stage) are well-

established, the longer-term acceptance criteria for mechanical performance are not well-

defined. Such information would depend on the intended use of the device and the scaffold 

manufacturer’s interpretation of these acceptance criteria. Crucially, it is difficult to say 

precisely how these are interpreted as this information is commercially sensitive, with very 

limited information in the public domain.
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Table 2.3. List of some of the various mechanical and bench tests to be performed on vascular stents for the process of demonstrating safety and efficacy. 

Test Test description  
FDA 

Guidance 

ISO 

25539-

2 

ASTM 

F3036-

21 

Dimensional Verification 
Determine the deployed stent dimensions including outer diameter(s), wall thickness (es), and all 

other appropriate dimensions, for verification to design specifications. 
  

Percent surface area 
Report the percent surface area of the stent for both the smallest and largest nominal expanded 

diameters for each stent design.  
     

Foreshortening Decrease in length of the stent between the catheter-loaded condition and the deployed diameters   

Recoil 
Measured change in diameter of your stent between post-balloon expansion and after balloon 

deflation 
  

Stent Integrity 
Visual examination to detect any evidence of cracks, scratches, permanent set and coating 

delamination 
     

Radial Stiffness and Strength 

in-vitro 

Radial stiffness, i.e., the change in stent diameter as a function of uniformly applied external radial 

pressure; and radial strength, i.e., the pressure at which your stent experiences irrecoverable 

deformation. 

  

Three-point Bending in-vitro Three-point bend testing to assess the bending stiffness, strength and flexibility    

Kink resistance  Determine the minimum radius that the endovascular prosthesis can accommodate without kinking.  




Mechanical Properties of 

constitutive material 

Tensile testing on constitutive material to determine ultimate tensile strength (UTS), yield strength 

(YS), elongation 
     

Simulated Use  

Testing to demonstrate that the delivery catheter can safely and reliably deliver the stent to the 

intended location and that the stent is not adversely affected by the delivery catheter, both during 

deployment and withdrawal 

  

Accelerated Durability 

Testing 

perform long-term durability testing that models the physiological loads and boundary conditions 

that your stent is likely to experience under its intended use 
    

Particulate Evaluation 
Measure the total number of particulates and size of the particulates generated during the simulated 

delivery and deployment 





MRI Safety and Compatibility Investigate issues affecting safety and compatibility of your stent in the MRI environment     

Radiopacity 
Evaluate visibility of stent in real-time and plane film x-ray during delivery, deployment and after 

implantation 
 



Biocompatibility Determine the biocompatibility of all patient-contacting materials present in your device.     

Degraded Three-point 

Bending in-vitro 

Three-point bend testing to assess the bending stiffness, strength and flexibility on degraded 

samples     
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2.3.3. Bench testing of BRS – Short-Term Performance 

These bench tests outlined in Table 2.3 describe the various test requirements to demonstrate 

functional performance of the device in vitro. Of most importance, radial testing is used to 

measure the outward force of the stent to ensure it can withstand the loading imparted upon it 

by the vessel, pulsation from blood flow and musculoskeletal movement. Radial testing can be 

performed using several methods including parallel plates (Bonin et al., 2018), v-clamps 

(Maleckis et al., 2017), hydraulic/pneumatic crushing (Barkholt et al., 2020) and segmented 

head/iris closure (McKenna and Vaughan, 2020). Methods such as the segmented head and 

hydraulic crushing that completely radially encompass the stent typically provide most accurate 

measurement. Figure 2.12 shows the typical radial force-diameter loading curve for a balloon-

expandable stent under a segmented head apparatus. The initial linear loading portion of the 

curve is taken as the radial stiffness. The curve then plateaus as the stent undergoes plastic 

deformation during crimping. In the absence of damage, unloading will take place parallel to 

initial loading line, while some recoil occurs this type of loading shown in Figure 2.12 leads to 

permanent deformation of the BRS upon removal of the load. Radial strength is defined by 

ASTM-F3067 as the offset parallel to the unloading line (ASTM International, Corro- and Test-

, 2005) or an arbitrary offset parallel to the loading line (Qiu et al., 2018; Qiu et al., 2019). 

Despite this ASTM standard definition, there are several examples in the literature where radial 

strength has been defined differently, for example where cross-sectional area was reduced by 

25% (Ormiston et al., 2015). 
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Figure 2.12. Typical radial force vs diameter curve for a balloon expanded BRS with radial strength determined 

from an offset line parallel to the unloading curve. Radial stiffness is determined from the slope of the initial 

linear region (Wang et al., 2017). 

Axial tests are typically performed by applying an axial compressive or tensile load to one end 

of the stent while the other end is fixed. Axial testing is used to evaluate the tensile/compressive 

loads and to investigate stent deformation such as buckling and reduction of cross-sectional 

area. Bending tests can be performed using several techniques including three-point bend tests 

(Wang et al., 2017) and a free bend test by fixing one end and applying a load to the other to 

measure bending stiffness or stent flexibility (Schmidt et al., 2009), as shown in Figure 2.13. 

This is an important metric given the tortuous nature of the blood vessels of the human 

anatomy. Bending tests allow for the characterisation of a stent’s flexibility and tests can be 

performed on the deployed and un-deployed configurations. These tests can indicate the 

performance and interaction within a blood vessel, whether it conforms with, or stiffens the 

surrounding vessel or the ease in which the deployment system may be navigated to the site of 

injury. 
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Figure 2.13. Experimental test set-ups for bending tests, showing (a) three-point bend test and (b) free bending 

fixture. Adapted from (Wang et al., 2017) and (Schmidt et al., 2009) respectively. 

Other common experimental bench tests for BRS include inflation pressure versus diameter, 

measuring recoil and deployment flexibility testing. This is due to the tests accessibility and 

not having to rely on specialised equipment other than an axial testing machine. Table 2.4 below 

summarises several published studies that have conducted in-house bench top tests on polymer 

BRS. From this, it is clear that published experimental data on polymer BRS is limited, with 

many of the studies focussing on the Abbott Absorb scaffold, or an in-house BRS design, with 

only limited examples of other commercial BRS. 
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Table 2.4. In-vitro experimental studies assessing the initial mechanical performance of polymer BRS devices. 

Scaffold 

Tested  

Mechanical Tests 

Performed 

Physical 

Tests 

Performed 

Temp. 
Testing 

Media 

Loading 

Conditions 
Ref. 

Absorb, 

Desolve, 

Desolve Cx 

Longitudinal strength, 

radial strength, recoil, 

post-dilation and 

fracture  

Not 

performed 
37°C 

SBF 

Bath 
Static 

(Barkholt 

et al., 

2020) 

Reva 

Fantom 

Free expansion, 

longitudinal tensile 

Not 

performed 
37°C  

Water 

bath 
Static 

(Antonini, 

et al., 

2021) 

Absorb, 

DESolve 

Free expansion, recoil, 

radial strength, 

flexibility/bending 

stiffness 

Not 

performed 
37°C 

Water/ 

saline 

bath 

Static 

(Schmidt 

et al., 

2016) 

Absorb, 

DESolve 

Free expansion, recoil, 

radial strength, post-

dilation and fracture 

Not 

performed 
37°C  

Water 

bath 
Static 

(Ormiston 

et al., 

2015) 

Novel BRS 
Recoil, collapse 

pressure 

Molecular 

weight, 

thermal 

analysis 

37°C Air Static 

(Grabow, 

et al., 

2007) 

Novel BRS 

Annealing treatment, 

free expansion, 

collapse pressure,  

Thermal 

analysis 

Room 

temp. 

(20°C) 

Air Static 
(Welch et 

al., 2009) 

Novel PLLA 

BRS 

Fatigue loading, 

scaffold placed in 

silicone vessels and 

subjected to a flow rate 

of 40-50ml/min 

Not 

performed 
37°C PBS Dynamic 

(Wang et 

al., 2020) 

Novel PLLA 

BRS 

Crimping, free 

expansion, 3-point 

bending, radial strength 

/ stiffness, collapse 

pressure 

Not 

performed 
37°C 

Not 

Disclose

d 

Static 
(Wang et 

al., 2017) 

 

Schmidt et al (2016) subjected two polymer (Abbott Absorb and Elixir DESolve) and a 

magnesium (Biotronik Magmaris) BRS to a suite of mechanical testing, including expansion 

within a rigid and compliant mock vessel, recoil, radial strength and flexibility testing. It was 

found that the polymer BRS had higher rates of acute recoil and 1-hour post implantation recoil 

than the magnesium BRS. Magmaris and Absorb BRS had similar crush resistance, with values 

of 197 kPa and 172 kPa, respectively. Ormiston et al (2015) performed a number of bench tests 

on the Abbott Absorb and DESolve BRS, comparing the deployment characteristics against a 

commercial DES (Xcience Xpedition). All scaffolds had a nominal diameter of 3mm and recoil, 

radial strength, crossing profile, deployment post dilation and side branch dilation were 
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investigated. The DES had the lowest crossing profile of the scaffolds examined, with a strut 

thickness of 89 µm compared with the polymer BRS 157-150 µm for the Absorb and DESolve 

respectively, resulting in the polymer scaffold being more difficult to deliver than the DES. The 

radial strength was assessed by applying a uniform pressure on the outside of the scaffold until 

the cross-sectional area was reduced by 25%. The DES required a pressure of 1.6atm to reduce 

the cross-sectional area compared with 1.3 atm and 1.1 atm for the Absorb and DESolve 

respectively. Post dilation of the scaffold was performed to measure the diameter the scaffold 

could be expanded to before strut fracture. The Absorb fractured at a diameter of 3.8 mm, the 

DESolve fractured at a diameter of 5 mm while the Xcience DES did not fracture during this 

test. These bench studies have shown that polymer BRS could still have functional performance 

similar to DES, although this was facilitated by thicker struts. While these investigations have 

provided key insight into the mechanical performance of polymer BRS, it is evident from Table 

2.4 that evaluation of physiochemical properties are lacking. The degree of crystallinity, 

molecular weight and thermal properties are known to effect the mechanical response of the 

polymer, and subsequent degradation kinetics, but there are limited examples of these 

properties being reported in such studies. Bench testing should be performed in conditions as 

close as possible as those experienced in vivo, while testing conditions are less critical for metal 

DES the ambient temperature and humidity can have drastic effects on the mechanical 

performance of a polymer BRS. These details are of vital importance as discussed earlier in 

(Section 2.2) as these can influence the initial and lifetime performance of a polymer BRS. 

2.3.4. In Vitro Degradation Characterisation of BRS 

While the guidance documents presented in Section 2.3.2, summarise a standards-based 

approach to device characterisation, with particular interest in the mechanical characterisation 

of the implantation performance, there is substantial variation in the published literature when 

conducting in vitro degradation tests for polymer based BRS. Table 2.5 provides an overview 
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of relevant in vitro degradation studies of polymer BRS. Across these studies, processing 

techniques and/or the type of specimen being evaluated have varied significantly and include 

3D printed scaffolds (Chausse et al., 2021), braided wire scaffolds (Nuutinen et al., 2003) and 

final laser-cut scaffold designs (Luo et al., 2014; Naseem et al., 2019). These studies use 

similar approaches to degradation testing as those summarised in Section 2.2.4. To represent 

the physiological environment, in vitro degradation studies have generally been carried out by 

immersing specimens such as full devices in PBS, at 37°C over time periods ranging from 

several weeks (Nuutinen et al., 2003) to years (Qiu et al., 2018). In most studies, degradation 

of the scaffolds was evaluated with immersion in a static degradation media, with only a 

handful of studies examining the effect of fluid flow on the scaffold being investigated (Luo et 

al., 2014).
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Table 2.5. In-Vitro degradation studies on novel and commercial polymer BRS devices. Table first appeared in (Shine, 2020) it has been modified to include both PLLA and 

other polymer BRS tests with additional entries added. 

Sample Type  Degradation conditions  
Loading 

Conditions 
Property Characterisation 

Reference 

to 

standards  

Ref. 

Braided PLLA 

scaffolds  

Degradation at 37°C (six fibres and 4 stents tested) for 104 

weeks. Samples were gamma sterilised prior to 

degradation.  

Static 
Molecular weight, mechanical 

properties, mass loss, crystallinity  
- 

(Nuutinen 

et al., 

2003) 

PLLA and PLLA 

helical scaffolds  

PLLA tensile specimens degraded in a saline environment 

at 37°C for 3 months. Stents immersed in similar 

conditions for 5 weeks  

Static 

Tensile properties, glass transition 

temperature, molecular weight, 

collapse pressure. 

No 

(Venkatra

man et al., 

2003) 

PLLA fibres and 

coiled PLLA stents  

Fibres degraded in PBS at 37°C for 6 weeks. PLLA stents 

were investigated for 20 weeks in the same conditions.  
Static 

Mass loss, tensile properties, radial 

compression strengths (stents)  
- 

(Zilberman 

et al., 

2005) 

PLLA/P4HB slotted 

tube scaffolds  

Stents degraded in Sørensen’s buffer solution at 37°C for 

up to 48 weeks.  
Static 

Molecular weight, stent collapse 

pressure  
No 

(Grabow, 

et al., 

2007) 

PLLA slotted tube 

scaffolds  

Stents degraded in Sørensen’s buffer solution at 37°C for 

up to 24 weeks.  
Static 

Molecular weight, stent collapse 

pressure  
- 

(Grabow, 

et al., 

2007) 

PLLA prototype 

scaffolds  

Degradation in a customised in-vitro system. Stents 

immersed for 6 months and examined under applied 

pressure and fluid flow.  

Dynamic, 

fluid flow 

Molecular weight, radial strength, 

thermal properties  
- 

(Luo et al., 

2014) 

PLLA scaffold sub-

units  

Degradation of samples under fatigue and static 

conditions. Degradation carried out at 42°C for 100 days 

in both cases.  

Cyclic 
Tensile properties, molecular weight, 

crystallinity  
- 

(Dreher, et 

al., 2016) 

PLLA scaffold and 

sheets  

Degradation in PBS under static conditions at 37°C for 

110 days.  
Static Molecular weight, crystallinity  - 

(P. J. Wang 

et al., 

2018) 

PLLA scaffold 

supplied by Abbott 

Vascular 

Stents incubated in glass vials containing PBS at 37°C for 

24 months 
Static Radial force testing,  - 

(Qiu et al., 

2018) 

PLLA scaffold 

supplied by Abbott 

Vascular  

Stent sections containing 3–4 rings were produced using a 

sharp blade in a sterile environment and incubated in glass 

vials containing PBS at 37°C for 24 months 

Static 
Molecular weight, crystallinity, 

elastic response (nano-indentation) 
- 

(Naseem et 

al., 2019) 

PLLA scaffold 

supplied by Abbott 

Vascular 

Real time degradation with time points at 0, 9 and 18 

months.  
Static Surface morphology,  - 

(Ramachan

dran et al., 

2018) 
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PLLA prototype 

scaffold 
In vitro degradation in PBS at 37°C for 3 months Static 

Molecular weight, collapse pressure, 

crystallinity, water uptake. 
- 

(Tan et al., 

2005) 

PCL Prototype 

scaffold 
In vitro degradation in PBS at 37°C for 8 weeks 

Dynamic, 

fluid flow 

Dry and wet mass, surface 

morphology 
- 

(Guerra 

and 

Ciurana, 

2017) 

3D printed 

PLLA/PLCL novel 

scaffold 

In vitro degradation in PBS at 37°C for 3 months Static 

Crystallinity, radial strength, 

thrombogenicity, cytotoxicity, 

radiopacity 

- 
(Chausse et 

al., 2021) 

Braided PLLA 

scaffold 

Degradation performed under physiological flow 

conditions for 32 weeks 

Dynamic, 

fluid flow 

Crystallinity, molecular weight, 

tensile properties,  
- 

(Khalaj 

Amnieh et 

al., 2021) 

Braided PDO 

scaffold 
In vitro degradation in PBS at 37°C for 10-16 weeks Static 

Crystallinity, radial strength, mass 

loss, bending strength, surface 

morphology 

No 

(Wang and 

Zhang, 

2016) 

Novel PLA/Mg 

scaffold 

In vitro degradation in Hanks solution at 37°C for 30 

days, stents immersed for 7 days 
Static 

Crystallinity, thermal properties, 

parallel plate crush, surface 

morphology 

No 

(Hasanpur 

et al., 

2021) 

Novel PLA Blend 

scaffold 

In vitro degradation in distilled water and Ringer’s 

solution at 37°C for 6 weeks 
Static 

Radial force, pH, surface 

morphology, protein adhesion 
No 

(Bartkowia

k-Jowsa et 

al., 2011) 
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A range of characterisation techniques have been used across these studies, which generally 

capture changes in chemical, thermal properties and/or mechanical properties. Unsurprisingly, 

studies have reported a wide variation in mechanical performance across PLLA-based 

materials (Tsuji and Ikada, 2000; Gleadall et al., 2014; Katarzyna et al., 2021) and PLLA-

based devices (Luo et al., 2014; Qiu et al., 2018) undergoing degradation. It is notable that 

differences are not only observed in the timescale(s) at which load-bearing capacity is reduced, 

but also fundamental differences are observed in how mechanical properties (e.g. stiffness, 

strength, ductility) are impaired during degradation. For example, an in vitro study on PLLA 

tubes reported substantial reductions in both tensile strength and tensile failure strain, but little 

reduction in either elastic modulus or yield stress following immersion (Naseem et al., 2020). 

Others have determined that degradation resulted in reduced yield stress of PLLA over time, 

with little reduction in elastic modulus or failure strain (Qiu et al., 2018). In contrast, other 

studies performed on the bulk polymer have demonstrated that elastic modulus, tensile strength 

and strain-to-failure all deteriorate during immersion (Tsuji and Ikada, 2000). While these 

differences are driven by variations in either the polymer composition or processing 

parameters, there is a surprisingly limited understanding of the physical basis for these 

temporal changes in mechanical behaviour during degradation. It is also worth noting that the 

majority of our understanding of bioresorbable polymer degradation behaviour has been 

derived from static conditions, with only limited studies evaluating the role of dynamic fluid 

flow and/or cyclic loading conditions on degradation performance. Degradation in a dynamic 

environment allows for the degradation products to be removed from the area immediately 

surrounding the scaffold and causes an increase in the rate of degradation by increasing the 

diffusion gradient between the inside of the polymer scaffold and the surrounding environment. 

Dreher et al (2016) have demonstrated a clear a role for cyclic loading conditions on measured 

mechanical properties and molecular weight during degradation with cyclically loaded samples 
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experiencing increased stiffness and molecular weight loss when compared to the static control. 

Guerra et al (2017) have shown the influence of flow on PCL scaffold sub-units, with samples 

exposed to fluid flow experiencing an increase in mass compared with the static control, with 

the increase in mass attributed to a faster absorption of water in the samples exposed to fluid 

flow. Therefore, many of the reported results from in vitro studies may not fully represent the 

physiological environment, which further adds to the challenges in predicting degradation of 

implanted BRS in vivo. 

2.4. Overview of Computational Modelling of Coronary BRS 

While benchtop testing is a necessary and important component in the development of BRS, it 

can require large amounts of device prototyping. Computational modelling is a powerful tool 

that can be used to simulate the complex material behaviour and in vivo loading conditions of 

coronary BRS. Typically, computational methods for evaluating scaffold mechanics are 

performed using the finite element method. Indeed, it is a required component in the 

development of coronary stents and forms part of the regulatory submission process (FDA, 

2010). Computational modelling can provide a host of additional information such as failure 

mechanisms, the stress state within scaffold struts, scaffold -vessel interactions and it reduces 

the time in evaluating the long-term behaviour such as degradation and fatigue of BRS.  

In recent years, there has been a growing number of studies and projects advocating for the 

adoption of in silico clinical trials, whereby computational methods are used to predict 

outcomes of device interventions (Viceconti et al., 2019). These platforms have a number of 

advantages over conventional clinical trials in terms of reduced cost and time needed to 

complete a trial. A repository of in silico or virtual patients can be gathered and in the case of 

BRS the ‘patients’ can consist of the relevant blood vessels which are scanned and 

reconstructed for use computationally. Patients for the trials could then be selected using the 

desired vessel geometry or history. However, a number of issues still remain before the 
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adoption of in silico trials as part of the device approval process. First, is developing a platform 

that sufficiently captures the complexity of the trial one is trying to perform. In terms of 

vascular stents, a platform must be capable of capturing the initial deployment processes as 

well as late-stage performance, biological and fluid interactions. Second, is the issue of 

credibility of in silico models. While computational modelling has been used for some time to 

predict mechanical performance of stents, more advanced modelling is required to capture 

biological aspects (e.g. neo-intimal growth) and degradation responses and require in-depth 

validation before being adopted by regulatory agencies. 

2.4.1. Short-Term Modelling of BRS 

Computational finite element models of the short-term mechanical performance of 

bioresorbable scaffold are reasonably well-established and generally consider mechanical 

performance of devices in the absence of degradation. Table 2.6 provides a general summary 

of computational studies that have investigated the short-term performance of polymer BRS. 

Where the short-term is defined as the crimping, deployment and recoil of the BRS. Many have 

simulated in vitro bench testing protocols (e.g. radial force, bending behaviour, crush 

resistance) to predict functional device properties and predicted the implantation performance 

of polymer BRS. The computational bench testing of novel vascular devices is also a 

requirement during the approval process with the FDA issuing guidance documents on the 

computational assessment of scaffold (which were covered in Section 2.3.2)



Chapter 2 

49 

 

Table 2.6. A summary of computational polymer BRS studies showing the material models used, the method of calibrating the material model for the short-term performance 

of BRS and the short-term loading conditions examined. 

Material 
Material 

Model 

BRS 

Modelled 

Source of 

Material 

Parameters 

Strain 

Rate 

(mm/min) 

Test 

Materials 

Conditions 

Examined 

Expansion 

Method 

Vessel 

Deployment 

Simulation 

Solver 
Ref. 

PLLA Hyperelastic  Novel BRS 
Uniaxial tensile 

testing 
1, 2, 4 

PLLA 

Fibres 

Pressure applied 

to external 

surface 

Not given No Abaqus 
(Soares, et 

al., 2010) 

PLLA Elastic-plastic Novel BRS Tensile testing  Not Given 
Not 

Given 

Radial 

compression, 

fatigue 

Rigid 

Cylinder 

Simplified 

vessel 

Abaqus 

Explicit 

(Luo et al., 

2014) 

PLLA Viscoelastic 

Multilink, 

Absorb, 

Igaki–Tamai 

Uniaxial tensile 

testing 
5 

PLLA 

Sheet 

Radial 

compression, 

flexibility, axial 

crush 

Displaced 

inner 

surface 

No 
Abaqus 

Standard 

(Bobel et al., 

2015) 

PLLA 
Anisotropic 

elastic-plastic 

Absorb 

(modified), 

Novel BRS 

Uniaxial tensile 

testing in 

circumferential 

and 

longitudinal 

directions 

5.08 
PLLA 

Tubes 

Pressure applied 

to external 

surface 

Displaced 

inner 

surface 

No 
Abaqus 

Standard 

(Pauck and 

Reddy, 2015) 

PLLA 
Hyperelastic 

visco-plastic 
Absorb 

Uniaxial tensile 

testing 
1, 10, 100 

PLLA 

Tubes 

Pressure/diameter 

curves 
Balloon No 

Abaqus 

Standard 

(Debusschere, 

et al., 2015 

PLLA Elastic-Plastic Absorb 

Circumferential 

data from 

Pauck & Reddy 

(2015) 

5.08 -- 

Pressure/diameter 

curves, dog-

boning, crimping, 

vessel stress 

Balloon 

Simplified 

vessel, wt. 

plaque 

Abaqus 
(Schiavone, 

et al., 2016)  

PLLA Elastic-plastic Absorb 
Uniaxial tensile 

testing 
1 

PLLA 

Tubes 

Crimping, 

deployment, 

flexibility, radial 

compression 

Rigid 

Cylinder 
No 

Abaqus 

Standard 

(Wang, et al., 

2017)  

PLLA Elastic-plastic Elixir, Xience 

Circumferential 

data from 

Pauck & Reddy 

(2015) 

5.08 -- 

Pressure/diameter 

curves, dog-

boning, crimping, 

vessel stress 

Balloon 

Simplified 

vessel, wt. 

plaque 

Abaqus 

Explicit 

(Schiavone, 

Qiu, et al., 

2017)  

PLLA 
Elastic visco-

plastic 
Renuvia 

Uniaxial tensile 

testing 

0.001, 

0.01, 0.1 

PLLA 

Tubes 

Axial expansion, 

parallel plate 

crush 

Rigid 

Cylinder 

Simplified 

vessel, 

single layer 

Abaqus 

Standard/ 

Explicit 

(P. Wang, et 

al., 2018)  
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PLLA 
Elastic visco-

plastic 
Absorb Not Given Not Given 

Not 

Given 

Chronic outward 

force 
Not Given No 

Abaqus 

Explicit 

(Dong, Wang, 

et al., 2018)  

PLLA Elastic-plastic 

Absorb, 

Elixir, Igaki-

Tamai, 

Fantom 

Circumferential 

data from 

Pauck & Reddy 

(2015) 

5.08 -- 

Recoil, radial 

compression, 

crimping, 

deployment, 

pressure/diameter 

curves 

Balloon No 
Abaqus 

Explicit 

(Qiu, Song, et 

al., 2018)  

PLLA PRF Model Absorb 

Uniaxial 

Tensile Testing 

Bobel et al 

(2016) 

1.0, 2.5, 5 

PLLA 

Dog-

bones 

Deployment, 

deployment rate,  

recoil, fracture 

Rigid 

cylinder 
No 

Abaqus 

Explicit 

Bobel and 

McHugh. 

2018) 

PLLA 
Elastic-

viscoplastic 
Renuvia 

Uniaxial 

Tensile Testing 

Wang et al 

(2018) 

Not Given 
PLLA 

Tubes 

Crimping, 

deployment, 

recoil, 

multimodal 

loading (axial 

compression, 

bending, torsion) 

Balloon 

Simplified 

vessel, 

single layer 

Abaqus 

Standard 

(Wang et al., 

2020)  

Tyrocore 

PRF Model 

(single visco-

elastic branch 

parallel to an 

elastic-plastic 

branch) 

Fantom 

Encore 

Tensile testing 

of BRS 

scaffolds (axial 

direction) 

1.5, 6 
BRS 

Scaffolds 

Axial tension, 

radial 

compression, 

pressure/diameter 

curves 

Balloon No 
Abaqus 

Explicit 

(Antonini, 

Berti, et al., 

2021)  

PLLA 
Hyperelastic 

plastic  
Absorb 

Uniaxial 

Tensile Testing 

Hayman et al 

(2014) 

1 
PLLA 

Fibres 

Chronic outward 

force 
Not Given 

Simplified 

vessel 

Abaqus 

Standard 
(Shine, 2021)  

PLLA 
Elastic visco-

plastic 
Absorb 

Uniaxial 

Tensile Testing 
0.005, 0.05 

PLLA 

Dog-

bones 

Different 

crimping 

protocols, 

force/diameter 

curves 

Balloon No 
Abaqus 

Explicit 

(Antonini, 

Poletti et al., 

2021) 

PLLA 
Anisotropic 

elastic-plastic  
ArterioSorb 

Uniaxial tensile 

testing in 

circumferential 

and 

1 

PLLA 

Dog-

bones 

Crimping, 

deployment, 

recoil, radial 

compression 

Balloon No 
Abaqus 

Explicit 

(Hoddy et al., 

2021) 
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longitudinal 

directions 

PLLA 
Elastic visco-

plastic 
Novel BRS 

Uniaxial tensile 

testing 

performed at 

different 

temperatures 

0.001, 

0.01, 0.1 

PLLA 

Dog-

bones 

Pressure/diameter 

curves, dog-

boning, 

foreshortening 

Balloon No PAK 
(Filipovic et 

al., 2021 

PLLA 
Elastic visco-

plastic 

Absorb, 

Modified 

Absorb, Novel 

BRS 

Uniaxial tensile 

data from 

Filipovic et al 

(2021) 

0.001, 

0.01, 0.1 

PLLA 

Dog-

bones 

Radial 

compression, 

flexibility, 

deployment, 

crimping,  

Balloon No PAK 
(Milosevic et 

al., 2021 

PLLA PRF Model ArterioSorb 

Uniaxial tensile 

testing in 

circumferential 

and 

longitudinal 

directions 

1 

PLLA 

Dog-

bones 

Crimping, 

deployment, 

recoil, radial 

compression 

Balloon No 
Abaqus 

Explicit 

(Hoddy et al., 

2022)  

PLLA/PCL Elastic-plastic Novel BRS 

PLLA data 

from 

Circumferential 

data from 

Pauck & Reddy 

(2015)  

PCL data from 

5.08 -- 

Crimping, 

deployment, 

recoil, 

foreshortening,  

Balloon 

Simplified 

vessel, 

single layer 

wt. plaque 

FE Bio 
(Donik et al., 

2022) 
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A range of constitutive material models have been used to predict the short-term response of 

BRS during crimping and deployment. Several authors (Schiavone, Qiu and Zhao, 2017; Qiu, 

Song and Zhao, 2018) have used circumferential tensile data from Pauck and Reddy (2015) as 

an input for an elastic-plastic material model to compare the performance of different BRS. 

Schiavone et al (2017) compared the pressure-diameter inflation curves along with elastic 

recoil, dog-boning, crimping force and radial strength of each BRS device. They showed that 

residual stresses within the BRS affected the recoil and rate of expansion. It has also been 

shown that the geometry of the BRS has a large effect of the overall mechanical properties of 

the whole device (Qiu, Song and Zhao, 2018). Short-term modelling of BRS has also included 

deployment within a blood vessel. It has been shown that owing to the lower elastic modulus 

of the polymer BRS in comparison with conventional DES, they impart less stress on the plaque 

and vessel (Schiavone et al., 2016; Schiavone, Qiu and Zhao, 2017; Qiu, Zhao and Song, 2019). 

Lower imparted stress is seen as favourable as scaffolds which induce higher stresses on their 

surrounding environment provoke a more aggressive biological response in the artery wall and 

more neo-intimal growth (Timmins et al., 2011). 

Pauck and Reddy (2015) developed an anisotropic elastic-plastic model calibrated using PLLA 

tubes. Tensile tests were performed on dog-bones cut from the tubes in the circumferential and 

longitudinal directions. Three BRS geometries were simulated, with the elastic recoil after 

deployment and radial strength compared. Their analysis showed that, while the geometry of a 

scaffold can alter the radial performance, the strut thickness, width and material stiffness are 

the primary factors in radial strength. Bobel et al (2015) focussed on evaluating several BRS 

by simulating radial compression, flexibility and longitudinal resistance using a non-linear 

viscoelastic material model calibrated from uniaxial tensile tests on dog-bones. Figure 2.14 

shows the geometries considered and the benchtop tests they were subjected to. The simulated 
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benchtop tests demonstrated the importance of scaffold geometry in adding mechanical 

performance to PLLA. 

 

Figure 2.14. Several BRS designs subjected to simulated bench top tests, radial compression, flexibility and 

longitudinal resistance (Adapted from (Bobel et al., 2015)). 

Unlike their metallic counterparts, the deployment behaviour of polymeric bioresorbable 

devices are more sensitive to rate-dependent aspects of the procedure (e.g. inflation rate) and 

significant efforts have been made to understand the role of non-linear and time-dependent 

behaviour on device performance. Studies have implemented hyperelastic (Li et al., 2017), 

visco-plastic (Debusschere et al., 2015; Antonini, Poletti, et al., 2021) and/or visco-elastic 

(Bobel et al., 2015; Antonini, Berti, et al., 2021, Hoddy et al., 2022) constitutive material 

models that capture short-term behaviour in the absence of degradation (summarised in Table 

2.6). Debusschere et al (2015) demonstrated the effect that balloon expansion techniques can 

have on the stress state within a polymer BRS. The PLLA material was modelled using a 

hyperelastic visco-plastic material constitutive law. It was shown that a step-wise dilation 

method reduces the internal stresses within the BRS in comparison with the single inflation 

step typically employed for DES deployments, as shown in Figure 2.15. This reduction in stress 

within the scaffold struts can be attributed to the stress relaxation effect seen in polymers. This 

method differs to the established protocol for deploying balloon expanded DES in use clinically 

which is typically performed under a single step, as metals typically do not exhibit viscous or 

strain rate behaviour. Beyond the device itself, differences to the clinical procedure have also 
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been suggested for BRS compared to DES, with Schiavone et al (2016) suggesting that 

additional post balloon dilation be performed to achieve the desired vessel diameter in BRS 

devices. 

 
Figure 2.15. Finite element contour plots showing the maximum principal stress of direct inflation at the end of 

deployment (a), and recoil (c) compared against the step wise deployment at the end of deployment (b), and 

recoil (d). Adapted from (Debusschere et al., 2015). 

Another difference between DES and BRS is the temperature dependence associated with BRS 

materials, where the material exhibits different mechanical responses under different 

temperatures. This temperature dependence can affect the stress-strain response of the crimping 

or deployment process. During manufacture, crimping of polymer BRS is typically carried out 

at elevated temperatures, which changes the mechanical response of the polymer. Antonini et 

al (2021) demonstrated that this altered mechanical response must be taken into account to 

accurately predict the crimped configuration in BRS devices. It was found that higher 

temperature (52°C) crimping leads to lower forces, with their simulations predicting that 

crimping at elevated temperatures results in lower elastic recoil of the scaffold and a small 

external diameter achieved after crimping. The state of hydration for the polymer is also of 
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importance. The ingress of water into the backbone polymer can also affect the mechanical 

properties as found by Wang et al (2018). They showed that when hydrated under uniaxial 

tensile testing, the polymer exhibits lower yield stresses, more deformability and a more 

compliant behaviour to the dry condition.  

2.4.2. Long-term Modelling of BRS 

Degradation has a number of consequences on the long-term performance of a BRS, affecting 

the physical, chemical and mechanical properties of the polymer. The prediction of long-term 

BRS performance can be influenced by the deployment history, loading rate, local environment 

and temperature conditions. While computational studies are a required part of analysing the 

mechanical performance of a BRS, currently there is no guidance from regulatory bodies on 

the use of computational modelling to predict the long-term degradation behaviour. The 

prediction of the long-term degradation behaviour in computational modelling of polymer BRS 

can be subdivided into two categories; physically based and phenomenologically based models. 

Physical Modelling  

Physically-based degradation models account for the physical processes involved in 

degradation (summarised in Section 2.2.4) and typically use first order kinetic equations to 

capture degradation kinetics. These include the diffusion of water molecules and monomers, 

the scission of ester bonds and changes in crystallinity. Table 2.7 shows a selection of 

physically-based degradation models and the method used to capture physio-chemical 

degradation process. Shine et al (2021) presented a physio-chemical model that accounts for 

the scission of ester bonds due to hydrolysis and thus reduction in molecular weight and 

increase in relative crystallinity over time. This physio-chemical model was coupled to a 

damage model that used the values of molecular weight and crystallinity to evaluate the 

mechanical response at time t. This degradation approach was applied to a PLLA BRS in 



Chapter 2 

56 

 

conjunction with a hyperelastic-plastic material model and is used to model scaffold -vessel 

interaction over time. The model predicted a loss in lumen diameter and a reduction in the force 

applied to the vessel over a simulated two-year period. This work also accounted for tissue 

coverage following deployment, with partial and full coverage of tissue to represent the effect 

of neo-intimal remodelling on degradation behaviour. Ferdous et al (2013) examined the 

evolution of molecular weight and crystallinity on a two-dimensional scaffold strut exposed to 

blood flow and two configurations; fully embedded within the artery wall and partially 

embedded with a surface exposed. The degradation model was used to predict the sensitivity 

of the mechanical performance to changes in physical properties, such as molecular weight, 

dispersity, initial crystallinity, rate of crystallinity change and lactide doping (computational 

addition of lactic acid chains). It was shown that higher crystallinity resulted in slower 

degradation, and that lactide doping could be used to tune the degradation response. While 

some of these physical models capture the evolution in physical properties, many do not capture 

their corresponding effect on the mechanical properties. A more detailed review on physically 

based models is available in (Boland et al., 2016).
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Table 2.7. Summary of physio-chemical degradation models that have been used to simulate the degradation behaviour of BRS (original table from (Shine, 2020) adapted 

and additional entries added). 

BRS Device Model Description Key Equations Parameters 
Model Outputs and 

Comparator for Validation 
Ref. 

Abbott Absorb, Scaffold 

strut 

First order degradation model 

developed based on transient 

diffusion-reaction equations 

for each polymer species S 

(1-5). Each species was 

described as a function of the 

hydrolysis K, autocatalysis 

effects Ka and its 

stoichiometric coefficient n1-

5. Lactic acid concentrations 

𝐶0𝑠 examined using 

diffusion-based model. 

𝑆1 → 𝑛2𝑆2 → 𝑛3𝑆3 → 𝑛4𝑆4

→ 𝑛5𝑆5 

𝛿𝐶𝑥
𝑆

𝛿𝑡
= 𝑓(𝐾, 𝐾𝑎 , 𝐶1−5𝑛1−5) 

𝛿𝐶0
𝑆

𝛿𝑡
= ∇ ∙ (𝐷0

𝑆∇𝐶0
𝑆)

+ 2 ∑ 𝐾

𝑛

𝑚=1

𝐶𝑚
𝑆 𝐾𝑎 

𝐶0
𝑆 – conc. of soluble species 

𝐷0
𝑆 – diffusion coeff. of 

soluble species 

n – number of ester bonds 

K – hydrolytic degradation 

rate 

𝐶𝑚
𝑆  - insoluble species conc. 

with the number of ester 

bonds between n and i+1 

 

Outputs: Molecular weight, 

lactide concentrations, mass,  

 

Comparator: 

(Shazly, et al., 2012, 

Ferdous, et al., 2013) 

Scaffold strut 

Simultaneous model of the 

biodegradation and drug 

release for a PLLA based 

stent coating. Presented four 

equations in terms of 

transport of the polymer (𝐶𝑃 

shown on right), water 

molecules, oligomers and 

lactic acids. 

𝛿𝐶𝑃

𝛿𝑡

=
𝛿

𝛿𝑥
(𝐷𝑃

𝛿𝐶𝑃

𝛿𝑥
)

− 𝑘𝑝𝑊𝐶𝑃𝐶𝑊(1 + 𝛼𝐶𝐿) 

𝐶𝑃, 𝐶𝑊,𝐶𝐿 – conc. of PLA, 

water and lactic acid 

D – diffusivity of the 

respective molecules 

α - account for 

the autocatalytic effect 

caused by generation of 

lactic acid on PLA deg. 

 

Outputs: Water uptake, 

concentration of drug, lactic 

acid and PLA 

 

 

Comparator: Degradation in-

vitro study of PLA stent 

coating, GPC and mass loss 

recorded 

(Prabhu, et al., 2006)  

PLLA Plate 

Degradation controlled using 

set of simplified reaction-

diffusion equations to control 

the interaction of hydrolysis 

and monomer diffusion. 

𝑑𝐶�̅�

𝑑𝑡̅
= �̅�1𝐶�̅� + 𝐶�̅�𝐶�̅�

𝑛

+ �̅�0 div
𝑥𝑖

{1

+ 𝛼[1

− (𝐶�̅� + 𝐶�̅�)] 𝑔𝑟𝑎𝑑
�̅�𝑖

(𝐶�̅�)} 

𝑑𝐶�̅�

𝑑𝑡̅
= −(�̅�1𝐶𝑒 + 𝐶�̅�𝐶�̅�

𝑛 ) 

𝐶𝑃 - conc. of monomer 

𝐶𝑃 - conc. of ester bonds. 

D – phenomenological diff. 

coefficient 

N – dissociation of acid end 

gaps 

𝑘1/𝑘2 – reaction rate 

constants  

 

Outputs: Molecular weight, 

ester bond concentration 

 

Comparator: In-vitro 

degradation of plates, films 

and beads. Molecular weight 

and mass loss recorded  

(Wang, et al., 2008)  
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Abbott Absorb 

First-order kinetic equations 

model the changes in mole 

concentrations of ester bonds, 

monomers produced through 

hydrolysis and diffusion of 

monomers through the 

material. 

𝜌𝑐𝑐

𝛿𝐶𝑚

𝛿𝑡
= 𝜌𝑐𝑐𝐻 + ∇

∙ {𝜌𝑐𝑐𝐶𝑚} 

𝜌 – density 

𝑐𝑐 – specific energy 

𝐶𝑚 – conc. of monomers at a 

given temp. 

H – external heat source, diff. 

flux of monomers 

 

Outputs: Changes in 

molecular weight 

 

Comparator: Degradation of 

PLA plates and films 

(Shine, et al., 2017)  

Abbott Absorb 

Changes in the molecular 

weight and crystallinity are 

controlled by first-order 

kinetic equations. These 

equations are coupled to 

damage variables to represent 

the extent of physio-chemical 

degradation. 

𝑑𝑀𝑤
= 1 − �̅�𝑊 = 1 −

𝐶𝑒

𝐶𝑒0

 

𝑑𝑀𝑛
= 1 − �̅�𝑛 = 1 −

𝑀𝑛

𝑀𝑛0

 

𝑑𝑋𝑐
= (1 − (

𝑀𝑛

𝑀𝑛0

) (
𝑋𝑐

𝑋𝑐0

)) 

𝐶𝑒 - conc. ester bonds 

𝑀𝑊 – weight avg. molecular 

weight. 

𝑀𝑛 – number avg. molecular 

weight 

𝑋𝑐 – deg. Of crystallinity 

 

Outputs: Changes in number 

and weight average molecular 

weight and crystallinity 

 

 

Comparator: 

(Shine, et al., 2021)  
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Phenomenological Modelling  

Phenomenological models have been more widely used to predict the mechanical changes that 

take place over the course of degradation of BRS. Table 2.8 summarises phenomenological 

models that have been used to predict degradation of polymeric BRS devices in the literature. 

While there are key differences in model implementation across these studies, their general 

principles assume that degradation results in a reduction in one or more material properties. 

These techniques are generally based on the continuum damage approach where a damage 

variable or multiple variables are defined to degrade the chosen material parameters over time 

and control the severity of degradation.  

Soares et al. (2010) developed a model for the long-term behaviour of PLLA-based 

biodegradable scaffold by assuming isotropic Neo-Hookean behaviour, where a reduction in 

the number of cross-linked segments led to a reduction in mechanical properties in the material. 

Here, the phenomenological scalar degradation variable, d(t), was introduced to represent the 

degree of degradation of a material particle at a time t. A value of d = 0 represented the virgin 

undamaged material, while a value of d = 1 represented the material at a state of complete 

degradation. The model assumed a linear relationship between degradation and material 

properties, such that the Neo-Hookean material properties λ and μ were linear functions of the 

damage variable and λ0 and μ0, which are the virgin state material constants, as summarised in 

Table 2.8. It was also assumed that degradation itself was a function of the deformation. The 

model was implemented in the Abaqus finite element code through a User defined Field 

(USDFLD) subroutine and was used to predict degradation and recoil of several different 

scaffold types over time due to constant pressurisation. While this model can capture a wide 

range of deteriorating mechanical behaviour during the degradation in the elastic response, the 

model does not consider any plastic behaviour of the PLLA, and therefore prediction of 

permanent deformation processes that would play a prominent role during the deployment 
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phase is not possible. Qiu et al. (2018) presented a model for the long-term behaviour of the 

Abbot Absorb BRS, where it was assumed that the PLLA material behaved as an elastic-plastic 

material that exhibits linear hardening. The model was implemented in the Abaqus finite 

element code and assumed that degradation was responsible for alteration in the yield stress of 

the material, such that 𝜎𝑌 = 𝜎0
𝑌(1 − 𝑑) where 𝜎𝑌is the yield stress, 𝜎0

𝑌is the original yield 

stress and d is the damage. The model was calibrated to the radial response of the Absorb BRS 

and it was demonstrated that it captured the changes in scaffold radial stiffness and strength 

over time, see Figure 2.16. By simulating device expansion, the degradation model was also 

used to predict the scaffold -artery interaction over the time period of degradation. However, it 

is notable that the model does not consider any alteration in either elastic response, hardening 

performance or ductility of the material. 

 
Figure 2.16. (a) Constructed PLLA stress-strain curves for Absorb scaffold at different degradation time points 

and (b) Experimental and computational evolution in radial strength and stiffness of the Abbott Absorb, 

computational matched values obtained from changing the yield stress.  

Luo et al (2014) presented an elastic-plastic material model that was degraded through a scalar 

damage variable, which was described as a function of the fracture elongation ratio before and 

after degradation. It was used to predict the combined elastic, plastic and fracture behaviour 

over time. Calibration of the parameters, which are identified in Table 2.8, was performed 

through tensile testing of dog-bone samples that had undergone a pre-stretch prior to 

degradation testing. The model was used to predict the radial performance of the BRS and 

compare the performance against an in-vitro and in-vivo study. Several other studies used this 
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degradation model (Dong, et al., 2018; Lin et al., 2020) with Lin et al (2020) applying the 

model to the Abbott Absorb GT1. This version of the degradation model also predicted mass 

loss. Muliana et al (2012) considers a quasi-linear viscoelastic (QLV) model that accounts for 

hydrolysis and the magnitude of strains within the material. They assume that the rate of 

degradation increased with strain and water concentration. It was also assumed that the polymer 

softens with degradation and the rate of relaxation increased. The model was calibrated against 

uniaxial tensile testing performed by Soares et al (2008). The model was used to predict the 

vessel-scaffold interaction with the scaffold being a polymer cylinder. The water concentration 

was highest at the inner surface of the cylinder and diffuses through the thickness of the 

cylinder as the degradation progresses. This model also does not consider changes in the 

ductility of the polymer. The degradation frameworks presented above highlight that a 

standardised model form for degradation is not yet available. It is notable that, apart from 

differences in the underlying constitutive description of the virgin material, the underlying 

assumption(s) of how degradation actually affects material behaviour across these models is 

vastly different. Computational studies have assumed that degradation only deteriorates elastic 

response, while others assume that degradation affects only the yield (Qiu et al., 2018), 

hardening (Vieira et al., 2011) or elongation properties (Luo et al., 2014), with other models 

have assumed deterioration of combinations of these parameters. While studies provide a 

certain amount of reasoning for their model form, generally attributing it to the observed 

experimental behaviour, the physical basis for these differences in model implementation is 

generally not clear. It would appear that several models happen to be effective in reducing the 

load-bearing capacity of the device. While this might re-create the observed response of the 

device under certain loading conditions, the justification of the model form is generally not 

provided and this may limit their applications in circumstances beyond those for which these 

models were calibrated.
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Table 2.8. Summary of phenomenological degradation models used in the literature to predict the long-term performance of polymeric BRS devices. 

BRS 

Device 
Model Description Model Parameters Model Inputs 

Model Outputs and 

Comparator for Validation 
Refs. 

High 

molecul

ar 

weight 

PLLA 

Neo-Hookean Model where scalar variable d, 

which represents the degree of degradation on an 

isotropic hyperelastic solid. 

𝜆 = 𝜆0(1 − 𝑑) 

 

𝜇 = 𝜇0(1 − 𝑑) 

Phenomenological reasoning, expecting that 

greater deformation leads to greater degradation 

�̇� = (1 − 𝑑)𝑘(𝐅) 

 

𝜇 – shear modulus 

d – deg. of 

degradation 

k(F) – deformation 

gradient 

No of model parameters: for Neo-

Hookean law derived from time-zero 

experiments on PLLA filaments. 

Degradation model defined by one 

parameter. 

 

Model input parameters: Not 

derived from experimental data. 

Linear degradation process 

(normalised to time) assumed. 

Model Outputs: Model used 

to predictions the recoil 

behaviour of polymer 

scaffolds over time.  

 

Model Comparator: Model 

outputs are not compared 

against any experimental 

data. 

 

 

(Soares, 

Moore 

and 

Rajagopa

l, 2008) 

PLLA 

Scaffold 

Quasi-linear viscoelastic model; 

𝐸(𝑑, 𝑡) = 𝐸∞(1 − 𝜆𝑖𝑑) + ∑ 𝐸𝑛(1 − 𝜆𝑛𝑑)𝑒
−

𝑡
𝜏𝑅𝑛

𝑁

𝑛=1

 

Rate of degradation increases with an increase in 

the magnitude of strains and concentration of 

water, expressed as; 
𝛿𝑑

𝛿𝑡
=

1

𝜏𝐷

(1 − 𝑑)𝑓(휀)𝑔(𝑐) 

E – material 

/relaxation moduli 

𝜏𝑅𝑛 – relaxation time 

λ – degradation 

coeff. 

𝜏𝐷 – degradation 

time 

𝑓(휀) = J2 – 2nd 

invariant of dev. 

strain 

g(c)=eβc – β - mat. 

constant, c - conc. of 

water 

No of model parameters: Extensive 

number of model parameters 

describing QLV framework. 

Degradation captured by scalar 

damage variable; whose function is 

described by time constant.  

 

Model input parameters: Not 

derived from experimental testing. 

Model Outputs: Model used 

to predict degradation of 

viscoelastic polymeric 

scaffold implanted in an 

artery. Wet and dry 

conditions examiner.  

 

 

Model Comparator: Model 

outputs are not compared 

against any experimental 

data. 

(Muliana 

and 

Rajagopa

l, 2012) 

High 

molecul

ar 

weight 

PLLA 

A scalar damage variable that is a function of the 

fracture elongation ratio of the material before 

and after degradation. Relative degree of 

deterioration for each was considered by a power 

function 

𝑑(휀, 𝑡) = 𝑎(𝑏 + 𝑐 + 휀𝑛) × 𝑡𝑚 

Interpolated deformation dependence for 0%, 

20% and 40% pre-stretched states. 

 

d – fracture 

elongation ratio/deg. 

of degradation 

ε – strain 

t – time 

a, b, c, n, m – mat. 

constants 

No of model parameters: 

Degradation model described by five 

material constants, which collective 

describe the “degree of degradation”. 

 

Model input parameters: Model 

inputs derived from uniaxial tensile 

testing carried out on laser-cut dog-

bone specimens with various level of 

pre-stretch. Samples immersed in PBS 

over 30 days. 

Model Outputs: Degradation 

trends in different locations  

 

Model Comparator: 

Predicted radial response of 

device compared to 

experimental re-crimping of 

the device following 10 days, 

20 days and 30 days of 

degradation. 

(Luo et 

al., 2014) 
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Absorb 

PLLA 

Elastic-plastic model where a scalar function is 

used to describe alteration in material yield 

strength during degradation, according to:  

𝜎𝑌(𝑡) = 𝜎0
𝑌(1 − 𝑑) 

Implementation of model also allows for 

strengthening in early phase of degradation.  

σY – yield stress 

d – damage 

parameter 

No of model parameters: 

Degradation model defined by one 

parameter that alters the material 

yield strength.  

 

Model input parameters: Parameters 

were calibrated based on the 

experimentally measured radial force 

response of ABSORB devices 

following two years degradation 

testing 

Model Outputs: Model used 

to predict device performance 

in implanted artery during 

degradation.  

 

Model Comparator: Model 

predictions are not compared 

to other experimental data. 

(Qiu et 

al., 2018) 

High 

molecul

ar 

weight 

PLLA 

Same implementation as Luo et al, whereby 

fracture elongation ratio of the material before 

and after degradation. Relative degree of 

deterioration for each was considered by a power 

function. 

𝑑(휀, 𝑡) = 𝑎(𝑏 + 𝑐 + 휀𝑛) × 𝑡𝑚 

 

d – fracture 

elongation ratio/deg. 

of degradation 

ε – strain 

t – time 

a, b, c, n, m – mat. 

constants 

No of model parameters: 

Degradation model described by five 

material constants, which collective 

describe the “degree of degradation”. 

 

Model input parameters: Parameters 

from Luo et al. used to define 

degradation behaviour. 

Model Outputs: 

 

Model Comparator: Model 

predictions are not compared 

to other experimental data. 

 

(Lin et 

al., 2020) 

 

PLA-

PCL 

fibres 

Hyperelastic material model where the damage 

due to hydrolysis is related to the molecular 

weight. 

𝜎 = 𝜎∞ −
𝐵

𝑀𝑛0𝑒−𝑢𝑚𝑡 , 𝑑ℎ = 1 −
𝜎

𝜎0
 

σ – fracture strength 

σ∞ - fracture strength 

at infinite molecular 

weight 

B – mat. constant 

Mn – number avg. 

molecular weight 

um – rate of 

hydrolysis 

dh – damage due to 

hydrolysis 

No. of model parameters: 

Degradation model defined by 

molecular weight loss. 

 

Model Input parameters: Parameters 

were calibrated based on 

experimentally measured uniaxial 

tensile tests 

Model Outputs: Model used 

to predict evolution in 

uniaxial tensile response. 

 

Model Comparator: Model 

predictions are not compared 

to other experimental data. 

(Vieira et 

al., 2011) 

PLA 

film 

Quasi-linear viscoelastic model to describe the 

mechanical behaviours evolution of 

biodegradable polymers during hydrolytic 

degradation. Damage due to hydrolysis is 

governed by: 

𝑑ℎ = 1 − (1 − 𝐾 (
𝑀𝑛0

𝑀𝑛

− 1))

𝑛

 

 

dh – damage due to 

hydrolysis 

K – degradation 

kinetic parameter 

Mn – number avg. 

molecular weight 

No. of model parameters: 

Degradation model defined by 

molecular weight loss. 

 

Model Input parameters: Parameters 

were calibrated based on 

experimentally measured uniaxial 

tensile tests performed to 2%, 4% and 

6% strain at a rate of 500mm/min 

Model Outputs: Model used 

to predict evolution in 

uniaxial tensile response. 

 

Model Comparator: Model 

predictions are not compared 

to other experimental data. 

(Breche 

et al., 

2016) 
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PLLA 

scaffold 

To explore the time-dependent mechanical 

behaviour of the PLA stents, a QLV model was 

used in which the mechanical load, fluid 

diffusion and degradation are in direct relation so 

that increasing the degradation rate is 

corresponded to increasing of strain rate and 

diffusion 

𝑑𝑡 = 𝑑𝑡−∆𝑡 +
∆𝑡

𝜏𝐷

(1 − 𝑑𝑡)𝑓(휀 ̅𝑡)𝑔(𝑐𝑡) 

E – material 

/relaxation moduli 

𝜏𝑅𝑛 – relaxation time 

λ – degradation 

coeff. 

𝜏𝐷 – degradation 

time 

𝑓(휀) = J2 – 2nd 

invariant of dev. 

strain 

g(c)=eβc – β - mat. 

constant, c - conc. of 

water 

No. of model parameters: 

Degradation model defined 

 

Model Input: Parameters were 

calibrated based on PLA fibres 

degraded under flow and subjected to 

uniaxial tensile testing. 

Model Outputs: Model used 

to predict recoil for several 

polymer BRS and localised 

degree of degradation. 

 

Model Comparator: Model 

predictions are not compared 

to other experimental data. 

(Amnieh 

et al., 

2021) 

PLLA 

scaffold 

unit 

Same implementation as Luo et al, whereby 

fracture elongation ratio of the material before 

and after degradation. Relative degree of 

deterioration for each was considered by a power 

function. 

𝑑(휀, 𝑡) = 𝑎(𝑏 + 𝑐 + 휀𝑛) × 𝑡𝑚 

d – fracture 

elongation ratio/deg. 

of degradation 

ε – strain 

t – time 

a, b, c, n, m – mat. 

constants 

No of model parameters: 

Degradation model described by five 

material constants, which collective 

describe the “degree of degradation”. 

 

Model input: Parameters from Luo et 

al. used to define degradation 

behaviour 

Model Outputs: Degradation 

trends in different locations  

 

Model Comparator: Model 

predictions are not compared 

to other experimental data. 

(Dong, 

Wang 

and Gu, 

2018) 
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2.5. Conclusions 

Biodegradable polymers, in particular PLLA, have emerged as the most popular choice for 

BRS applications. This was due to its excellent biocompatibility and the potential to tailor the 

mechanical properties through processing techniques. However, the development of polymer-

based BRS has suffered significant setbacks over the past number of years and this first-

generation of bioresorbable scaffold has essentially failed, with 2-year follow up data from 

Abbott’s ABSORB III device demonstrating increased risk of late-stage adverse events (Ellis, 

2020) From a review of the literature, relevant to polymer BRS and device characterisation a 

number of critical areas of focus to fully understand the issues that have arisen.  

• While there have been significant efforts to characterise the performance of polymer 

BRS, there has been a clear focus on the mechanical performance of the devices. Even 

the ISO and ASTM standards that set out the requirements of testing, place lesser 

importance on the underlying mechanisms of degradation that can be determined from 

physio-chemical. There is a need for more comprehensive experimental 

characterisation approaches for BRS devices to provide insight into the mechanical, 

thermal and molecular properties of BRS as degradation progresses.  

• Unlike their metallic counterparts, the deployment behaviour of polymeric BRS are 

highly sensitive to rate-dependent aspects of the procedure. This presents certain 

complications in the development of computational approaches to predict the short-

term deployment and long-term degradation performance of polymer BRS. While 

various models have been developed to address such aspects, these activities have 

generally been separate to one another. There is a distinct need to develop a consistent 

computational framework that can capture both short- and long-term performance of 

polymer BRS. 
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• In predicting degradation performance, the experimental literature summarised has 

demonstrated that behaviour is wide-ranging and highly sensitive to factors such as 

processing techniques, environmental conditions and/or loading regime. Furthermore, 

the computational modelling approaches that were summarised highlight that a 

standardised model form for degradation is not yet available. While certain models to 

date have been effective in re-creating the observed responses, very few of these models 

have undergone robust validation, which limits their applicability. There is a distinct 

need to use robust model comparators to act as an independent evaluation of the model 

credibility.  

By addressing these key aspects, a better understanding of aspects of both short- and long-

term performance of polymer-based BRS will be possible, which may provide opportunity 

to optimise designs and overcome issues that have led to device failures in the past.  
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Chapter 3 

Theory 
 

This chapter provides a theoretical background for the simulations and constitutive material 

models used in this thesis. The theoretical framework, deformation kinematics and governing 

equations for these problems are introduced in Section 3.1. The relevant material constitutive 

models and background are covered in Section 3.2. The finite element method implemented 

through the commercially available Abaqus CAE (DS Simulia, RI, USA) code is introduced in 

Section 3.3. 

3.1 Continuum Mechanics 

3.1.1 Notation 

Throughout this chapter, capital letters are used to denote tensors and matrices, while lower 

case letters denote vectors. Bold typeface denotes tensors, vectors and matrices, while 

components are denoted in italics. The outline of continuum mechanics is given in the context 

of a Cartesian coordinate system, resulting in the following set of basis vectors: e1 = (1, 0, 0), 

e2 = (0, 1, 0) and e3 = (0, 0, 1). Index notation is often used to simplify vector equations where 

summations are implied through a repeated index. An example of this is the dot product 

between two vectors (u, v) in three dimensional space, given by, 

 

𝒖𝒗 = 𝑢𝑖𝑣𝑖 = ∑ 𝑢𝑖𝑣𝑖 = 𝑢1𝑣1 + 𝑢2𝑣2 + 𝑢3𝑣3

3

𝑖=1

 ( 3-1 ) 
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In the case of a 3×3 tensor, the location of each component is given by two subscripts, i and j, 

which indicate its position within the tensor. Component Aij is the value located in the ith row 

and jth column of the second order tensor A. 

3.1.2 Deformation and Motion 

Figure 3.17 below shows the schematic of an arbitrary undeformed continuum body in space 

occupying the reference configuration (BR), at time t0 undergoing a kinematic deformation (χ) 

to the deformed or current configuration (BC) at time tt. An infinitesimal ‘fibre’ is described by 

dX in the reference configuration and by dx is the current configuration. The motion from BR 

to BC is described by the deformation gradient tensor F, where, 

 𝑭 =
∂𝐱

∂𝐗
 𝑜𝑟 𝐹𝑖𝑗 =

∂x𝑖

∂X𝑗
 ( 3-2 ) 

The determinant of the deformation gradient is the Jacobian (J), which denotes the ratio of 

volume change from the reference/undeformed to the current/deformed configurations. 

 
Figure 3.17. Motion of a continuum body from an undeformed configuration to a deformed configuration. 

3.1.3 Strain Measures 

The deformation gradient tensor F is a fundamental measure where large material deformation 

is encountered, from which a number of strain measures can be determined. The Green-

Lagrange strain E depicts strain with respect to the reference configuration and is defined as,    
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 𝑬 =
1

2
(𝑭𝑇𝑭 − 𝑰)  𝑜𝑟  𝐸𝑖𝑗 =

1

2
(

∂u𝑖

∂X𝑗
+

∂u𝑗

∂X𝑖
+

∂u𝑘

∂X𝑖

∂u𝑘

∂X𝑗
) ( 3-3 ) 

where FT is the transpose of tensor F and I is the identity tensor where FI = F. The infinitesimal 

or small strain can be found from E by assuming the product of the infinitesimal or small strain 

is negligible(
∂u𝑘

∂X𝑖

∂u𝑘

∂X𝑗
 ≈ 0). The infinitesimal strain εij can be given by, 

 휀𝑖𝑗 =
1

2
(

∂u𝑖

∂X𝑗
+

∂u𝑗

∂X𝑖
) ( 3-4 ) 

The Eulerian strain tensor e depicts strain with respect to the current/deformed configuration 

and is given as, 

 𝒆 =
1

2
(𝑰 − 𝑭−𝑇𝑭−1) ( 3-5 ) 

The left and right Cauchy-Green deformation tensors denoted by B and C respectively are 

useful measures of stretch (λ) and are defined as, 

 𝑩 = 𝑭𝑭𝑇  𝑎𝑛𝑑  𝑪 = 𝑭𝑇𝑭 ( 3-6 ) 

For strain energy density functions it is useful to define the following strain tensor invariants, 

where λi is the stretch in the principal directions and the three principal strain invariants are 

calculated from the Cauchy-Green strain tensors as follows, 

 

𝐼1 = tr(𝑪) = 𝜆1
2 + 𝜆2

2 + 𝜆3
2 

𝐼2 =
1

2
[𝑰2 − 𝑡𝑟(𝑪2)] = 𝜆1

2𝜆2
2 + 𝜆1

2𝜆3
2 + 𝜆2

2𝜆3
2 

𝐼3 = det(𝑪) = 𝑱2 = 𝜆1
2𝜆2

2𝜆3
2 

( 3-7 ) 

The deformation gradient tensor F can be decomposed using the polar decomposition theorem 

into the orthogonal rotation tensor R and the right and left stretch tensors denoted by U and V 

respectively, this relationship is given by, 

 𝑭 = 𝑹U = VR ( 3-8 ) 

where (F=RU) represents a rigid rotation followed by a stretch and the opposite for (F=VR). 

These can related to the left and right Cauchy deformation tensors by, 
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 𝑩 = 𝑽2 𝑎𝑛𝑑 𝑪 = 𝑼2 ( 3-9 ) 

The eigenvalues of U give the principal stretches (λi=1, 2, 3). The logarithmic strain or true 

strain can be determined from V, 

 𝜺 = 𝑙𝑛 𝑽 ( 3-10 ) 

The velocity v of point P in Figure 3.17 above can be described as the rate of change in position 

x as a function of time t, 

 𝒗 =
𝑑𝒙

𝑑𝑡
 ( 3-11 ) 

The difference in velocity between the two points can be given as, 

 𝑑𝒗 =
𝑑𝒗

𝑑𝒙
𝑑𝒙 = 𝑳𝑑𝒙 ( 3-12 ) 

where L is the velocity gradient tensor. The velocity gradient and deformation gradient are 

related as follows, 

 𝑑𝒗 = 𝑳𝑑𝒙 = 𝑳𝑭𝑑𝑿 
( 3-13 ) 

 

 𝑑𝒗 =
∂

∂𝑡
(𝑭𝑑𝑿) = �̇�𝒅𝑿 ( 3-14 ) 

The velocity gradient tensor can be decomposed into a symmetric stretching or rate of 

deformation tensor D and an asymmetric spin tensor W given by, 

 𝑫 =
1

2
(𝑳 + 𝑳𝑇) 

( 3-15 ) 

 

 𝑾 =
1

2
(𝑳 − 𝑳𝑇) ( 3-16 ) 

The rate of deformation tensor D represents the rate of true strain (𝑫 = �̇�). Under the conditions 

that the principal reference axes remain fixed with respect to the material coordinates, the 

logarithmic strain ε described in the Abaqus Theory Manual (DS SIMULIA, RI, USA) can be 

given by the following expression, 

 𝜺(𝑡) = ∫ 𝑫𝑑𝑡
𝑡

0

 ( 3-17 ) 



Chapter 3 

80 

 

3.1.4 Stress Measures 

The Cauchy (true) stress σ is a measure of the force acting on an infinitesimal area dS within 

the vicinity of material point P of the current/deformed configuration. The traction t is the force 

per unit area acting on the surface dS described by its unit normal n. The Cauchy stress is given 

by, 

 𝒕 = 𝝈 𝒏 ( 3-18 ) 

 
Figure 3.18. Schematic showing a slice taken through the current configuration showing a traction t acting on 

an infinitesimal surface dS with surface normal n on the deformed configuration. 

The Cauchy stress can be decomposed into two subsets; the deviatoric stress S which is related 

to the change in shape of the body, given by,  

 𝝈 = 𝑺 − 𝑝𝑰 ( 3-19 ) 

and the hydrostatic stress p which is related to the change in volume of the body, given by, 

 𝑝 =
1

3
𝑡𝑟(𝝈) ( 3-20 ) 

where tr(σ) = σii. The von Mises equivalent stress σe which is useful in the analysis of elastic-

plastic materials is given by, 

 𝜎𝑒 = √
3

2
𝑆𝑖𝑗𝑆𝑖𝑗 ( 3-21 ) 

The Kirchhoff stress tensor τ expresses the stress relative to the reference configuration and is 

given by, 
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 𝝉 = 𝐽𝝈 ( 3-22 ) 

where J is the Jacobian (det F), which denotes the ratio of volume change from the 

reference/undeformed to the current/deformed configurations. Where incompressible materials 

are considered, the Cauchy stress equals the Kirchhoff stress. The first Piola-Kirchhoff stress 

tensor P represents the force per unit area in the reference/undeformed configuration. It is a 

non-symmetric tensor given by, 

 𝑷 = 𝐽𝝈𝑭−𝑇 ( 3-23 ) 

while the nominal stress �̃� can be related to the Cauchy stress through, 

 �̃� = 𝐽𝑭−1𝝈 = 𝑷𝑇 ( 3-24 ) 

Results from finite element simulations in this thesis are presented in terms of von Mises stress 

σe and Cauchy stress σ. 

3.2 Material Constitutive Behaviours 

3.2.1 Elasto-Plasticity and Johnson-Cook Plasticity 

The material behaviour of the scaffold materials investigated in the computational chapters of 

this thesis are assumed to be homogeneous, isotropic, elastic-plastic and in particular cases 

rate-dependant. The constitutive equation consists of a recoverable elastic deformation and a 

permanent plastic deformation. This can be written as, 

 𝑭 = 𝑭𝑒𝑭𝑝 ( 3-25 ) 

where F is the deformation gradient, Fe is the elastic component and Fp is the plastic 

component. The multiplicative decomposition of the deformation gradient can be 

approximated in terms of an additive decomposition of the mechanical strain rates for small 

elastic strains (< 5%) (Dunne, 2005), 

 �̇� = �̇�𝑒 + �̇�𝑝 ( 3-256 ) 

where �̇� is the total strain rate and e and p denote the elastic and plastic components 

respectively. Integrating with respect to time given the total strain tensor ε, 
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 𝜺 = 𝜺𝑒 + 𝜺𝑝 ( 3-27 ) 

The elastic component of the material deformation for an isotropic material can be related to 

stress through the material bulk modulus K and the shear modulus G, 

 𝐾 =
𝐸

3(1 − 2𝑣)
 ( 3-28 ) 

 

 𝐺 =
𝐸

2(1 + 𝑣)
 ( 3-29 ) 

where E is the elastic modulus and v is the Poisson’s Ratio. The elastic strain is composed of 

volumetric and deviatoric components. These are related to the deviatoric stress S and 

hydrostatic pressure p as follows, 

 𝜺𝑣𝑜𝑙
𝑒 = 𝑡𝑟(𝜺𝑒) = −

𝑝

𝐾
 ( 3-30 ) 

The deviatoric stress S and deviatoric elastic strain ee are defined as, 

 𝒆𝑒 = 𝜺𝑒 −
1

3
휀𝑣𝑜𝑙

𝑒 𝑰 
( 3-31 ) 

 

 𝑺 = 2𝐺𝒆𝑒 ( 3-32 ) 

The von Mises yield criterion is used to determine the point at which the materials used in this 

thesis yield or transition from elastic to plastic deformation. It is defined by the following, 

 𝑓 = 𝜎𝑒 − 𝜎𝑦 = √
3

2
𝑆𝑖𝑗𝑆𝑖𝑗 − 𝜎𝑦 (3-33 ) 

where f is the yield function, such that f = 0 is the yield criterion, 𝜎𝑒 is the von Mises equivalent 

stress and 𝜎𝑦 is the yield stress. 

The Johnson-Cook plasticity model is a version of von Mises plasticity with analytical forms 

of the hardening law and rate-dependency. It also has the option of temperature dependency. 

This material model is used as the constitutive material model for PLLA in Chapter 5. It 

consists of three terms, the first defining the yield stress, the second defining the strain rate 
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dependence and the third term defining temperature dependence. The yield stress and rate-

dependent hardening is defined as, 

 𝜎𝑦 = [𝐴 + 𝐵(휀�̅�)
𝑛

] [1 + 𝐶 𝑙𝑛 (
휀�̅�

휀0̇
)] [1 − 𝜃𝑚] (3-34 ) 

where 휀�̅� is the equivalent plastic strain and A, B, n, C, 휀0̇ and m are material parameters 

measured at or below the transition temperature,  𝜃𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛. 𝜃 is a non-dimensional 

temperature defined as, 

 𝜃 = {

0 𝑓𝑜𝑟 𝜃 < 𝜃𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛

(𝜃 − 𝜃𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛)/(𝜃𝑚𝑒𝑙𝑡 − 𝜃𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛) 𝑓𝑜𝑟 𝜃𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 ≤ 𝜃 ≤ 𝜃𝑚𝑒𝑙𝑡

1 𝑓𝑜𝑟 𝜃 > 𝜃𝑚𝑒𝑙𝑡

} ( 3-35 ) 

In the context of this thesis, the temperature-dependence of the Johnson-Cook material model 

can be used to soften the material response. This is used in the development of the degradation 

framework, outlined in Chapter 5. A varying temperature field can then be used to control the 

strength of the material and evolve the material response as seen from the material degradation. 

3.2.2 Isotropic Hyperelasticity 

Hyperelastic materials are materials that exhibit highly non-linear elastic behaviour and 

undergo large deformations in which the stress-strain relationship is defined through a strain 

energy density function. Hyperelastic constitutive laws are widely used to describe the 

behaviour of soft biological tissue such as the arterial vessels (Migliavacca et al., 2004; 

Gervaso et al., 2008; Gijsen et al., 2008; Schiavone, Qiu and Zhao, 2017). The first Piola-

Kirchoff stress P can be related to strain energy density function through, 

 𝑷 =
𝛿𝛹(𝑭)

𝛿𝑭
 ( 3-36 ) 

where Ψ is the strain energy density function and F is the deformation gradient. The true stress 

(Cauchy) can be expressed as follows, 

 𝝈 =
1

𝐽
𝑭𝑷𝑇 ( 3-37 ) 
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Several hyperelastic constitutive models are used in this thesis to represent the non-linear 

response of arterial tissue and polymer-based inflation balloons. Arterial tissue is a highly 

complex biological tissue that shows highly non-linear stress-strain behaviour. Much work has 

been performed to evaluate the mechanical behaviour of arterial tissue (Holzapfel et al., 2005) 

and develop constitutive mechanical laws (Holzapfel, Stadler and Schulze-Bauer, 2002; 

Gasser, Ogden and Holzapfel, 2006). The polynomial strain energy density hyperelastic model 

is a phenomenological model and is used to model arterial behaviour as is expressed as follows, 

 𝛹 = ∑ 𝐶𝑖𝑗(𝐼1̅ − 3)𝑖(𝐼2̅ − 3)𝑗 + ∑
1

𝐷𝑖

(𝐽 − 1)2𝑖

𝑁

𝑖=1

𝑁

𝑖+𝑗=1

 ( 3-38 ) 

where N is the number of polynomial terms used in the series, Cij and Di are experimentally 

determined temperature dependant material parameters. A sixth-order reduced form of this 

model is used in this thesis to model the isotropic arterial tissue mechanical response. This 

reduced model is given as,  

 𝛹 = ∑ 𝐶𝑖0(𝐼1̅ − 3)𝑖 + ∑
1

𝐷𝑖

(𝐽 − 1)2𝑖

𝑁

𝑖=1

𝑁

𝑖=1

 ( 3-39 ) 

where Ci0 and Di are experimentally determined temperature dependant material parameters, 

with values determined from (Holzapfel et al., 2005) and N=6. Another hyperelastic model 

used in this thesis is Ogden form of the strain energy density function, defined as, 

 𝛹 = ∑
2µ𝑖

𝛼𝑖
2

𝑁

𝑖=1

(�̅�1
𝛼𝑖�̅�2

𝛼𝑖�̅�3
𝛼𝑖 − 3) + ∑

1

𝐷𝑖

𝑁

𝑖=1

(𝐽 − 1)2𝑖 ( 3-40 ) 

where λi are the deviatoric principal stretches, µi, αi and Di are experimentally determined 

material parameters. 
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3.2.3 Ductile Damage 

Part of the degradation model developed in Chapter 4 makes use of the ductile damage model 

available in Abaqus CAE. This is a phenomenological model that has been developed to predict 

the onset of damage due to nucleation, growth and coalescence of voids. Damage is initiated 

through a user specified equivalent plastic strain 휀�̅�
𝑝

, which is a function of stress triaxiality and 

the strain rate, 

 휀�̅�
𝑝(𝜂, 휀 ̅̇𝑝) ( 3-41 ) 

where η = -p/σe  is the stress triaxiality or the ratio between the Hydrostatic pressure p and von 

Mises stress σe and 휀̅̇𝑝 is the equivalent plastic strain rate. Damage is initiated when the 

following criterion is met, 

 𝜔𝐷 = ∫
𝑑휀̅𝑝

휀�̅�
𝑝(𝜂, 휀 ̅̇𝑝)

= 1 ( 3-42 ) 

where 𝜔𝐷 is a state variable that increases monotonically with plastic deformation. Once the 

damage initiation criterion has been achieved, the damage evolution is controlled through the 

effective plastic displacement and is given by, 

 �̇̅�𝑝 = 𝐿휀̅̇𝑝 ( 3-43 ) 

where L is the characteristic element length and 휀̅̇𝑝 is the effective plastic strain rate. The 

evolution in the damage variable is governed by,  

 𝜑 =
�̇̅�𝑝

�̅�𝑓
𝑝 ( 3-44 ) 

where �̇̅�𝑝 is the current element displacement and �̅�𝑓
𝑝
 is the final user defined displacement at 

element failure. When 𝜑 = 1 within an element, the element is considered to have failed and 

stress in that element is reduced to 0.  
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3.3 Finite Element Method 

The finite element method is a popular approach to numerically solve structural analysis 

problems in which a solid body is subdivided into a discrete number of volumes or areas 

(elements) for the three-dimensional and two-dimensional cases respectively, with each of 

these elements connected at the endpoints (nodes). The computational simulations performed 

in this thesis makes use of the finite element method to numerically solve continuum mechanics 

problems. Abaqus Implicit and Explicit (DS Simulia, RI, USA) are commercially-available 

finite element solvers. They are used to solve the problems presented in this thesis. The 

following sections give an overview of the fundamental theory of the implicit and explicit finite 

element approaches. 

3.3.1 Implicit Finite Element Method 

In Abaqus/Standard, non-linear systems are solved using the implicit solver. The governing 

equations are calculated for each element in the finite element mesh and are assembled to form 

a system of algebraic equations to describe the meshed body. By applying mechanical loads 

and boundary conditions to this system of equations, the stress and strain can be calculated for 

each element in the meshed body. A fundamental equation of this method is the principle of 

virtual work, given by, 

 ∫ 𝛿𝜺𝑇𝝈𝑑𝑉

1

𝑉

= ∫ 𝛿𝒖𝑇𝒕𝑑𝑆

1

𝑆

 (3-45 ) 

where V is the reference volume bounded by the surface S and σ and t are the stress and traction 

vectors respectively, while 𝛿𝜺 and 𝛿𝒖 are the virtual strain and virtual displacement vectors 

respectively. The following interpolation holds true for each element “e” in the finite element 

mesh, 

 𝛿𝜺 = 𝑩𝑒𝛿𝒖𝑒 
(3-46 ) 
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 𝛿𝒖 = 𝑵𝑒𝛿𝒖𝑒 (3-47 ) 

where 𝑩𝑒 are the shape function gradients, 𝑵𝑒 are the element shape functions and 𝛿𝒖𝑒 is the 

vector of virtual nodal displacements for the element. Substituting these terms into Equation 

3.45 and rearranging, the finite element approximation can be summed over all the elements in 

the mesh as follows, 

 ∑ ∫ 𝛿𝒖𝑒
𝑇𝑩𝑒

𝑇𝝈(𝑢𝑒)𝑑𝑉
1

𝑉𝑒

=

1

𝑒

∑ ∫ 𝛿𝒖𝑒
𝑇𝑵𝑒

𝑇𝒕𝑑𝑆
1

𝑉𝑒

1

𝑒

 (3-268 ) 

A global expression is obtained by removing the arbitrary virtual quantities and assembling the 

element quantities into global quantities. This global expression is given as, 

 ∫ 𝑩𝑇𝝈(𝒖)𝑑𝑉

1

𝑉

= ∫ 𝑵𝑇𝒕𝑑𝑆

1

𝑉

 ( 3-49 ) 

where 𝑩 is the global shape function gradient, N is the global shape function matrix and u is 

the global nodal displacement vector of the mesh. It is possible to rearrange this expression 

further to obtain a global force balance, G(u) and is given as follows, 

 𝑮(𝒖) = ∫ 𝑩𝑇𝝈(𝒖)𝑑𝑉

1

𝑉

− ∫ 𝑵𝑇𝒕𝑑𝑆

1

𝑉

= 0 ( 3-50 ) 

A range of implicit solvers are available in Abaqus/Standard. A form of the Newton-Raphson 

method is used to solve this global system of equations where the state of the analysis is updated 

using incremental steps in time, where the time is updated from time t to time t + Δt. Following 

an initial guess for the global nodal displacements 𝒖𝑖
𝑡+∆𝑡 in a particular increment, the Newton-

Raphson scheme iterates until a stable equilibrium is achieved between the internal forces and 

externally applied loads. An estimation of the roots of Equation ( 3-50 ) is made, such that for 

the ith iteration, 

 𝛿𝒖𝑖+1 = 𝒖𝑖+1
𝑡+∆𝑡 − 𝒖𝑖

𝑡+∆𝑡 = − [
𝛿𝑮(𝒖𝑖

𝑡+∆𝑡)

𝛿𝒖
]

−1

𝑮(𝒖𝑖
𝑡+∆𝑡) ( 3-51 ) 
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where t is the time at the start of the increment, Δt is the time increment used and i is the 

iteration number. The current estimate of nodal displacements at the end of the time increment 

𝒖𝑖
𝑡+∆𝑡 is updated to an improved estimate 𝒖𝑖+1

𝑡+∆𝑡 at the end of the iteration. This process is 

repeated until a converged solution for 𝒖𝑖
𝑡+∆𝑡 is found. The partial derivative on the right of 

Equation ( 3-51 ) is the Jacobian matrix or global stiffness matrix K and may be expressed as, 

 𝑲(𝒖𝑖+1
𝑡+∆𝑡) =

𝛿𝑮(𝒖𝑖
𝑡+∆𝑡)

𝛿𝒖
 

( 3-52 ) 

 

 𝑲(𝒖𝑖+1
𝑡+∆𝑡)𝛿𝒖𝑖+1 = 𝛿𝑮(𝒖𝑖

𝑡+∆𝑡) ( 3-53 ) 

Equation ( 3-53 ) must be solved for each iteration, and for each iteration K must be inverted. 

While this is a computationally expensive operation, it ensures a relatively large time increment 

can be used while maintaining accuracy of the solution (Smith, 2016). Complications can arise 

with the implicit solution if simulating high contact/sliding or large deformations. An 

alternative to the implicit method outlined above is the use of the Abaqus Explicit solver 

described in the following section. 

3.3.2 Explicit Finite Element Method 

The Abaqus/Explicit solution scheme was originally developed for dynamic simulations but is 

also useful in simulations with large amounts of contact and large deformations. Accelerations 

and velocities are assumed to be constant at a particular point at time t, this is then used to solve 

for the next point in time t + Δt. The following are the Central Difference method equations, 

 𝒖𝑖+1 = 𝒖𝑖 + ∆𝑡𝑖+1�̇�𝑖+
1
2 

( 3-54 ) 

 

 �̇�𝑖+
1
2 = �̇�𝑖− 

1
2 +

∆𝑡𝑖+1 + ∆𝑡𝑖

2
�̈�𝑖 ( 3-55 ) 

where u is the nodal displacement, �̇� and �̈� are the velocity and accelerations respectively, i is 

the increment number with 𝑖 +
1

2
 and 𝑖 −

1

2
 being the value a half increment before and after the 

ith increment. It should be noted that for explicit solving methods i refers to the increment 
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number as opposed to i referring to the number of iterations in implicit solvers. The 

accelerations are computed at the start of each increment by, 

 �̈�𝑖 = 𝑴−1(𝑭𝑖 − 𝑰𝑖) ( 3-56 ) 

where M is the lumped mass matrix, F is the vector of externally applied forces and I is the 

vector of internal forces. These quantities are given by: 

 𝑴 = ∫ 𝜌𝑵𝑑𝑉

1

𝑉

 
( 3-57 ) 

 

 𝑭𝑖 = ∫ 𝑵𝑇𝒕𝑖𝑑𝑆 + ∫ 𝑵𝑇𝑷𝑖𝑑𝑉

𝑉𝑆

 ( 3-58 ) 

 

 𝑰𝑖 = ∫ 𝑩𝑇𝝈𝑖𝑑𝑉

𝑉

 ( 3-59 ) 

where ρ is the material density and P is the vector of nodal forces. All the other quantities have 

already been defined, as shown in Equations (3-46 ) and (3-47 ). Rearranging Equation ( 3-56 

) in terms of the lumped mass matrix gives 𝑴�̈� = 𝑭 − 𝑰, which is a comparable expression to 

that shown in the implicit analysis (see Equation ( 3-53 )). As the lumped mass matrix is 

diagonalised, it is easier to invert compared to the global stiffness matrix K making each 

increment more computationally inexpensive. 

A large number of small time increments are required to ensure accuracy for the explicit finite 

element solver, where the size of each increment is given by, 

 ∆𝑡 ≤
2

𝜔𝑚𝑎𝑥
 ( 3-60 ) 

where 𝜔𝑚𝑎𝑥 is the maximum element eigenvalue. A practical method of implementing the 

inequality shown above is, 

 ∆𝑡 = 𝑚𝑖𝑛 (
𝐿𝑒

𝑐𝑑
) ( 3-61 ) 
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where Le is the characteristic element length and cd is the dilatational wave speed, given by, 

 𝑐𝑑 = √
𝜆 + 2𝜇

𝜌
 ( 3-62 ) 

where 𝜆 and 𝜇 are the Lamé constants and ρ is the material density. The importance of a good 

finite element mesh with a regular element size can be seen in Equation ( 3-61 ) above where 

the minimum time stability limit is dependent on the element length, a regular mesh is required 

so that a single small element does not reduce the time increment of the whole model. 

A number of methods can be used to artificially reduce the computational runtime of an explicit 

simulation, including; reducing the time over which the deformation is applied and increasing 

the density of the material in the model (known as mass scaling). An important factor when 

performing quasi-static analysis using explicit solvers is that the inertial forces do not affect 

the mechanical response and provide unrealistic dynamic results. It has been shown that by 

keeping the ratio of internal energy to kinetic energy below 5% the dynamic effects are 

negligible (Choi et al., 2002). This criterion is employed to ensure analysis in this thesis remain 

quasi-static. For further reading and information on the finite element method, the reader is 

referred to (Smith, 2016). 

3.4 Finite Element Method Implementation 

Simulations in this thesis are implemented using the Abaqus/Explicit finite element code 

(Dassault Systémes Simulia Corp., Providence, RI, USA) linked with Intel® Parallel Studio 

XE 2016 for user-defined subroutine execution. Notably, the Explicit solution process is 

accelerated by selecting a suitable mass-scaling parameter, which in turn governs the minimum 

time increment. For each of the explicit simulations performed in this thesis the parameters 

were carefully chosen to avoid dynamic effects by ensuring that the proportion of kinetic 

energy to the kinetic energy in a model is less than 5%. Simulations are solved using high-

performance parallel computing resources, typically on two 20-core 2.4 GHz Intel Xeon Gold 
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6148 processors (Irish Centre for High-End Computing, ICHEC).  The time increment for each 

simulation is outlined individually in each chapter.
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Chapter 4 

An Experimental Investigation into the Physical, 

Thermal and Mechanical Degradation of Two 

Polymeric Bioresorbable Scaffolds 
 

4.1. Introduction 

Despite their success in reducing the shortcomings of bare metal stents and their widespread 

use, drug-eluting stents (DES) suffer from a number of late-stage complications such as in-

stent restenosis, thrombosis and strut failure (Garg, Bourantas and Serruys, 2013; Räber et al., 

2015; Kan et al., 2016; Kufner et al., 2019; Moussa et al., 2020; Singh et al., 2020). These 

permanent structures may also limit vasomotion, lumen and vessel growth and lead to 

complications when additional surgical interventions are required (Serruys et al., 2009). 

Bioresorbable scaffolds (BRS) can potentially avoid these late-stage complications by using 

the physiological and passive processes of the patient to completely degrade once they have 

completed their scaffolding function. BRS are typically made of biodegradable metals such as 

magnesium, iron, zinc and their alloys, or polymers such as poly-L-lactic acid (PLLA) and 

poly(lactic-co-glycolic acid) (PLGA). While short-term clinical data has demonstrated the 

safety and efficacy of BRS devices across several device platforms, including Abbot ABSORB 

(Gonzalo, Gonzalo and Macaya, 2012; Kraak et al., 2015) and Reva Medical Fantom (Abizaid 

et al., 2017; Chevalier et al., 2019), three-year follow up data from the ABSORB III trial 

(Kereiakes et al., 2017) showed increased incidences of stent thrombosis and myocardial 

infarction during follow up when compared to DES, with other trials showing similar negative 
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long-term outcomes (Cassese et al., 2016; Lipinski et al., 2016; Serruys et al., 2016). While it 

has been suggested that late stent fracture or discontinuity may have been the cause of late-

stage thrombosis (Stone and Granada, 2015; Patel et al., 2017; Sorrentino et al., 2017), there 

is generally a lack of long-term experimental data describing the physical and mechanical 

degradation of BRS devices coupled with thick scaffold struts.  

Polymeric BRS are typically made from semi-crystalline polymers, which consist of crystalline 

and amorphous regions. The relative volume fractions of these regions contribute to the 

mechanical properties of the bulk polymer, where higher percentage crystallinity polymers are 

typically characterised as stronger, but less ductile, than polymers with a higher amorphous 

content (Liu et al., 2014). The degradation of semi-crystalline polymers generally takes place 

through bulk degradation by the process hydrolysis (von Burkersroda et al., 2002; Song and 

Atrens, 2003; Cheng et al., 2013). Water from the surrounding environment is absorbed and 

breaks the ester bonds of the amorphous phase, with scission of the long polymer chains leading 

to a reduction in molecular weight, which in turn affects mechanical and thermal properties. A 

number of studies have been performed on PLLA (Duek, Zavaglia and Belangero, 1999; Tsuji 

and Ikada, 2000; Tsuji, Mizuno and Ikada, 2000; Weir et al., 2004; Lyu et al., 2007; Naseem 

et al., 2020; Katarzyna et al., 2021) that characterise the effect degradation on the mechanical 

and physical properties. While degradation generally results in a reduction in molecular weight 

early in the degradation process, thermal analysis has found that this can coincide with 

increases in relative crystallinity for PLLA (Tsuji and Ikada, 2000; Tsuji, Mizuno and Ikada, 

2000; Weir et al., 2004), which presents a complex evolving relationship when mechanical 

performance is considered. It has been found that degradation of PLLA-based polymers can 

affect the mechanical performance to varying degrees. However, the understanding of the 

relationship between physical properties and mechanical performance of BRS remains limited 

(Luo et al., 2014; Wang et al., 2017; Qiu et al., 2018; Naseem et al., 2019). Existing 
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experimental BRS studies focused on characterising mechanical performance such as radial 

strength and nanoindentation response (Luo et al., 2014; Shirazi et al., 2014; Wang et al., 2017; 

Qiu et al., 2018; Naseem et al., 2019) or physical performance such as thermal and molecular 

behaviour (Otsuka et al., 2014; Naseem et al., 2019). However, the vast majority of these 

studies have been carried out on either Abbot Absorb (Qiu et al., 2018; Ramachandran et al., 

2018; Naseem et al., 2019, 2020) or other non-commercial devices (Nuutinen et al., 2003; 

Zilberman, Nelson and Eberhart, 2005; Wang et al., 2018; Naseem et al., 2019), limiting 

information on the performance of other polymer BRS devices.  

In this study, a systematic evaluation of the physical, thermal and mechanical performance of 

the Reva Medical Fantom Encore BRS (Reva Medical, San Diego, CA, USA) and another non-

commercial BRS undergoing thermally-accelerated degradation was carried out. These 

scaffolds were chosen as they were acquired through the InSilc project through which this work 

was funded. The Fantom Encore is made of a proprietary polymer called Tyrocore, a copolymer 

of short chain PLA and tyrosine analogue, while the non-commercial BRS was made from 

medical grade PLLA. The Fantom Encore and non-commercial BRS were immersed in 

phosphate-buffered saline (PBS) at 50°C for 112 and 181 days, respectively. Physical and 

thermal properties were determined by measuring mass loss, molecular weight, thermal 

properties and degree of crystallinity at consecutive time points. Mechanical testing of the BRS 

was carried out through radial force testing, whereby radial strength and stiffness was 

determined, while local properties were measured through nano-indentation testing. 

4.2. Methods 

4.2.1 In Vitro Accelerated Degradation 

The BRS samples used in this study were removed from their respective packaging and freely 

expanded as per their instructions for use (IFU), with the Fantom Encore inflated with a manual 
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pump by InSilc collaborators and the non-commercial BRS inflated by the manufacturer with 

a computer-controlled pump. Table 4.1 below shows the expansion protocol for both BRS. 

Table 4.1. Free expansion protocol used to freely expand the Fantom Encore and Non-Commercial BRS 

BRS 
Expansion 

Pressure (atm) 

Inflation Time 

(s) 

Hold Period 

(s) 

Fantom Encore 7 10 30 

Non-Commercial 

BRS 
10 24 30 

 

The freely expanded geometries of the Fantom Encore and non-commercial BRS used in this 

study are shown in Figure 4.(a). The Fantom Encore BRS consists of 6 repeating units per 

circumference connected to the subsequent ring with 3 struts and 10 rings across the length of 

the BRS. The non-commercial BRS consists of 9 repeating units per circumference with two 

platinum markers and 9 connecting struts for the end rings. While the inner rings are connected 

with 3 struts per ring. 

 
Figure 4.1. (a) Reva Medical Fantom Encore BRS, length 12mm diameter 3mm. (b) Non-commercial BRS, 

length 32mm diameter 3mm. 

In total, 24 Fantom Encore BRS and 36 non-commercial BRS were deployed. For the Fantom 

Encore, 2 samples were tested at each time point for use in mechanical testing with a further 2 

samples reserved for nanoindentation. For the non-commercial BRS, 3 samples were tested at 

each time point with 2 samples also reserved for nanoindentation. Both BRS were subjected to 

an in vitro thermally accelerated degradation study in which samples were immersed for a 

period of 112 and 181 days for the Fantom Encore and non-commercial BRS respectively at 

50°C in phosphate-buffered saline solution (PBS) (Thermo Fisher Scientific, Hamton, NH, 

USA) where the solution pH was monitored each week to remain within 7.4 ± 0.2 according to 
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ISO 13781 (ISO, 2010). It has been shown previously for PLLA that immersion at 50°C equates 

to a four-fold increase in the degradation time when compared to degradation performed at 

37°C through the Arrhenius relationship (Wise, Gillen and Clough, 1995).  

 𝑘 = 𝐴𝑒−𝐸𝑎/𝑅𝑇 ( 4-1 ) 

where k is a rate constant; A is a constant; Ea is the activation energy, R is the universal gas 

constant, and T is the temperature. Based on constants used in a previous study, where in vitro 

accelerated degradation protocols were validated, degradation processes in PLLA experience 

a four-fold increase at 50°C compared to physiological temperatures of 37°C (Weir et al., 

2004). A range of tests to evaluate the evolution in material and mechanical properties were 

performed throughout the accelerated study (Fantom Encore: Days 0, 7, 21, 35, 49, 57, 63, 70, 

77, 91, 112, Non-commercial BRS: Days 0, 7, 21, 35, 49, 54, 65, 70, 77, 112, 146, 160, 181). 

4.2.2 Gravimetric Analysis 

Mass of the BRS were recorded before immersion and at each time point to assess mass change 

caused by hydration and degradation. Wet mass was measured after removing the scaffold from 

the solution and drying with a paper towel to remove surface moisture. Dry mass was measured 

after drying at 50°C overnight. Change in the dry mass was assessed over the course of the 

study. 

4.2.3 Thermal Properties 

Thermal behaviour of the BRS was measured using Differential Scanning Calorimetry (DSC), 

which was performed using a Netzsch DSC 214 Polyma (NETZSCH - Gerätebau GmbH, 

Germany). Samples consisted of 2 mg of BRS material that was placed in pierced aluminium 

pans. Four samples were tested at each time point. All measurements began at room 

temperature (20°C) and heated to 200°C at a rate of 10°C/minute with measurements obtained 

under a nitrogen atmosphere. Glass transition temperature (Tg), melting temperature (Tm) and 
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enthalpy of fusion (ΔHmelt)/crystallinity (Xc) were determined from the resulting thermograms. 

To determine the crystallinity of the PLLA in the non-commercial BRS the ΔHmelt for a 100% 

crystalline sample was used, reported to be 93 J/g (Fischer, Sterzel and Wegner, 1973). It 

should be noted that while a 100% crystalline reference sample is not available for the Fantom 

Encore, the changes in the crystallinity of these samples could still be discerned by noting 

changes in the ΔHmelt. 

4.2.4 Molecular Weight Properties 

The number average (Mn), weight average (Mw) molecular weight and polydispersity (Mw/Mn) 

of the samples were determined using Gel Permeation Chromatography (GPC) on a 3-detector 

Malvern system PANalytical Viscotek TDAmax (Spectris, Egham, UK). The GPC system was 

calibrated with narrow molecular weight distributed polystyrene standards, and results 

expressed as polystyrene equivalent molecular weight at each time point. At each time point, 

the samples were dissolved in 1g Tetrahydrofuran (THF) and a 100 µl sample was eluted with 

a flow rate of 1ml/min at 35°C. Calculations were performed using the refractive index 

detector. 

4.2.5 Mechanical Characterisation – Radial Compression Testing 

The evolution in mechanical properties of the BRS was evaluated throughout the 

degradation period. To determine the radial response of the BRS at each time point, samples 

were radially compressed using an 8-plate crimping head (RCM-H60, MPT Europe), connected 

to a Zwick uniaxial test machine with a 100N load cell (Zwick Roell, GmbH, Germany), as 

shown in Figure 4.(a). The plates were heated to 37°C and the BRS placed between the crimping 

plates for 5 minutes prior to testing to come up to temperature. The test protocol for both BRS 

is shown in Table 4.2 below. 

Table 4.2. Radial compression protocol for the Fantom Encore and non-commercial BRS. 

BRS 
Start Diameter  

(mm) 

Final Diameter  

(mm) 

Hold Period  

(s) 

Fantom Encore 3.5 2.0 25 
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Non-commercial 

BRS 
3.2 2.4 25 

 

Crimping and un-crimping of BRS was carried out a displacement rate of 0.52mm/s. Friction 

between the crimping plates was measured by running the test without a sample present and 

the loading profile was subtracted from the subsequent force curves (McKenna and Vaughan, 

2020). Day 0 samples were soaked in PBS at 37°C for 1 hour with excess PBS removed prior 

to testing. All other samples were removed from the media with excess PBS removed before 

radial testing and tested immediately.  

 
Figure 4.2. (a) Schematic drawing of radial compression testing. (b) Radial force-diameter curve obtained from 

radial compression testing showing the stiffness and offset line used to assess radial strength. 

The output from this test is force at the load cell (FL) and crosshead position (CH). The 

crosshead position is converted to crimping head diameter (D) using Equation ( 4-2 ) below and 

parameters obtained from calibration.  

 
𝐷 =

𝐶𝐻 − 𝑂𝐹

𝑆
 

( 4-2 ) 

 

where OF is the offset from the calibration curve and S is the slope of the calibration curve 

which are parameters determined during the radial crimp head calibration. The radial force was 

then calculated using Equation ( 4-3 ), which was derived from a balance of moments of the 

crimping plates, such that: 

 
𝐹𝑅 =

𝐹𝐿 × 135 × 𝐴

√272 − (
𝐷
2)

2
 

( 4-3 ) 
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where A is a factor given by the manufacturer that corresponds to the effect of a lever 

mechanism within the radial tester. The initial loading peak and radial stiffness were calculated 

from the radial force curves, as shown in Figure 4.(b), with radial strength determined with a 

line parallel to the radial stiffness and offset by 0.1mm as per Qiu et al (2018). The work-to-

fracture was also measured, which consisted of the area beneath the loading portion of the 

force-diameter curves, starting at the point the crimping plates made contact with the scaffold 

and finishing at 75% of the original diameter (or fracture, if it occurred before this). The results 

of each radial test were averaged and normalised by the BRS length. For comparison the radial 

strength, stiffness and work-to-fracture were also normalised against the initial timepoint and 

plotted against the immersion time. 

4.2.6 Mechanical Characterisation – Nanoindentation Testing 

Nanoindentation testing was performed using a Keysight Nano Indenter G200 (Keysight 

Technologies, Santa Rosa, USA) with a Berkovich tip. Samples consisted of scaffold rings 

mounted in 25mm diameter clear epoxy cylinders and sectioned once cured to ensure both 

surfaces were parallel, as shown in Figure 4.3(b). Samples were hand ground to expose the 

BRS surface and then were semi-automatically ground and polished using progressively finer 

diamond suspension solutions to a final suspension size of 1µm to obtain a smooth surface 

finish for nanoindentation. Indents were performed through displacement-controlled loading 

to an indentation depth of 2,000 nm, holding the indenter at peak displacement for 30 s and 

unloading to 90% of the peak load, and holding for a further 100 s to calibrate for drift. The 

Oliver and Pharr (1992) method was used to determine the modulus and hardness. Hardness 

(H) is defined as the load on the indenter tip over the projected contact area. 

 
𝐻 =

𝑃

𝐴𝑐
 ( 4-4 ) 

 

where P is the load and Ac is the projected contact area. Both elastic and plastic deformation 

are experienced simultaneously when loading the sample, which is why the unloading curve is 



Chapter 4 

101 

 

used for calculating the elastic properties, whereby only the elastic portion is recovered during 

unloading. The contact stiffness is defined as the initial slope of the unloading curve. This can 

be related to the reduced elastic modulus of the contact. 

 
𝑆 =

𝑑𝑃

𝑑ℎ
=

2𝐸𝑟√𝐴𝑐

√𝜋
 ( 4-5 ) 

 

Where S is the slope of the unloading curve or ‘contact stiffness’ at maximum depth, P is the 

applied load and Er is the reduced modulus of the contact. The contact area (Ac) was determined 

using the area function for the indenter tip geometry used. This function expresses the projected 

contact area as a function of the contact depth (hc).  

A series of 7-14 indents were performed in total for each sample. Sites for indentation were 

selected using an optical microscope. It was recorded whether the site selected for indentation 

was a hinge, defined by the circled regions in Figure 4.3(a), or a connecting strut. As the hinge 

regions were subjected to more mechanical deformation during crimp and deployment than the 

connecting struts, a comparison was made to determine if this resulted in differences on the 

elastic modulus and hardness at a localised level. Statistical analysis (t-Tests) was used to 

compare the day 0 sample against the other time points and to investigate the hinge and strut 

regions for variations in mechanical properties. T-tests were performed at a 95% confidence 

level. 
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Figure 4.3. (a) Circled areas showing hinge regions on the Fantom Encore and interconnecting strut regions. 

(b) Orientation of the scaffold rings within the epoxy cylinder. (c) Typical loading curve for a nanoindentation 

test showing the slope of the unloading curve and the hold at max displacement and 90% max load. 

4.3 Results 

4.3.1 Gravimetric Results 

Figure 4.4 shows that there was minimal mass change over the course of the study, with only 

slight mass losses at the final time points for the Fantom BRS, which suggests that the 

constitutive material of both BRS were only in the hydrolysis phase of degradation until these 

later time points. The Fantom Encore shows an increased uptake of water from day 77 with a 

larger difference shown between the wet and dry mass. 

 
Figure 4.4. Normalised wet and dry mass change of the (a) Fantom Encore BRS over the 112 day degradation 

period and (b) non-commercial BRS over the 181 day degradation period. 



Chapter 4 

103 

 

4.3.2 Thermal Analysis  

4.3.2.1 Fantom Encore BRS 

DSC analysis showed the Tm for Tyrocore to be approximately 150°C at day 0. Figure 4.5(a) 

shows the profile of the DSC curves for days 0, 7, 35, 77, and 112. Interestingly, no glass 

transition peak was seen during the thermal analysis at the initial time point. This is typically 

associated with semi-crystalline polymers indicating that this polymer likely had a high 

crystallinity. It was also noted that several time points had a decreasing slope throughout the 

test. The averaged results from the DSC analysis for ΔHmelt and Tm are shown in Figure 4.5(b) 

and (c), respectively. An increasing trend in the ΔHmelt is evident over the course of degradation 

indicating an increase in the energy required to melt the polymer, the maximum ΔHmelt 

measured at day 70 was approximately 40% higher than day 0 which can be related to an 

increase in the relative crystallinity of the polymer. 

 
Figure 4.5. (a) Heat flow curves from day 0, 7, 35, 77 and 112 showing endothermic peaks during heating to 

200°C. (b) ΔHmelt for Tyrocore throughout the degradation period showing error of 1 S.D. (c) Tg for Tyrocore, 

day 0 found no Tg. (d) Tm for Tyrocore throughout the degradation period. Note, no error bars for melting 

temperature due to small variation (±0.5°C) 
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4.3.2.2 Non-Commercial BRS 

DSC analysis showed the Tm for the non-commercial BRS PLLA to be approximately 175°C 

at day 0. Figure 4.6 below shows the DSC curves for days 0, 7, 49, 77, 146 and 181. These 

PLLA samples lack a cold crystallisation exothermic peak indicating the PLLA used in this 

BRS is of a highly crystalline nature. Measuring the relative crystallinity of the polymer 

throughout the degradation period shows an increase in crystallinity to day 146, whereby a 

decrease was then observed. The Tg was observed to increase from the initial time point, after 

which no change was observed until the final time points where no Tg was observed. There was 

no change in Tm of the PLLA until the final time points, where it decreased. 

 
Figure 4.6. (a) Heat flow curves from day 0, 7, 49, 77, 146 and 181 showing endothermic peaks during heating 

to 200°C. (b) Change in crystallinity for PLLA throughout the degradation period showing error of 1 S.D. (c) Tg 

for Tyrocore, day 0 found no Tg. (d) Tm for Tyrocore throughout the degradation period. Note, no error bars for 

melting temperature due to small variation (±0.5°C) 
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4.3.3 Molecular Weight  

4.3.3.1 Fantom Encore BRS 

The change in Mn and Mw over the course of the degradation period is shown in Figure 4.7 for 

the Fantom Encore. It shows an initial rapid decrease in both Mw and Mn from days 0 to 35 

before the decrease levelled out. Dispersity (Mw/Mn) increases during the degradation process, 

as shown in Table 4.3 below. 

 
Figure 4.7. Mn and MW molecular weight of Tyrocore over the 112 day degradation period. 

Table 4.3. Dispersity, MW and Mn molecular weight of the Tyrocore material. 

Day 0 7 21 35 49 57 63 
 

70 77 91 112 

Mw/Mn 1.70 1.83 1.93 6.09 6.68 5.88 5.58  5.71 6.19 6.58 5.97 

MW 186,291 124,436 929,16 617,64 634,90 443,42 426,93  452,62 461,42 475,22 338,60 

Mn 109,293 68,045 48,076 10,149 9,507 7,542 7,646  7,933 7,460 7,218 5,667 

 

4.3.3.2 Non-Commercial BRS 

The change in Mn and MW of the non-commercial BRS over the course of the degradation 

period is shown in Figure 4.8 below. It shows an initial rapid decrease in molecular weight. 

Dispersity is shown in Table 4.4. 
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Figure 4.8. Mn and MW of PLLA over the 181 day degradation period. 

Table 4.4. Dispersity of the non-commercial BRS PLLA material. 

Day 0 7 21 35 49 54 62 

Dispersity 2.85 3.82 16.85 6.90 9.53 3.16 2.02 

MW 236,148 210,978 143,840 135,638 116,156 130,241 137,788 

Mn 82875 55267 8,715 19,680 12,183 41,168 68,110 

Day 70 77 112 146 160 181 

Dispersity 2.5 2.43 1.9 1.96 2.3 1.97 

MW 86,661 98,960 87,441 67,045 24,820 12,047 

Mn 34,618 40,710 45,925 34,236 10,774 6,127 

 

4.3.4 Mechanical Characterisation – Radial Compression Results 

4.3.4.1 Fantom Encore BRS 

The averaged radial force response for the Fantom Encore BRS of each time point is shown in 

Figure 4.9(a-e). Here, the radial force on the y-axis has been normalised to the overall length 

of the scaffold (N/mm). The radial response at day 0 showed a linear increase and plateau 

region upon loading, a relaxation period during the hold and unloading with permanent 

deformation of the BRS. It was found that the BRS increased in radial strength by almost 50% 

from days 0 – 21. Beyond this time point, the peak strength gradually reduced and the plateau 

region became more limited (see Figure 4.9(c-e). By day 49, a substantial loss in the plateau 

region was evident (see Figure 4.9(c)), where a sharp decrease in the plateau region was seen, 

with subsequent time points lacking a plateau region entirely. An artefact of the friction 

deduction is shown before the loading region in Figures 4.9(b, c, e). 
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Figure 4.9(a-e). Normalised and averaged radial force-diameter curves obtained from radial compression 

testing for each time point. 

Figure 4.10 shows the normalised radial strengths, stiffness and work-to-fracture. Following 

the initial increase, the radial strength decreased after day 21, with a sudden decrease in radial 

strength seen between day 49 and 57. The radial stiffness increased after day 0 corresponding 

with the increase in the radial strength. No major change was seen in radial stiffness to day 63, 

where the stiffness only gradually decreased. The decrease in ductility was clearly evident after 

day 49, with a sudden rapid loss in the work-to-fracture. The sudden decrease corresponded 

with fracture of the BRS on day 49. 

 
Figure 4.10. Evolution of the measured radial strength, stiffness and work to 75% of the original 

diameter/fracture of the Fantom Encore BRS over the degradation period with max. and min. values. 
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Images taken after radial testing show the decrease in ductility and the increasing brittleness of 

the BRS, with days 0-35 undergoing permanent plastic deformation, this is evident when 

compared against Figure 4.11. While fracture was more readily observed in later time points 

(after day 49), as shown in Figure 4.11. In these devices, the initial site of fracture tended be at 

the base of connecting struts (see day 49 in Figure 4.11). As the degradation continued, fracture 

was found to occur in both the base of the connecting struts and the plastic hinges.  

 
Figure 4.11. Images of Fantom Encore after radial testing. Scaffold fracture is clear from day 49 onwards. As 

degradation progresses the BRS lose their ability to crimp uniformly, with radially tested samples becoming 

more deformed after testing.  

4.3.4.2 Non-Commercial BRS 

The averaged radial force response of each time point is shown in Figure 4.12(a-e) for the non-

commercial BRS. Again, the radial force on the y-axis has been normalised to the overall length 

of the scaffold (N/mm). The radial response at day 0 shows a linear increase and plateau region 

upon loading, a relaxation period during the hold and unloading with permanent deformation 

similar with the Fantom Encore. Degradation clearly affects this plateau region with Figure 

4.12(d) showing a dramatic decrease in ductility. The loss of the plateau region is evident from 

after day 77, Figure 4.12(d-e) where a sharp decrease in the plateau region is seen, with 

subsequent time points lacking a plateau region entirely. 
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Figure 4.12 (a-e). Normalised and averaged radial force-diameter curves obtained from radial compression 

testing for each time point. 

It was found that the radial strength almost doubles between days 0 and 7. Figure 4.13 shows 

the normalised radial strengths, stiffness and work to fracture over the period of degradation. 

A reduction in radial strength occurred after day 77, with a dramatic decrease in radial strength 

between by day 112. The radial stiffness increased after day 0 corresponding with the increase 

in the radial strength. No major change was seen in radial stiffness to day 146, after which the 

BRS were too brittle to test. The decrease in ductility is clearly evident at day 112, with a 

sudden rapid loss in the work-to-fracture of the devices. Note that there was a slight increase 

in work-to-fracture for days 35, 70 and 77, which was caused by these samples having a slightly 

higher starting diameter than the other time points. 
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Figure 4.13. Evolution of the measured radial strength and stiffness of the Non-commercial BRS over the 

degradation timeframe. 

Images taken of the non-commercial BRS after radial testing of the various time-points are 

shown in Figure 4.14. It shows a transition to brittle failure over the course of degradation. This 

is evident from the deformation from the radial crush visible at day 0 and the fracture and lack 

of deformation in the later time-points. For later time points (e.g. days 146 and 181), the struts 

become less clear with artefacts noted at the hinge regions of the BRS.  

 
Figure 4.14. Images of non-commercial BRS after radial testing. Scaffold fracture is clear from day 146 

onwards. As degradation progresses the scaffolds lose their ability to crimp uniformly, with radially tested 

samples becoming more deformed after testing. Note the fractures and cracks within the material of the struts. 
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4.3.5 Mechanical Characterisation – Nanoindentation Results 

4.3.5.1 Fantom Encore BRS 

Figure 4.15(a-d) show the measured reduced elastic modulus and hardness for each time point 

from nanoindentation testing in the hinge (Figure 4.15(a, c)) and strut regions (Figure 4.15(b, 

d)), represented in terms of mean ± S.D. A large variability in the elastic modulus and hardness 

was observed for both regions. Indents between the hinge and strut regions show slightly less 

variance in elastic modulus in hinge regions compared with the struts from days 0-49.  

 
Figure 4.15. Average values of the hinge (a, c) and strut (b, d) regions for Reduced Elastic Modulus and 

Hardness for each time point tested (average of 7-14 indents per time point) with ± 1 S.D.  

Statistical analysis was performed on the data (t-Tests) with the results shown in Table 4.5. 

The analysis compared the measured elastic modulus and hardness of all the indents for each 

time point against those of day 0 to discern any change over the course of the degradation and 

also compared the hinge versus strut regions for each time point. The majority of the time 

points showed no significant difference in elastic modulus or hardness either overall or strut 

versus hinge, with the exception of two time points (days 7 and 35) for the overall comparison 

that were found to have a significant difference in elastic modulus compared with the day 0 

time point. 
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Table 4.5. Statistical analysis of the nanoindentation performed on the Fantom Encore scaffold (Note that * 

denotes a significant difference). 

Day 

Elastic Modulus (GPa) Hardness (GPa) 

P-value 

(Overall value against 

day 0) 

P-value  

(Strut vs. hinge regions) 

P-value  

(Overall values 

against day 0) 

P-value  

(Strut vs. hinge regions) 

0 -- 0.5916 -- 0.1889 

7 0.00626* 0.4598 0.0148* 0.3734 

21 0.3136 0.0858 0.2232 0.5517 

35 0.014* 0.0714 0.0318* 0.4543 

49 0.8565 0.2493 0.4082 0.6964 

54 0.2561 0.2940 0.1129 0.3100 

63 0.00528* 0.9573 0.1084 0.8039 

70 0.5311 0.6423 0.2314 0.4645 

77 0.3344 0.0763 0.9487 0.0678 

91 0.5458 0.5502 0.9684 0.9010 

112 0.1328 0.3497 0.8791 0.5503 

* shows results of statistical significant with a 95% confidence level 

4.3.5.2 Non-Commercial BRS 

Figure 4.16(a-d) shows the measured reduced elastic modulus and hardness for each time point 

from nanoindentation testing in the hinge (Figure 4.16(a, c)) and strut regions (Figure 4.16(b, 

d)), represented in terms of mean ± S.D. A large variability in the elastic modulus and hardness 

was observed for both regions. 

 
Figure 4.16. Average values of the hinge (a, c) and strut (b, d) regions for Reduced Elastic Modulus and 

Hardness for each time point tested (average of 5-10 indents per time point) with ± 1 S.D. 
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Results from the statistical analysis is shown in Table 4.6 below. As with the Fantom Encore 

the measured elastic modulus and hardness of all the indents for each time point were compared 

against those of day 0 to discern any change over the course of the degradation and also 

compared the hinge versus strut regions for each time point. No significant difference was 

found between the various time points over the course of the degradation. 

Table 4.6. Statistical analysis of the nano-indentations performed on the non-commercial BRS. 

Day 

Elastic Modulus (GPa) Hardness (GPa) 

P-Value 

(Overall value 

against day 0) 

P-value  

(strut vs. hinge 

regions) 

P-Value  

(Overall value 

against day 0) 

P-value  

(strut vs. hinge 

regions) 

0 -- 0.90212 -- 0.8766 

21 0.939125274 0.82457 0.425 0.7464 

49 0.661025536 0.48232 0.165 0.47991 

77 0.564856944 0.52909 0.364 0.54917 

146 0.840997452 0.39107 0.061 0.26776 

181 0.349460117 -- 0.613 -- 

 

4.4 Discussion 

In this chapter, a comprehensive evaluation of the mechanical and physical behaviour of two 

polymeric BRS undergoing a thermally accelerated degradation was presented. The 

mechanical and physical changes seen over the study can be broken into several stages. The 

initial stage (Days 0-21), the BRS showed an increase in radial strength and stiffness, with a 

rapid loss in molecular weight. This stage also showed a slight increase in Tm. The second stage 

(Days 35-54 for Fantom Encore and Days 35-77 for non-commercial BRS) saw the increased 

mechanical strength maintained despite a continued loss in molecular weight, however a 

reduction in the failure strain was noted on Day 49 for the Fantom Encore, fracture occurred 

during radial testing. In the final stages (Day 63-112 Fantom Encore and Day 112-146 non-

commercial BRS), the load-bearing capacity of both BRS showed continued reduction, with 

lower radial stiffness and strength, and drastic decreases in the work-to-fracture in both BRS 

in the final time points. This was particularly evident in the non-commercial BRS which was 

too brittle to undergo radial testing on days 160 and 181. Throughout each phase, there was an 
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increase in the relative crystallinity (as observed in the enthalpy changes), with limited mass 

loss in the scaffolds until the final time point and only minor changes in glass transition and 

melt temperatures. Limited changes were observed in nano-mechanical properties, with local 

elastic moduli and hardness values remaining largely similar throughout degradation.  

Mechanical testing of both BRS showed an increase in radial strength and stiffness within the 

first 7 days of immersion. Increased strength was maintained well into the degradation process, 

despite considerable reductions in molecular weight. Under thermally-accelerated conditions, 

(Weir et al., 2004), it is expected that the experimental timeframe represents a four-fold 

increase from physiological conditions, which indicates that the load-bearing capacity of the 

scaffold would be fully maintained for approximately 8 months at 37°C for the Fantom Encore 

and 15 months for the non-commercial BRS. In both cases, this timeframe is longer than the 

typical vessel healing period which is typically 3-6 months (Kastrati et al., 2000). This 

phenomena of increased strength for a polymer scaffold within the initial stages of degradation 

has also been observed in real time degradation study of the Abbott Absorb (Qiu et al., 2018), 

where the increase in strength was attributed to a recrystallization process following hydration 

of the polymer (Göpferich, 1996). After 49 days of immersion, while radial strength and 

stiffness were largely maintained, the scaffolds became notably more brittle and fracture of the 

Fantom Encore BRS occurred shortly after the peak load was reached. This was also 

particularly evident with the non-commercial BRS in which the final time points could not be 

mechanically tested. The reduced ductility coincided with increased ΔHmelt, measured through 

DSC, which would suggest an increase in relative crystallinity. The polymer’s crystalline phase 

is generally responsible for strength and stiffness (Liu et al., 2014; Dillon et al., 2019), with 

more amorphous polymers lending ductility to the material as, under loading, the tangled 

polymer chains untangle, providing a gradual energy dissipation mechanism through plastic 

deformation. Other studies (Naseem et al., 2019, 2020; Katarzyna et al., 2021) on PLLA-based 
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materials have also observed increased brittleness that coincides with increases in relative 

crystallinity. Given that the in vitro conditions represented a four-fold acceleration of 

physiological conditions, these suggest that the BRS samples could exhibit substantially brittle 

behaviour after approximately one year of implantation. For example, by the final time point, 

overall fracture of the Fantom Encore BRS samples occurred after a reduction of only 0.2mm 

of the crimp diameter. By that time, the overall work-to-fracture has reduced by 90% its initial 

value (e.g. post-deployment). The increasingly brittle behaviour of these devices could pose 

substantial risk in vivo once implanted, as the likelihood of fracture increases (Wang et al., 

2018). Stent fracture has been attributed to thrombosis, embolization and ischemic events 

(Canan and Lee, 2010). A review of clinical trial data from approved BRS by the European 

Society of Cardiology (Byrne et al., 2018) hypothesised that one of the reasons for excess very 

late thrombosis seen in human trials could be attributed to an alteration in the laminar flow. 

The loss in the polymer integrity could be attributed to an increase in brittleness due to re-

crystallisation of the polymer. 

The degradation of physical properties of the Fantom Encore and non-commercial BRS showed 

similar behaviour to other PLLA-based materials (Duek et al., 1999; Beslikas et al., 2011; 

Katarzyna et al., 2021) and BRS devices (Otsuka et al., 2014). The molecular weight 

substantially reduced to approximately 50% of its original value after only 21 days of 

immersion. The molecular weight loss is caused by preferential chain scission of the 

amorphous phase of a polymer due to hydrolysis, with degradation in this phase resulting in an 

increase in relative crystallinity, similar to other degradation studies (Elsawy et al., 2017). 

Typically for polymers, loss of molecular weight (Mn) results in a reduction in strength (Duek 

et al., 1999; Renouf-Glauser et al., 2005; Bartkowiak-Jowsa et al., 2013), however this was 

not the case, with the Fantom Encore BRS maintaining radial strength and stiffness similar to 

other BRS devices (e.g. Abbott Absorb (Qiu et al., 2018; Naseem et al., 2019)). This behaviour 
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may also be attributed to a lower rate of degradation occurring at the scaffold hinges due to 

structural changes incurred in the polymer during the deployment and crimping processes 

(Ramachandran et al., 2018). Nano-indention testing found no significant difference between 

the mechanical responses in these two regions. However, a large variation in the elastic 

modulus was found across the scaffold rings, making it difficult to discern changes throughout 

the degradation period. This was also seen by Naseem et al (2019) and was attributed to the 

semi-crystalline nature of the polymer. It was interesting to note that, in general, less variance 

in the elastic modulus was found in the hinge region compared with the struts.  

The first limitation of this study is the use of elevated temperature to accelerate the degradation 

process compared with degradation at physiological temperatures. This thermally-accelerated 

protocol established by Weir et al (2004), demonstrated that the mechanism of degradation 

remains the same once the temperature remains below the Tg of the polymer. The thermal 

analysis of the Fantom Encore scaffold polymer found the glass transition of the Tyrocore 

material to be between 75-80°C, which was higher than the temperature conditions used in this 

study (e.g. 50°C). Second, the Fantom Encore which consists of the proprietary polymer 

Tyrocore, and is compared against the current literature of PLLA-based scaffolds. Many of the 

degradation responses seen with Tyrocore are consistent with other studies performed on other 

semi-crystalline polymers used for scaffolding applications and also the non-commercial BRS 

also tested. This includes changes in the mechanical properties (Hayman et al., 2014; Luo et 

al., 2014; Qiu et al., 2018), rapid loss of molecular weight while maintaining mechanical 

strength (Otsuka et al., 2014; Yuan et al., 2015), a decrease in the ductility of the material 

(Duek, et al., 1999) and increases in crystallinity (Bobel et al., 2016). 

4.5 Conclusion 

In this chapter, a systematic evaluation of the mechanical and physical properties of the Reva 

Medical Fantom Encore and a non-commercial BRS subjected to an accelerated degradation 
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protocol was presented. From Day 0 to Day 21, the Fantom Encore BRS showed increased 

radial strength and stiffness, despite a substantial reduction in molecular weight. Between Days 

35-54, radial stiffness and strength of the Fantom Encore BRS were maintained despite a 

continued loss in molecular weight. In the final phase (Day 63-112), the load-bearing capacity 

of the Fantom Encore BRS reduced, but most notably, the devices exhibit drastic losses in 

ductility, with their overall work-to-fracture being reduced to <10% their initial value. A 

similar trend was shown for the non-commercial BRS, with an immediate increase in radial 

strength and stiffness (Day 0 to 7). The non-commercial BRS also experienced a decrease in 

molecular weight and increase in crystallinity over the course of the degradation period. The 

radial strength was maintained despite the decrease in molecular weight to Day 77 before 

fracture of the BRS occurred. In the case of the non-commercial BRS the final time-points 

could not be mechanically tested due to the BRS becoming too brittle. Considering the 

accelerated timeframe of this in vitro study, these results indicate that these BRS could see 

substantial risk of fracture in a clinical setting in the second year following implantation.  
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Chapter 5 

Development, Implementation and Validation of a 

Phenomenological Degradation Model for a 

Polymeric Bioresorbable Scaffold 
 

5.1. Introduction 

Bioresorbable scaffolds (BRS) provide temporary mechanical support to the vessel in which 

they are implanted before the passive and physiological processes of the body lead to their 

gradual degradation. Through this degradation process, BRS have the potential to avoid some 

of the late-stage complications of dug eluting stents (DES) such as restenosis and thrombosis 

(Räber et al. 2015; Singh et al. 2020; Kan et al. 2016). Polymer BRS consisting of Poly-lactic 

acid (PLLA) and other proprietary polymers had initially shown promise, with short-term 

clinical outcomes of the Abbott Absorb (Serruys et al. 2009; Kraak et al. 2015), Igaki-Tamai 

BRS (Nishio et al. 2012) and Reva Medical Fantom (Chevalier et al. 2019; Abizaid et al. 2017) 

being non-inferior to permanent DES. However, more recent follow ups of polymer BRS have 

shown increased incidences of long-term complications when compared to permanent DES 

(Lipinski et al. 2016; Cassese et al. 2016; Serruys et al. 2016), such as increased rates of stent 

thrombosis and myocardial infarction. While the underlying reasons for the inferior late-stage 

performance of bioresorbable devices has largely been attributed to strut thickness, strut 

fracture upon loss of integrity of the scaffold backbone may also be a contributing factor (Byrne 

et al. 2018) and there is a clear need for robust predictions of device performance over their 

lifetime to better understand failure of these devices.  
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Semi-crystalline polymers typically degrade through the process of hydrolysis (Weir et al. 

2004; Gleadall et al. 2014) in which water from the surrounding environment is absorbed and 

breaks down the ester bonds of the amorphous phase. Degradation results in molecular weight 

loss due to scission of the ester bonds (Vey et al. 2008; Weir et al. 2004) and can result in an 

increase in the measured crystallinity owing to biased cleavage of the ester bonds in the 

amorphous phase (Duek et al., 1999) leading to complicated changes in mechanical 

performance. For these devices, the degradation kinetics and temporal evolution of these 

parameters can also vary substantially depending on polymer composition, processing 

parameters and a range of environmental factors, such as temperature, loading conditions and 

surrounding environment (Bergström 2015; Simamora and Chern 2006). As a consequence, 

experimental studies on PLLA have shown that degradation can have varying effects on 

mechanical properties, leading to deterioration in elastic modulus (Naseem et al. 2020; Duek, 

Zavaglia, and Belangero 1999), failure strain (Katarzyna et al. 2021; Renouf-Glauser et al. 

2005; Tsuji and Ikada 2000, Chapter 4) or yield stress (Qiu et al., 2018) to varying degrees. As 

a consequence, there are significant challenges to providing reliable modelling predictions of 

mechanical performance in the implanted environment. The majority of computational 

modelling studies on polymer BRS have focused on predicting the short-term performance of 

these devices. For example, many studies have simulated in vitro bench testing protocols (e.g. 

radial force, bending behaviour, crush resistance) to predict functional device properties (Bobel 

et al. 2015; Hoddy et al., 2022) and predicted the implantation performance of BRS (Antonini, 

Poletti, et al. 2021; Debusschere et al. 2015). Unlike their metallic counterparts, the 

deployment behaviour of polymeric BRS are more sensitive to rate-dependent aspects of the 

procedure (e.g. inflation rate) and recent phenomenological models have been proposed to take 

into account these aspects when dealing with computational analysis of BRS (Antonini, Berti, 

et al. 2021; Antonini, Poletti, et al. 2021). However, the prediction of the long-term 
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performance of implanted polymer-based BRS presents significant challenges as the 

degradation process is influenced by many factors including loading rate, loading history, 

temperature and environmental conditions.  

Due to long-time scales required to fully degrade PLLA, in the order of 2-3 years (Qiu et al. 

2018; Naseem et al. 2019; Nishio et al. 2012), accelerated degradation protocols and 

development of computational degradation models, both physical and phenomenological, have 

been used to better understand the degradation of polymer BRS (Chapter 4). However, from 

the experimental work carried out in Chapter 4, there is complex evolving relationship between 

microstructural properties (e.g. molecular weight, degree of crystallinity) and the deterioration 

in mechanical properties (e.g. stiffness, strength, and ductility) during degradation. As a 

consequence, there are limited examples of physically-based computational models being used 

to predict aspects of the mechanical performance in bioresorbable devices undergoing 

degradation (Shine et al., 2021; Shazly et al. 2012). Instead, predicting the long-term 

degradation performance of polymer based BRS devices have generally relied on 

phenomenological approaches to describe the degradation of the mechanical properties of the 

structure. These methods generally use a continuum damage mechanics framework to 

introduce phenomenological degradation variable(s) that operate on one, or several, of the 

constitutive material parameters to predict material degradation (Soares et al., 2008; Luo et al. 

2014; Amnieh et al. 2021). However, these approaches generally rely on substantial amounts 

of calibration for the model parameters (Boland et al. 2016) to capture effects observed during 

degradation and have rarely been validated beyond a limited set of circumstances. Furthermore, 

these approaches have been limited as they are not compatible with short-term constitutive 

models, which account for time dependent elastic and/or plastic behaviour during the 

deployment phase. There is a distinct need for consistency in the approaches used to predict 
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both short and long-term performance of polymer-based BRS, and to develop reliable model 

comparators that can independently evaluate the level of model credibility. 

The aim of this chapter is to develop a robust computational phenomenological degradation 

framework that can predict short- and long-term degradation behaviour of a polymer BRS. The 

radial experimental behaviour of the non-commercial PLLA BRS in the previous chapter forms 

the basis for the model development, whereby both the short- and long-term performance of 

this device is predicted through a phenomenological elasto-viscoplastic degradation framework 

at a device level. Two separate model comparators are used in an effort to validate the 

developed model, whereby the non-commercial BRS is deployed within a silicone tube and 

subjected to an accelerated degradation protocol. Due to several distinct phenomena that take 

place in the early phase of degradation, an additional experimental validation is carried out by 

investigating the response of the non-commercial BRS under constant parallel plate 

compression loading for a time period of one week. 

5.2. Methods 

5.2.1 Model Geometry 

The radial compression data from the non-commercial BRS investigated in Chapter 4 was used 

as a basis to calibrate the long-term degradation framework. A three-dimensional model of the 

BRS was created from two-dimensional drawings. This process used a repeating segment of 

the scaffold, which was drawn and meshed in Abaqus, bi-linearly patterned and then wrapped 

into a cylindrical coordinate system to create a fully expanded scaffold geometry. The BRS 

geometry was discretised with C3D8R (8-node linear brick, reduced integration, hourglass 

control) elements and is shown in Figure 5.1. For calibrating the model parameters of the 

degradation framework, a unit-cell geometry was used that had 23,928 C3D8R elements, as 
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shown in the inset to Figure 5.1. For the validation models, the entire scaffold geometry was 

used, which consisted of 187,260 C3D8R elements.  

 
Figure 5.1. Schematic showing the non-commercial BRS geometry and zoomed image with the discretisation.  

5.2.2 Material and Degradation Framework Description 

In the implementation of the current phenomenological degradation framework, a set of 

degradation parameters (d1, d2, d3) are introduced that control the evolution of mechanical 

properties as a function of time (t). This is implemented in a finite element framework through 

a continuum damage mechanics (CDM) based approach, whereby in the absence of yielding, 

the scalar damage variable 𝑑1(𝑡) is used to degrade the elastic response of the material over 

time such and is described by,  

 𝐸(𝑡) = 𝐸(1 − 𝑑1) ( 5-1 ) 

The Johnson-Cook material model was chosen as the constitutive material model to describe 

the yield behaviour of the polymer BRS. Previous studies (Antonini, Poletti, et al. 2021; 

Antonini, Berti, et al. 2021; Wang et al. 2020) have suggested the use of elastic-viscoplastic 

material models to capture the rate-dependant loading behaviour demonstrated experimentally 

by PLLA. The Johnson-Cook model has the following form and is essentially a visco-plastic, 

or strain-rate dependent, version of the von Mises yield function, which is given by, 

 
𝜎𝑒̅̅ ̅ = [𝐴 + 𝐵(휀̅𝑝𝑙)

𝑛
] [1 + 𝐶𝑙𝑛 (

휀̅̇𝑝𝑙

휀0̇
)] [1 − 𝜃𝑚] 

( 5-2 ) 
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Where 𝜎𝑒̅̅ ̅ is the material yield stress, 휀̅𝑝𝑙 is the equivalent plastic strain, 휀̅̇𝑝𝑙 is the equivalent 

plastic strain rate and 휀0̇ is the reference strain rate used to determine the model constants; A, 

B, C, n and m. Here, the first bracketed term accounts for the yield and strain hardening effects, 

which are commonly described by a power law of this form. The second bracketed term 

accounts for the rate-dependence of the yield function, which here is driven by the 휀̅̇𝑝𝑙 

equivalent plastic strain rate term. The final bracketed term in the Johnson-Cook model 

accounts possible temperature-dependence in the material response.  

The phenomenological degradation framework enables the Johnson-Cook yield surface to 

evolve over time, by making use of the temperature-dependence term within the original model. 

This feature is used this to degrade the yield stress of the material over time, whereby equation 

( 5-1 ) introduces the degradation parameter (d2) in place of θ̂, 

 
�̅�(𝑡) = [𝐴 + 𝐵(휀̅𝑝𝑙)

𝑛
] [1 + 𝐶𝑙𝑛 (

휀̅̇𝑝𝑙

휀0̇
)] [1 − 𝑑2(𝑡)] ( 5-1 ) 

Finally, failure of the material may be captured using a strain-based failure criteria described 

through Equation ( 5-7 ) implemented through the ductile damage framework in Abaqus. 

Damage initiation was controlled by the equivalent plastic strain, whereby damage initiation 

was described by a critical value of equivalent plastic strain 휀̅𝑝𝑙 (according to the shear damage 

in the material. Degradation of the equivalent plastic strain at failure was controlled through, 

 휀̅𝑝𝑙(𝑡) = 휀̅𝑝𝑙(1 − 𝑑3) ( 5-2 ) 

Damage evolution (𝜑) was implemented through a user-specified failure criterion, where upon 

damage initiation, the element linearly displaces a specified amount before failing. The 

evolution of this damage variable increases according to, 

 
�̇� =

𝐿휀̅̇𝑝𝑙

�̅�𝑓
𝑝𝑙 =

�̇̅�𝑝𝑙

𝑢𝑓
𝑝𝑙 ( 5-3 ) 
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Where L is the characteristic element length, 휀̅̇𝑝𝑙 is the plastic strain, �̇̅�𝑝𝑙 is the effective plastic 

displacement and �̅�𝑓
𝑝𝑙

 is the plastic displacement at failure. Once the damage variable reaches 

one, the material stiffness in that element will be fully damaged and is reduced to a zero stress 

state.  

This phenomenological degradation framework was implemented through the Abaqus/Explicit 

finite element solver, whereby the degradation parameter d2 was controlled using a temperature 

field variable, while d1 and d3 are evolved within a user defined field subroutine (VUSDFLD) 

where a linear interpolation is used to obtain values of the dependant variable in the regions 

between the defined points for d2 and d3 is evolved through equation ( 5-2 ). Within each of the 

degradation parameter equations, 𝑑𝑖=0 represented the case where the material parameter was 

in its un-degraded state, while di=1 represented the case where that material property was fully 

degraded. 

5.2.3  Model Verification – Single Element Test  

To test the phenomenological degradation framework, a single element (C3D8R) measuring 

1x1x1 mm element under axial tension was considered, over two steps: (i) a degradation step, 

whereby the degradation framework was implemented and (ii) a uniaxial loading step, whereby 

the unit cube was subjected to displacement-driven uniaxial tension of 0.5mm, applied through 

a reference point that was kinematically coupled to the element face. The load was applied at 

a rate of 0.05 mm/s. Four cases were considered, (i) the elastic modulus of the material was 

degraded by linearly decreasing the d1 parameter, (ii) the yield surface of the material was 

degraded by linearly decreasing the d2 parameter (iii) the overall failure strain of the material 

was degraded by linearly decreasing the d3 parameter, (iv) all parameters (d1, d2, d3) were 

degraded linearly in combination. In each of these cases, these parameters were decreased to 

25%, of their original shown in Figure 5.2(a). The same baseline material parameters used for 
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the device were assumed for the unit cube (described in the following section). The stress and 

strain response from these simulations were then extracted from the reference point to verify 

the effects of the degradation model. 

 
Figure 5.2. (a) Plots demonstrating how the various parameters were degraded over the verification on the unit 

cube. (b) Unit cube showing boundary conditions and load applied through the reference point. 

5.2.4 Crimping and Calibration of Initial Time Point  

A reduced geometry consisting of two circumferential rings, shown in Figure 5.3(a) was used 

for the calibration of the initial and degraded time points. Here, the deployed geometry of the 

non-commercial BRS was received from collaborators, where a similar regime by Antonini, 

Poletti, et al (2021) was used to crimp and deploy the scaffold geometry. Here, a simplified 

and reduced balloon, as outlined in Antonini, Mandelli, et al. (2021) was modelled using an 

incompressible hyperelastic 1st order Ogden constitutive material model discretised with 3,960 

M3D4R (4-node membrane element with reduced integration) elements. The parameters for 

the polymer BRS are shown in Table 5.1, while μ = 80 and α = −15 were the adopted material 

parameters for the balloon.  

Table 5.1. Elastic and Johnson-Cook initial material parameters used for the non-commercial BRS. 

BRS Model 

Elastic 

Modulus 

(E) GPa 

Poisson’s 

Ratio (v) 

 

Yield 

Stress (σy) 

MPa 

Johnson-Cook 

Parameters 

Johnson-Cook Rate 

Dependant Hardening 

A B n C �̇�𝟎 

Johnson 

Cook 
1.0 0.45 - 4.0 1.1 1.2 1.0 5.0×10-5 
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Figure 5.3. (a) Geometry of the non-commercial BRS, (2 rings of the whole scaffold) with details of the mesh. 

(b) BRS crimped onto the balloon. (c) BRS unit at maximum balloon inflation. (d) Initial configuration of the 

expanded BRS unit prior to radial crush step. 

5.2.5 Degradation Framework Calibration 

Calibration of the degraded radial tests was performed by simulating the experimental radial 

crush test (outlined in the previous chapter) and calibrating the material parameters in the 

phenomenological degradation framework until a matching radial response was achieved at 

each time point. Here, the reduced geometry model shown in Figure 5.3(a) was used for 

calibration of the parameters. Here, the stress and strain state was imported from the deployed 

configuration and 8 rigid plates were used to apply radial crimping to the BRS unit. The BRS 

was crimped from its freely-expanded diameter of 3.2 mm to a diameter of 2.4 mm over a 

period of 34s. It was held for a period of 30s and subsequently unloaded over a period of 34s. 

The Abaqus/Explicit solver was used for these radial crush tests, whereby mass scaling was 

used such that a target time increment of 1×10-5 was enforced. Contact conditions were defined 

between the BRS and rigid plates with a coefficient of friction set at μ = 0.3. The radial reaction 

forces from the rigid plates were extracted from the reference points and summed to plot the 

overall radial force. From the observed experimental behaviour in Chapter 4, it was found that 

the BRS devices showed substantial strengthening in the first week of immersion. With this in 
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mind, the model parameter fitting required an initial strengthening of the response, which 

involved raising the value of A to 8.5MPa. The value for the equivalent plastic strain at failure 

values of un-fractured scaffolds determined from (Katarzyna et al. 2021) was 70% strain. To 

achieve a brittle failure the value chosen for �̅�𝑓
𝑝𝑙

 was small (�̅�𝑓
𝑝𝑙

 = 0.001) to reduce the amount 

of displacement an element must experience before failing (see Equation ( 5-3 )). A summary 

of the baseline parameters that were considered are summarised here.  

Table 5.2. Calibrated parameters for the elastic and Johnson-Cook material model for the day 7 time point. 

BRS 

Model 

Elastic 

Modulus 

(E) GPa 

Poisson’s 

Ratio (v) 

Johnson-Cook 

Parameters 

Johnson-Cook 

Rate Dependant 

Hardening 

Equivalent 

Plastic 

Strain at 

Failure 

 

�̅�𝑓
𝑝𝑙

 

A B n C �̇�𝟎  

Day 7  1.3 0.45 8.5 1.1 1.2 1.0 5.0×10-5 0.7 0.001 

 

Following this, a set of parameters were fit for the remainder of the degradation response, 

which required both d1 and d3 to change. Interestingly, after a small initial increase from day 0 

to 7, the elastic response (d1) of the material remained largely unchanged. For the final fitted 

parameters, a third order polynomial was fitted to control the evolution of d2 over time, given 

by, 

 𝑑2 = 2.86 × 10−7𝑡3 − 2.99 × 10−4𝑡2 + 210𝑡 + 8.26 ( 5-4 ) 

where t is the simulation time. The initial and final d3 are defined corresponding to an un-

degraded and fully degraded material and d3 is evolved through Equation (5.7). For this model, 

the degradation of the plastic strain at failure term was controlled by the third degradation 

variable, which was described over time by equation ( 5-7 ). 

 
𝑑3(𝑡) =

휀𝑚𝑎𝑥
𝑝𝑙

− 휀𝑚𝑖𝑛
𝑝𝑙

1 + 𝑒
(𝑡−

𝑡𝑚𝑎𝑥
2

)
𝑐 + 휀𝑚𝑖𝑛

𝑝𝑙
 ( 5-7 ) 

Where 휀𝑚𝑎𝑥
𝑝𝑙 , 휀𝑚𝑖𝑛

𝑝𝑙
 are the equivalent plastic strain at failure of the un-degraded material and 

equivalent strain at failure of the fully degraded material, c is the slope and tmax the maximum 

degradation time. It was assumed that the material continued to degrade after day 146 such that 

by day 181 the material was fully degraded. Based on this fitting approach, Figure 5.4 shows 
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the how the calibrated degradation parameters evolved over the course of degradation. To 

assess the goodness of the model fit the least squares method was used, where a score of 0 

would indicate a perfect fit. 

 
Figure 5.4. Plots demonstrating the evolution of the various degradation parameters calibrated to the response 

of the BRS during degradation. 

5.2.6 Experimental Validation – Silicone Vessel Degradation and Parallel Plate Test 

In an effort to validate the phenomenological degradation model, a non-commercial BRS was 

deployed within a silicone vessel and subjected to the same accelerated degradation protocol 

as the freely expanded BRS. The deployed BRS within the mock vessel was immersed into 

phosphate buffered saline (PBS) at 50°C for 181 days, with the pH monitored on a weekly 

basis such that pH remained at 7.4±0.2. The silicone vessel consisted of a 3D printed idealised 

vessel printed with the polymer Agilus30 (Stratasys, MN, USA), with the geometry of the 

vessel shown in Figure 5.5(a) below. Prior to testing, several dog-bone samples of the Agilus30 

material were subjected to a similar accelerated degradation protocol up to a period of 21 days 

and subjected to uniaxial tensile testing to ensure the mock vessel itself did not undergo 

significant alterations in mechanical response during immersion. Figure 5.5(b) shows that the 

mechanical response of the mock vessel material up to day 21 remained largely unchanged. 

Micro-computed tomography (µCT) imaging of the vessel with the inserted scaffold was 

performed (Scanco Medical AG, Nokomis, FL, USA) to take measurements of the internal 
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vessel diameter at various time points during the degradation process. The scan settings were 

70 kvp with a 0.1 mm aluminium filter. For each scan, the vessel inner diameter (ID) was 

recorded at nine locations along the length of the vessel. The vessel ID was determined from 

an average of these measurements. As a control to the BRS device, a permanent metallic stent 

made of platinum chromium was also deployed within a mock vessel and subjected to the same 

accelerated degradation and scanned at the same time points. A straight vessel was not available 

for a direct comparison. 

 
Figure 5.5. (a) Image of the silicone vessels used for validation, straight vessel with the implanted non-

commercial BRS and curved vessel with implanted permanent stent used as a control. (b) Stress-strain plot 

showing initial and degraded response of the printed Agilus30 dog bones in different orientations showing that 

immersion in PBS has little effect on the Agilus30 material. 

From the experimental results presented in Chapter 4, it was found that the BRS devices 

underwent distinct changes in mechanical properties in the first number of days of immersion 

testing. To investigate this short-term response, and as part of the validation process, a constant 

force parallel plate test was also performed on the PLLA BRS devices. A schematic of the 

experimental set up is shown in Figure 5.6(a). Here, the test sample was located in a bath of 

PBS, which had a temperature of 37°C that was maintained by pumping from a heated 

reservoir. A uniaxial compression load of 0.4 N load was applied (which resulted in a ≈5% 

reduction in diameter) between parallel plates, and this load was held constant for 8 days, with 

PBS solution maintained at 37°C throughout and the change in diameter recorded over the 

course of the test.  
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Figure 5.6 (a). Schematic of the experimental set-up for the parallel plate test on the non-commercial scaffold 

performed at 37°C. (b) Schematic showing the computational set-up to simulate the parallel plate experiment. 

5.2.7 Computational Models of Mock Vessel Degradation and Parallel Plate Testing 

A finite element model of the silicone vessel and non-commercial BRS was constructed, with 

a full sized non-commercial BRS, as shown in Figure 5.1, deployed within the narrow section 

of the vessel, as shown in Figure 5.7. The vessel consisted of 67,500 C3D8R elements. The 

vessel was modelled as an isotropic incompressible 1st order Neo-Hookean hyperelastic 

constitutive material model, whose parameters were determined from axial tensile testing of 

dog-bone and hoop specimens (Berti et al. 2021). A balloon pressure of 8atm was used to 

deploy the full BRS within the vessel, which was the same pressure as used in the experimental 

vessel deployment. The BRS was deployed over 24 s, held for 30 s and deflated over 5 s. The 

stages of crimping and deployment within the vessel are shown in Figure 5.7. The material 

parameters for the non-commercial BRS were those that were found during the calibration 

process. The Abaqus/Explicit solver was used to crimp, deploy and degrade the non-

commercial BRS. A target time increment of 1×10-6 s was used for the simulations, where the 

time for each deployment time step was the same as the reduced geometries. The 

Abaqus/Explicit general surface contact was defined between the balloon and BRS and the 

BRS and the internal vessel walls with a penalty friction parameter of μ = 0.3. The vessel and 
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balloon ends were constrained in all directions. Measurements of the ID were compared with 

the measurements taken from the µCT scans of the non-commercial BRS.  

Table 5.3. Hyperelastic Neo-Hookean material parameters used for the silicone vessel. 

C10 D1 

0.096879 0.0 

A finite element simulation for the experimental parallel crush test was also conducted. This 

simulation used the same crimp and deployment regime to freely-expand the BRS as used for 

the mock vessel simulation. The set-up for this simulation can be seen in Figure 5.6(b). The 

BRS was placed between a discrete rigid plate and a moveable plate which was very stiff in 

comparison to the BRS, having an elastic modulus of 200 GPa. A pressure load was applied to 

the top surface of the top plate of 0.005 MPa applied over a surface area of 80 mm2. The load 

was applied over a similar period as the experiment of 600 s and the load held for a period of 

259,200 s (72 hrs). The diameter versus time was monitored over this period and compared 

against the experimental results. For this simulation, the Abaqus/Explicit solver was used with 

a target time increment of 0.1 s. To investigate the effects of the material properties evolving 

during this time period, which was observed experimentally (e.g. strengthening), three 

simulations were considered; (i) a test with no change to the material properties over the hold 

period, (ii) a test where the A parameter of the Johnson-Cook model was increased by a factor 

of two over the hold period and (iii) a test where A parameter of the Johnson-Cook was reduced 

by a factor of two over the hold period. The A parameter controls the yield surface of the 

Johnson-Cook model, with these changes essentially increasing or decreasing the radial 

strength of the BRS device. 
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Figure 5.7. Schematic of the computational model showing the crimping and deployment process within the 

simulated silicone vessel. 

5.3. Results 

5.3.1. Degradation Framework Implementation 

Figure 5.8(a) shows the predicted stress-strain behaviour on a single element for the material 

where d1 parameter that controls the elastic response was reduced. Figure 5.8(b) shows the 

predicted stress-strain behaviour for the material where the d2 parameter that controls the 

Johnson-Cook yield surface was evolved. Figure 5.8(c) show the predicted stress-strain 

behaviour for material where d3, which controls the failure strain was decreased. Finally, Figure 

5.8(d) shows the predicted stress-strain behaviour for material where degradation model 

includes reductions in all three parameters (d1, d2, d3). These results demonstrate the capacity 

of the mechanical degradation model to capture wide-ranging behaviour for the Johnson-Cook 

degradation framework, which could be applied to many potential polymer material systems 

and behaviours. 
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Figure 5.8. Stress Strain plots showing the degradation model’s capability in controlling the following 

mechanical parameters (a) d1, (b) d2, (c) d3 and (d) combined degradation (d1, d2, d3). 

5.3.2. Degradation Framework Calibration Results 

The averaged radial force response for each experimental time point and the computational 

match is shown in Figure 5.9. The radial response at day 0 shows a linear increase and plateau 

region upon loading, a relaxation period during the hold and unloading with a permanent 

deformation of the BRS. In the first 7 days, the BRS exhibited a large increase in radial strength 

and a smaller increase in radial stiffness, which resulted in the radial strength almost doubling. 

The increased stiffness and strength of the degraded time points resulted in a 30% increase in 

the elastic modulus and 100% increase in yield strength. This increased strength was generally 

maintained until day 77. Figure 5.9(b) shows the experimental response and resulting model 

fit for days 7 and 21. Here, there is a slight difference in the starting diameter of the BRS due 

to a small amount of shrinkage taking place in the experimental sample. Despite this, there is 

an excellent match between predicted response and experimental response of the BRS 

throughout the loading regime. Here, the calibrated computational model correctly captures the 

stiffness response, yield plateau and overall radial strength of the BRS during the loading 

phase. At maximum crimp, the computational model correctly predicted a reduction in the 
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radial force during the hold period of 30 seconds, which resulted from the viscoelastic response 

of the material model. Following this, model prediction generally captures the unloading phase 

of the radial test, although slight differences are observed in the final crimped diameter that 

resulted due to permanent deformation of the scaffold. The general behaviour of the device 

remained largely similar until day 77. Beyond this, at day 112 the experimental response 

showed a reduction in ductility, with a decreased radial strength visible in Figure 5.9(e), which 

also coincided with a drop in the radial force after the peak load was reached, which is 

indicative of damage taking place. Again, the computational model captures the features of this 

response very well, with the substantial reduction in radial strength enabled by an increased 

damage parameter d2. Beyond this yield point, the implemented damage model correctly 

captures the drop in radial force during the crimp phase and, again, captures the drop in load 

during the hold phase at maximum crimp followed by unloading. At day 146, the radial 

response is degraded further with additional reductions in the radial strength and very low 

ductility, which is captured by the computational model due to the high value of d3 at this time 

point. Using the least squares method to assess the fit of the calibrated model, Table 5.3 it is 

shown that for days 0, 77, 112 and 146 a good match is achieved. Due to the offset in the initial 

diameter for days 7, 21, 49 and 54 the fit is not as good. However, despite this, the slope and 

maximum radial strength is still in good agreement with the experimental time points. 

Table 5.3. Least square fit for the calibrated model versus the experimental radial force curves. 

Day  0 7, 21 49, 54 77 112 146 

Least squares 

residual (N/mm) 
0.236 1.236 1.819 0.522 0.091 0.551 
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Figure 5.9. Normalised and averaged radial force-diameter curves comparing the experimental and calibrated 

computational model results, shaded areas represent the range of experimental curves. (a) Day 0, (b) Days 7, 

21 (c) Days 49 and 54, (d) Days 62 and 77, (e) Day 112 and (f) Day 146. 

Contour plots of the BRS during the radial crush simulation at a diameter of 2.7 mm shown in 

Figure 5.10 below. Here, higher levels of stress are evident between days 7 and 77 compared 

to day 0, whereby Figure 5.10(a)-(d) correspond to the increase in the yield stress and radial 

performance seen in the previous chapter. Beyond day 77, the contour plots in Figure 5.10(f-

h) show lower stresses in the BRS, with several damaged elements observed in the hinge 

regions due to ductile damage model (not shown). This corresponds to a decrease in the radial 

performance seen in Figure 5.10 below. 
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Figure 5.10. Contour plots showing maximum principal stress of the BRS during crimping at a diameter of 

2.7mm at various stages of the degradation process. Plots showing; (a) Day 0. (b) Day 21. (c) Day 49. (d) Day 

62. (e) Day 77. (f) Day 112. (g) Day 146. (h) Day 181.  

Figure 5.11 shows the evolution in the normalised radial strength and stiffness for the 

experimental and calibrated computational model. Here, the computational model captures the 

key device-level properties over the course of degradation. The BRS experiences an increase 

in radial strength that is maintained until day 77. A large drop in radial strength was observed 

between days 77 and 112, which is predicted by the computational model. The BRS stiffness 

also increases from day 0 and is largely maintained until day 146. This sudden decrease 

corresponded with fracture of the scaffold on day 112.  
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Figure 5.11. Evolution of normalised scaffolds (a) radial strength and (b) stiffness over the course of the study 

for the experimental radial testing and the calibrated computational model, error bars denote max and min 

values from the experimental testing. 

5.3.3. Degradation Framework Validation Results 

5.3.3.1 Silicone Vessel 

From implantation of the BRS in the silicone mock vessel, the ID was recorded from µCT 

scanning of the non-commercial BRS and permanent stent over the course of the accelerated 

degradation period of 180 days, with results shown in Figure 5.12(a). Here, the experimental 

results show a large initial drop in the measured lumen diameter between days 0 and 7. After 

90 days, the lumen diameter was close to the original un-expanded diameter of the mock vessel. 

On the other hand, there was no diameter change observed for the permanent stent during the 

accelerated degradation test. Figure 5.12(b) shows µCT composite images from the final time 

point (Day 181) and an intermediary time point (Day 80). Some discontinuities are visible in 

the scans of Day 181 suggesting that the BRS had fractured. Figure 5.12(a) also shows the 

predicted lumen diameter from the computational degradation simulations. Here, the 

computational simulations predicted that the lumen diameter was maintained until 

approximately day 140, at which point the lumen diameter decreases. Contour plots showing 

the maximum principal stress and contact stress of the BRS and silicone vessel over the 

simulated degradation period are shown in Figure 5.13. They show a decrease in the overall 

stress and strain within the BRS and the change in diameter of the vessel and BRS is also visible 
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towards the final degradation stages (Day 181). Here, the radial strength and radial stiffness of 

the BRS device was fully maintained in the early stages of the degradation process, until 

eventually reductions in radial strength and increased brittleness were observed. With these 

calibrated parameters, it would be expected that the BRS device should maintain the lumen 

diameter of the vessel in the experiment, as the model has predicted in Figure 5.12(a), it should 

be noted that this only captures the change in diameter after the deployment and acute recoil 

post deployment has already occurred. However, there was a substantial reduction in vessel 

diameter observed in the early phase of the experiment, which does not align with the radial 

performance data available.  

 
Figure 5.12. Plot showing evolution of inner diameter for the non-commercial BRS with max and min values 

implanted in the silicone vessel and degraded for 181 days at 50°C in PBS compared against the computational 

match of the non-commercial BRS. Also shown is the permanent stent as the control with max and min values. 

 
Figure 5.13. Contour plots showing (a) maximum principal stress and (b) contact stress within the BRS and 

vessel over the simulated degradation period. Top row showing Day 0, middle row showing Day 100 and the 

final row showing Day 181.  
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5.3.3.2 Parallel Plate Compression 

To further investigate this short-term degradation response, a constant force parallel plate test 

was also performed on the PLLA BRS devices, whereby a constant load of 0.4 N was applied 

over a period of 8 days while immersed in PBS at 37°C. Figure 5.14 shows the resulting BRS 

diameter versus time for the first 72 hours. Here, the initial load was applied monotonically, 

with the time point at which maximum load being reached identified as a red dashed line on 

the graph. Here, the parallel plate crush test resulted in a substantial reduction of the BRS 

diameter in the first 8 hours of load application, corresponding to a significant creep response 

of the device. This behaviour was similar to that observed in the silicone vessel, where a 

substantial diameter reduction was observed in first 24 hours of immersion at 50°C. Figure 

5.14 also shows the results from the computational simulations, whereby there is only a small 

creep response evident and only a slight reduction in diameter. These computational 

simulations also examined how altering the yield stress in this phase (which was observed in 

radial experiments) would affect the response. Here, increasing and decreasing the yield stress 

during this period only resulted in very slight changes in the diameter of the BRS in the later 

stages of the test.  

 
Figure 5.14. Time versus diameter curves of the non-commercial BRS comparing the computational and 

experimental creep testing. Plot also demonstrates behaviour of changing the yield stress under a constant load. 

Max load was achieved after a period of 10 minutes. 
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5.4. Discussion 

In this chapter, a phenomenological degradation framework was developed to predict the short-

term performance and the long-term degradation behaviour of a polymer BRS. The Johnson-

Cook degradation model was implemented within the Abaqus finite element framework and 

showed distinct flexibility in the mechanical responses that could be captured, with each of the 

elastic, yield and post-yield behaviour controllable. The model parameters of the degradation 

model were calibrated based on the freely-expanded performance of a non-commercial BRS, 

with the degradation model accurately capturing short-term deployment behaviour and the 

long-term degradation response under radial loading. To the author’s knowledge, this is the 

first instance of a damage model simulating the embrittlement and resulting radial performance 

of a polymer BRS. In an effort to validate the degradation framework, parallel plate crush test 

and deployment of the non-commercial BRS within a silicone vessel subjected to the same 

accelerated degradation protocol as presented in Chapter 4. These tests were complimented 

with computational simulations to apply the degradation framework calibrated on the freely 

expanded and degraded BRS. However, both of these tests showed distinct creep behaviour in 

the early stages of the degradation response, where the diameter of the BRS was reduced within 

the first seven days in the case of the silicone vessel and in the first 4 hours for the parallel 

plate test. In both the experiment and computational cases, recording of the changes in diameter 

were performed after the deployment and acute recoil stage. This was not captured by the 

computational model and suggests that a further understanding of the creep performance of 

these devices is required, both experimentally and computationally to enable future BRS 

development.  

A major challenge in polymer degradation modelling has been that the physical processes that 

are responsible for impaired mechanical performance are not fully understood, which means 

that predictive models have generally relied on capturing the phenomenology of degradation 
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(Luo et al. 2014; Qiu et al. 2018). Phenomenological approaches can be very effective in 

predicting complex processes, but they rely on the problem being well-described and 

replicable, and the availability of sufficient experimental data that adequately describe material 

performance. Until now, many existing computational degradation models have been limited 

by the fact that they do not completely capture the mechanical effects of degradation seen 

experimentally (Qiu et al. 2018; Shine et al. 2021) or have been calibrated to a narrow range 

of mechanical data, which has enabled simplifications in their model form, whereby 

degradation has been simulated by operating on a single material parameter such as elastic 

modulus (Shine et al 2021) or yield stress (Qiu et al. 2018; Luo et al. 2014). The degradation 

model presented in this study shows distinct flexibility in the range of mechanical responses 

that can be captured, with each of the elastic, yield and post-yield behaviour adaptable to almost 

any material response. Furthermore, the implementation of this model was compatible with the 

elasto-viscoplastic framework required to accurately predict the deployment behaviour of these 

BRS devices, Table 5.3. This degradation model was fully compatible with the constitutive 

behaviour of the short-term response, with the model capturing the free-expansion and 

implantation of BRS within a vessel, in addition to capturing the loading, hold and unloading 

phases of the radial response at each time point during the degradation phase. Furthermore, the 

model showed captured the ductile to brittle transition of the BRS that occurred in the later 

stages of degradation in these devices and found to occur in other similar material/devices. 

While the model framework was effective in predicting the radial behaviour of the BRS 

following a static degradation protocol, the mechanical behaviour of PLLA is significantly 

affected when other loading conditions were considered. In an effort to validate this 

degradation model, an in vitro comparator was established, whereby a non-commercial BRS 

device was deployed into a silicone mock vessel and subjected to accelerated degradation 

conditions. While the computational degradation model predicted that the mock vessel would 
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maintain its internal diameter until the later stages of degradation (see Figure 5.14(a)), the 

experimental vessel showed a reduction in diameter in the early stages of the experiment. Here, 

the constant prolonged load applied by the silicone vessel appears to have resulted in a creep 

response of the BRS device that was not seen during the hold phase of the experimental radial 

testing. This was not captured by the computational model as it was calibrated to the static 

degradation behaviour of the freely expanded BRS device. The creep behaviour could have 

implications for the performance of PLLA BRS devices in vivo as a re-narrowing of the vessel 

could occur within a short timeframe of the initial deployment. While this creep behaviour has 

been noted previously for a different device, most notably in the initial clinical trials of polymer 

BRS where recoil was noted immediately after implantation, it was partially rectified through 

changes in deployment techniques (Bangalore et al. 2017). It would appear that other polymer 

BRS devices have not suffered from these effects in clinical studies and for the Abbot Absorb 

device, in particular it was late-stage performance where problems were encountered. When 

deploying such devices in vivo, it is very likely that during the deployment and any pre-/post-

angioplasty steps that the vessel itself and possibly the plaque undergoes damage and/or 

plasticity that results in permanent deformation (Akyildiz, Barrett, and Gijsen 2021), which 

may reduce the overall elastic strain acting on a device. While the silicon vessel used here has 

previously been used to validate the short-term deployment performance of permanent stents 

(Berti et al. 2021), and the BRS devices here, these hyperelastic mock vessels may not be 

suitable for the validation of the long-term degradation performance of polymer BRS. It should 

be noted that the reduction in vessel diameter in the early stages of degradation occurred despite 

the fact that the static radial strength was found to increase two-fold in the first seven days of 

the accelerated degradation experiment. This increase in radial strength is typically attributed 

to an increase in chain mobility caused by ingression of water molecules allowing for a 

recrystallization of the polymer (Vyavahare, Ng, and Hsu 2014). While the initial aim of the 
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parallel plate test was to investigate how this increased radial strength affected the 

performance, it was again evident that the application of a constant load resulted in the same 

loss in diameter of the scaffolds in the early phases of these tests. In the corresponding 

computational simulation, altering the yield stress of the PLLA (and associated radial strength 

of the device) had little effect on the behaviour, with the experimental response dominated by 

the creep effect during the hold period of the simulation. This study further highlights the 

importance of considering the environmental and loading condition for the in vitro assessment 

of polymer BRS. 

This study has certain limitations in that, despite the fact the degradation model was found to 

predict the static degradation performance of the polymer BRS accurately, the efforts to 

validate the model showed that static material characterisation (and modelling) may not 

represent the typical in-service conditions of these devices. While many other studies have used 

similar static approaches as inputs to their degradation modelling framework, this study is one 

of the few studies to make the effort to independently validate the developed model framework. 

This also clearly highlights that it is not possible to calibrate BRS samples that were degraded 

under static conditions. To extend this model framework further, it is clear that more 

experimental data is needed on the long-term creep response of these devices, with degradation 

protocols requiring that BRS devices are tested under non-static conditions. From the model 

developed, the inclusion of either visco-elastic or load-dependent degradation would be 

relatively easy to implement. In fact, the main challenge here is having a full understanding of 

the material behaviour. Another limitation is the use of a phenomenological model to predict 

the long-term degradation behaviour of a polymer BRS. While these models may not capture 

the physical degradation, such as the scission of chain bonds that occurs within the polymer 

itself during degradation, they do capture the overall effects of degradation at a device level 

and can provide some indication of how a PLLA BRS may perform over its lifespan while it is 
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implanted. In addition, accounting for microscopic changes within the bulk polymer due to 

degradation at a device level would be extremely computationally expensive. Furthermore, 

several of the effects observed may have been linked to the elevated temperature (50°C) of the 

accelerated degradation protocol, with the diameter loss in the silicone vessel perhaps more 

substantial due the larger creep response likely at higher temperatures (Bartkowiak-Jowsa et 

al. 2013). Finally, the large maximum and minimum error bars on the BRS measurements from 

the silicone vessels are due to the vessel being ovular rather than circular. This feature is also 

responsible for the measurements showing the vessel diameter dropping below the starting 

diameter. 

5.5. Conclusions 

A phenomenological finite element based degradation framework was developed to predict the 

short-term performance of several key aspects from the long-term degradation behaviour of a 

PLLA BRS. The degradation model predicted the elastic, yield and post-yield response of the 

PLLA BRS, including ductile to brittle transition in late-stage degradation. Based on the 

calibration to the radial response of the device following static degradation, it was found that 

the calibrated parameters were only useful in predicting the static response of the PLLA BRS. 

Upon implantation in a silicone vessel or on the application of constant load, the PLLA BRS 

showed substantial amounts of creep behaviour in the early stages of immersion, which was 

not captured by the model. This highlights a distinct need to carefully consider the creep 

performance of polymer BRS in subsequent experimental and computational degradation 

studies.  
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Chapter 6 

A Computational Investigation into the Effect of 

Scaffold Geometry and Degradation Parameters on 

the Long-Term Degradation Performance 
 

6.1. Introduction 

Bioresorbable scaffolds (BRS) were envisaged to become the next step in percutaneous 

coronary interventions (PCI), with the ability to be fully resorbed into the patient vessel once 

healing was complete. However, it has been found that the implantation of polymer BRS has 

led to excessive late-stent thrombosis compared with conventional metal drug eluting stents 

(DES) (Byrne et al. 2018). One of the possible causes for poor late-stage performance was 

attributed to loss of integrity of the polymer backbone causing an alteration in the blood flow 

and possible prolapse of struts into the lumen and also the thick stent struts protruding into the 

vessel. It is well established that stent geometry and strut dimensions affect the performance of 

endovascular devices, where thinner strut cross sections perform better than thicker strut 

profiles in vivo (Foin et al. 2014). Thinner struts generally cause less alteration to local 

hemodynamics, leading to a reduction in the risk of restenosis and thrombosis and also allow 

for faster re-endothelisation (Byrne et al. 2018). However, polymer BRS materials are 

inherently less stiff than their metallic counterparts and have tended to have higher thickness 

struts to achieve the required radial properties. There has still been a substantial variation in 

the strut thickness of polymer BRS, with a variety of stent designs also used. To date, 

computational design optimisation studies (Migliavacca et al. 2002; Pant et al. 2011; Pant, 

Bressloff, and Limbert 2012) on stent geometry performed on various stent designs and on 
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early metallic DES by (Migliavacca et al. 2002) have shown the importance of strut width, 

where stents with low stent-to-artery surface ratios have higher levels of radial and 

foreshortening in DES. Grogan et al., (2013) investigated metallic BRS to better understand 

the effect of stent cross-sections and hinge profiles on short- and long-term performance of 

metallic BRS. It was found maximising strut width leads to a favourable initial and long-term 

stiffness, which would likely contribute to improved long-term degradation performance. 

Although, it was also found that there was no substantial advantage to varying the cross-section 

shape/profile on the mechanical short and long-term performance. While a number of studies 

have been performed on the optimisation of metal and polymer BRS for the initial mechanical 

performance, there seems to be a lack of studies that consider the optimisation of scaffold 

geometry and its role in the long-term degradation performance.   

Degradation of aliphatic polyesters used in BRS applications is known to progress through the 

process of hydrolysis (Göpferich 1996) where the mechanisms of degradation are covered in 

detail in Chapter 2. Polymers that undergo recrystallization during degradation are able to 

maintain their elastic modulus and tend to have increased strength, but have reduced ductility 

(Tsuji and Ikada 1995). Numerous experimental studies examining sample geometries, such as 

films (Tsuji and Ikada 2000; Vey et al. 2012; Weir et al. 2004), dog-bones (Kimble and 

Bhattacharyya 2015; Katarzyna et al. 2021), pins (Duek, Zavaglia, and Belangero 1999) and 

tubes (Naseem et al. 2020), have evaluated the response of PLLA undergoing degradation. It 

has been found that degradation affects mechanical properties in a number different ways, with 

a number of mechanical properties affected and found to deteriorate differently depending on 

the PLLA formulation. Thermal and molecular weight analysis from these studies also 

demonstrate the decrease in molecular weight and increase in crystallinity over the course of 

the degradation period. The complex and varied changes that take place during polymer 
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degradation lead to great complexity in designing polymer BRS, in particular when both short- 

(e.g. deployment) and long-term degradation behaviour are to be considered. 

Computational degradation models have generally used continuum damage mechanics 

frameworks to introduce phenomenological degradation variable(s) that operate on one, or 

several, of the constitutive material parameters to predict material degradation. Degradation 

variables are implemented as a function of time and describe the severity of degradation at a 

material point. While there are key differences in model implementation across computational 

degradation models, their general principles assume that degradation leads to a reduction in 

one or more material properties. Apart from differences in the underlying constitutive 

description of the virgin material, the underlying assumption(s) of how degradation actually 

affects material behaviour across these models is vastly different. Many computational 

degradation models only consider evolution in a single mechanical parameter (T. Qiu et al. 

2018; Soares, Moore, and Rajagopal 2010) compared to what has been shown experimentally. 

While studies provide a certain amount of reasoning for their model form, generally attributing 

it to the observed experimental behaviour, the physical basis for these differences in model 

implementation is generally not clear. It would appear that several models happen to be 

effective in reducing the load-bearing capacity of the device. While this might re-create the 

observed response of the device under certain loading conditions, the justification of the model 

form is not provided, and it is difficult to see how they could be applied beyond a limited range 

of circumstances. This was partially observed in Chapter 5, whereby the degradation model 

framework was calibrated based on static degradation data, but was unable to capture several 

effects that were observed experimentally under constant loading conditions. Although the 

degradation model developed in Chapter 5 could only capture the static response of polymer 

BRS, it still provides a suitable framework to study the behaviour of these devices as it can 
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predict short-term deployment behaviour and a wide range of possible degradation responses, 

including elastic, yield and post-yield behaviour.  

The objective of this study is to systematically investigate the role of geometric and material 

properties on the short- and long-term degradation performance of polymer BRS. In particular, 

the role of polymer BRS design is investigated in detail to understand how it affects the 

deployment behaviour and subsequent degradation performance. The effect of material 

behaviour is also investigated, whereby a parameter study of the degradation model parameters 

is carried out to understand long-term degradation performance.  

6.2. Methods 

6.2.1. Study Design 

This study consists of three parts, whereby the first investigates the long-term degradation 

behaviour of a generic polymer BRS geometry (based on the Abbott Absorb design) in both 

freely expanded and artery expanded configurations. The effect of individually degrading 

various material parameters (e.g. elastic modulus, yield strength, strain to failure and a 

combination of these three mechanical parameters) and its effects on the radial performance is 

investigated. The second section investigates the role of scaffold width on the short- and long-

term performance of polymer BRS. In this section the effect on the short-term performance 

including crimp, deployment and radial performance with varying strut width is investigated. 

Finally, two separate scaffold geometries (Abbott Absorb and a non-commercial BRS) are 

compared by expanding them within an idealised artery, where the short- and long-term 

performance are investigated using established material properties determined from Chapter 4 

and 5 (non-commercial BRS) and from the literature (Abbot Absorb). 
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6.2.2. Model Geometries 

In the parametric studies, the balloon expandable polymer BRS used were representative of the 

Abbott Absorb and a non-commercial polymer BRS. The Absorb geometry consisted of three 

peaks and valleys per unit, with three connecting vertical axial struts for each ring. The non-

commercial BRS consisted of six peaks and valleys per unit connected diagonally with three 

axial struts for each ring (see Figure 6.1). To reduce computational cost, reduced models 

consisting of two circumferential rings were considered for this analysis. The BRS models 

were discretized using 10,560 and 27,990 C3D8R hexahedral elements for the Absorb and non-

commercial BRS respectively, with four elements across the thickness of the scaffold. Figure 

6.1 shows the geometry and discretized BRS used for the simulation. A verification of these 

reduced models was carried out by establishing that they exhibited similar behaviour to a full-

sized model of the Absorb and non-commercial BRS, under both crimping and free expansion.  

 
Figure 6.1. BRS geometries of the (a) Abbott Absorb and (b) Non-commercial BRS used in this study with the 

meshes used to discretise the BRS devices. 

6.2.2.1. Scaffold Geometric Parameter Study 

To investigate the role of geometric effects on the short- and long-term performance, the width 

of the generic BRS devices were varied and considered as a ratio of the strut thickness. Four 

width to thickness ratios (WTR) were investigated: WTR=1, WTR = 1.17, WTR = 1.45 and 
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WTR = 1.6. Thickness is defined as the dimension in the radial direction and width as the 

dimension in the circumferential direction. Here, the WTR = 1.17 geometry had similar 

dimensions to the original Abbot Absorb design, while WTR = 1.6 had a similar configuration 

to the non-commercial BRS presented in Chapter 5. Table 6.1 summarises the attributes of the 

BRS used in this study along with the dimensions of the BRS cross-sections. Note that the 

discretization of each of the WTR BRS contained the same number of elements in each model.  

Table 6.1. Overview of the geometries, cross sections and internal diameter of the vascular BRS used for the 

simulations used in this study. 

 

6.2.2.2. Balloon Geometry 

A tri-folded balloon, meshed with 11,242 3-node triangular membrane (M3D3) elements was 

used for device expansion using a similar construction approach to Avanzini et al (Avanzini 

and Battini 2018). Figure 6.2 demonstrates the construction steps of the tri-folded balloon 

geometry used for deployment of the reduced BRS. The three leaflets were formed using semi-

circular rigid tools; an internal pressure was applied to maintain the shape while a second set 

of sigmoidal shaped tools folded the leaflets into a tri-folded configuration. The same method 

of generating the balloon geometry was used to construct the balloon used for expanding the 

full BRS geometries. 
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Figure 6.2. Schematic showing the process of the formation of a tri-folded balloon and rigid tools used to form 

and fold the leaflets. (a) Application of the rigid tools to form three leaflets, (b) application of pressure to hold 

tri-folded shape and (c) rotation of tools to fold the leaflets such that the balloon can fit within the crimped 

geometry of a vascular BRS. 

6.2.2.3. Vessel Geometry 

An idealised vessel section was considered for deployment of the BRS designs, as shown in 

Figure 6.3. The characteristic dimensions of this vessel were derived from a patient-specific 

vessel geometry obtained from the InSilc artery database (“INSILC Cloud” 2018), with further 

reading on the vessel reconstruction methods available in Vukicevic et al (Vukicevic et al. 

2018). The reduced section was meshed using 20,740 hexahedral (C3D8R) elements, whereby 

this vessel was extended for the full-sized BRS, which consisted of 28,800 C3D8R elements. 

The blood vessel had an internal diameter of 1.87 mm with the section divided into three layers 

consisting of the intima, media and adventitia. The thickness of each layer taken from the most 

occluded section of a patient specific arterial model. The thickness for each layer was 0.89 mm, 

0.28 mm and 0.3 mm for the intima, media and adventitia, respectively.  

 
Figure 6.3. Schematic showing the patient specific arterial model and the artery section used in this study 

derived from and the widths of the different arterial layers.  
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6.2.3. Constitutive Material Models 

6.2.3.1 BRS Constitutive Material Models 

The short-term BRS constitutive material model used for the WTR and degradation sections of 

this study was based on an elastic-plastic match of the Johnson-Cook model framework 

presented in the previous Chapter. Here, the chosen parameters consisted of a rate-independent 

calibration of the previous model, see Table 6.2 at a strain rate of 0.1 mm/s. The time-

dependency was removed so that the effects of the degradation could be analysed without 

viscous effects. In the third section of this study, material properties for the Absorb BRS are 

shown in Table 6.2. Here, the non-commercial BRS was modelled using an elastic visco-plastic 

material using the Johnson Cook model frame-work as outlined in the previous chapter, again 

summarised in Table 6.2below. 

Table 6.2. Elastic and Johnson-Cook material parameters used for the non-commercial and Absorb BRS. 

BRS Model 

Elastic 

Modulus 

(E) GPa 

Poisson’s 

Ratio (v) 

 

Yield 

Stress (σy) 

MPa 

Johnson-Cook 

Parameters 

Johnson-Cook Rate 

Dependant Hardening 

A B n C �̇�𝟎 

Non-

Commercial 

BRS 

1.0 0.45 - 4.0 1.1 1.2 1.0 5.0×10-5 

Abbott 

Absorb 
1.665 0.45 - 5.0 30.0 1.97 1.5 2.0×10-5 

TWR 

Parameter 

Study 

1.25 0.45 34.0 - - - - - 

 

6.2.3.2 Balloon and Artery Constitutive Properties 

The balloon material was modelled using a 1st order Ogden hyperelastic material with the 

material parameters obtained from (Antonini, Mandelli, et al. 2021). An isotropic hyperelastic 

constitutive model was used to model the different arterial layers. The constitutive law used 

was a 6th order reduced polynomial strain energy density function, with the material 

coefficients obtained from (Gervaso et al. 2008) with the coefficients calibrated from 

experimental testing performed on arterial tissue by Holzapfel et al (Holzapfel et al. 2005). 

Table 6.3 reports the coefficients for each layer. Note that for the full sized BRS simulations 
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the vessel geometry was extended to accommodate the full sized BRS geometry and balloon, 

the material parameters remain the same. 

Table 6.3. Material coefficients for the 6th order reduced polynomial strain energy density function for the 

intima, media and adventitia vessel layers. 

 C10 C20 C30 C40 C50 C60 

Intima 6.79×10-3 0.54 -1.11 10.65 -7.27 1.63 

Media 6.52×10-3 4.89×10-2 9.26×10-3 0.76 -0.43 8.69×10-2 

Adventitia 8.27×10-3 1.20×10-2 0.52 -5.63 21.44 0.00 

6.2.3.3 Degradation Models and Parameter Study 

To investigate the effect of various material parameters degrading on the freely expanded and 

arterial performance of the BRS, the degradation framework presented in Chapter 5 was used 

and adapted for use with an elastic-plastic material. This framework meant that the elastic, 

yield and post-yield behaviour could be manipulated according to Equations ( 5-1 ), ( 5-1 ) and 

( 5-2 ). As outlined in the previous chapter, degradation was implemented through a user 

defined subroutine (VUSDFLD). The degradation parameters di(t) control how each of the 

mechanical properties is degraded, namely elastic modulus (d1) , yield stress (d2) , failure strain 

(d3). A field variable controlled with Equation ( 6-1 ) and implemented through the VUSDFLD 

relates the evolution of the d parameters to the material parameter being degraded. For this 

study, the evolutions of the degradation parameters followed an arbitrary degradation curve 

governed by the following sigmoidal function, described by, 

 
𝑑𝑖(𝑡) =

𝑑𝑡0
− 𝑑𝑡𝑚𝑎𝑥

1 + 𝑒(𝑡−
𝑡𝑚𝑎𝑥

2
)

𝑐 + 𝑑𝑡𝑚𝑎𝑥
 ( 6-1 ) 

where 𝑑𝑡0
 is the value of the parameter being degraded at time zero, 𝑑𝑡𝑚𝑎𝑥

 is the value of the 

parameter at full degradation and t is the simulation time. Figure 6.4 shows the evolution of 

di(t) for each of the material parameters. An arbitrary degradation curve was chosen for each 

parameter independent of the behaviours shown in previous chapters. This was used for the 

variation of the degradation parameters and WTR study. Once the failure strain was exceeded 

damage was implemented through the ductile damage model in Abaqus CAE, see Equation ( 

5-3 ) where the displacement to failure, �̅�𝑓
𝑝𝑙

 was kept at a value of 0.01. For each degradation 
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simulation at t = 0 the material was un-degraded and at t = 1 the material was fully degraded. 

A degradation period of one year was arbitrarily selected for the simulated degradation. 

 
Figure 6.4. Plots demonstrating the evolution of the various material properties, d1 (elastic modulus), d2 (yield 

stress) and d3 (failure strain). 

For the third part of this study, the degradation framework as outlined in the previous chapter 

was used to degrade the non-commercial and Absorb BRS. For the non-commercial BRS the 

degradation model parameters are the same as those calibrated in Chapter 5. For the Absorb 

BRS, some alterations to the framework were made. Experimental degradation of the Abbott 

Absorb performed by (T. Qiu et al. 2018) found that only the yield stress was affected by the 

degradation. To replicate this behaviour, only the d2 parameter was evolved over time to 

capture the effects of degradation as found by Qiu et al. Figure 6.5 shows the evolution of the 

degradation parameters for both the non-commercial and Absorb BRS. This differs from the 

Figure 6.4 as these degradation parameters are defined on experimental results for the 

represented devices. 
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Figure 6.5. Plots demonstrating the evolution of the various material properties, d1 (elastic modulus), d2 (yield 

stress) and d3 (failure strain) for the (a) Abbott Absorb and (b) non-commercial BRS. 

6.2.4. Simulation Workflow 

Crimping of the various BRS geometries was performed using 16 discrete rigid plates. The 

plates were meshed using 160 4-noded 3D bilinear rigid quadrilateral elements (R3D4). The 

BRS devices were crimped to a diameter of 1.67 mm to conform to a balloon of this size. It 

should be noted that clinically this represents a large crossing profile, typically crossing profiles 

for coronary stents are less than 1 mm. Deployment was performed using the tri-folded balloon, 

by inflating the geometry and applying a pressure of 8atm to the internal balloon surface over 

a time step of 1.6 s. The balloon was then deflated by removing the pressure load, with the 

BRS allowed to recoil over a time step of 0.4 s. This deployment strategy was employed for 

both the freely-expanded and artery expansion simulations for all BRS geometries. A 

coefficient of friction of 0.3 was adopted for the balloon-BRS and BRS-vessel contact. Abaqus 

explicit finite element solver was used for all the simulations with a target time increment of 

1×10-6 s. The radial response of the scaffolds was evaluated in their un-degraded and degraded 

states, by simulating a radial crush test on the devices using 16 discrete rigid plates (Figure 

6.6). A displacement was applied to the plates to reduce the diameter of the scaffolds from the 

deployed diameter of 3.7 mm to 1.6 mm. The radial strength and stiffness taken were measured 

from the resulting radial curves. As outlined previously the radial stiffness was defined as the 

slope of the initial linear portion of the loading curve. The radial strength was defined as a 
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parallel line and 0.1 mm offset from the stiffness. The strength is defined as the intersection 

between this offset line and the loading curve. For the full sized BRS the same regime for 

crimping and deployment as outlined in the previous chapter was adopted for the non-

commercial BRS, (Antonini, Poletti, et al. 2021). Crimping and deployment of the Absorb was 

performed as per (T. Qiu et al. 2018). Both BRS were deployed in a vessel of length 30 mm, 

consisting of the same layer geometry as outlined in Figure 6.6(b).  

 
Figure 6.6 (a) Discretised Absorb geometry showing a zoomed image of the mesh used for analysis, (b-e) 

Schematic of the various stages of the simulation from crimping, deployment, post recoil and radial crush. 

6.2.5. Post Processing 

A number of relevant clinical and mechanical performance parameters for both short- and long-

term properties of the BRS were determined from the vessel and freely expanded models. 

Several clinically relevant parameters (Auricchio et al. 2011) were selected: (i) the smallest 

area within the scaffolded region known as the minimal lumen area (MLA), (ii) lumen gain 

(LG) or the area compared pre and post stenting and (iii) area covered by the scaffold struts 

known as vessel coverage (VC). A schematic detailing how these metrics were measured is 
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shown in Figure 6.7. Mechanical performance parameters such as radial strength, stiffness, 

recoil and freely expanded diameter were also evaluated. The pressure diameter curves from 

inflating the devices were also computed. 

 
Figure 6.7. Schematic showing how key output parameters were computed, (a) Minimum lumen area (MLA), (b) 

Lumen gain (LG) and (c) Vessel coverage (VC). 

6.3. Results 

6.3.1. Effect of Degradation Parameters on Scaffold Performance 

Figure 6.8 shows the radial response of the baseline BRS geometry that had a WTR= 1.17 

(similar to Abbot Absorb), when subject to degradation through deterioration of the (i) elastic 

modulus (Figure 6.8(a)), (ii) yield stress (Figure 6.8(b)), (iii) failure strain (Figure 6.8(c)) and 

(iv) combined (Figure 6.8(d)). The values for radial force are normalised against the length of 

the scaffold section. Each of these material parameters controls an aspect of the radial response 

curve from these simulated mechanical tests. In Figure 6.8, the non-degraded scaffold response 

follows a typical radial response for a balloon expandable scaffold. This is characterised by a 

toe region, where contact is made between the radial test plates and the scaffold, which is 

followed by a linear region during elastic loading, a plateau region during plastic yielding and 

unloading along a slope that is generally similar to the loading curve. Figure 6.8 shows that the 

radial stiffness and strength are controlled by the elastic modulus and yield strength, while the 

length of the plateau region is controlled by the d3 degradation parameter. Figure 6.8(e) and 

Figure 6.8(f) show that degradation of elastic modulus reduces both the radial strength and 
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stiffness to a similar extent during degradation. Figure 6.8(d) shows combined degradation 

completely degrades the mechanical support of the vessel compared with degrading the 

parameters individually. It should be noted that while there is small visual difference in the 

radial stiffness in Figure 6.8(b), quantitatively measuring the slope shows the differences 

shown in Figure 6.8(f). As it is a post-yield property, degradation of the strain-to-failure has 

no effect on the stiffness of the BRS, as shown in Figure 6.8(c, f). However, at later time-points 

(t > 7 months), the radial strength of the scaffold is gradually reduced by the deteriorating 

strain-to-failure. 

 
Figure 6.8. Normalised radial force versus diameter curves for a generic polymer BRS showing the effect of 

degrading the (a) elastic modulus, (b) yield strength, (c) failure strain, (d) combined and (e) evolution in radial 

strength and (f) evolution in the radial stiffness over the degradation period. 
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The effect of degrading each of these individual material parameters on the implanted 

performance of the BRS is shown in Figure 6.9. It shows that reductions in the yield strength 

or elastic modulus of the BRS lead to gradual reduction in the MLA of the scaffolded vessel 

over time. Interestingly, it was found that degradation of yield strength results in a greater 

reduction in MLA, compared the same relative degradation of elastic modulus. This suggests 

that post-yield elastic and plastic properties of the scaffold provide a greater contribution to the 

MLA, compared to the elastic component alone. Reduction of the strain-to-failure has little to 

no effect on the lumen area over time for the static vessel. As expected, a combined degradation 

approach results in the lowest MLA. 

 
Figure 6.9. Effect of degradation of different parameters on the normalised minimal lumen area for a static vessel. 

6.3.2. Effect of Geometric Parameters on Short and Long-Term Performance 

6.3.2.1 Crimp Performance 

Contour plots of the crimping processes show the maximum principal stress and equivalent 

plastic strain distribution within the BRS sections, with an increasing maximum stress and 

plastic strain observed with increasing WTR, as shown in Figure 6.10. The width of the struts 

also affected the minimum crimped diameter possible for a given geometry, which can be seen 

in Figure 6.10. Measuring from the midpoint of the struts the average clearance between the 

struts at this diameter is 0.288 mm and 0.186 mm for WTR1 and 1.6 respectively.  
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Figure 6.10. Contour plots of the different WTRBRS showing the maximum principal stress and equivalent 

plastic strain distributions at full crimp. Note each of the BRS was crimped to the same diameter. 

6.3.2.2 Deployment 

The pressure-diameter curves for the free expansion of the BRS are shown in Figure 6.11, 

where the outer diameter of the BRS is plotted against the balloon pressure. Here, the inflation 

process is represented on the left-hand side of the graph (0-0.8 MPa), while the deflation/recoil 

process is represented on the right-hand side of the graph (0.8 – 0 MPa). The pressure-diameter 

curves for free expansion generally have a bi-linear form. Initially, the BRS are easy to deploy 

as the plastic hinges are opened. This is followed by a notable change in slope as the hinges 

become more difficult to deform as they go past their original un-crimped diameter and the 

original balloon diameter is achieved. The plot shows that higher WTR values require higher 

pressures to achieve a diameter greater than 3 mm. For the vessel deployment cases, a similar 

bi-linear behaviour is observed, however it is less distinct than the freely expanded case. The 

final diameter for each of the BRS show WTR=1 and WTR=1.17 achieving the highest freely 

expanded and vessel expanded diameter at maximum inflation. Recoil of the BRS for both 

freely expanded and vessel cases for each of the WTRBRS is shown below in the latter half of 

Figure 6.11 and in Figure 6.12 below. The freely expanded cases show less recoil to those BRS 

deployed within the vessel. It shows that in the freely expanded case the lower WTR device 
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have lower recoil. However, the opposite is shown when deployed in a vessel where the higher 

WTR devices show less recoil and resulted in a larger lumen area post deployment. However, 

the lowest WTR= 1.0, which had the narrowest struts had a recoil of almost 18.7% when 

implanted in the vessel, which resulted in the smallest resulting lumen diameter. 

Table 6.4. Recoil for the various WTR BRS under free expansion and expansion within a vessel. 

Deployment 

Condition 

Recoil (%) 

WTR 1.0 WTR 1.17 WTR 1.45 WTR 1.6 

Freely Expanded 3.64 4.33 4.47 5.95 

Vessel 18.7 15.1 13.3 8.46 

 

 
Figure 6.11. Diameter vs pressure curves for varying WTRundergoing free expansion (Blue) and expansion 

within the vessel (Red) conditions followed by the recoil in each condition. 

Contour plots of the deployment processes show the maximum principal stress and equivalent 

plastic strain distribution within the BRS, with a higher maximum stress and plastic strain 

observed with increasing WTR as expected, this is shown in Figure 6.12 below. 
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Figure 6.12. Contour plots of the different WTRBRS showing the maximum principal stress and equivalent 

plastic strain distributions at full deployment under free expansion. 

6.3.2.3 Radial Performance 

The effect of various WTR on the short- and long-term performance of BRS was investigated 

through freely-expanded and artery-expanded BRS. Figure 6.13 demonstrates the effect of the 

WTR on the radial crush performance, where an initial loading region is followed by a plateau 

and unloading. A square cross section, WTR=1 in this case results in a lower strength and 

stiffness compared with the original WTR=1.17. In terms of radial strength, increases in WTR 

result in an increase in the initial radial strength. A similar trend was found for the radial 

stiffness with higher WTR shaving higher radial stiffness, although this results in only modest 

increases (compared to those observed for radial strength). This shows that wider struts have 

higher radial strength over narrower struts. 
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Figure 6.13. Computational radial force versus diameter curves for varying WTR.  

Degradation of the WTRBRS was performed using a combined approach, whereby the d1, d2, 

and d3 were degraded simultaneously. The effect of this combined degradation approach on the 

radial response is shown below in Figure 6.14(a) for WTR= 1.17. Here, there is a successive 

decrease in the radial strength, stiffness and also reduction in the plateau region of the curves. 

Figure 6.14(b) and (c) shows the evolution of radial strength and stiffness during the 

degradation period for each of the WTR ratios considered. It is evident from Figure 6.14(b) 

there is a substantial increase in the radial strength as a result of WTR, however it only provides 

a modest increase in long-term degradation performance. Figure 6.14(d) shows the long-term 

degradation response to changes in lumen area. The BRS show that larger WTR results in 

higher minimal lumen areas in the implanted artery upon scaffold deployment. While larger 

WTR provide higher vessel patency upon deployment, the onset of degradation decreases the 

lumen area and the benefits of a larger WTR are only seen in the initial period. For example, 

in the lowest and higher WTRs considered, they return to a MLA = 4.5 mm2 after 5 months 

and 7 months respectively.  
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Figure 6.14. (a) Radial force versus diameters curves for WTR= 1.17 showing the effect of combined 

degradation on the radial response, (b) Effect of WTR on the radial strength response during the combined 

degradation, (c) Effect of WTR on the radial stiffness response during the combined degradation and (d) Effect 

of WTR on the long-term lumen area response during the combined degradation. 

Figure 6.15 below shows a decrease in the artery stress with decreasing WTR. It also shows 

the long-term effect of degradation of the implanted BRS on the artery with a decrease in artery 

stress shown over the degradation period. Coupled with the decrease in the lumen area over the 

course of the degradation period shown in Figure 6.14(d) is a reduction in the stress distribution 

within the artery. The reduction in cross-sectional area is also visible in the contour plots. 
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Figure 6.15. Contour plots showing the stress distribution in the artery after deployment and at varying stages 

of the degradation process for the combined degradation of the WTRBRS. 

Finally, a summary on the effects of the WTR on the short-term performance in both freely 

expanded and artery expanded configurations is presented in Figure 6.16 below, results are 

compared against the original WTR1.17. Varying the width of the BRS increases the radial 

strength and stiffness, with the most notable being radial strength. Thicker struts resulted in 

higher freely expanded recoil compared with the reference WTR and a resulting smaller final 

diameter in the freely expanded models. Within the artery the higher WTR BRS performed 

better than the lower WTR BRS with a higher lumen area and radial gain after deployment and 

less recoil on account of the higher radial strength.  
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Figure 6.16. Bar chart showing the effect varying the TWR has on the short-term performance of a polymer 

BRS. All results have been normalised against the original WTR of 1.17. 

6.3.3. Comparison of Absorb and Non-Commercial Scaffolds 

The Absorb and non-commercial BRS were deployed within a simplified straight artery 

geometry to compare their short and long-term performance. Figure 6.17 compares the 

pressure-diameter curves for the two BRS. Again, the inflation process is represented on the 

left-hand side of the graph (0-0.8/1.4 MPa), while the deflation/recoil process is represented on 

the right-hand side of the graph (0.8/1.4 – 0 MPa). The Absorb BRS shows a similar bi-linear 

behaviour to the BRS sections already shown during inflation. However, the non-commercial 

BRS shows a different behaviour, with a progressive stiffening during inflation and a hold 

period after the initial inflation contributing to an increase in the final diameter. The non-

commercial BRS had a lower recoil of 11.02% and a larger initial MLA, 5 mm2 versus the 

Absorb BRS which had a recoil of 16.74% and a MLA of 4.8 mm2. 
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Figure 6.17. Pressure versus diameter curves for the (a) Absorb and (b) non-commercial BRS. 

Subjecting these BRS to two years as per Qiu et al (2018) and Chapter 5, simulated degradation 

shows a reduction in the lumen area over time for the Absorb BRS. A greater reduction in the 

MLA was noted for the Absorb compared with the non-commercial BRS, Figure 6.18. The 

non-commercial BRS maintained its deployed diameter until month 17 where it began to 

decrease, a larger decrease is noted in months 22-24 where the BRS becomes more brittle. The 

reduction in MLA for the Absorb continues to decrease throughout the degradation period. The 

difference between the two scaffolds is primarily due to the difference in what parameters and 

the extent to which parameters are degraded. With the non-commercial BRS, only the failure-

strain is significantly affected. While Qiu et al found the yield stress of the material to be 

primarily affected by degradation. As shown previously in this chapter, degradation of the yield 

stress greatly affects the ability of a BRS to maintain the deployed diameter within a vessel. 
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Figure 6.18. MLA loss for the simulated degradation of the Absorb and non-commercial BRS over a simulated 

two-year period. 

Figure 6.19(a) and (b) shows stress contour of the post deployment for the Absorb and non-

commercial BRS within the simplified vessel geometry and at the end of a two-year simulated 

degradation. Both show a reduction in stress through the BRS caused by the degradation. There 

is also a visible reduction in lumen diameter for the Absorb BRS, Figure 6.19(a). 

 
Figure 6.19. Contour plots showing the max principal stress within the (a) Abbott Absorb and (b) non-

commercial BRS after deployment and after two-year simulated degradation. 
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The stress within the artery after deployment and degradation for both BRS is shown in Figure 

6.20. It is interesting to note that the wider strut non-commercial BRS imparts a higher stress 

to the wall than the less wide Absorb. It is also noted that the wider non-commercial BRS held 

the artery at a larger lumen area to the Absorb, as was seen in the WTR study above. The stress 

in both BRS reduces over the degradation period. 

 
Figure 6.20. Contour plots comparing the maximum principal stress distribution within the simplified vessel 

geometry for the (a) Abbott Absorb and (b) non-commercial BRS over the two-year simulated degradation 

period. 

6.4. Discussion 

In this chapter, the role of scaffold design and material properties on the short- and long-term 

degradation performance of polymer BRS was investigated. In general, it was found that the 

geometric design of the BRS can substantially affect the short-term performance, including 

deployment, recoil and baseline radial properties of the scaffold. However, it was found that 

the width does not have a major impact on the long-term performance during degradation. 

While the initial radial performance of a scaffold design may be higher due to geometric 

features, this performance was only maintained for short time periods compared to baselines 

designs, with degradation performance largely similar across devices in the medium-term. This 

indicates that “material design” is the primary aspect that can be targeted to enhance the 

degradation performance of BRS.  
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Experimental studies investigating the performance of PLLA have shown that degradation 

affects mechanical properties in different ways, with elastic modulus (Naseem et al. 2020; 

Duek, Zavaglia, and Belangero 1999), yield stress (Tsuji and Ikada 2000) and failure strain 

(Katarzyna et al. 2021) found to deteriorate differently depending on the material formulation. 

As a consequence, previous computational degradation frameworks have used different model 

forms, to capture specific aspects of PLLA degradation, with many assuming that degradation 

only deteriorates the elastic response (Soares, Moore, and Rajagopal 2010), while others 

assuming that degradation affects only the yield (T. Qiu et al. 2018), hardening (Vieira et al. 

2011) or elongation properties (Luo et al. 2014). In this chapter, the degradation framework 

was used to explore in detail the effects of degradation model form on the overall behaviour of 

freely expanded and implanted on a generic polymer BRS geometry. It was found a model 

form that degraded the material elastic modulus resulted in lower radial stiffness and radial 

strength at device level. Similarly, a model form that degraded the material yield stress resulted 

in lower radial stiffness and radial strength at device level, but through a distinctly different 

loading profile. As a consequence, it was found that degrading either the elastic modulus or 

yield stress could provide similar predictions in lumen area reduction during degradation. This 

implies that several different model forms may be effective in capturing the observed 

degradation performance of polymer BRS but may not necessarily capture the material level 

changes occurring. This type of model calibration may limit the application of certain models 

to wider sets of circumstances. To maximise the lumen area during long-term degradation of a 

BRS, the polymer should not experience deterioration of either elastic or yield properties. This 

was demonstrated by the comparison of the two BRS, the Abbott Absorb and a non-commercial 

BRS using their as reported constitutive material models. The deployment and subsequent 

degradation of these two different BRS highlight the results in the previous sections where 
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reduction in the yield stress (d2) causes a reduction in the lumen area while in a static vessel 

and reduction in failure strain (d3) will maintain the deployed diameter. 

The effects of varying the strut width and its effects on the long-term degradation performance 

were investigated in the second section of this chapter. Increasing the strut width was shown 

to increase the short-term performance in terms of increasing radial strength and stiffness at a 

cost of slightly higher recoil, 5.95% compared with 3.64% for the WTR=1.6 and WTR=1.0 

respectively for the freely expanded cases. However, when deployed within a vessel the higher 

WTR maintained a larger MLA experiencing much less recoil than the lower MLA BRS, 

despite not achieving the same maximum diameter at maximum inflation pressure. Other 

computational scaffold studies have also shown strut width to improve radial performance 

(Grogan, Leen, and McHugh 2013; Migliavacca et al. 2002). While increasing the strut width 

does result in improvements in the initial deployment performance, larger strut dimensions are 

viewed upon negatively in a clinical setting (Foin et al. 2014), where thinner struts and smaller 

crossing profiles are generally favoured. In terms of long-term performance, wider struts result 

in higher initial starting points for radial strength and stiffness as expected. However wider 

struts showed a of higher rate of strength and stiffness reduction, Figure 6.14(c-d). This was 

noted in particular for the highest WTR, where the radial stiffness loss and minimum lumen 

area dropped below that of WTR1.45. This could be attributed to higher strains within the BRS 

structure compared with lower WTR, contributing a larger number of elements that could fail 

from the applied combined degradation. While increasing the strut width improved the overall 

short-term performance, no real improvements were observed in terms of long-term 

degradation performance. Indicating that the long-term behaviour is primarily controlled 

through the initial material design and chemical make-up.  

The third section investigated the long-term performance of two BRS, the well-studied Abbott 

Absorb and a non-commercial BRS. The narrower Absorb experienced more recoil after 
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deployment than the non-commercial BRS, with recoils of 16.74% and 11.02% respectively. 

Typically recoil of less than 10% is desirable in coronary stents (“FDA PMA Review Process” 

2021). This resulted in the wider non-commercial BRS maintaining a larger MLA compared 

with the Absorb BRS, this is not unexpected owing to the WTR study showing wider struts 

experience recoil once deployed within a vessel. The wider non-commercial BRS also imparted 

a higher stress to the vessel walls after deployment, this is seen as disadvantageous owing to a 

more aggressive neo-intimal growth response (Foin et al. 2014). The Absorb experienced a 

loss in MLA over the course of the degradation period while the non-commercial did not, this 

was attributed to the method of degradation, where the Absorb was degraded through an 

evolution in the yield stress as prescribed by (T. Qiu et al. 2018) and the non-commercial BRS 

degraded primarily through a loss in the failure strain. Results from the previous sections 

demonstrated that for a static vessel a reduction in the strain-to-failure does not show any loss 

in lumen area compared with losses in elastic modulus and yield stress.  

The primary limitation of this study is the exclusion of a creep response in the long-term 

degradation simulations, as identified in the previous chapter. The creep response was 

neglected owing to a lack of data on creep performance of other BRS and the focus of this 

study on the effects of the degradation parameters and geometrical changes. Other limitations 

of this study include the use of an elastic-plastic constitutive material model. Many polymer 

materials exhibit rate dependant behaviour (Bobel et al. 2016), however to simplify the analysis 

and focus  on the affects of degradation and geometrical changes on the BRS devices a more 

straight forward material model was employed. Future work could include time dependence to 

see if this effects the long-term degradation response and a material model to account for the 

creep response. A limitation in the strut width study was the negligence of the maximum strain 

experienced by increasing the strut width, increasing the strut width also increases the strain in 

the BRS which could also exceed the ultimate strain for the material. The degradation models 
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that include the artery do not include neo-intimal growth or vessel remodelling. Experiments 

have shown that encapsulation of the tissue around the BRS changes the rate of degradation. 

Accounting for these phenomena is important in future predictions of BRS performance and 

may lead to a further decrease in the predicted MLA. 

6.5. Conclusions 

This chapter investigated the role of degrading several mechanical parameters both individually 

and combined to find their effects on the long-term performance of a polymer BRS using the 

degradation framework outlined in Chapter 5. Computational radial testing showed that radial 

strength and stiffness are not uniquely controlled through the yield strength and elastic 

modulus. The role of strut width was investigated to find the effect simple geometric changes 

can have on the long-term performance of a polymer BRS. It was shown that increases in strut 

width vastly improve the initial BRS performance in terms of radial strength and recoil within 

an artery. However, long-term predictions suggest that at least for changes in strut width, 

greater degradation performance is determined through changes in the material composition 

and processing as opposed to optimising the geometry which is seen to have more of an impact 

on the short-term performance. Whereas “material design” is really the only aspect that can be 

targeted to enhance the degradation performance of polymer BRS. 
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Chapter 7 

Concluding Remarks and Future Perspectives 
 

7.1 Summary of Key Contributions 

While polymer bioresorbable scaffolds (BRS) have shown great initial promise in addressing 

limitations of their permanent DES counterparts (Nishio et al., 2012; Abizaid et al., 2017), 

clinical trials have shown poor long-term performance when compared to permanent stents 

(Byrne et al., 2018). As a consequence, the wider implementation of bioresorbable 

endovascular medical devices has faced significant challenges, with the future of polymer BRS 

devices in particular quite uncertain, with discontinuation of Abbot Absorb and other 

commercial programmes (Densford 2017) slowing development. While these polymer BRS 

devices still present exciting potential advantages over permanent stents (Welch et al., 2019), 

the under-lying reasons for their poor clinical performance in coronary applications is 

attributed to thick stent struts, although much evidence has suggested that failures were as a 

consequence of physical and/or mechanical performance. In the context of overall BRS 

performance, these aspects are a function of both the underlying polymer material and the 

functional design of the device itself, which provided the key motivation for this thesis.  

The overall contribution of this thesis has been to present a detailed biomechanical 

investigation that provides new insights into the long-term mechanical behaviour of polymer 

BRS. These studies have provided much needed experimental data to the biomechanics 

community that systematically evaluates the long-term mechanical performance of polymer 

BRS. Furthermore, this work has developed a phenomenological degradation model 
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implemented within the Abaqus finite element framework that can predict both the short-term 

deployment behaviour and the long-term quasi-static behaviour of polymer BRS. The key 

scientific contributions have been to show that polymer BRS are highly effective in maintaining 

their radial stiffness and strength during short- and medium-term degradation but undergo a 

ductile to brittle transition in later stages of degradation. This highlights a possible reason for 

polymer BRS poor long-term performance in clinical settings. Furthermore, it was observed 

that polymer BRS in an in vitro setting under constant load experience a large amount of creep 

in the early phases of degradation, further complicating future assessment for the prediction of 

long-term behaviour. This extensive creep has not been widely seen in the literature. It was 

found that increasing the width of the geometry of the polymer BRS generally improved the 

short-term deployment performance; with design changes only providing modest benefits for 

the long-term degradation behaviour. Therefore, to improve the overall clinical performance 

of polymer BRS, the following should be considered; development of the constitutive polymer 

itself, or entirely new materials are required, refinement in the polymer production and 

processing and finally thinner struts would allow faster re-endothelisation and resorption, 

potentially avoiding fracture due to reduction in material integrity. This section below outlines 

in more detail the key contributions and main findings from each of these studies. 

Chapter 4 presented an experimental evaluation on the effects of degradation on the 

mechanical, thermal and physical performance for two polymer BRS, the REVA Fantom 

Encore and a non-commercial PLLA BRS. This study represents the first systematic evaluation 

of these BRS under long-term accelerated degradation that evaluated both mechanical and 

physical aspects for degradation of these devices (Chapter 4). In the early stages of degradation, 

it was found that both BRS devices showed substantial increases in radial strength and stiffness, 

despite a substantial reduction in molecular weight. Beyond this, the radial stiffness and 

strength of the devices were maintained, despite a continued loss in molecular weight, with 
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limited mass loss was observed in this period. Throughout each of these phases, there was a 

steady increase in the relative crystallinity, and only minor changes in glass transition and melt 

temperatures. In the final phases of degradation, the load-bearing capacity of the BRS devices 

showed continued reduction, with decreases in radial stiffness and strength, and drastic 

reduction in the work-to-fracture of the devices, with devices from some of the later time-points 

too brittle to test. This ductile to brittle transition suggest that BRS device could exhibit 

substantially brittle behaviour after ~one year of implantation.  

In Chapter 5, a computational degradation framework was developed that could predict short-

term deployment performance and several key long-term degradation effects that were 

observed in the experimental work completed in Chapter 4. Through a calibration process, the 

degradation model was able to capture loading, holding and unloading phases of the radial 

response at each time point, and in particular captured the ductile to brittle transition that 

occurred in the later stages of degradation. In an effort to validate the degradation framework 

a non-commercial BRS was deployed within an additively manufactured silicone vessel and 

subjected to the same accelerated degradation protocol as Chapter 4. In addition to this, a 

parallel plate crush test to assess if there was an increase in diameter corresponding to the 

increase in radial strength seen in Chapter 4 was also performed. Both of these experimental 

tests showed the BRS to experience a large amount of creep, which was unexpected. In the 

case of the silicone vessel, this resulted in a 70% loss in lumen diameter within the first seven 

days of immersion. In the case of the parallel plate test a loss of 20% in diameter was recorded. 

The degradation framework calibrated from the radial crush testing was not able to capture this 

initial decrease in diameter, where the simulated degradation showed a decrease in diameter 

only in the later stages of the simulated degradation.  

Chapter 6 examined role of both material and geometric properties on both the short- and long-

term performance of polymer BRS. It was found the geometric parameters of the BRS were 
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mainly responsible for the short-term deployment characteristics and had little effect on overall 

degradation performance. In particular, it was found that higher strut widths resulted in 

substantially higher radial strength and minimal lumen areas when such geometries were 

implanted within a vessel. However, this more favourable performance in the short-term only 

lead to modest benefits in the long-term performance of the devices. Furthermore, this Chapter 

provided detailed insight into the specific roles of material parameters in dictating the overall 

degradation response. It was found that the radial strength and stiffness were not exclusively 

controlled by the yield stress and elastic modulus, respectively with both parameters 

contributing to these features. The degradation of these parameters was also explored in terms 

of vessel performance, with yield stress having the largest impact of the minimum lumen area 

loss. Thus, leading to the conclusion that at least in terms of strut width long-term performance 

is controlled through the material formulation as opposed to dimensional changes within the 

BRS. 

Chapter 7 served as a demonstration for the degradation framework developed in Chapter 5 as 

part of an in silico platform. With the difficulty and expense of traditional clinical trials there 

is a push from the scientific community for computational testing and evaluation to form a 

larger part for the assessment of the safety and efficacy of medical devices. The InSilc platform 

is an in silico clinical trial platform for the design and development of coronary stents both 

permanent and bioresorbable. This platform consisted of a number of modules including 

crimping and deployment, degradation, fluid dynamics and drug perfusion modules. This 

platform allows for the efficient assessment of various scenarios that can compare the 

performance of BRS devices or designs in different patient anatomies. While the platform 

demonstrated the integration of the degradation framework developed in Chapter 5, there are 

still several key aspects of the degradation model that require robust validation. However, such 
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a platform could still provide very meaningful outputs and provide insight into device 

performance during the development phases of coronary stent development. 

7.2 Future Recommendations 

The work presented in this thesis represents a step towards understanding the mechanical 

behaviour of polymer BRS while undergoing degradation. A major contribution has 

demonstrated that polymer BRS experience creep behaviour while under a constant load. While 

excessive recoil has been reported upon initially with Abbott Absorb BRS (Bangalore et al., 

2017). The short-term recoil/creep shown here has not been accounted for or documented well 

in great detail clinically. Future work should explore this short-term effect and it highlights a 

clear need for the development of degradation protocols that enable the application of loading 

during degradation. Until now, the vast majority of experimental work has been carried out 

using static protocols, with the results in this thesis highlighting the limitations associated with 

these approaches. Furthermore, it was shown that an increase in radial performance is 

experienced by polymer BRS within the initial stages of the degradation process, with later 

stages of the degradation process resulting in the BRS become exceedingly brittle. This could 

provide an explanation as to poor long-term clinical performance, where excess late stent 

thrombosis has been reported for polymer BRS (Byrne et al., 2018). Further work is required 

in terms of tuning the degradation characteristics of polymers used in coronary BRS 

applications such that the degraded BRS does not pose such a fracture risk. The computational 

degradation framework developed in Chapter 5 enables accurate predictions of the freely 

expanded mechanical performance of the PLLA BRS over the duration of offering mechanical 

support to a vessel and provide a reference for future computational degradation modelling. 

However, an attempt at validating the degradation framework showed a mismatch between the 

freely expanded polymer BRS and those subjected to a constant load (through implantation 

within a silicone vessel and a parallel plate crush test). It was found that the polymer BRS 
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experienced a large amount of creep which the degradation framework did not account for and 

indeed many models used for PLLA in the literature do not account for. This aspect is critical 

in determining the long-term implanted performance, where this behaviour should be 

accounted for in future computational modelling of polymer BRS. Indeed, this finding further 

complicates the development of models predicting the long-term performance of polymer BRS 

if creep, fatigue and degradation are to be accounted for. Generally, there remains little 

consistency across the literature in how computational models for polymer BRS are simulated 

and validated. With a large variety of material models used to represent PLLA, more work 

required in terms of validation for polymer BRS materials and new validation strategies 

required for polymer BRS validation. Future computational modelling should adopt models 

that account for the viscous nature of polymers. While the publication of the ASME V&V 40 

guidance is greatly welcomed, for polymer BRS a guidance on the assessment of mechanical 

performance coupled with its physical characterisation over the lifetime of the BRS is needed. 

To assess the credibility of current degradation models, in vivo studies should be performed 

alongside their in silico counterparts. While the results from Chapter 6 suggest that enhancing 

long-term degradation performance lies with controlling the synthesis of the polymer 

backbone, only a single aspect of the scaffold geometry was considered in this study. Future 

work should consider other aspects of scaffold geometry design to facilitate the long-term 

performance, such as exploring different geometries.  

Finally, there is much work ongoing in the development of polymer BRS and characterisation 

of polymer degradation and its effects at a device level, where efforts are focussed on 

improving material characteristics (McMahon et al., 2018; Zong et al., 2022). While these will 

contribute to a greater understanding of polymer BRS and how degradation effects the long-

term performance, further clinical data coupled with robust guidance on the evaluation of 

polymer BRS throughout the whole lifecycle of the device is needed. Despite these challenges, 
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fully bioresorbable devices still show potential as an alternative to permanent metallic stents, 

although they may have higher chances of success in certain peripheral applications, where the 

failure rates of permanent devices can be much higher than the coronary space (Gökgöl et al. 

2021). 
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Appendix Chapter 

Demonstration of an In-Silico Platform for the 

Design and Development of Vascular Scaffolds – 

Degradation Module 
 

8.1. Introduction 

Currently, the pathway to market for vascular stents, either permanent or bioresorbable, 

consists of rigorous bench testing followed by pre-clinical animal testing and finally human 

clinical trials to demonstrate the safety and efficacy of the product or device in development 

(Sastry, 2014; Byrne et al., 2015). A heavy reliance in the development pathway is placed on 

experimental testing, with only a small component of pre-clinical testing requirements 

employing computational methods (FDA, 2010). Typically, extensive prototyping using trial-

and-error approaches is required in the early stages of development to establish functional 

performance. However, despite this, it is not uncommon for devices to experience failures in 

the later stages of this pathway, during animal testing, clinical trials or in the worst case the 

post-market surveillance phase. These failures increase time to market, which is typically 

several years for a coronary stent including seeking the application of premarket approval for 

the FDA (‘FDA PMA Review Process’, 2021), and mean that significant costs can be incurred 

during animal and human studies to validate and prove the safety of the devices. In designing 

a new coronary stent, there are several key aspects of performance that the device must fulfil. 

The stent must have sufficient structural integrity to open the diseased artery, while avoiding 

any damage to the surrounding tissue, and have sufficient flexibility to facilitate deliverability 

and conformation to lesion sites. Once implanted, the stent should restore natural blood flow 
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patterns to the coronary arteries and avoid unwanted re-narrowing of the vessel due to in-stent 

restenosis (Singh et al., 2020). This presents a very challenging design problem, particularly 

as these functions must be fulfilled across a diverse patient population, whose coronary 

anatomies vary significantly. In-Silico Clinical Trials (ISCT) have the potential to address these 

aspects and effectively reduce the size and duration of animal and clinical studies, lower 

development costs and reduce the overall time-to-market for devices (Viceconti et al., 2019). 

Over recent years, significant advancements in multi-scale, multi-physics and image-based 

modelling capabilities mean that computational modelling can effectively model various 

aspects of in vivo performance of medical devices. Recently, the InSilc project has developed 

an ISCT platform for coronary stents by using integrated computational models to provide 

detailed predictions of implanted BRS performance. The overall project vision was to develop 

a set of integrated modules that provide predictions of stent performance in the pre-operative, 

short-, medium- and long-term phases of the device lifetime. The platform included detailed 

predictions of functional device performance through in silico bench testing, predictions of 

device deployment, fluid dynamics, drug delivery and myocardial perfusion (‘INSILC Cloud’, 

2018). As part of the InSilc project, the “Degradation Module” was developed as part of this 

thesis to provide predictions of the long-term performance of several candidate vascular 

scaffolds. The Degradation Module uses the constitutive phenomenological degradation 

models that were developed in Chapter 5 to predict the long-term performance of implanted 

scaffolds. This approach affords the InSilc platform the unique opportunity to pose a wide 

range of “what if” questions to explore stent performance through different virtual scenarios. 

This could facilitate useful insight in device behaviour during the design and development 

phase of coronary stents.  

The objective of this Chapter is to describe (i) the development of the InSilc Degradation 

Module, (ii) its integration into the InSilc ISCT workflow and (iii) to present a number of 
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virtual use-cases or “scenarios” to demonstrate its functionality. For the latter component, three 

separate scenarios were considered that allowed the implanted performance of different stents 

and stent designs to be compared across several arterial configurations. The results were then 

used to generate clinically relevant outputs and asses the long-term performance. 

8.2. Methods 

8.2.1. InSilc Platform 

7.2.1.1 InSilc Workflow 

The InSilc platform consists of several integrated modules to provide detailed predictions of 

implanted device performance. These integrated modules provide predictions of stent 

performance, functionalities and operation in the pre-operative, short-, medium- and long-term 

phases of the device lifetime. The integrated workflow is summarised schematically in Figure 

7.1 where an ISCT begins with selection of a virtual patient (or patients) from the virtual 

population. Following this, the deployment module enables a device to be deployed within 

straight or bifurcated stenosed patient-specific vessels (from the virtual population) to 

characterise the short-term performance. The deformed configuration from this module then 

feeds into the degradation, fluid dynamics, drug delivery and myocardial modules, which 

together predict the medium- to long-term performance. Further detail on each module is 

provided in Table 7.1. 

 
Figure 7.1. Overview of InSilc Degradation Module architecture and required inputs. 
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Table 7.1. Summary of the primary function of the various main and support modules of the InSilc ISCT Platform. 

Module Summary 

Mechanical 

Modelling 

Module 

The Mechanical modelling module enables virtual in vitro bench testing of coronary stents. 

Used early in the design process to quickly compare the functional mechanical 

performance of different stent designs. It includes in silico bench testing for dimensional 

verification, foreshortening, dog-boning, radial force, local compression, and crush 

resistance with parallel plates, three point bending and fatigue. 

3D reconstruction 

and plaque 

characterization 

tool 

The 3D reconstruction and plaque characterization tool is an integrated software that 

accurately reconstructs parts of the arterial tree including the lumen, the outer wall, as well 

as plaque. This allows a wide range of patient anatomies to be considered, from straight 

vessels to more complex tortuous lesions. 

Deployment 

Module 

Virtual positioning and deployment of stents within single and bifurcated stenosed patient 

specific arteries is captured. The results of this module will provide indications on the 

short-term behaviour. Also, the coupling with other in silico modules, Fluid Dynamics 

module and Degradation module, will provide valuable information in medium/long term. 

Fluid Dynamics 

Module 

The fluid dynamics of the implanted scaffolds are examined at different length scales. The 

first level concerns characterization of the macroscopic flow phenomena where the 

scaffold is implanted. For the macroscopic approach, blood is be treated as a continuum, 

and the velocity and shear stress patterns in the stent will be computed. The second level 

is flow patterns on a microscopic scale, where blood is not treated as a continuum on this. 

Degradation 

Module 

In polymer-based degradation, continuum damage mechanics approaches have been 

developed that capture the effect of polymer chain scission through a degradation damage 

variable that operates on materials parameters of the chosen constitutive law. Similarly, 

metal-based corrosion has been captured through continuum damage mechanics, whereby 

a corrosion kinetic parameter controls the load-bearing capacity of surface elements. 

Myocardial 

Perfusion 

The Myocardial perfusion module allows for more realistic simulation of post-operative 

coronary flow in patients by describing the local response of the cardiac muscle and the 

coronary autoregulation system. This module can predict the degree to which the stent will 

enable re-perfusion of the coronary arteries following implantation. 

Drug Delivery 

Taking the outputs from the deployment and fluid dynamics modules, the diffusion of the 

anti-proliferative drugs will be modelled. The arterial wall geometry is meshed, and a flow 

solver used to model the transluminal flow of plasma. 

 

8.2.2. InSilc Degradation Module – General Overview 

7.2.2.1 Input from other InSilc Modules 

The Degradation Module follows the Deployment Module, which is used to predict the 

implanted configuration of the relevant device and artery. The post-deployment stent/artery 

geometry and the material stress and strain history at all model integration points are imported 

from the Deployment Module and form the starting point for the Degradation Module. This is 

transferred in the form of either Output Database (.odb) and/or input (.inp) file formats. This 

approach ensures that the model parameters are derived directly from the InSilc Deployment 

Module, with continuity maintained in the discretisation/mesh, element type, underlying 

constitutive model, stress state, and the numerical parameters that control the solution process 

(e.g. step times, mass scaling etc.) allowing for a consistent predictive mechanical framework.  
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Figure 7.2. Schematic showing the InSilc Degradation Module workflow from experimental material 

characterisation to prediction of the long-term stent behaviour and Degradation Module outputs. 

The Degradation Module uses the degradation framework developed in Chapter 5, which 

offered distinct flexibility that has the capacity to capture a wide-ranging behaviour for a range 

of potential material systems, as represented schematically below in Figure 7.2. Despite the 

limitations observed in the short-term creep response, the developed framework still provides 

an indication of the isolated device degradation performance. The degradation modelling 

framework can be implemented by considering the polymer behaviour to be either rate-

dependent or rate-independent, implemented using elastic-plastic and elastic-visco-plastic 

(Johnson-Cook plasticity) constitutive laws. The Degradation Module also offers visco-elastic-

plastic options through a parallel rheological framework (PRF) model, which was not described 

as part of this thesis. It should be noted that the different material models were used to best 

capture the experimental or literature observed behaviour of the represented BRS and also to 

act as a demonstration of the platform. 

Table 7.2. Summary of Constitutive Models in InSilc Degradation Module. 

Material Constitutive Model  

PLLA Non-Commercial 

BRS 

Johnson-Cook: The InSilc degradation framework uses the isothermal condition of the 

Johnson-Cook model and introduces a series of degradation damage parameters 

(d1, d2, d3) that control the evolution of key material properties. 

Tyrocore™ REVA 

Medical Fantom Encore 

Parallel Rheological Framework (PRF)*: The PRF model describes nonlinear 

viscoelastic-elastoplastic material behavior. The InSilc degradation framework 

introduces time-dependent damage parameters. 
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PLLA Abbot ABSORB 

BVS 

Elastic-Plastic: A series of field-dependent variables are introduced to control the 

evolution of material properties as a function of time during the analysis. This behavior 

has already been described in Chapter 6, using similar damage parameters (d1, d2, d3) to 

control material degradation.  

* Not addressed in this thesis 

7.2.2.3 Results and Clinical Endpoints 

Based on this, the InSilc degradation module predicts the implanted configuration of the device 

and artery over the defined time period of degradation. Stent-artery configurations and the 

material stress/strain history within the device and the artery is predicted. The detailed 

biomechanical output provided here may be related to several clinical endpoints relevant to 

implanted stents, mainly related to the Minimal Lumen Area (MLA). All outputs from the 

InSilc Degradation (and other modules) have been integrated into a single web-based cloud 

platform that enables the users to set up, monitor and analyse the results of virtual clinical trials 

and bench tests (‘INSILC Cloud’, 2018).  

8.2.3. InSilc Scenarios – Simulation Setup and Clinical Outputs 

7.2.3.1 Virtual Scenarios 

This Chapter considers three set of virtual “scenarios” to demonstrate the functionality of the 

platform that allowed the implanted performance of different stents and stent designs to be 

compared across several arterial configurations. These scenarios were defined as follows, 

which are also summarised in Table 7.3 and schematically showed in Figure 7.3 below. 

 
Figure 7.3. Schematic showing the BRS and the vessel geometries in which they are implanted. 

Scenario 1 - Compare Patient Anatomy: The performance of the Abbott Absorb in treating 

two separate patient-specific vessel anatomies is compared in this scenario. While both these 
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cases use the same BRS geometry, the BRS deployed in vessel C is 5mm longer than the BRS 

used in vessel A, such that it covers the stenosed region.  

Scenario 2 - Compare Stent Designs: Two non-commercial prototype BRS scaffolds were 

considered that have similar characteristic dimensions, although one of the scaffolds contains 

a design change which consists of the slots show in previous chapters filled in, see Figure 7.3. 

The removal of this slots was performed to investigate the slots effect on the deployment stress 

and strain state within the hinge regions of the BRS. Both scaffolds are deployed in a virtual 

artery based on an animal case (Vessel D). 

Scenario 3 - Compare Different Stents: The Abbott Absorb BRS and non-commercial BRS 

were deployed within a virtual artery based on an animal case (Vessel B) and long-term 

performance compared.  

Table 7.3. InSilc scenarios covered in this chapter investigating the effects of degradation. 

Vessel ID BRS Deployed Scenario Code Scenario No. 

A Abbott Absorb (Ab) EMC001-Ab 
1 

C Abbott Absorb (Ab) EMC018-Ab 

D Non-commercial scaffold (PP-F0) LCX1909-PP-F0 
2 

D Non-commercial scaffold, design tweak (PP-F1) LCX1909-PP-F1 

B Non-commercial scaffold, design tweak (PP-F1) LAD1785-PP-F1 
3 

B Abbott Absorb (Ab) LAD1785-Ab 

 

7.2.3.2 Stent and Vessel Geometries 

The BRS modelled in these degradation scenarios include the Abbott Absorb, and two non-

commercial polymer BRS. A number of patient-specific human and animal vessels were 

reconstructed and used in these scenarios. Reconstruction of the virtual patients was performed 

by project collaborators, Foundation for Research and Technology Hellas (FORTH). The four 

coronary vessel geometries used across these scenarios are shown in Figure 7.3 above. 

Reconstruction of the vessels was performed using a genetic algorithm optimizer to determine 

the calibration parameters across x-ray angiography views and find the vessel centre line. The 

x-ray angiography was performed using two projections to determine the vessel path in 3D 
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space. Meshing of the vessels was performed using the non-uniform rational B-spline 

(NURBS) method. Further reading of the vessel reconstruction process is available in 

(Vukicevic et al., 2018). Each of the scaffolds was discretised using hexahedral reduced 

integration elements (C3D8R). The deployment of these scenarios was performed by the 

Deployment Module owner Politecnico di Milano (POLIMI). The process for deploying is 

described in detail here (Poletti et al. 2022), and followed various BRS instructions for use 

(IFU) for each device. This first consisted of a crimping simulation where BRS were crimped 

into straight configurations. The site of implantation was pre-dilated before the BRS was 

deployed using a simplified balloon. The BRS was held at maximum pressure to allow for 

stress relaxation in the polymer BRS before deflating.  

To apply the degradation framework developed in this thesis, the stress/strain state was 

imported from the deployment module. An initial state predefined field was set up to import 

the deformed mesh (vessel and stent), material models and stress/strain state from the output 

database file (.odb) produced by the Deployment Module. Information was also extracted from 

the restart file (.res) for the step number and total simulation time. For all simulations, model 

parameters must be compatible with the new simulation to ensure that equilibrium was 

maintained at the beginning of the degradation simulation. This meant that the initial 

constitutive law, mass scaling parameters and boundary conditions initially applied to the 

degradation model should be consistent with the final time step predicted by the Deployment 

module. In each of the scenarios, the proximal and distal ends of arteries were constrained in 

all directions during the degradation simulation. Sufficient space was allowed between the ends 

of the scaffold and the ends of the vessel such that the expansion of the BRS did not suffer 

from any edge-effects. The analysis considered a general explicit contact formulation using a 

friction coefficient of 0.3 applied between the BRS-vessel contacts. A target time increment of 

1×10-5 was applied to the degradation simulations. 
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7.2.3.3 Constitutive Material Models 

The short-term mechanical behaviour of the PLLA BRS were modelled using the Johnson-

Cook elastic-visco-plastic constitutive material model. The parameters for the different BRS 

are outlined in Table 7.4. Here, the material parameters for the non-commercial BRS were 

obtained from a number of bench-top tests on curved dog-bone samples laser-cut from PLLA 

tubes completed as part of the data acquisition of the Mechanical Modelling Module. The 

parameters for the Abbot Absorb device were determined by (Antonini et al., 2021). Arbitrary 

melt and transition temperatures were selected for the purpose of degrading the plastic 

response. 

Table 7.4. Material parameters for the constitutive material behaviour of the PLLA used in the BRS simulations. 

BRS Model 

Elastic 

Modulus 

(E) GPa 

Poisson’s 

Ratio (v) 

Johnson-Cook Parameters 

Johnson-Cook 

Rate Dependant 

Hardening 

A B n m Tm Tt C ε̇0 

Non-

Commercial 

BRS 

1.665 0.45 2.0 3.0 1.2 1 60 20 2.0 2.0×10-4 

Abbott Absorb 1.665 0.45 5.0 30.0 1.97 1 60 20 1.5 2.0×10-5 

 

The long-term degradation behaviour of the Absorb and non-commercial BRS was predicted 

using the degradation framework as developed in Chapter 5. A number of degradation 

parameters (d1, d2, d3) capable of controlling the elastic modulus, yield stress and failure strain 

were evolved through Equations ( 5-1 ), ( 5-1 ) and ( 5-2 ). The evolution of each of these 

parameters is shown below in Figure 7.4.  
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Figure 7.4. Plots demonstrating the evolution of the various degradation parameters d1 (elastic modulus), d2 

(yield stress) and d3 (failure strain) for (a) Abbott Absorb and (b) non-commercial BRS. 

A three-layer model was used to represent human vessels. Both media and adventitia vessel 

layers were represented 6th order reduced polynomial strain energy density function, with 

parameters summarised in Table 7.5. The third layer consisted of an intima and plaque region 

which were represented using a Neo-Hookean hyperelastic law, with parameters summarised 

in Table 7.5. Elastic-plastic material properties used to represent the material response of 

animal vessels B and D, with parameters summarised in Table 7.6 values for material properties 

were calibrated through experimental testing performed by project collaborator FORTH. 

Table 7.5. Material coefficients for the Neo-Hookean and 6th order reduced polynomial strain energy density 

functions for the media, adventitia, intima and plaques of the human vessels A and C. 

 C10 C20 C30 C40 C50 C60 D1 

Yield 

Stress 

MPa (σy) 

Media 0.072916 3.70859 -155.918 9183.27 -261159.0 2.91×106 0.0 - 

Adventitia 0.260211 47.5549 -4086.68 529231 -2.69×10-7 5.65×108 0.0 - 

Intima-

Plaque 
0.15 - - - - - 0.0 0.4 

Lipidic 

Pool 
2.5×10-4 - - - - - 0.0 - 

 
Table 7.6. Elastic-plastic material properties used to represent the material response of animal vessels B and D. 

Elastic 

Modulus (E) 

GPa 

Poisson’s 

Ratio (v) 

Yield Stress 

MPa (σy) 

0.0032 0.45 0.47 

7.2.3.4 Clinical Outputs 

A critical clinical output for the long-term follow up of BRS is the evolution in minimal lumen 

area (MLA) (Auricchio et al., 2011). Looking at the undeformed artery, the section with the 

maximum stenosis was found and two diametrically opposed nodes were identified, and their 

coordinates are extracted for the different time steps. The distance between these identified 

nodes was then calculated in order to find how the MLA evolves over time. A control was also 

performed about the position of the nodes over time since mesh modifications can change the 

relative position of nodes. A schematic of MLA measurement is shown below in Figure 7.5. 

The change in MLA across the stenosed region was also recorded by measuring the MLA at 
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various points along the vessel in the as deployed and degraded states. The contact stress in the 

vessels and stress state within the degraded scaffolds was also recorded. 

 
Figure 7.5. Schematic showing the method of computing the minimal lumen area from the most occluded section 

of the patient specific anatomy. 

8.3. Results 

8.3.1. Scenario 1 – Comparison of Patient Anatomies 

The first scenario considered deployment of the same BRS, the Abbott Absorb into different 

human virtual vessels vessel A and vessel C. A slightly longer BRS was selected for vessel C 

to account for the occlusion sizing. Contour plots showing the maximum principal stress of 

both scaffolds deployed in the vessel are shown below in Figure 7.6. They show a decrease in 

the vessel stress over the 24-month degradation period. Figure 7.7 shows the stress within the 

vessel over the degradation period. It shows a decrease in the stress within the various layers 

of the vessel over the degradation period. 

 
Figure 7.6. Contour plots showing the maximum principal stress as deployed (a, c) and after (b, d) 24 months 

degradation for the Abbott Absorb BRS deployed in virtual human vessel anatomies. 
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Figure 7.7. Contour plots showing the maximum principal stress of the vessel as deployed (a, c) and after (b, d) 

24 months degradation for the Absorb BRS deployed in virtual human vessel anatomies. 

The evolution in MLA and the change in MLA across the stenosed regions are captured in 

Figure 7.8 over the simulated 24-month period for the Absorb in the two different vessel 

geometries. Here, it is evident that that the initial MLA for both vessels is different, with 

scenario EMC018-Ab-F0 showing a higher MLA immediately following deployment. 

Following this, Figure 7.8(a) shows a largely linear reduction in MLA area for the two different 

vessel geometries, with both predicting a similar reduction in MLA over the 24-month period. 

Figure 7.8(b) shows the reduction in MLA across the stented region of the vessel, the largest 

reduction in MLA was found to occur at the location of the highest stenosis. While Figure 

7.8(c) again shows the reduction in MLA across the stented region, for this vessel case the 

reduction in MLA is more disturbed across the stent region, this is due to a different plaque 

and stenosed region morphology compared with the localised instance shown in Figure 7.8(b). 

 
Figure 7.8. (a) Reduction in minimum lumen area over 24-month degradation period, (b) change in 

minimum lumen area across the stenosed region for scenario EMC001-Ab-F0 and (c) change in minimum 

lumen area across the stenosed region for scenario EMC018-Ab-F0. 
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8.3.2. Scenario 2 – Comparison of Stent Designs 

This scenario considered two similar PLLA BRS, one of which possessed a design tweak to 

include no slots in the hinge regions, the difference between the two designs can be seen in the 

cut-out in Figure 7.9 below. The introduction of the slots slightly reduced the stress 

concentration at the bottom of the hinge points in the non-commercial BRS. Contour plots 

showing the maximum principal stress in the vessel of both scaffolds deployed in the same 

virtual animal vessel anatomy (Vessel D) are shown below in Figure 7.10. The inclusion of the 

slots is positive in reducing the concentration of high stresses in the hinge regions of the stent. 

 
Figure 7.9. Contour plots showing the maximum principal stress as deployed (a, c) and after (b, d) 24 months 

degradation for the non-commercial BRS deployed in virtual animal vessel anatomies. 

 
Figure 7.10. Contour plots showing the maximum principal stress of the vessel as deployed (a, c) and after (b, 

d) 24 months degradation for the non-commercial BRS with and without the design tweak respectively deployed 

in virtual animal vessel anatomies. 
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While the stress state in the BRS is greatly reduced due to degrading the d2 (yield stress) 

parameter in the vessel maintains the deployed diameter, Figure 7.10 above. Figure 7.11 below 

shows that there is very little change in the minimal lumen area over the simulated 24-month 

period, which can be attributed to the plastic deformation in the vessel and lower elastic forces 

applied to the BRS compared with the virtual human vessel anatomies. 

 
Figure 7.11. (a) Reduction in minimum lumen area over 24-month degradation period, (b) change in minimum 

lumen area across the stenosed region for scenario LCX1909-PP-F0 and (c) change in minimum lumen area 

across the stenosed region for scenario LCX1909-PP-F1. 

8.3.3. Scenario 3 – Comparison of Different Stents 

Scenario 3 considered two different BRS, the Absorb and a non-commercial BRS deployed in 

the same virtual animal vessel anatomy (Vessel B). Contour plots show the maximum principal 

stress of both BRS deployed in the vessel are shown below in Figure 7.12. Stress within the 

artery is shown in Figure 7.13, show a small decrease in stress over the degradation period. 

 
Figure 7.12. Contour plots showing the maximum principal stress as deployed (a, c) and after 24 months (b, d) 

degradation for the Absorb (a-b) and non-commercial BRS (c-d) deployed in virtual human vessel anatomies. 
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Figure 7.13. Contour plots showing the maximum principal stress of the vessel as deployed (a, c) and after 24 

(b, d) months degradation for the Absorb (a-b) non-commercial BRS (c-d) deployed in virtual animal vessel 

anatomies. 

Figure 7.14 below shows the change in the minimal lumen area over the simulated 24-month 

period. Here, it is evident that the different BRS devices provided a substantial different in 

initial lumen area immediately following deployment. Following this, there is a relatively small 

loss in MLA over the 24-month period, which is attributed to the plastic deformation of the 

vessel.  

 
Figure 7.14. (a) Reduction in minimum lumen area over 24-month degradation period, (b) change in minimum 

lumen area across the stenosed region for scenario LAD1785-Ab-F3 and (c) change in minimum lumen area 

across the stenosed region for scenario LAD1785-PP-F1. 

8.4. Discussion 

This chapter described the development of the Degradation Module for the InSilc platform, 

which used the degradation framework developed in Chapter 5 and applied to a number of 

virtual scenarios as part of the InSilc ISCT platform to demonstrate its functionality. The 

scenarios consisted of (i) comparing the effects of a design tweak to the long-term performance 

of two BRS deployed in the same virtual animal vessel, (ii) comparing the long-term 

performance of two different polymer BRS in the same virtual animal vessel and (iii) 
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comparing the long-term performance of the same polymer BRS in different patient specific 

virtual vessels. The degradation process from each of the scenarios resulted in a decrease in the 

minimum lumen area and provided a clear demonstration of the capabilities of the degradation 

module in providing predictions of image-based reconstructed patient-specific anatomies.  

Scenario 1 investigated the use of the same BRS (Abbott Absorb) in different virtual human 

vessel anatomies. Figure 7.8 shows the lumen loss across the stenosed region, it shows a small 

difference between the as deployed and degraded minimum lumen area. The small reduction 

in minimum lumen area can be attributed to the plastic deformation in the vessel and an absence 

of elastic layers used in Scenario 1, meaning limited elastic recoil of the vessel once the 

deployment of the devices was completed. While the small reduction in area could also be 

attributed to the poor sizing of the BRS for the virtual vessels and a lack of a local stenosed 

region, this scenario presents an interesting case in that the plastic behaviour of the vessel 

limited the amount of recoil during the degradation process. Considering the results of Chapter 

5, the short-term creep response observed in the experimental tests would not be as detrimental 

if deployed in a vessel that had its elastic recoil limited by the plastic behaviour. It is very 

possible that clinical deployments of devices result in such plastic behaviour, which may be a 

reason that the short-term behaviour of BRS has not proven problematic. Scenario 3 compared 

the same BRS device deployed within the same virtual animal vessel. While there were some 

differences in the initial deployed diameter and stress state of the deployed configuration, there 

was little difference in the long-term performance with both devices showing a similar 

reduction in lumen area. Again, for Scenario 3, a comparison between different BRS devices 

in the same vessel geometry, it showed differences in the initial deployed diameter with similar 

long-term degradation performance. While these two scenarios provided useful information on 

the initial configuration of the devices, it highlights the importance of the representative 

material models for predicting the long-term degradation performance as well as proper sizing 
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of the stent for the vessel region to be treated. As seen in Chapter 6, vessels represented with 

multiple hyperelastic layers show a larger reduction in the lumen area when the in-situ BRS is 

degraded. These vessels are more representative of what is found in vivo (Holzapfel et al., 

2005) and more representative of the kind of anatomies that are treated clinically in 

percutaneous interventions.  

These scenarios demonstrate some of the possibilities and the resulting information available 

using an ISCT platform over traditional animal and human trials where performance 

comparisons of different BRS or design tweak on the same BRS device can be assessed in the 

same vessel anatomy which is not possible in vivo. While the degradation model that was 

developed in this thesis had certain limitations in predicting the long-term performance of non-

static behaviour, this platform may still provide insight into the performance of stents, allowing 

design changes and/or patient anatomies to be easily compared (particularly short-term 

performance). However, despite their usefulness in giving insight into the device performance 

ISCT are still not at a stage where they can predict the lift-time behaviour of a polymer BRS. 

Some future challenges of in silico clinical trials stem from validation of in silico models and 

reluctance from governing bodies to adopt ISCT as part of the approval process reducing the 

reliance on the current animal and human clinical trial systems. While ISCT cannot fully 

replace real world and in vivo testing, adoption of ISCT platforms could improve device 

outcomes owing to the number of scenarios that can be considered without extensive costs in 

material, human patients and animals involved. Verification and validation is a critical 

component of in silico modelling and recently the ASME V&V Standard Committee for 

medical devices released a document providing a Risk-Informed Credibility Assessment 

Framework, known as V&V 40 (ASME, 2018). This document is intended to provide guidance 

on assessing computational models’ credibility within a context of use. It consists of verifying 

the computational models to assess they are implemented and computed correctly and 
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validating the models to assess if the model is an accurate representation of the reality of 

interest. This document can be used in conjunction with the development of future in silico 

clinical trials to ensure they are accurately representing the clinical problem and increase trust 

with regulating bodies (Viceconti et al., 2019). Indeed some studies have already implemented 

this framework for the validation of their computation studies (Berti et al., 2021). 

Some limitations of this study include the degradation behaviour used to inform the degradation 

framework to predict the long-term performance. In particular the Abbott Absorb BRS based 

on the two year real-time degradation study performed by Qiu et al (Qiu et al., 2018). This 

study shows that the only material property affected by the degradation process to be the yield 

stress while experimental degradation studies have shown that a number of mechanical 

properties are affected during degradation for PLLA (Duek, Zavaglia and Belangero, 1999; 

Tsuji, Mizuno and Ikada, 2000). Extensive degradation testing should be performed at both 

device and material level to gain greater understanding of the degradation process such that 

representative material behaviour can be used to accurately predict the long-term performance. 

A further limitation to the current degradation framework is the effect of encapsulation of the 

BRS and neointimal modelling over time and how this effects or alters the degradation process. 

The scenarios presented here predict the long-term behaviour over a two year period, however 

it has been shown that in most cases neo-intimal tissue begins to encapsulate the scaffold after 

implantation (Boland, Grogan and McHugh, 2017). These scenarios do not currently account 

for this process however future modelling could account for this using further improving the 

predicted long-term degradation behaviour. 

8.5. Conclusions 

In this chapter, a demonstration of the computational degradation framework developed in 

chapter 5 and applied through an ISCT. It has demonstrated the possibility to simulate the 
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performance of a potential new BRS in terms of pre-defined preclinical and clinical objective 

performance criteria and to predict in silico the effect (positive or negative), the variation of 

some parameters (such as overall design, materials, design tweaks, etc.) have on the long-term 

performance and indeed the performance in general. It is also possible to compare the 

behaviours of a potential new BRS with respect to an existing design or to compare the 

behaviour of two existing stents in target patient populations or specific lesion types, which 

could prove particularly useful in the future development of BRS.  
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