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Abstract 

 

The rapid advancement of biomedical implant devices has raised new challenges to 

the failure analysis and reliability study of such new devices. More than one million 

stents are implanted in human arteries each year. These devices are subject to a wide 

range of stress due to biological and procedural factors. Fatigue and structural damage 

can occur to stents that may lead to tumor formation, allergies or even death. For this 

reason, reliability study of stents, which remains in its immaturity becomes an urgent call. 

The physics-of-failure mechanisms of stents are investigated and analyzed based on 

fracture mechanics study in biomaterial and medical fields. We then propose a 

probabilistic modeling framework to study reliability and maintenance strategies for stent 

deployment and operation through two dominating failure processes: delayed failures or 

crack growth due to cyclic stresses and instantaneous failures due to single-event 

overloads. We develop the reliability model using probabilistic degradation and random 

shock models, by first assuming these two failure processes are independent. The 

reliability model is then used to optimize a new two-phase maintenance policy to 

minimize patient risks.  

Subsequently, the dynamic nature of human systems is incorporated in developing the 

reliability models given that patient activities can alter the shock magnitude, leading to 

dependent failure processes for patients with a high activity level. Reliability models for 

dependent competing failure processes are then derived according to stochastic processes. 

The results are embedded in an aperiodic maintenance policy to optimize the long-run 

maintenance cost rate for different patient groups.  
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The research is extended by developing reliability models for multi-stent systems, 

motivated by thorough analysis of related medical study. An experimental study on stent 

materials is then conducted using top-notch testing and inspection facilities. A 

mathematical relationship between crack length and cyclic counts is established, and a 

probabilistic interpretation of material fracture is made. 

This dissertation represents new research in the area of applying reliability 

methodology to evolving medical devices. It is expected to add another dimension to the 

design, development and application of small biomaterials implanted in human bodies, 

and therefore, enhance their performance and sustain patient outcomes. 
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CHAPTER 1 

INTRODUCTION 

With innovation and rapid advancement of technologies, the manufacturing of 

medical devices is currently one of the fastest growing industries. Today, health care 

expenditures in many countries are among the largest social costs, and they have 

increased rapidly over the past three decades. In 1988, the medical devices production in 

the USA reached $22 billion making it more than 8% of the national GDP, and the global 

market figure for 2006 exceeded US$260 billion. These facts make medical device 

manufacturing an important sector in the American industry and raise a call for 

continuous improvement of quality, safety, maintainability, and cost of these equipment. 

The reliability of medical devices was caught attention in the early 1970’s and has 

evolved to become an important component of biomedical industry. 

1.1.  Reliability, Quality and Maintenance Engineering: Definitions and 

Approaches 

Reliability is defined to be the probability that a system will perform the required 

function for a specific time period when used under stated operating conditions. In other 

words, it is the probability of non-failure over time (Ebeling, 2000). From a safety point 

of view, it has to ensure that the probability of failure, injuries, deaths etc. is in an 

acceptable limit. To achieve that, an iterative process of reliability design could be 

followed, where the final product will be economically reliable and reliably safe. Firstly, 

the reliability goals and specifications are defined, either through reviews of the existing 

literature or by analyzing industrial problems. After that, various design modes can be 

applied to meet the goals (probabilistic mathematical models, etc.). Next, a failure 
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analysis can be performed to determine whether specifications are being met; this 

requires the use of reliability testing (e.g., accelerated life testing). From the other side, 

the relationship between quality and reliability is a cause-effect link: improving reliability 

is an important part of improving product’s quality. In other words, an unreliable product 

is not a high-quality product (Meeker and Escobar, 1998). 

 Maintainability is defined to be the probability that a failed system will be restored or 

repaired to a specified condition within a period of time when maintenance is performed 

in accordance with prescribed procedures (Ebeling, 2000). Generally, failure can be 

detected immediately or through inspection that can be periodic, non-periodic or 

continuous. Usually the decision criterion ranges from average cost to discounted cost as 

well as the availability of the system. 

Many factors can play roles in the failure process: design parameters (e.g., current, 

pressure), environmental (e.g., humidity, pH, temperature), accurate understanding of 

lifetime (e.g., cycle to failure, calendar time, operating time), as well as costs involved 

(e.g., acquisition cost, cost of failure, replacement cost). Hence it is crucial to include 

these elements while designing a product and when studying its reliability, regardless of 

the application industry: mechanical, electrical or even the evolving areas, such as the 

biomedical engineering or medical devices industry. 

1.2.  Reliability and Maintenance of Medical Devices 

The importance of reliability in the medical device manufacturing lines up with the 

expectations set by the manufacturers as well as end-users. In addition to the customer 

satisfaction and economical effect, legislation forces companies to have reliable medical 

products. The past records of biomedical devices failure showed costly results in terms of 
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fatalities, injuries, dollars, etc. This fact, along with the complexity of today’s biomedical 

devices and stringent environment that they operate in, put more pressure on their 

reliability assurance during the design phase, as well as the proper maintenance during 

the operation stage.  

Other factors that require medical devices to have better reliability are: liability suits, 

and regulations from government and other agencies. For instance, the first requirement 

of the essential principles of safety and performance of medical devices recommended by 

the GHTF (SG1-N020R5) states that: “Medical devices should be designed and 

manufactured in such a way that, when used under the conditions and for the purposes 

intended, they will not compromise the clinical condition or the safety of patients, or the 

safety and health of users or, where applicable, other persons, provided that any risks 

which may be associated with their use constitute acceptable risks when weighed against 

the benefits to the patient.” Also, since 1976, the FDA required that all medical devices to 

be safe and effective for their intended purpose. In the mid-1980s, the organization added 

the term ‘reliability’ to the original demand. 

The goal, therefore, is to maximize benefits and minimize risks of these devices. In 

order to achieve that, it is essential to understand the factors that play roles in medical 

device assessment.  Although many of these factors (shown in Figure 1.1) can lead to 

severe risks, defects in manufacturing, faulty product design and mislabeling accounted 

for 70% of the medical devices recalls by the FDA (Dhillon, 2000). The design and 

manufacturing stage can be hazardous if the device is poorly manufactured, especially 

whenever it is intended to be embedded in the body, and then any inappropriate stressing 

during the manufacturing process may weaken the part and may end up fracturing. 
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Figure 1.1: Risk Factors Associated with Medical Devices. 

Human factors include the inappropriate interaction between the device and the user, 

poor maintenance and attention after usage, or inadequate following of the instructions. 

Materials degradation can be problematic where the tissue environment can be influenced 

by contaminant material, residual material exposed during the manufacturing, or defects 

in molecular structure. This also can influence the interaction between the device and its 

environment when embedded in human bodies. Other factors could be influence from 

other devices (e.g., multi-system acting together, electromagnetic interference) that can 

potentially alter the intended function of the equipment. 

The maintenance of medical devices is as valuable as the reliability design. It is very 

common to separate the medical devices into categories in order to better estimate the 

maintenance procedure according to the nature of the service as well as the interaction 

with the user. These could be, for example, laboratory equipment (wheelchairs), patient 

transport, patient diagnostic (endoscopes, spirometer), imaging and radiation etc. 

However, many mathematical maintenance models for medical devices have been 

developed. Some of them are (Dhillon, 2000): 

- Spare part prediction model: to predict the number of spares required for each 

item in use. 
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- Optimum inspection estimation model per equipment per unit of time: to 

minimize the equipment downtime. 

- Optimum time between replacements estimation model. 

One of the evolving areas that we are considering as a case study in this research is stent 

medical devices, one of the new emerging technologies. 

1.3. Stents: Definition and Types 

Stents are tiny metal mesh tubes implanted inside the human arteries to treat heart 

attacks (heart stents), chest pain, or other medical symptoms by opening the 

blocked/narrow arteries (Figure 1.2). The stenting procedure is not considerably 

complicated (an hour long) with a quick foreseen recovery period. However, risks are 

associated with the stenting procedure, which may include: 

 
Figure 1.2: Stents Embedded in Arteries (Cardiac Stents Overview). 

 

- In-stent thrombosis: where blockage of stent can occur by blood clotting 

formation. It is usually treated by taking medicine. 

- Stent fracture: due to stent fatigue when the stent is subject to shock and loading 

effects. 

- Restenosis: This is tissue formation on the vessel area.  Bypass surgery might be 

necessary in this case. 

The following timeline (Figure 1.3) shows the history of stent evolution, reflecting 

the novelty of its use and practice in the medical area.  
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Figure 1.3: Stent Evolution in the Recent Years (Cardiac Stents Overview). 

Stents exist in many types that vary according to the materials used, application or 

purposes. Some of the mainly used stents are (Figure 1.4) (Cardiac Stents Overview, 

2011): 

- Bare metals: Nitinol, Cobalt Chromium etc. 

- Drug-eluting stents 

- Stent with anti-restenosis drug (with bare metal materials) 

- Stent absorbed by body (after a certain period of time) 

- Bio-engineered coating stent 

- Platinum-coated stent 

- Diamond-coated stent 

- Ureteral stents 

- Esophageal stents. 
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Figure 1.4: Innovations in Coronary Stents Types (Cardiac Stents Overview). 

1.4.  Stent Reliability: State-of-the-Art  

The high occurrence of cardiovascular diseases, the rapid evolution of the bio-

structure implants industry, and the competitive challenges that face both manufacturing 

and application of these devices have elevated the topic of bio-medical device reliability 

from being a feature to being a necessity. Some economic figures highlight the 

prominence of stents in cardiovascular medicine. According to Transparency Market 

Research report (2011), global stents market is estimated to be around $8.3 billion in 

2016, and millions of dollars in procedural costs. The treatment of restenosis in coronary 

stents has cost the US healthcare system around $2.5 billion since 1999 (Moore et al., 

2010).  

Previous research on stent reliability analyzed failures of stents either from medical 

or materials science perspective, most of which consist of descriptive and non-

probabilistic studies without applying advance reliability models. Medical professionals 

made numerous contributions in studying stent failures. Data collected from patients who 

endured endovascular aortic aneurysm revealed failures due to suture stent disruption, 

metallic cracks, and implant holes (Jacobs et al., 2003). Another lesson drawn was that 

stent fracture, when happened, is not benign. Stent device failures have been classified 

according to the following categories: failure of patient selection, procedural failure and 
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endovascular device failure (Beebe, 2003). Schuhlen et al. (1998) studied the risk for 

procedural failure during stenting and the risk for major adverse cardiac events after 

stenting, based on which they developed a risk stratification protocol for successful 

procedures.  

According to the 1995 FDA Guidance Document for Intravascular Stents, the fatigue 

durability requirement would be achieved if fatigue fractures did not occur in 400 million 

cycles, or an equivalent of 10 years at physiologically relevant conditions of pulsatile 

pressure and mock artery compliance (Pelton et al., 2008). Recently, Lin et al. (2013) 

reported a case where stent fracture caused serious heart injury that was life threatening. 

The echocardiograph revealed that one strut of stents implanted in the patient three years 

ago migrated to the inferior vena cava-right atrium junction. An open heart surgery was 

needed in this case. Moreover, a medical device warning was released reporting nine 

cases of coronary stents fractures that happened between three and nine months after 

implantation (Allie et al., 2004). 

Many studies in the biomaterial science community focused on the mechanical 

behavior of stent fatigue. There exists a wide variety of stents that are commercially 

available, which include stents manufactured from materials like stainless steel, Nitinol, 

tantalum, and cobalt-chromium alloy. Nitinol is a widely used material in the medical 

community partly because of its characteristics of in-vivo corrosion resistance. It 

constitutes nearly 60% of the rapidly growing stent market; however, its failure is 

common because 37% of Nitinol stents implanted in femoropopliteal vessels were 

recorded to failure (Shaikh et al., 2008). However, these small devices implanted in 

human body are subject to failure due to a variety of overloads and cyclic stresses that 
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occur in the manufacturing, deployment and after-implantation phases; for instance,  

healthy vessels are subject to 3-10% diameter change when subject to 100 mmHg of 

pulsatile pressure, as a consequence of systolic and diastolic cycles (Halwani et al., 

2012).   

The experimental investigation of crack initiation in thin sheets of Nitinol discovered 

the critical values for crack initiation, e.g., the fracture toughness constants (Daly et al., 

2007). To investigate the surface defects, Frotscher et al. (2009) studied the 

microstructure of Ni-rich Nitinol stents that were tested for a determined number of 

cycles. Perry et al. (2002) applied finite element analysis to analyze cyclic-load fatigue, 

and to completely understand the mechanical behavior of a stent. Pelton et al. (2008) 

performed displacement-controlled fatigue testing and computer modeling of the in-vivo 

resistance to study the effects of mean strain and calculate the fatigue safety factor. Weib 

et al. (2009) deliberated the effect of diverse stent positions on microstructure and micro-

texture after cyclic expansions. While there is a vast literature to investigate stent failure 

from medical and biomechanical fields, the existing literature has not addressed the stent 

reliability and maintenance issues based on probabilistic study of stent failure processes. 

Recent development of the fracture-mechanics-based approach enabled a 

quantitative evaluation of the damaging effect of flaws or defects in stents, which 

provides a rational basis for life prediction of stents in our probabilistic reliability 

analysis and maintenance study. Marrey et al. (2006) presented a new damage-tolerant 

analysis of stents where the design life is evaluated using a fracture mechanics 

methodology, which quantifies the effect of flaws in terms of their potential effect on 

device failure. The effects on stents of both single-event stress and cyclic-fatigue stress 
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were studied (Robertson and Ritchie, 2007a, 2007b). It was concluded that failure due to 

fatigue crack growth is correlated with the crack size and load ratio, and single-event 

fracture is affected by the crack growth orientation. The fracture-mechanics-based 

methodology in Robertson and Ritchie (2007a, 2007b) provided a means to quantify 

relevant material parameters critical to failures due to both fatigue crack growth and 

single-event fracture. For different crack sizes, load ratios, and crack orientation degrees, 

critical threshold values were rigorously studied for single-event stress, repeated stress 

and fracture toughness performance (Robertson and Ritchie, 2007a, 2007b). The 

quantitative evaluation in the fracture-mechanics-based approach provides a scientific 

foundation for the probabilistic lifetime modeling of stents based on the physics-of-

failure mechanisms, e.g., delayed failure due to fatigue crack and instantaneous failure 

due to overload fracture. Degradation and random shock models can be employed to 

describe the respective failure processes. 

In this work, we attempt to fill this gap by building a bridge between the physics-of-

failure study and the probabilistic reliability/maintenance modeling for stents. The 

reliability and maintenance models developed in this research can facilitate continued 

advancement of implant devices, and provide fundamentally new perspectives on the 

application of reliability concepts to evolving medical devices. 

1.5. Literature Review 

A thorough research has been done on existing literature to gain a deep idea prior to 

initiating this project. This section presents an overview of degradation modeling, 

random shock models and other reliability modeling approaches that have been reviewed 

in an endeavor to develop reliability and maintenance models for biomaterial devices.  
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1.5.1. Degradation Models 

Degradation-based reliability analysis for systems that experience degradation has 

been extensively explored in statistics and reliability literature research in the past 

decade. Degradation modeling represents an effective alternative to compensate for 

insufficient failure data, which can provide a greater understanding of failure mechanisms 

and offer an indirect method to predict reliability. Therefore, degradation modeling and 

analysis has attracted considerable attention from researchers (e.g., Lu and Meeker, 1993; 

Singpurwalla, 1995; Kharoufeh and Cox, 2005).  

Random-coefficient models have been a widely used method to fit general 

degradation paths (Lu and Meeker, 1993; Boulanger and Escobar, 1994, and Meeker et 

al., 1998). The stochastic-process-based approach to degradation modeling is particularly 

effective and flexible in describing the failure-generating mechanisms compared to other 

analytical approaches for modeling degradation. In the stochastic-process-based 

approach, the degradation has been described by a gamma process (Lawless and 

Crowder, 2004; Padgett and Tomlinson, 2004; Liao et al., 2006), or a diffusion process, 

typically a Wiener process, also known as Brownian motion (Whitmore, 1995; Whitmore 

and Schenkelberg, 1997; Whitmore et al., 1998).  

Other stochastic-process-based approaches include using a stochastic process to 

model the failure rate (Aalen and Hakon, 2001), or dynamic operating environment 

(Kharoufeh, 2003; Kharoufeh and Cox, 2005; Kharoufeh and Mixon, 2009). Overviews 

of stochastic-process-based failure models can be found in Singpurwalla (1995) and Lai 

and Xie (2006). In many literatures, the fatigue crack growth or degradation is governed 

by Paris power law (Marrey et al., 2006; Robertson and Ritchie, 2007a, 2007b). 
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Compared to a gamma process that is always non-decreasing, Brownian motion is a more 

suitable stochastic process to model crack growth that is not monotonically increasing 

due to possible healing of cracks. 

1.5.2. Random Shock Models 

Random shocks are referred to unexpected events that can lead to or contribute in 

the failure process. Examples of external shocks include sudden and unanticipated power 

surges, or accidental drops onto hard surfaces. In the literature, four categories of random 

shock models (Liu et al., 2008; Nakagawa, 2007) have been widely studied: (1) extreme 

shock model: failure occurs when the magnitude of any shock exceeds a specified 

threshold, (2) cumulative shock model: failure occurs when the cumulative damage from 

shocks exceeds a critical value, (3) run shock model: failure occurs when there is a run of 

k shocks exceeding a critical magnitude, and (4) δ-shock model: failure occurs when the 

time lag between two successive shocks is shorter than a threshold δ.  

1.5.3. Multiple Competing Failure Models 

Multiple competing failure or risk processes have been investigated as an important 

subject in reliability. Independent failure process involving both degradation and shocks 

can have two or more processes. Wang and Zhang (2005) investigated two random shock 

processes using extreme shock model and δ-shock model. Independent competing risk 

processes involving degradation and shocks are found in various scholars’ works. Klutke 

and  Yang (2002) derived an availability model for an inspected system subject to 

continuous graceful degradation and shocks that also caused additional degradation 

damage. Kharoufeh et al. (2006) derived the system lifetime distribution and the limiting 

average availability for a similar failure process. Three independent competing failure 
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systems are also part of the research. This can include two degradation processes and one 

random shock process, Li and Pham analyzed the reliability for a multi-state degraded 

system (2005a) and developed an inspection-maintenance model (2005b). 

 In addition, two failure processes are called dependent when the effects from the 

same shock process contribute to both the degradation-induced failure and the shock-

caused-instantaneous failure. Peng et al. (2011) studied the dependent competing failure 

processes where they developed reliability and preventive maintenance models for 

systems jointly experiencing continuous dependent degradation (caused by degradation 

and additional abrupt degradation damages due to a shock process) and catastrophic 

failures caused by Poisson shock processes. In their model, the degradation is described 

by a general linear path with random coefficients, rather than using a stochastic-process-

based approach. 

1.5.4. Maintenance Procedures and Techniques 

Various maintenance models have been extensively studied and surveyed in 

literature (Wang, 2002; van Noortwijk, 2009). Specifically, inspection-based 

maintenance policies with non-periodic inspection intervals have also been proposed 

notably in the following literature. Welte et al. (2006) proposed that the length of the 

inspection interval depends on the system condition revealed by the previous inspection. 

Nilsson et al. (2009) proposed a model for opportunistic maintenance optimization where 

replacement schedules were constructed. Dieulle et al. (2001) considered aperiodic 

inspection times to implement the maintenance of a gradually deteriorating system. Wu 

and Clements-Croome (2005) determined the optimal time intervals of periodic 

maintenance using the geometric process. Zhao et al. (2009) optimized the inspection and 
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maintenance of a component under a non-periodic inspection rule and imperfect 

inspection condition. In addition, Grall et al. (2002) proposed a predictive maintenance 

structure for a stochastic gradually deteriorating system, where a system replacement and 

future time inspection decision are assessed at the present inspection. Zhou et al. (2007) 

presented imperfect preventive maintenance, with a gradual decrease in the maintenance 

interval whenever the reliability reaches a threshold value. These aperiodic inspection 

studies provide a foundation to our maintenance policy proposed for stents. 

1.6.  Research Objectives and Methodologies 

This research aims to develop an innovative methodological paradigm for stent 

reliability and maintenance modeling by integrating physics-of-failure models with 

probabilistic reliability models. Stent devices are used as an application for this study, 

since the reliability study of this evolving device is in its infancy. The long-term goal of 

this research is to develop new models and analysis tools that can facilitate continued 

advancement of implant devices, and provide fundamentally new perspectives on the 

application of reliability concepts to evolving medical devices. The specific objectives 

are:  

1. To develop a novel integrated reliability modeling approach by combining physics-

of-failure models with well-defined probabilistic models. No existing research has 

been done to explore such an integrated method for stent reliability from either 

reliability community or material scientists. 

2. To investigate and optimize inspection based preventive maintenance models to 

enhance stent performance and sustain patient outcomes. 
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3.  To conduct an accelerated fatigue crack growth experiment on stent materials to 

estimate the fatigue life based on the loading cycles required to propagate the crack to 

a critical size. 

To successfully achieve these objectives, the proposed methodology includes several 

fundamental research areas: reliability engineering, probability and statistics, 

optimization techniques, and stent design and manufacturing. The impact of this work is 

to bring the concepts of reliability and maintenance to the biomedical engineering studies 

and medical practices, and to boost the economical and industrial impact by enhancing 

quality of biomedical devices. The following contributions can be observed as measures 

of this work: 

1. Contributions to research methodologies: this work provides an exemplary of 

combined multi-disciplinary study, where the mathematical models are used to 

elevate the reliability and maintenance procedures of existing state-of-the-art physics 

of failure studies. 

2. Provide new insights on the application of reliability and maintenance to challenging 

technologies such as nano-devices, drug-eluting stents, and other implanted devices. 

This work broadens the scope of the reliability applications by launching new 

assumptions, mathematical derivations and testing methodologies. 

3. Economical and Industrial contributions:  it impacts the decision-making efforts of 

economic optimization of stent devices, in terms of manufacturing and maintenance 

relevance. 

4. Medical contributions: by quantifying the physics of failure models and existing 

medical predictions or demonstrations, this research can allocate reliability design 
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methods to fulfill the gap between the medical and reliability understanding of stent 

failure and integrate the application of quality engineering in the medical 

technologies. 

 The realization of these contributions is assured by performing the following tasks in 

an integrated way. They are summarized in Figure 1.5. 

Task 1: To investigate physics-of-failure mechanisms of multiple failure processes, by 

consulting and exploring medical researchers and stents manufacturers. The outcome 

is to build physics of failure mechanisms to be the cornerstones of the study. 

Task 2: To integrate probabilistic reliability models with physics-of-failure mechanisms 

of Stents. In this task, the physics of failure from task 1 is combined with well-

defined probabilistic reliability models, such as classic probability models, stochastic 

degradation and random shock models. The outcome is to analyze the overall 

reliability of stents. 

Task 3: To develop inspection-based maintenance strategies for stents, since none of 

existing study is designed for the maintenance of stents or implant devices. This task 

aims to develop follow-up inspection strategy after the stenting procedure to 

minimize the impact of unexpected failures and achieve sustained patient outcomes.  

Task 4: To conduct accelerated life tests under simulated physiological conditions to 

evaluate and validate the models from both practical and statistical perspectives.  

This dissertation is organized as follows. In Chapter 2, the physics of failure 

mechanisms are studied where two cases are considered: the first case is when two 

competing failure processes are independent, and the second case highlights the 

dependency between their occurrences. 
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Figure 1.5: Schematic Representation of the Methodological Paradigm for Stents. 

The aim is to initiate the reliability derivation of the biomedical devices by 

establishing a bridge between the medical findings in stent failure and their 

corresponding mechanical significance. Chapter 3 proposes a reliability and maintenance 

modeling framework for stents by integrating physics-of-failure models with probabilistic 

reliability models, which represents the first work to explore the probabilistic models for 

stent reliability. In this basic framework, stents are assumed to undergo two competing 

failure processes that are independent. In Chapter 4, the reliability and maintenance 

models of two stochastic dependent competing failure processes is derived. According to 

the physics-of-failure mechanisms, different patients activity levels are considered, which 

makes the system reliability more challenging.  In Chapter 5, we extend our reliability 

models for single stents to multiple-stent systems. We develop a system-level reliability 

model strategy by merging fracture mechanics and stochastic processes. An overview of 

medical and clinical literature on multi-stent failure is also presented. An accelerated 
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fatigue crack growth test to generate data on Nitinol behavior is conducted and presented 

in Chapter 6. Data that describe crack length and number of cycles on 12 coupon samples 

are presented. The test is simulated in physiological conditions and is stopped 

periodically in order to inspect the crack length. Statistical analysis on the resulted data is 

performed to determine the best regression model. The failure time distribution 

parameters are estimated and reliability functions are presented. Chapter 7 summarizes 

the work that has been done, and highlights our future directions and recommendations.  
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CHAPTER 2 

PHYSICS-OF-FAILURE ANALYSIS OF STENTS 

In order to build an innovative methodological paradigm for investigating stent 

reliability, lifetime and maintenance, the first task, identifying multiple failure processes 

of stents and investigating their physics-of-failure mechanisms, needs to be explored. 

This chapter provides an understanding of the various insights on stents failure and 

fracture mechanisms. Our innovative approach integrates what was found in both the 

medical and fracture-mechanics literature, presents their significance on stent fatigue as a 

first step in our reliability and quality evaluation of stent devices. It then introduces two 

different models of physics-of-failure based on the relationship between the failure 

processes: independent versus interrelated mechanisms. The outcome of this chapter is 

mainly to identify the multiple failure processes of stents and investigate their physics-of-

failure mechanisms. By defining the streamline of its failure path, we prepare the ground 

for their mathematical lifetime model derivations of reliability and maintenance 

procedures.  

 

Notation 

a(t) Crack length as a function of the loading cycles 

ath Critical threshold value of crack length 

ΔK Stress intensity range 

ΔKth Critical threshold value of stress intensity range 
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t Number of loading cycles 

Ki Fracture toughness value caused by the ith shock arriving at ti 

K0 Crack initiation toughness 

C Experimentally determined constant in Power law 

m Experimentally determined constant in Power law 

Hj Sudden step increase of crack length 

W Threshold value at which fracture toughness impact on 

degradation is shown 

Kj Fracture toughness value caused by the jth shock arriving at tj 

 

2.1. Fracture Mechanics Behavior of Stent Fracture 

One of the cornerstones in understanding the failure of biomedical devices is to 

comprehend the fracture mechanic analysis of cyclic and single stress events that can 

potentially lead to cracking. Robertson and Ritchie (2007a) elaborated in this field by 

revealing critical locations on the biomedical device where cracking problems may arise. 

They rely on existing studies where maximum stress intensities generated during single 

event occurrence attribute to cyclic deformation in order to build a safe-operating 

diagram. Figure 2.1 represents an assessment of the susceptibility of a Nitinol-based stent 

to failure by time fatigue or overload failure. It allows evaluating the threat of fracture or 

crack propagation by correlating the stress intensity levels of single events with those of 

cyclic fatigue, highlighting the effect of orientation (45 degrees, circumferential, and 

longitudinal) and the crack size. 
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Figure 2.1: Safe Operating Stent Device Diagram. 

These conditions were evaluated through in-vivo experiments. Based upon that, the 

following regions are identified: Region 1 being the safest, Regions 2 and 3 are mildly 

susceptible to fatigue crack growth and fracture, Region 4 is the unsafe region with 

susceptibility to both failure processes, and Region 5 poses a threat of fracture where 

failure fatigue is a possible risk. The importance of this diagram in our work is that it is 

used as a design criterion, from a fracture mechanic perspective, to fit into our 

probabilistic-based reliability models. The threshold values as well as the figures on the 

region boundaries were used to validate our work. 

2.2. Analysis of Physics-of-Failure Mechanisms  

Experimental-based physics-of-failure study of stents from biomaterial science 

community provides a rational foundation for life prediction of stents in our probabilistic 

reliability analysis and maintenance study. Stresses from manufacturing, implantation 

and operation subject stents to a variety of overloads and cyclic stresses. Two dominating 

failure processes of stents have been identified and studied experimentally in literature 

(Robertson and Ritchie, 2007a, 2007b): delayed failures or crack growth due to cyclic 
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stresses and instantaneous failures due to single-event overloads. Many factors have been 

included in the fracture study process: crack notch orientation, type of stent’s material, 

ratio of minimum to maximum load that can indicates the size of the crack. These factors 

were studied and implemented to indicate the safe operating design of the device based 

on mechanical-based approach. However, for each identified failure mode, a wide range 

of predisposing factors (e.g., material properties, patient activities, overlapping stents) 

has been studied in literature. We analyze these factors in a comprehensive way based on 

their effect on the failure processes and their relationship. Based on the physics-of-failure 

analysis, we analyzed these two failure processes probabilistically and they are illustrated 

in Figure 2.2. 

2.2.1. Instantaneous Failure due to Single-Event Overloads 

Single-event overloads that occur during stent deployment and operation can have 

different magnitudes and locations, and might lead to instantaneous failure of stents. The 

events can be rooted to many reasons, such as crimping to fit inside a catheter during 

deployment, and bending of a superficial femoral artery stent in response to knee flexion 

(Robertson and Ritchie, 2007a, 2007b), as well as high-pressure blood flow. These 

overloads can cause multiaxial displacements and set off metallic fracture. Lee et al. 

(2007) reported a series of stent fractures and pointed out the important roles of structure 

and external forces (flexion, stretching, and torsion forces) in stent fractures. It was 

shown that the placement of stents at angulated segments of the vessels increase the 

incidence of stent failure by 14 times as shown in Figure 2.3 (Shaikh et al., 2008). Min et 

al. (2006) reported a case of stent failure in which vessel turtuosity and stent length were 

relevant factors. 
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Figure 2.2: Interdependence Physics of  Failure Processes for Stent Devices. 

 

 
Before                                              After 

Figure 2.3: Angiogram Revealing Stent Failure in an Angulated Segment. 

 

This is because excessive turtuosity causes the stent to have more flexion points during 

the changes in the cardiac cycle, and hence it plays an important role in stent failure 

occurrence (Shaikh et al., 2008). Instantaneous failures can happen when the fracture 

toughness value resulting from a single-event overload is greater than the crack-initiation 
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toughness, K0 (Robertson and Ritchie, 2007a, 2007b). Despite their origin, it was 

speculated that these single events/shocks can have a wide array of deformations, 

magnitudes, extents as well as locations as shown in Figure 2.1 where the single event 

maximum stress intensity is dependent on the cracking orientation. 

2.2.2. Delayed Failure due to Cyclic Stresses 

Device fatigue remains one of the most concerning modes for biomedical devices 

failure notably the effect of soft degradation. For the stent case, and while operating in 

arteries, cyclic pressure and contractions towards the vessels due to heart beats can cause 

micro-structural anomalies or cracks that are major sources for stent failures. A delayed 

failure usually initiates from surface imperfections or pre-existing flaws in the material, 

which are resulted from laser cutting, manufacturing defects or other mechanical 

scratches (Frotscher et al., 2009). The deployment phase itself can initiate a fracture 

through loading imposed by over expansion which involves large amounts of 

deformation as the device is expanded using a balloon catheter. When the stress intensity 

range ΔK is greater than ΔKth (a critical parameter for biomedical device design and 

related to the load ratio R, where it decreases at increasing R), cracks start to propagate 

over time due to fatigue that is the result from the physiological pulsatile contact 

pressures, primarily induced by human heartbeats as well as systolic/diastolic sinus 

rhythms of blood vessels (Jacobs et al., 2003) and other secondary physiological forcing 

functions (respiratory, locomotion). Cyclic fatigue failure is of extreme importance 

because of the huge number of loading cycles that the device is subject to. By considering 

that the heartbeat has approximately 70 pulses per minute and at a frequency rate of 

around 1.2 Hz, a period of ten years will exceed 400 million cycles which is a benchmark 
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for stent quality design found in many of the literature. The fatigue-crack growth of stents 

is governed by Paris power law (Marrey et al., 2006; Robertson and Ritchie, 2007a, 

2007b). A delayed failure occurs when the crack length a(t) (where t is the number of 

loading cycles) reaches a critical threshold ath.  

2.2.3. Interdependence Between Two Failure Processes 

As shown in Figure 2.4, the delayed failure process and the instantaneous failure 

process are linked for different patient groups based on the expected value of the fracture 

toughness value E(Kj). When E(Kj) is less than a threshold value W (Patient Group 1), the 

crack growth is governed by the power law due to cyclic stresses with the resulting length 

of a(t), where t is the number of loading cycles. When E(Kj) is greater than W (Patient 

Group 2), the crack length is the combined result from both cyclic stresses and single-

event overloads (in a form of sudden step increase of crack length, Hj, from each 

overload). Therefore, the two failure processes are dependent because the same overload 

or shock process contributes to both the instantaneous failure and the delayed failure in a 

form of sudden step increase of crack for certain patients. 

The consideration of this interdependence between two failure processes for different 

patient groups is motivated by a study on the effect of exercise on the frequency of stent 

fracture (Iida et al., 2006): patients who are more active have higher fracture rates than 

patients who do not exercise. Different activity levels of patients result in different levels 

of shock magnitudes or fracture toughness values. 
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Figure 2.4: Physics of Failure Model with Dependence between the Failure Modes. 

To differentiate more active patients from less active ones, we define a threshold value W 

on the mean shock magnitude or the mean fracture toughness value E(Kj). Given that a 

stent does not fail due to instantaneous fracture (Kj is less than K0), two cases are 

considered: 

Case 1: (Patient Group 1) For patients whose activity levels are low, the mean shock 

magnitude is less than W, or E(Kj)<W. In this case, the crack growth is only due 

to cyclic stresses without the effect from single-event overloads. The delayed 

failure occurs when a(t)>ath. 

Case 2: (Patient Group 2) For patients whose activity levels are high (e.g., walking more 

than 5000 steps a day), the mean shock magnitude is great than W, or E(Kj)>W. 

In this case, each overload, j, can cause an instantaneous step increase on the 
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crack propagation, measured by the shock damage size, Hj. The delayed failure 

occurs when a(t) +
( )

1

N t

j

j

H


 >ath. 

The classification of patients into two groups is a new and realistic consideration to 

represent the effect of patient activities on stent failure. For different patient groups, we 

model the crack growth paths using different formulations considering the dependence 

between the two failure processes, which creates an interesting and challenging reliability 

problem for stents. 

2.3. Conclusion 

This chapter provided a first look to our efforts to translate medical and fracture 

mechanics study into reliability understanding of medical implants in human body, 

specifically stent medical devices. Multiple failure processes of stents were identified in 

order to investigate their physics-of-failure mechanisms. Based on these mechanisms, 

two processes were presented: dependent and independent multiple failure systems, 

where the instantaneous failure and soft degradation are the main streamlines for failure. 

These two models will be studied mathematically in details in the following chapters, 

where we will try to set up a maintenance model for each of these models according to 

the physics-of-failure mechanisms presented in this chapter.  
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CHAPTER 3 

RELIABILITY AND MAINTENANCE ANALYSIS OF STENTS SUBJECT TO  

INDEPENDENT FAILURE PROCESSES 

 Based on the physics-of-failure mechanisms presented in Chapter 2, we develop the 

reliability function using probabilistic degradation and random shock models. The 

developed reliability model of stents is then incorporated in the optimization of a unique 

two-phase maintenance policy for achieving persistent patient outcomes. Our proposed 

model incorporates the two independent dominating failure processes of stents discussed 

earlier: (1) delayed failures or fatigue crack growth due to cyclic stresses, and (2) 

instantaneous failures due to single-event overloads. Based on the literature and the 

discussion of Figure 2.2, a numerical example is used to illustrate the results of the 

reliability and optimize the maintenance schedule for stents. The outcome of this chapter 

is to provide fundamentally new perspectives on the application of reliability concepts to 

evolving medical devices, whenever the failure processes are independently acting 

toward the failure of the system. 

 

Notation 

 

a(t) Crack length as a function of the loading cycles 

ath Critical threshold value of crack length 

ΔK Stress intensity range 

ΔKth Critical threshold value of stress intensity range 

t Number of loading cycles 
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Ki Fracture toughness value caused by the ith shock arriving at ti 

K0 Crack initiation toughness 

C Experimentally determined constant in Power law 

m Experimentally determined constant in Power law 

Q Geometric factor related to opening stress 

sys  Maximum systolic pressure 

dias  Maximum diastolic pressure 

η(t;Θ) Mean degradation path of logarithmic-transformed crack length 

Θ Parameter set related to C, m, Q,  and sys dias   

Y Randomness in degradation path among different units 

λ Average shock arrival rate 

CJ Inspection cost ($) 

CF Penalty cost rate during downtime ($/unit time) 

CR Replacement cost ($) 

β Factor in geometric sequence (0< β<1) 

K Number of inspections in the first-phase inspection 

τ Equidistant interval length in the first-phase inspection 

3.1. Reliability Modeling for Stents 

One of the main objectives of this research is to identify the reliability and 

maintenance procedure for stent medical devices based on probabilistic analysis. The 

reason for this is the uncertainties involved in the degradation process. The following 

reasons highlight the importance of probabilistic analysis as an appropriate tool to 

analyze degradation processes: 
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 Lack of data that determine the durability of endovascular stents, which combine 

the effects of pulsatile and non-pulsatile cyclic events. 

 For failure processes that are essentially caused by degradation or shock loads, 

probabilistic degradation and random shock models lend themselves readily to 

lifetime prediction by incorporating physics of failure and describing random 

failures using probability distributions.  

Degradation and random shock models are used to describe the respective failure 

processes, which are illustrated in Figure 3.1. In this section, we derive the reliability 

function and failure time distribution according to the models described below in order to 

evaluate the quality performance of stents. 

 
Figure 3.1: Degradation and Random Shock Modeling for Two Failure Processes. 

3.1.1. Degradation Modeling for Delayed Failure  

For the delayed failure process, the fatigue-crack growth rate can be well described in 

terms of a Paris power law formulation (Marrey et al., 2006; Robertson and Ritchie, 

2007a, 2007b),  

 
( )

( )
mda t

C K a
dt

  ,     (3.1) 
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where da(t)/dt is the crack growth rate, t is the number of cycles, ΔK(a) is the stress 

intensity range or the absolute difference between the systolic and diastolic stress 

intensity factors, C and m are experimentally determined constants that are related to 

stent materials. ΔK(a) is the major factor in the delayed failure process, and the 

relationship between a(t) and ΔK(a) is (Marrey et al., 2006) 

     

     

sys dias sys dias

sys dias

a tK K K Q a Q a

K Q

t

aa t

   

  

  

  

 
,   (3.2) 

where Q is the geometric factor based on the crack opening stress,  and sys dias 
 
are the 

maximum stresses at systolic and diastolic pressures, respectively.  

Eq. (3.1) can be rewritten as 

2 ,
( )

( )
m

da t
C a t

dt


     
(3.3) 

where  
m

C C Q    and sys dias     . Based on Eqs. (3.1)-(3.3), the crack length 

is derived as a function of the loading cycles as follows 
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Hence, we obtain the crack length as a function of the loading cycles,
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where a(0) is the initial crack length and a(0)>0,  because a delayed failure usually 

initiates from surface imperfections or pre-existing flaws as shown in Figure 2.2. The 

logarithmic transformation of the crack length in Eq. (3.4) is used for the mean 

degradation path model, η(t;Θ), and it is given as 
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where 
1

2
,

2

m





 
2 C  , and we assume that the parameters in (3.5) are deterministic. 

The mean degradation path for crack growth provided in Lu and Meeker (1993) is similar 

to Eq. (3.5). However, it was obtained from the Paris power law in Eq. (3.1) by assuming 

a special case of ΔK(a)=a, rather than the relationship in Eq. (3.2) that we used to derive 

our mean degradation path for stents in Eq. (3.5). 

A general additive degradation model is considered to tolerate the unit-to-unit 

variation by including a random variable Y, and the degradation path model is (Bae et al., 

2007; Wang and Pham, 2011) 

 ( ) , ,X t t Y  
     (3.6)

 

where Y  is assumed to follow a normal distribution 2  (0 )~ , yNY  . 
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The delayed failure occurs when the crack length reaches a critical threshold ath. As 

shown in Figure 3.1(a), we can predict lifetime prior to the actual observation of a failure 

by considering the proportion of the distribution that is greater than ath. Because cracks 

start to extend when the stress intensity range ΔK(a) is greater than ΔKth, the reliability 

function for the delayed failure needs to be derived given this initial condition. Based on 

the relationship between a(t) and ΔK(a) given in Eq. (3.2) and the logarithmic 

transformation, the reliability function for the delayed failure process Rd is 
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then the reliability function for the delayed failure process is 

   
  
 

  ( )
( ) | ( ) .  

  ( )
d

P t Y t
R t P Y t Y t

P Y t

 
 



 
   


 

 

(3.10) 

Consequently, two cases can be obtained: 
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 Case b: If th thK a  or ( ) ( ) andt t   

  0dR t  . 

3.1.2. Random Shock Modeling for Instantaneous Failure  

On the other hand, single-event overloads can arrive at random intervals of time with 

various shock magnitudes, as shown in Figure 3.1(b). It is assumed that the random 

shocks arrive according to a Poisson process with parameter λ, i.e., the number of shocks 

by time t, {N(t), t ≥0}~Poisson(λ). An instantaneous failure can occur when the fracture 

toughness Ki due to the ith shock exceeds the crack initiation toughness K0 Based on the 

experimental results in Daly et al. (2007), Ki are observed to be an i.i.d. normal random 

variable, Ki ~
2  )( ,N   . For each shock, i, the probability that a stent survives is (Peng et 

al., 2009) given as 

  0
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             (3.12)  

Therefore, the reliability function for the shock process, Rs, is modeled as (Peng et al., 

2011) 
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3.1.3. System Reliability Modeling 

Based on Eqs. (3.11) and (3.13), the system reliability function of a stent, RT(t), is 

given as Lemma 1. 

Lemma 1: 

The system reliability function of a stent is calculated by RT(t)= Rd(t)Rs(t) to be (we 

assume that the delayed failure process and the instantaneous failure process are 

independent) 
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The probability density function that characterizes the probability of failure over the 

lifetime of stents is derived as follows 
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Therefore, when th thK a  ,  
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 (3.15) 

and f(t)=0 when th thK a  . 

3.2. Inspection-based Maintenance Strategies for Stents 

Generally, preventive maintenance improves the quality of the system by insuring 

that the outcome is reached within the desired specifications. When dealing with bio-

systems embedded in human arteries, failure cost can be significant if a preventive 

maintenance program is not maintained. A correct preventive maintenance is an 

economical key consideration. A wide variety of research and technical advancements 

have led to enhanced reliability and duration of stents, which reduces the frequency of 

major adverse cardiac events (Schuhlen et al., 1998). However, the time of failure 

remains often unknown. Therefore, it is imperative to perform periodic inspections to 

minimize the impact of unforeseen failures and achieve sustained patient outcomes. Such 

inspection-based maintenance strategies for a non-repairable device have been 

comprehensively studied in reliability literature (Li and Pham, 2005b; Liao et al., 2006; 

Zhu et al., 2010). However, none of the existing study is designed for the maintenance of 

stents or implant devices. We propose a unique two-phase inspection strategy for stent 

maintenance: equidistant inspection intervals followed by intervals with reduced lengths. 
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3.2.1. Maintenance Model Assumptions 

A maintenance policy should be implemented to minimize the effects of unexpected 

failures of stents. The inspection is assumed to be instantaneous and no continuous 

monitoring is performed. The inspection can be done through physical examinations by 

ways of various techniques, such as ultrasonography, plain film radiograph with CT 

angiography, and MR angiography (the preferred method for evaluation after stent graft 

placement because of a higher sensitivity compared to CT angiography) (Ayuso et. al, 

2004). The system is non-repairable, however, failures can be revealed through 

inspection. We assume that the inspection time as well as replacement time are negligible 

compared to the length of the operational time, and the first inspection is done at time t=0 

since failure may occur during the initial deployment of the stent (Wiersma et al., 2006). 

In the case of a failure between two inspections, we assume that the system can hold for 

the next inspection to be replaced. 

One of the key decision variables in this maintenance strategy is the inspection 

interval or the follow-up time, which should be determined that is adequate enough to 

detect any failure, but not too frequent to cause unnecessary procedures and costs to 

patients. The first phase of the proposed inspection model assumes that the inspection is 

done at a fixed interval of τ until kτ, where both k and τ are decision variables in the 

model. The risk associated with the human body nature compels us to assume that the 

time interval for inspection is reduced gradually as the system ages (Beebe, 2003). This 

assumption assures that the inspection intervals are short enough to detect any failure 

when the risk gets higher. Consequently, in the second phase of our inspection model, the 

intervals between successive inspections gradually decrease as the stent ages, which can 
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be modeled as a geometric sequence as shown in Figure 3.2. Another decision variable is 

hence defined to be the factor in the geometric sequence, β that accounts for the reduction 

of the interval length.  

 

 
Figure 3.2: Inspection Model Schema. 

3.2.2. Maintenance Model Formulation  

To optimize the follow-up time τ, the variable k and the geometric factor β, we need 

to construct a performance measure to evaluate the maintenance policy. A typical 

performance measure is the average long-run maintenance cost rate, ( ( ) / )lim
t

C t t


, where 

C(t) is the total maintenance cost that includes the inspection cost, the penalty cost during 

downtime and the replacement cost. The cost of angiogram or the inspection cost is 

denoted as CJ, the penalty cost rate during downtime is denoted as CF, and the cost of 

stenting procedure or the replacement cost is denoted as CR. Based on the basic renewal 

theory (Ross, 1996), the average long-run maintenance cost rate, ( ( ) / )lim
t

C t t


, can be 

evaluated using the ratio between the expected maintenance cost and the expected length 

of a renewal cycle,   
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which is a nonlinear function involving the system reliability function in (3.14). E[NJ] is 

the expected number of inspections during a renewal cycle, E[ρ] is the expected length of 

downtime, and E[W] is the expected length of a renewal cycle. 

The three expected values are derived with the consideration that a failure can occur 

in one of the two phases: 0 T k  or .k T    The first phase assumes equidistant 

inspection intervals, τ, and the first inspection starts directly after the deployment of the 

device. After t=kτ, the inspection interval starts to decline gradually. This reduction in 

length follows a geometric sequence with parameter β. 

Lemma 2: The number of inspections, NJ, is related to the failure time of a stent, T. The 

expected number of inspections during a renewal cycle, E[NJ], is derived to be 
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Lemma 3: The downtime, ρ, is defined as the duration from the time of failure, T, to the 

end of the renewal cycle (i.e., the time of the last inspection when the failure is revealed). 

The expected length of downtime E[ρ] is expressed as 
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(3.18) 

Lemma 4: The length of a renewal cycle is related to the number of inspections in a 

cycle. A renewal cycle ends at the time of the last inspection when the failure is revealed. 
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The expected length of a renewal cycle E[W] is calculated as 
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        (3.19) 

By minimizing the average long-run maintenance cost rate in (3.16), we can obtain the 

optimal follow-up time τ*,the optimal variable k*and the optimal geometric factor β*. 

3.3.  Numerical Examples 

Based on the study conducted by Robertson and Ritchie (2007a), at an R-ratio of 0.5, 

we have 
101.56 10C    and 3    1.  .8m   At this specified load R-ratio, the critical value 

for the stress intensity range, thK , is considered to be 2.02MPa m . According to 

Marrey et al. (2006), the geometry factor Q was taken to be unity, and the average 

systolic and diastolic pressures values are 683 sys MPa 
 

and   787 dias MPa  . 

Physiologically, these values vary among patients. Based on these given values, we have 

104MPa   and C’=
44.89561 10 , and thK  =

41.200842 10 . We assume that the 

initial crack is approximately negligible with a value of   90 7 10a m   and the critical 

fatigue crack length is 44 10tha m 
 
based on the stent size.

 

The crack initiation toughness K0 is obtained to be 27MPa m  for longitudinal 

orientation (Robertson and Ritchie, 2007b). The occurrence of single overload events 

differs based on various factors, such as patient activities and stent locations (superficial 

femoral artery stents, or stents near the heart). We assume the average number of single 

overload events is three per day for a specific patient. Hence, the average occurrence rate 
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λ is calculated to be 
51.5873 10  event/cycle for the average heart beat frequency of 1.2 

Hz. The magnitude of shock damage, or the fracture toughness Ki follows a normal 

distribution 2( , )N    where 2 220  and 3.64( )MPa m MPa m    (Daly et al., 

2007). Figures 3.3, 3.4 and 3.5 represent the growth of fatigue crack provided in Eq. (4), 

the mean degradation path in Eq. (3.5), and the system reliability function for 
th thK a 

 

in Eq. (3.13), respectively. 

 
Figure 3.3: Fatigue Crack Growth. 

 

 
Figure 3.4: Mean Degradation Path. 
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Figure 3.5: System Reliability Function (
th thK a  ). 

 

To optimize the two-phase inspection policy, the average long-run maintenance cost 

rate in (3.15) is minimized using sequential quadratic programming methods provided in 

MATLAB. The constraints under which the minimization is performed include: 

1. kτ is less than five years 

2. The fixed inspection interval τ is at least one month. 

The virtual cost values are assumed based on a relative scale, and CJ, CF and CR 

are assumed to be 35, 100, and 3500, respectively. The minimal cost rate is obtained as 

CR*=50,211. Table 3.1 provides the optimal solutions for the three decision variables. 

Table 3.1. Optimal Solutions for Two-Phase Maintenance Model. 

Decision Variables Optimal Solutions 

k* 14.293 

β* 0.9 

τ* 4.256 Months 
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3.4.  Conclusions and Discussions 

This chapter analyzed the failure processes of stents and studied their reliability 

problems probabilistically based on the physics-of-failure mechanisms. Two dominating 

failure processes of stents were considered: (1) delayed failures or fatigue crack growth 

due to cyclic stresses, and (2) instantaneous failures due to single-event overloads. Based 

on the quantitative evaluation of damaging effects provided in fracture-mechanics-based 

analysis, the system reliability function was developed using probabilistic degradation 

and random shock models. The developed system reliability model of stents was then 

incorporated in the optimization of an inspection-based maintenance strategy for 

achieving persistent patient outcomes. The unique maintenance policy assumes two 

phases:  

 Equidistant inspection intervals  

 Decreasing intervals with a geometric sequence. 

A numerical example was used to illustrate the results, where data in literature were 

used to analyze the reliability and optimize the maintenance schedule for stents. These 

competing failure processes at multiple locations on stents may be independent or 

dependent. When they are dependent, it creates a unique and challenging problem to 

analyze and predict reliability performance. In addition, the maintenance strategy can be 

extended to be a customized two-phase inspection model, in which the optimal values of 

inspection intervals are personalized for individual patients who have different activity 

levels and different heart beat frequencies, among others. These topics are investigated in 

Chapter 4, where the reliability models of a dependent competing failure system is 

manipulated along with a maintenance procedure to optimize the inspection strategy.
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CHAPTER 4 

RELIABILITY AND MAINTENANCE STUDY ON STENTS SUBJECT TO  

STOCHASTIC DEPENDENT COMPETING FAILURE PROCESSES 

 

A wide range of biological and procedural factors (e.g., body temperature, physical 

activities) contribute to the failure of a device implanted in human body. Based on the 

analysis of the physics-of-failure mechanisms with dependent failure processes presented 

in Chapter 2, we propose a probabilistic modeling framework for studying reliability 

performance during the deployment and operation of stents. A new and extensive 

reliability model for stents with multiple dependent failure processes is presented, where 

fatigue crack and shock occurrence may contribute to the device failure. The fatigue 

crack growth is modeled by a graceful degradation that is governed by a stochastic 

process. Hard failure is modeled to reflect the effects of random shocks on the 

degradation process. Due to the dynamic nature of the system, patient activities can alter 

the shock intensity, which influences the overall system reliability. We develop the 

system reliability function for the two stochastic dependent competing failure processes 

by considering different patient activity levels. A non-periodic inspection maintenance 

policy is used to minimize the long-run maintenance cost rate. This chapter aims to add 

another dimension to the design, development and application of small biomaterials 

implanted in human bodies. 

 

Notation  

 

a(t) Crack length as a function of the loading cycles 
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ath Critical threshold value of crack length 

ΔK Stress intensity range 

Hj              Shock damage size on crack length from the jth shock 

W Threshold value at which fracture toughness impact on 

degradation is shown 

t Number of loading cycles 

Kj Fracture toughness value caused by the jth shock arriving at tj 

E(Kj) Expected value of fracture toughness 

K0 Crack initiation toughness 

  , C Experimentally determined constants in Power law 

m Experimentally determined constant in Power law 

Q Geometric factor related to opening stress 

sys  Maximum systolic pressure  

dias  Maximum diastolic pressure  

ηa(t) Crack length as a function of loading cycles 

Θ Parameter set related to C, m, Q,  and sys dias   

  Constant related to   

b Predetermined constant related o fracture toughness and crack 

increase 

B(t) Brownian Motion 

λ Average shock arrival rate 

CI Cost per inspection  

CD Penalty cost rate during downtime  
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CR Replacement cost to deploy a new stent 

NI Number of inspections 

D Downtime period 

U Renewal cycle period 

T Lifetime of a stent 

β Factor in geometric sequence (0< β <1) 

τ Initial inspection interval 

CR Average long run maintenance cost rate 

4.1.  Reliability Modeling for Two Dependent Failure Processes for Stents 

Devices 

In this Chapter, we extend our previous work in Chapter 3 to present a new 

probabilistic reliability model for stents, where the stochastic-process-based approach is 

used to describe the two failure processes. Based on the physics-of-failure analysis of 

stents in Chapter 2, as shown in Figure 2.4, the delayed failure and the instantaneous 

failure processes are related for different patient groups, according to their activity levels, 

and based on the expected value of the fracture toughness value E(Kj). Thus, a possible 

scenario where the random shocks could affect the degradation model is illustrated in 

Figure 4.1. The stochastic degradation, used to model a soft failure, is represented by a 

continuous-time increasing monotonic stochastic process. However, this monotonic 

degradation is interrupted by different shocks, particularly the ones that have notable 

magnitude to induce sudden increase in the stochastic process. 

4.1.1. Modeling for Instantaneous Failure 
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Stents may fail due to instantaneous fracture when the fracture toughness value Kj 

resulting from a single-event overload is greater than the crack-initiation toughness, K0. 

 

Figure 4.1: Illustration of Dependence between Failure Processes. 

This event can be well described by an extreme shock model (Peng et al., 2011). Single-

event overloads can arrive at random intervals of time with various shock magnitudes. 

We assume that the random overloads occur to stents according to a Poisson process with 

arrival rate of λ, i.e., the number of shocks by time t, {N(t), t ≥0} ~ Poisson (λ). Based on 

the experimental results in Daly et al. (2007), the fracture toughness Kj are observed to be 

an independent and identically distributed (i.i.d.) normal random variable, Kj 

~ 2  ( , )K KN   . In addition, the crack-initiation toughness value K0 is random among 

different units, and it is assumed to be normally distributed,
0 0

2

0 ~ ( , )K KK N   . For each 

shock, j, the probability that a stent survives is 

  0

0

0
2 2

for  1,  2,   ,   ,,
K K

I j

K K

P P K K j
 

 

 
    
 





 

  
 

(4.1) 
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where ( )   is the cumulative distribution function (cdf) of a standard normal random 

variable.  

4.1.2. Modeling for Delayed Failure 

Delayed failure occurs when the degradation or crack size is greater than a threshold 

value ath. The Paris power law has been widely used to model the growth of a crack for 

an elastic material under the condition of small-scale yielding at crack tip (Robertson and 

Ritchie, 2007a). For stent crack propagation, the fatigue-crack growth rate can be well 

described in terms of a Paris power law formulation (Marrey et al., 2006; Robertson and 

Ritchie, 2007a, 2007b),  

  
( )

( )
m

a
a

d t
C K t

dt


  ,        (4.2) 

where t is the number of cycles, ηa(t) is the crack length, dηa(t)/dt is the crack growth rate, 

C and m are experimentally determined scaling constants. ΔK(ηa(t)) is the stress intensity 

range or the absolute difference between the systolic and diastolic stress intensity factors, 

and it is a function of ηa(t) (Marrey et al., 2006)  

     ( ) a sys diasa QtK t     ,   (4.3) 

where Q is the geometric factor based on the crack opening stress,  and sys dias  are the 

maximum stresses at systolic and diastolic pressures, respectively. Using Eq. (4.3), Eq. 

(4.2) can be rewritten as 

2
( )

( ) , a
a

d t
A t

dt




     
(4.4) 
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where  A C Q


   and sys dias     . By assuming the initial crack length ηa(0) 

to be negligible and solving the differential equation in (4.4), we obtain the crack length 

as a function of the loading cycles: 

2

2
2

( )
2

a t A t








  

 
or        ( ) ,a t t 

     
(4.5) 

where

2

22
,

2
A




 
  
 

 and 
2

.
2





  

The result in Eq. (4.5) implies that the crack 

length at time t is proportional to a power law.
 

  
 

 

Due to the unit-to-unit variability in material properties of stents, the fatigue crack 

growth path varies among stents. This variation is captured by random coefficients in the 

degradation path model of (4.5). Due to the dynamic environment (e.g., heartbeat 

frequency, physiological conditions), a crack propagates stochastically over time. The 

unit-to-unit variability can be captured by random coefficients in the path model, and we 

assume that θ is a normal random variable, i.e., θ ~N(μθ,σ
2

θ)  
and α is a constant (implying 

that ψ is a constant). We use Brownian motion to capture the temporal variability over 

time. Compared to a gamma process that is always non-decreasing, Brownian motion is a 

more suitable stochastic process to model crack growth that is not monotonically 

increasing due to possible healing of cracks. By considering the stochastic nature of the 

crack growth, the crack length as a stochastic process with respect to time t, a(t), is 

modeled as 

( ) ( )a t t B t  ,     (4.6) 
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where θ follows a normal distribution θ ~ N(μθ,σ
2

θ)  , α is a constant, and B(t) is the 

Brownian motion with the mean of zero and variance of 
2t . Here we assume that θ and 

B(t) are statistically independent. 

4.1.2.1. Modeling Delayed Failure for Patient Group 1 

As shown in Figure 4.2, for Patient Group 1 with a low activity level, the mean shock 

magnitude is less than W, or E(Kj) <W. In this case, the crack growth is only due to cyclic 

stresses without the effect from single-event overloads. Therefore, the delayed failure 

occurs when a(t)>ath for Patient Group 1. The probability that a stent does not fail due to 

delayed failure is 
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       (4.7) 

4.1.2.2. Modeling Delayed Failure for Patient Group 2 

As shown in Figure 4.3, for Patient Group 2 with a high activity level, the mean 

shock magnitude is great than W, or E(Kj) >W. In this case, each overload, j, can cause an 

instantaneous step increase on the crack propagation, measured by the shock damage 

size, which is assumed to be an i.i.d random variable, denoted as Hj for j =1, 2, …,  . 

The cumulative damage size due to single-event overloads by time t, S(t), is then given as 
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   (4.8) 

 

Figure 4.2: Two Failure Processes for Patient Group 1. 

 

Since the instantaneous damage on crack, Hj, is directly resulted from the shock Kj, it 

is reasonable to assume that the mean damage size, E(Hj), is proportional to the 

difference between the mean shock magnitude, E(Kj), and the threshold value, W: 

( ) ,  if  ( )
( ) ,

0, if  ( )

j j

H j

j

b E K W E K W
E H

E K W


       


   (4.9) 

where Hj is assumed to be an i.i.d. normal random variable,
2( , )j H HH N   , and b is a 

predetermined constant. 
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Figure 4.3: Two Failure Processes for Patient Group 2. 

Therefore, the probability that a stent does not fail due to delayed failure for Patient 

Group 2 is  
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4.1.3. System Reliability Analysis 

For stents experiencing the two statistically dependent competing failure processes, 

i.e., instantaneous failure and delayed failure, the occurrence of either failure process can 

cause a stent to fail. Since the shocks or single-event overloads contribute to both failure 

processes, their occurrences are dependent in a statistical sense. Therefore, the system 

reliability of stents at time t is the probability that a stent survives each of the N(t) shock 

loads (Kj<K0 for j=1, 2, …,  ) and the crack length is less than the threshold level ath for 

the respective patient groups. 

For Patient Group 1 with E(Kj)<W, the system reliability is derived based on Eqs. 

(4.1) and (4.7): 
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(4.11) 

For Patient Group 2 with E(Kj) > W, the system reliability is derived based on Eqs. 

(4.1) and (4.10): 
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(4.12) 

The probability density function of Patient Group 1 is derived and evaluated as: 
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(4.13) 

The probability density function of Patient Group 2 is derived as follows: 
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(4.14) 

4.2. Inspection-based Preventive Maintenance Model for Stents 

4.2.1. Assumptions 

To minimize the impact of unforeseen failures, patients with stents undergo repeated 

follow-up inspections using angiography (Allie et al., 2004). However, there is a lack of a 

scientifically-determined standard for stent follow-up scheduling. This gap drives us to 

develop an inspection-based preventive maintenance strategy for this evolving 

biomedical device. Based on the reliability models developed for different patient groups, 

we propose customized preventive maintenance models for scheduling follow-ups after 

stent deployment. Patients exposed to different risks of stent fracture due to various 

activity levels should differ in their follow-up schedules. The proposed customized 

maintenance models are new strategies that can provide insights to the application of 

reliability concepts to evolving medical devices. Since the failure of stents may associate 

with health complications, the implementation of a non-periodic inspection strategy with 
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gradually-reduced inspection intervals can add flexibility to the maintenance of stents. As 

a stent ages, the shorter inspection intervals ensure the timely detection of any failure 

when the risk gets higher. In our proposed maintenance model, the reduced inspection 

intervals are modeled as a geometric sequence as shown in Figure 4.4. 

 

Figure 4.4: Stent Inspection Schedule. 

Additional assumptions for the inspection-based preventive maintenance policies 

include: 

1. The inspection is assumed to be instantaneous, which can be done through 

ultrasonography or angiography. No continuous monitoring is implemented.  

2. At the time of inspection, if a failure is revealed, the stent is replaced with a new one, 

since it is non-repairable. Otherwise, no action is taken until the next follow-up.  

3. The replacement time is negligible compared to the lifetime of a stent.  

4. The time horizon is considered to be infinity. 

5. In the case of a failure between two inspections, we assume that the system can hold 

until the next inspection to be replaced. The failure can only be detected by follow-up 

inspection. (Even though stent failures may present symptoms such as stent 

thrombosis, not all stent failures are linked with clinical indications, hence the patient 

may remain asymptomatic (Bilen et al., 2010). Slow tissue can grow inside the stent 

and make the stent failure silent (Alexopoulos et al., 2011). 

To provide some insight for stent follow-up scheduling, we need to determine the 

inspection intervals or the follow-up times, which should be adequate enough to detect 
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any failure, but not too frequent to cause unnecessary procedures and costs to patients. 

One variable is involved in the geometrically-decreased inspection intervals: the initial 

interval τ. The factor in the geometric sequence, β,that accounts for the reduction of the 

interval length is assumed to be constant. 

4.2.2. Formulation 

By using the average long-run maintenance cost rate as the performance measure, we 

evaluate the proposed inspection-based maintenance policy. The total maintenance cost 

includes the inspection cost, the penalty cost during downtime and the replacement cost. 

Based on the renewal theory, the average long-run maintenance cost rate lim( ( ) / ),
t

C t t


 can 

be expressed as (Li and Pham, 2005; Peng et al., 2011) 

   
 

lim( ( ) / ) ( , ) ,
I I D R

t

C E N C E D C
C t t CR

E U
 



 
    (4.15) 

where CI is the cost of inspection, CD is the penalty cost rate during downtime, CR is the 

replacement cost to deploy a new stent, E[NI] is the s-expected number of inspections 

during a renewal cycle, E[D] is the expected downtime period, and E[U] is the expected 

renewal cycle period.  

The three expected values are derived in the following. Because a stent failure can 

only be detected through inspection, the total number of inspections in a renewal cycle NI 

is associated with the lifetime of a stent, T. For example, NI =2 when a stent fails between 

τ and τ+βτ. Therefore, the expected number of inspections during a renewal cycle, E[NI], 

is derived to be: 
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   (4.16) 

where FT(t) is the cdf of T, which can be calculated from the reliability function in Eqs. 

(4.11) or (4.12) for the respective patient group.  

The downtime D is the time lag between the stent failure and the next inspection 

performed revealing that failure (the end of the renewal cycle). The expected length of 

downtime in a renewal cycle is shown as 
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 (4.17) 

A renewal cycle ends at the time of the last inspection performed (when the failed 

stent is replaced). Therefore, the expected renewal cycle period is derived to be expressed 

as follows 
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4.2.3. Optimization 

To determine the decision variables in the maintenance model, we use a Quasi-

Newton based algorithm to minimize the average long-run maintenance cost rate in Eq. 

(4.15), which is a highly nonlinear function. The following algorithm highlights the 

procedures implemented by the fminsearch function in Matlab (Ruszczynski, 2006; van 

Noortwijk et al., 2007). 

Step 1. Estimate an initial educated guess for a feasible point X0. An initial matrix is 

initialized to estimate the Hessian function of the cost rate. 

Step 2. Compute the gradient vector norm ( )kCR  , and then compute the direction 

k . 

Step 3. Compute the optimum step size t  that minimizes the cost rate function, based on 

the chosen upper and lower variable limits. Perform a line search from kx  in the 

direction of k . 

Step 4. Once a minimal solution is obtained, iteratively narrow the variable limits and 

confirm the results obtained in the previous step. 

4.3. Numerical Illustrations 

To illustrate our proposed reliability and maintenance models, we consider bare-metal 

Nitinol stents that have been experimentally studied in Robertson and Ritchie (2007 a, b). 

The values for parameters used in the example are provided in Table 4.1. Some of the 

parameters were assumed based on our model formulation, others using other resources 

such as Marrey et al. (2006). 
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Table 4.1: Parameter Values for Stent Reliability and Maintenance Models. 

Parameters Values Sources 

Ψ 3.43 Robertson and Ritchie (2007b) 

C   
3.43

102.96 10 m cycle MPa m   Robertson and Ritchie (2007b) 

Q 1 Robertson and Ritchie (2007b) 

tha  5mm Assumption 

Θ 17 18~ (8.36 10 , 4.18 10 )N     Calculated from Eq. (4.5) 

b 0.01504 mmb
MPa m

 
  

 
 Assumption 

λ 0.3 / year  Assumption 

0K    
2

0  , 0.1~ 27 67K MPa m MPa mN  Robertson and Ritchie (2007a) 

W 1.33 Robertson and Ritchie (2007b) 

Kj   
2

~ 6.2  , 0.325 5jK MPa m MPa mN  Marrey et al. (2006) 

4.3.1. Reliability Analysis 

The reliability functions and the probability density functions for stents in two patient 

groups are presented in Figures 4.5, 4.6 and 4.7, respectively, where the time unit is the 

number of loading cycles. Using Eqs. (4.11) and (4.12), we have the reliability plots 

shown in Figure 5, which demonstrates different stent reliability performance for 

different patient groups. The reliability of stents in high-activity patients decreases at a 

faster rate than the reliability in low-activity patients. This implies the necessity for more 

frequent inspection for high-activity patients. At the end of a 12.5-year period (equivalent 

to 5×108 cycles for a patient with 72 heartbeats/min), the reliability of stents is about 27% 

for the low-activity group and 19% for the high-activity group. The probability density 

functions of the stent devices for both low-activity and high-activity patients are derived 

and shown in Figures 4.6 and 4.7, respectively.  
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Figure 4.5: Reliability Plots for Low-Activity Patients and High-Activity Patients. 
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Figure 4.6: Probability Density Function for Low-Activity Patient Group. 

We perform a sensitivity analysis to evaluate the effect of shock arrival rate λ on 

the reliability performance. The plots are shown in Figures 4.8 and 4.9 for low-activity 

patients and high-activity patients, respectively, where the time unit is the number of 

loading cycles. 
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Figure 4.7: Probability Density Function for High-Activity Patient Group. 

In both figures, when the arrival rate increases (λ=0.03, 0.1, 0.3, 0.8, and 3), the 

reliability of the stent devices decreases faster, implicating the effect of shock frequency 

on the stent failure. As projected, the reliability of stents in high-activity patients 

decreases faster at the same value of λ. 

 

Figure 4.8: Sensitivity Analysis of Low-Activity Patients. 
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Figure 4.9: Sensitivity Analysis of High-Activity Patients. 

4.3.2. Optimization of Maintenance Model  

The average long-run maintenance cost rate in (4.15) is highly nonlinear that involves 

the complicated reliability functions and probability density functions. Two decision 

variables in such a complex objective function make the optimization problem even 

harder. To determine the follow-up schedule of stents, we propose to minimize the 

average long-run maintenance cost rate model with a single decision variable, rather than 

two decision variables. A nonlinear constrained optimization model with the first 

inspection interval τ as the decision variable is to be solved at each pre-determined value 

of β: 

Min ( )CR   

s.t.   1,                               (4.17) 

0 1,    
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where τ1 is the lower bound of τ, chosen to be 1 month according to data in the medical 

literature (the follow-up period in most studies ranges from 1 month to 9.2 years). The 

value of β is set in the range of (β0, 1] with an increment of 0.01. By setting β0 to be 0.5, 

and CI, CD, and CR to be 35, 350, and 3500, respectively, the optimal solution is obtained 

for each pre-determined value of β by using function fminsearch in Matlab. A sample of 

the optimal τ and CR at different values of β is presented in Tables 4.2 and 4.3. The three-

dimensional contour plots of the optimal cost rate versus the pre-determined geometric 

factor β and the optimal first inspection period τ are shown in Figures 10 and 11 for low-

activity patients and high-activity patients, respectively. 

Table 4.2: Patients with Low Activity Level. 

β τ*(Years) CR* (x10-6) 

0.45 7.024297 10.67944 

0.50 6.566876 9.84028 

0.55 6.101823 9.31305 

0.60 5.522129 8.95670 

0.65 6.082635 8.62209 

0.70 5.946498 8.29848 

0.75 5.796614 7.99935 

0.80 4.321020 8.11100 

0.85 4.082903 7.93415 

0.86 4.037213 7.89904 

0.87 5.437395 7.37404 

0.88 5.408532 7.32708 

0.89 3.161950 8.20380 

0.90 3.106394 8.17628 

0.95 2.853972 8.03151 

1 2.630401 7.87649 
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Table 4.3: Patients with High Activity Level. 

Β τ*(Months) CR* 

0.50 8.195487 0.5296990 

0.55 8.493413 0.4280900 

0.60 9.008044 0.3323100 

0.65 10.342900 0.2431128 

0.70 43.497370 0.0076560 

0.75 36.341530 0.0038402 

0.80 29.151650 0.0017265 

0.85 21.928780 0.0006540 

0.90 14.688560 0.0001840 

0.95 7.553319 0.0000338 

1 3.524416 0.0000145 

 

As shown in Figure 4.10 for low-activity patients, when the geometric factor β 

increases from 0.45 to 1, the corresponding optimal first inspection interval τ and the 

optimal cost rate show highly non-linear trends. Overall, the minimal cost rate of 

7.33×10-6 is obtained at β=0.88, with the optimal value of τ of 5.4 years (converted using 

40 million cycles/year). As summarized in Table 4.4, the result implies an inspection 

strategy with geometrically-decreasing intervals for the patients with a low-activity level. 

The first follow-up is scheduled at 5.4 years after the deployment of the stent, and the 

second follow-up should be done at about 10.15 years (5.4+5.4×0.88), and so on. 

For high-activity patients, Figure 4.11 shows that as the geometric factor β increases 

from 0.5 to 1, the corresponding optimal cost rate shows a non-linear trend that quickly 

decreases from 0.53 when β=0.5 to 14.5×10-6 when β=1, where the overall minimum cost 

rate is obtained at τ= 3.5 months (converted using 40 million cycles/year). As 

summarized in Table 4.4, the result indicates that a periodic inspection can optimally 

minimize the cost rate for the patients who have a high activity level. 
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Figure 4.10: Contour Plot of the Maintenance Result for Low-Activity Patients. 
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Figure 4.11: Contour Plot of the Maintenance Result for High-Activity Patients. 

 

The patients should be followed-up every 3.5 months after the stent implantation. 

This result of frequent periodical inspection complies with the high risk imposed by 

external shocks due to the high-activity level. 

τ 
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Table 4.4: Optimal Solutions. 

Case   τ* CR*(x10-6) Inspection Strategy 

Low-Activity 

Patients 
0.88 5.4 years 7.33 

Non-periodic with 

Geometric decrease 
High-Activity 

Patients 
1 3.5 months 14.5 Periodic 

4.4. Conclusion 

In this chapter, an innovative methodology on stent failure was presented in an 

attempt to fill a gap between its physics-of- failure and probabilistic reliability 

approaches. Based on physics-of-failure prediction of stent, we integrated two 

interdependent competing failure processes in mathematical and medical contexts. The 

first mode is the delayed failure degradation initiated by diverse reasons (e.g., 

deployment). In this stage, stochastic process-based methodology was adopted to model 

the degradation, where fatigue crack growth was described as a Power law formulation 

and the temporal variation as Brownian motion. The second mode, the instantaneous 

failure, was modeled using an extreme shock formulation where the single events 

magnitudes as well as the threshold values were assumed to be random variables. 

Medically, a new perspective of two patient groups with different activity level 

performance was considered in an endeavor to compare the associated reliability 

performance of stent devices. It was then mathematically translated to a challenging 

interdependence between the two failure processes, introducing the novel idea of 

conditional cumulative shock modeling. We have considered the preventive replacement 

under geometric inspection interval to determine a convenient inspection strategy for this 

non-repairable system, subject to crack growth and/or random shocks. By minimizing the 

cost rate of failure over the stent lifecycle, we have consequently shown that a periodic 

inspection is an optimal strategy for patients with high level of activities while geometric 
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inspection is an optimal strategy for those who encompass low activity level. Based on 

actual data from existing stent literature, a numerical example was presented to validate 

our model. 

The scope of work, the dependency of failure processes and the integration of 

physiological and mathematical assumptions through the physics of failure model to 

evaluate reliability and inspection policy are the main contributing elements of this study. 

The outcome is notably to increase the awareness of stent failure and to take urgent 

medical precautions through educated inspection. It also highlights the impact of 

individual patients with different activity levels on the reliability and maintenance 

evaluations. 
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CHAPTER 5 

RELIABILITY ANALYSIS FOR MULTIPLE STENTS WITH  

DEPENDENT COMPETING FAILURE PROCESSES 

In this chapter, we develop reliability models for a multi-component system of stents 

implanted in human arteries that is subject to both delayed and instantaneous failures. 

Considering the physics-of-failure and probability-of-failure, we develop a system-level 

reliability model by merging fracture mechanics and stochastic processes. In our new 

system-level reliability model, due to the exposure of stents to the same shocks, the 

component failure times are probabilistically dependent. Two patient groups with 

different activity levels are considered and their corresponding system-level reliability 

functions are derived. Numerical examples using data from literature are presented to 

analyze the reliability of implanted multi-stent systems. 

Notations 

ai(t) Crack length of stent i as a function of the loading cycles 

ath(i) Critical threshold value of crack length of stent i 

as(i)(t) Overall crack length of stent i due to effect of crack increase 

and cumulative overload 

            Hij Shock damage size on crack length of stent i from the jth shock 

Wi Threshold value at which fracture toughness impact on 

degradation of stent i is shown 

t Number of loading cycles 
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Kij Fracture toughness value caused by the jth shock on stent i 

E(Kj) Expected value of fracture toughness 

K’i Crack initiation toughness of stent i 

αi,  θi Experimentally determined parameters 

Bi(t) Brownian Motion  

λi Average shock arrival rate for stent i 

 

5.1.  Introduction 

In an attempt to predict stent lifetime, different researchers tried to simulate the effect 

of these pulsatile pressures (Robertson and Ritchie, 2007a, 2007b).  However, very few 

considered other factors that can affect stents lifespan such as the presence of multiple 

stents in one or multiple locations, dissimilar anatomical locations, and various medical 

factors such as diabetes or vascular calcification.  Amico et al. (2013) summarized the 

risk factors for multiple stent fractures including stent length and structure, venous graft, 

severe calcification, long implant duration and small stent diameters, as well as stent 

implantation techniques. Surmely et al. (2006) were first to report multiple stent struts 

fracture in bifurcation lesion, where stent crushing technique was used. Crushing multiple 

stents imposes high mechanical forces on the side vessels and can lead to fracture. These 

wide range of overloads and cyclic stresses applied on stents during the production, 

deployment and operation phases can lead to two major failure processes of stents: 

instantaneous failures due to single-event overloads, and delayed failures or crack 

growth due to cyclic stresses (Robertson & Ritchie 2007). 
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In this chapter, we extend the previous work for single stents conducted in Chapter 4 to a 

multi-stent system, by developing a system-level reliability model for two patient groups 

with low and high activity levels.  

5.2.  Literature Review 

It is not debatable that stent fractures occur progressively over time, where micro-

fractures progress to macro-fractures due to mechanical forces over time (Allie et al., 

2004). Sachs (2005) defined two failure zones on stent surfaces: the fatigue zone where 

cracks from scratches slowly grow, and the overload zone where a cluster of crack 

initiation sites are developed. Nakazawa et al. (2009) proposed a classification of stent 

failures that involves: (I) single strut fracture, (II) two or more strut fractures without 

deformation, (III) two or more strut fractures with deformation, (IV) multiple fractures 

with acquired transection without gap, and (V) multiple fractures with acquired 

transection with gap. Allie et al. (2004) classified stent fracture into five categories: 

single strut only, multiple single stent fractures occurring at different sites, multiple 

single stent fractures resulting in complete transverse fracture but without stent 

displacement, complete linear fracture with stent displacement, and spiral fracture. 

Despite these clear classifications of failure types, there is no enough data concerning the 

underlying physics of failure that lies behind stent failures. 

A major role a multi-stent system can play is treating bifurcating lesions. However, 

multi-stent techniques appear to increase thrombosis potential due to the presence of 

stents struts not opposed to the artery walls. It also increases restenosis and vascular 

damage (Moore et al., 2010) especially in small vessels (Stenestrand et al., 2010), since 

stent strut design and its effect on blood flow play a key role on determining the risk of 
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restenosis. These facts make multiple stents implantation one of the most challenging 

techniques in today’s cardiology (Moore et al., 2010). In their study that aimed to 

compare the effect of stenting types, drug-eluting stents vs. bare metal stents, Stenestrand 

et al. (2010) noted that high rates of deaths and myocardial infraction are among patients 

with multiple stents than those with single stent deployed. In the context of reliability 

analysis for stents, Pelton et al. (2008) evaluated the combined effects of cardiac pulsatile 

fatigue and stent-vessel oversizing for applications to both stents and stent 

subcomponents. They performed displacement-controlled fatigue tests on diamond-

shaped specimens produced from Nitinol microtubing in a simulated environment that 

mimics in-vivo condition. Tsuyoshi et al. (2012) reported multiple coronary stent 

fractures as a case of cardiac events (restenosis or thrombosis). Multi-slice computed 

tomography revealed complete or partial gaps at the stent site.  

Different researchers tried to analyze the root causes of multi-stent failure from either 

medical or mechanical viewpoints. Kastrati et al. (2001) conducted a multicenter 

randomized trial in order to compare two commercially available stents with similar 

designs, but different strut thicknesses. The result demonstrates that the use of thinner-

strut stent is associated with a considerable reduction of angiographic and clinical 

restenosis after coronary artery stenting.  Riepe et al. (2002) examined the durability of 

two different commercially manufactured stents implanted in human arteries. Three 

major failure mechanisms in stents, namely, loss of stability, permeability of the cover, 

and corrosion of the stents, were analyzed in their study. The lesson learned was that until 

the long-term consistency of stent metals, the stability of the stent, and the permeability 

of the cover of endovascular devices is proven, the life-expectancy of the patient should 
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be considered in planning and endovascular graft implantation. Frotscher et al. (2009) 

characterized the microstructure pseudoelastic, ultra-fine grained, Ni-rich Nitinol stents 

transmission electron microscopy (TEM), and conducted structural fatigue experiments. 

They presented the stress-strain response associated with cyclic loading and documented 

failure mechanisms. Their experimental result indicates that the most important surface 

defects are titanium carbides, surface cracks and laser burrs. 

Several other medical studies have been conducted in order to evaluate the 

performance of multiple stents including metallic or drug eluting ones, implanted in 

different patients.  In an attempt to study the impact of stent overlapping on long term 

clinical outcomes, Raber et al. (2010) presented a study that compares the population of 

patients with multiple stents vs. single stents. The experimental conclusions, based on 

three years of follow-up, clearly revealed that patients with multiple stents were more 

likely to experience different major opposing cardiac events. The outcomes indicate 9% 

deaths and 7% myocardial infraction cases reported on patients with multiple stents, 

whereas 5.3% deaths and 3.5% myocardial infraction cases noted on those with a single 

stent. Mewissen (2009) presented trial results on different types of stents. He outlined 

that 64% of patients whose superficial femoral artery stents implanted fractured, had two 

or more stents implanted.  

To investigate different medical conditions that affect stent durability, numerous 

researchers tried to correlate various medical-based evidences to multi-stent failure.  

Ferreira et al. (2007) identified different roots for multiple stent fractures. They 

specifically noted that 14% of all patients surveyed had fracture due to stents 

misalignment. An interesting case where multiple stent fractures led to acute myocardial 
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infarction was presented by Huang et al. (2013). After a series of coronary multi-slice 

computed tomography, four gaps in different stents were shown, accompanied by micro-

aneurysm and severe circular calcification at the distal segment. The risk could be severe 

as the exposure of a free metal strut after fracture into the vessel lumen can trigger 

platelet activation and other myocardial infarction. Another study conducted by Halwani 

et al. (2012) proved direct evidence of multiple stents fracture when vessel calcification 

exists. They reported that fractured surfaces occur in complex lesions that involve the 

presence of calcification alone and/or in combination with multiple stents. They found 

that surface roughness marks were present on metal stents that had been covered by 

calcification. Bio-corrosion removes the protective oxide film introduced during electro-

polishing and therefore increases corrosion rates.  

An additional successful medical use of multiple stents is for endoscopic management 

of postoperative biliary structures (POBS) (Costamagna et al., 2010). But because POBS 

are short, located in the upper third of the common bile duct, extreme care has to be taken 

on assessing the use and effects of physics-of-failure of stents deployment. All these 

studies highlight that the pressure exerted by multiple stents should lead to more 

aggressive clinical decisions, and it is imperative to implement reliability-based policies 

that can cope with these decisions. 

The observance of high clinical incidences on patients with multiple stents raises 

concerns regarding the safety and effectiveness of these devices, and the need to 

implement methodological techniques of surveillance of their fractures. The issue of 

follow-up after multiple stenting is still in the case-by-case recommendation phase 

according to the physician’s own perception. Mewissen (2009) reported that the 
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occurrence of hemodynamic failure of Nitinol stents is in an interval of six to seven 

months. A recent study by Chung et al. (2013) showed that follow-up angiographies are 

recommended within a few days after the procedure, then at increased intervals hereafter. 

In their research, multiple stents showed promising results treating ruptured blood blister 

cases through reconstructive endovascular treatment; nevertheless it did not prevent 

recurrence of blood blistered aneurysm. Hence, there is an urgent need to establish a 

structured follow-up schedule that can compensate for any side effects of multiple stents 

deployment, and impact the percutaneous treatment of patients. These effects can be 

sometimes detected through early warning symptoms of stent failure. Symptoms can 

range from repeated chest pain to emotional agitation or hypotension (Huang et al., 

2013), shortness of breath, abdominal distension and cough (Lin et al., 2013).  

To the best of our knowledge, almost none of previous studies on failure mechanisms 

of stents conducted by medical and engineering research communities have considered 

the probabilistic nature of reliability analysis of stents. This chapter is a continuation of 

the previous two chapters where we consider the presence of multiple stents implanted in 

patient arteries. We aim to assess the effects of physics-of-failure on the reliability and 

fatigue behavior of multi-stent devices. The stochastic, economical, and structural 

dependencies and interconnection of multiple stents implanted in human arteries 

significantly affect the system-level reliability of stents, resulting in different follow-up 

schedules, which motivated our work in this chapter. 

5.3. Reliability Analysis of Stents for Two Patient Groups 

In  a system consisting of multiple stent devices embedded in the arteries, stents are 

subject to two dictating failures processes: delayed or soft failure, and instantaneous or 
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catastrophic failure  (Robertson & Ritchie 2007). Due to the shared exposure of 

components (stents) to shocks, their failure times are probabilistically dependent.  As 

mentioned in the previous chapters, instantaneous failure may happen when the fracture 

toughness value Kij of the jth shock on stent i is bigger than the crack-initiation toughness 

of stent i denoted by Kiʹ. In this model, Kij and Kiʹ are assumed to be independent and 

identically distributed (i.i.d.) normal random variables; i.e. Kij ~ N(μKi ,σKi
2) (Daly et al., 

2007) and Kiʹ ~ N(μKʹi ,σKʹi
2). For each shock, the probability that the stent i survives the 

applied shock is given as  
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  ,  for j=1,2, …, (5.1) 

where ( )   is the cumulative distribution function (CDF) for the standard normal random 

variable. 

In our model, delayed failure occurs for different patient groups in one of the 

following two cases: (1) the crack length ai(t) of stent reaches a crack length threshold 

value ath(i), or (2) the overall crack length aS(i)(t) due to the combination effect of fatigue 

crack increase and cumulative overload impact is greater than ath(i). Using Paris power 

law (Marrey et al. 2006; Robertson & Ritchie 2007), the crack propagation of Nitinol 

stents has been expressed as 

( ) ,i

i i
a t t

     (5.2) 

where t is the number of loading cycles, and θi ~ N(μθi ,σθi
2), and αi are experimentally 

determined parameters. A standard Brownian motion Bi(t) ~ N(0,σBi
2t) is used to 
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represent the stochastic nature of crack propagation over time. The model is therefore 

expressed as 

( ) ( ),i

i i i
a t t B t

       (5.3)
 

where Bi and θi are assumed to be independent. 

Similar to the work done in Chapter 4, we are considering the effect of patient activity 

level on the reliability behavior of multi-stent systems. For this reason, we classify 

patients again into two groups as shown in Figure 5.1: Patient Group 1 has a lower level 

of activities, and Patient Group 2 has a higher level of activities. 

5.3.1. Patient Group 1 

For Patient Group 1 with low activity levels, the mean shock magnitude is less than 

Wi, or E[Kij] < Wi;. Similar to the single stent case in Chapter 4, the delayed failure 

occurs when the crack length is greater than ath(i) for Patient Group 1 (Figure 5.1a). The 

probability that a stent does not fail due to delayed failure is given as 
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(5.4) 

For Patient Group 1, the reliability model of multiple stent systems embedded in the 

arteries at time t is based on: the probability that all stents survive the N(t) random 

shocks, and the probability that crack length of any stent i is less than its critical crack 

length threshold value. Nevertheless, conditioning on the number of shocks by time t 

makes the probability of survival for each stent becomes independent for a fixed number 

of shocks. 
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Figure 5.1. (a) Failure Processes for Patient Group 1, (b) Failure Processes for Patient Group 2. 

 

Hence the overall reliability for Patient Group 1 is derived as (see derivation in Appendix 

A) (Arab et al., 2013) 
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5.3.2. Patient Group 2 

For Patient Group 2, each single-event overload j can lead to a sudden increase in 

crack length. This is essentially due to the severity of overloads that those patients might 

experience due to increased physical activities. As shown in Figure 5.1(b), the mean 

shock magnitude E[Kij] is greater than Wi. As stated in Chapter 4 for single stent case, the 

mean of abrupt increase in crack length due to overloads, μHi, is proportional to the 

(a) (b) 
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difference between the mean shock magnitude, E[Kij], and the threshold value, Wi, 

expressed as 

  ,
iH ij ib E K W         (5.6) 

where the abrupt increases in crack length Hij are assumed to be independent and 

identically distributed following a normal distribution, Hij ~ N(μHi ,σHi
2), for j=1,2,… .  

and b is  a predetermined constant. Therefore, the cumulative damage size due to single-

event overloads by time cycle t for stent i is 

( )

1

( ) ,
N t

i ij
j

S t H



     

(5.7) 

where N(t) is the number of shocks by time t. Therefore, stent i fails when the total crack 

length aS(i)(t) due to both cyclic loads and cumulative damage size is beyond the  

threshold value. Mathematically, we have  

( ) th( )
( ) ( ) ( ) .

i i S i i
a t S t a t a  

  
 

(5.8) 

Therefore, for Patient Group 2, the probability that a stent does not fail due to delayed 

failure is the probability that all of stents survive the N(t) shocks, and that the total crack 

length of any single stent i due to both cyclic loads and abrupt increase in crack length (as 

a result of single-event overloads) is less than its critical threshold value.  It is derived to 

be (see derivation in Appendix A) (Arab et al., 2013) 
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5.4. Numerical Results 

For each patient group, we consider three scenarios for multi-stent systems: two, 

three, and four identical components. We consider bare metal Nitinol-based stents to 

evaluate the reliability of the system. Due to their mechanical characteristics of 

superelasticity, radiopacity and shape memory properties, Nitinol stents have been widely 

used in medical and research communities. Robertson and Ritchie (2007) conducted 

experiments on this type of stents in a balanced saline solution in order to simulate the 

artery environment condition, with a 37°C temperature, pH of 7.4, and a frequency of 

cycling load ranging from 1 to 50 Hz (to conservatively conduct the experiment, while 

the heartbeat frequency of human is about 1.2 Hz). Using data from Chapter 4 and 

Robertson and Ritchie (2007), along with some reasonable assumptions, the parameters 

for reliability analysis have been provided for this study, as shown in Table 5.1.  

As shown in Figure 5.2, the reliability of a two-component system of stents is higher 

than that of a three-component one, and the reliability of a three-component system of 

stents is higher than that of a four-component system of stents. 

The higher number of stents in the system is, the lower level of system reliability is.  

However, this difference in reliability in Patient Group 2 is not as significant as in Patient 

Group 1 as shown in Figure 5.2 for up to 4 108 loading cycles. Note that the time unit in 

the figures is based on the number of loading cycles, where each loading cycle is about 

0.83 second, by considering the average heartbeat rate of 72 beats per minute.  
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Table 5.1. Parameter Values for Multi-Component System Reliability Analysis 

 

5.5.   Conclusion 

In this chapter, we extend the models developed in Chapter 4 to system-level 

reliability models for a multi-component system of stents implanted in two patient 

groups. Similarly, we categorized the patients group according to their activity levels: 

Patient Group 1 has a low activity level, while Patient Group 2 has a high activity level. 

In our modeling paradigm, two dominating failure processes of stents, including delayed 

failures and instantaneous failure, were taken into account.  

Parameters Value Source 

ath(i) 5 m  Robertson and Ritchie (2007) 

λi 0.3, 1, and 3/year Assumption 

'
iK

  27 MPa m  Robertson and Ritchie (2007) 

'

2

iK
  (0.167 MPa m ) 2 Calculated in Chapter 4 

iK  6.25 MPa m  Robertson and Ritchie (2007) 

2

iK  (0.325 MPa m )2 Calculated in Chapter 4 

i
  8.36 10-17 Robertson and Ritchie (2007) 

2

i
  4.18 10-18 Calculated in Chapter 4 

2

iB  6.25×10-16 Assumption 

2

iH  (0.00001 m )2 Assumption 

Wi 1.33 Robertson and Ritchie (2007) 

αi -1.3986 Calculated based on Robertson 

and Ritchie(2007) 

b 0.01504 (mm/ MPa m ) Calculated based on Robertson 

and Ritchie (2007) 
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Figure 5.2. (a) Reliability Plots for Patient Group 1 

             (b) Reliability Plots for Patient Group 2 (Arab et al., 2013). 

 

The stochastic nature of crack propagation through Brownian motion was 

incorporated into the mechanics of the failure to model the degradation process. The 

probabilistic reliability modeling approach was used to model the system-level reliability 

for each patient group. The developed reliability models can be used as a foundation for 

the follow-up or replacement scheduling of a multi-stent system. 

1-Stent 

2-Stent 

3-Stent 

4-Stent 

(a) 

(b) 
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2-Stent 

3-Stent 
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CHAPTER 6 

STENT MATERIAL ACCELERATED FATIGUE CRACK GROWTH TESTING:  

AN EXPERIMENTAL STUDY AND ANALYSIS 

We conduct an accelerated fatigue crack growth test to generate data on Nitinol 

behavior that can be used to analyze the fatigue process using statistical-based 

approaches. The test aims to provide data to establish a Crack Length to Number of 

Cycles on 12 coupon samples, by accelerating the frequency and applied load. Single 

samples are tested on a single-specimen fixture under constant load control, with crack 

opening displacement to detect the crack advancement with compliance calculations. The 

system is programed to run at a constant load throughout the test. The fatigue crack test 

in a saline solution (PBS) at 37°C ±2°C is stopped every 50,000 cycles, and the crack 

length is measured by compliance measurements. Additionally, the samples are inspected 

through a scanning electron microscope (SEM) to accurately measure the crack length. 

The test continues until an appreciable compliance change is detected. Statistical analysis 

is conducted on the resulted data to determine the best regression model that fits the crack 

length with respect to the cyclic count. The failure time distribution is then estimated and 

reliability behavior is interpreted. 

6.1. Literature Review on Stent Testing  

Many researchers in the medical and materials fields have conducted experiments and 

developed models for failure analysis of medically-used biomaterials. Glenn and Lee 

(1997) studied the Nitinol stent survivability from fatigue testing, where crack 

propagation was inspected through scanning electron microscope. A longer interval 
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period (10 years) was recommended for future investigation. Wiersma et al. (2006) 

conducted an experiment on stainless steel micro-scale biomaterials, where they studied 

the effect of the presence and absence of stress concentrations, in order to compare the 

effects of mechanical effects on macro and micro components. The experiment in Marrey 

et al. (2006) aimed to study the small crack propagation and determine the remaining life 

of Co-Cr alloy stents, where different flaw lengths are specified. Robertson and Ritchie 

(2007a, 2007b) experimented in-vitro crack growth behavior in thin-walled Nitinol 

tubing in order to examine the critical effect of test frequency and characterize the 

fracture toughness properties of Nitinol.  

Nitinol is used in different medical applications, such as stents, endodontics, etc. 

Johnson et al. (2008) used rotating instrument at 300 rpm to simulate steel root canal 

until instrument separation. In endodontic, rotary instrument used to investigate in vitro 

cyclic fatigue fracture resistance of Nitinol is of main concern, and hence many 

literatures examined the rotating instrument. Generally, the rotating instrument is 

confined in a glass or metal tube, in a grooved block-and-rod assembly, or in a sloped 

metal block. Nikanorov et al. (2008) characterized the types and ranges of stent distortion 

produced by extreme movement in order to use these ranges for in vitro fatigue testing of 

Nitinol stents. They obtained estimated degrees of axial bending forces. Then they 

examined the fracture of different types of stents in elastic silicone tubing after 10 million 

cycles of chronic deformation. They aimed to classify those types according to their 

fracture rates.  

Other computational techniques were also adopted to study fatigue performance of 

different materials used in stents. Whitcher (1997) developed finite-element models to 
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provide a cost-effective source of information on design constraints as part of stent 

development process. James et al. (2004) characterized the fracture morphology in 

superlastic Nitinol as a reference for fracture analysis. Cracks were induced by overloads, 

fatigue, compressive damage, and hydrogen embrittlement (from cathodic charging) at 

various temperatures. Bending effect on Nitinol was investigated by Wick et al. (2006). 

They reported the effect of bending fatigue characteristics of shape memory and 

superelastic Nitinol in order to establish relationships between mean and attenuating 

strain on fatigue behaviors. For this purpose, they used rotary bending tests and a 4-point 

bending fixture to test different wire diameters, surface conditions and Af temperatures. 

Kleinstreuer et al. (2008) simulated a finite-element analysis to study the effects of 

crimping, deployment, radial force and wall compliances for two types of Nitinol 

materials and grafts. 

Many researchers conducted experiments to understand the performance of 

mechanical fatigue methods of Nitinol: stress-life, strain-lip and damage-tolerant 

analysis. However, this understanding might become altered when applied medically. 

Pelton et al. (2011) experimentally reviewed the microstructures and mechanisms of 

Nitinol fatigue, showing remarkable similarities between thermal and mechanical fatigue, 

pointing out that microstructural effects have major effects on fatigue properties (strain, 

stress, etc.). Robertson et al. (2012) presented a comprehensive review of the literature on 

mechanical cycling of Nitinol, based on both total life and damage tolerant approaches. 

They evaluated the corresponding fracture resistance in terms of fracture toughness 

behavior, and evaluated the data that has been reported on fatigue and fracture of Nitinol. 
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A notable study was conducted by Robertson et al. (2004). The purpose of the 

experiment was to confirm that increasing annealing time and temperature result in 

improving fatigue lifetimes. They also highlighted that crack orientations can lead to 

significant change in track trajectories. They used a servo-hydraulic MTS mechanical 

testing system, under cyclic loadings of 50Hz, and a 9.15mm extensometer. However, 

they measured fatigue cycles vs. strain, and stress intensity range vs. crack growth rate in 

order to monitor temperature change effects on stent failure. They also studied stress 

intensity range vs. crack growth to observe the effects of R-ranges, frequencies and rod 

thickness in stent failure. None of these experiments focused on crack length vs. loading 

cycles, with an aim to evaluate stents from a statistical point of view. 

6.2. Data Analysis 

The details of testing including sample preparation, testing setup and procedure, as 

well as inspection process are explained in Appendix B. This section explains the results 

of the testing and inspection of the tested samples. 

6.2.1. Inspection Results  

SEM images were taken of each sample at approximately 25X, 100X, 500X, 1000X, 

and 5000X magnifications. Measurements were taken at an appropriate magnification 

necessary to measure the entire crack length. Initial cracks were tightly closed at low 

cycle counts and high magnifications (>2500X) were needed to image the actual crack 

lengths.  

A discussion on COD measurement offset and the adjustment made on SEM 

readings, along with detailed crack length inspection results are presented in Appendix C. 

Table 6.1 and Figure 6.1 show the crack lengths measured by SEM for each sample and 
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at different cycle counts. Figure 6.2 shows sample #46 as measured after 50k, 200k, 

350k, and 400k cycles (taken at 1000X), respectively. 

Table 6.1: SEM Measured Crack Length for 12 Samples. 
          Cycles 

Sample 0 50000 100000 150000 200000 250000 300000 350000 400000 

1 2032 2143 2322 2563 2861 3217 3753 4579 Fracture 

13 2032 2069 2266 2468 2714 3012 3448 4037 5026 

27 2032 2126 2262 2506 2672 3022 3461 4004 4945 

45 2032 2121 2296 2418 2689 3048 3462 4050 5046 

46 2032 2139 2315 2450 2784 3160 3639 4260 5696 

47 2032 2152 2321 2498 2809 3112 3499 4291 5498 

22 2032 2111 2295 2494 2714 2997 3370 3992 5151 

23 2032 2128 2297 2506 2661 2988 3449 3960 4955 

28 2032 2093 2259 2461 2694 3046 3399 3917 5118 

43 2032 2129 2266 2489 2694 3035 3386 3972 5199 

44 2032 2103 2256 2450 2672 2986 3289 3799 4967 

48 2032 2108 2249 2472 2590 2994 3426 3989 4865 

 

 

 
Figure 6.1: SEM Crack Length Measurements. 
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Figure 6.3 documents the starting and end points of the crack for Sample #46, taken 

at 5000X magnification. Figure 6.2(a) shows the fatigue crack initiation after 300k 

cycles, while Figure 6.2(b) shows fatigue crack termination site after 300k cycles 

(circled).  

  

Figure 6.2: SEM Images of Sample #46 at (a) 50k, (b) 200k, (c) 350k, (d) 400k Cycles. 

6.2.2. Regression Analysis of Crack Length 

The main objectives of data analysis are to determine the best regression model to 

describe the crack length as a function of cycle counts, and to estimate the distribution for 

the failure/fracture time of the Nitinol specimens.  

In an attempt to hypothesize a model that relates crack growth to cyclic counts, three 

regression models are compared for each of the 12 samples: (1) a linear regression model, 

(a) 

a 

(b) 

(d) (c) 
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(2) linear regression of log-transformed crack length, and (3) a polynomial model of 

second degree, since the scatter diagram for our data illustrated that the crack growth 

 

 

Figure 6.3: SEM Images of Sample #46 after 300k Cycles at 5000X, showing 

             (a)Fatigue Crack Initiation Site, (b) Fatigue Crack Termination Site. 

In an attempt to hypothesize a model that relates crack growth to cyclic counts, three 

regression models are compared for each of the 12 samples: (1) a linear regression model, 

(2) linear regression of log-transformed crack length, and (3) a polynomial model of 

second degree, since the scatter diagram for our data illustrated that the crack growth 

appears to increase in a curvilinear manner over time. The results of regression analysis 

were generated through programming codes using R statistical software. The results for 

Sample #1 are presented in Table 6.2. Figure 6.4 presents the regression plots of the 

different models for Sample #1.  

Table 6.2: Regression Models for Sample #1. 

Model  Model Equation Model Parameters Estimation 

Linear Model 
0 1( )a t t      ˆ 1495 0.0089a t   

Log-transformed 

Model 
0 1log  ( )a t t      6ˆlog 3.262 1.13 10a t    

Second-Order 

Polynomial Model 

2

0 1 2( )a t t t        3 8 2ˆ 2180.26 2.853 10 2.938 10a t t     

 

(b) (a) 
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Figure 6.4: Plots of Different Regression Models (Sample #1):  

(a)Linear Model, (b) Log-transformed Model,                         

and (c) Second –Order Polynomial Model 

The assumptions about the distribution of the random error component ɛ can be 

summarized as: 1) ( ) 0E   , 2)
2var( )   is a constant for all t values, 3) ɛ has a normal 
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distribution, and 4) ɛ’s are independent. These assumptions are seldom satisfied in real 

cases, but assumed so in our experiment. 

A numerical measure of fit is obtained using the adjusted coefficient of determination 

R2. R2 of the linear regression on the logarithmic-transformed crack size is 0.9428, which 

is significantly better than that of the simple linear regression model (R2=0.8429). This 

implies that the linear regression model on the log-transformed data is a better fit to our 

crack growth data.  

From the summary analysis of the polynomial model, the adjusted coefficient of 

determination R2=0.9776, which implies that almost 98% of the sample variation in crack 

length can be explained by the second degree polynomial model. The estimated 

intercept, 0̂ , can be meaningfully interpreted as the initial crack length at time zero. 0̂  

of 2180.26 is close to the actual initial crack length of 2032. The estimated coefficient of 

t is 1̂ =−0.00285, and the p-value of 1  is 0.175, implying that there is no need to include 

1  in the regression model since it is not significant. The new second-order polynomial 

model is hence 

2

0 2( ) .a t t                    (6.1) 

The results for the regression analysis of this model are presented in Figure 6.5. A 

strong evidence of significance of both 0  and 2  is revealed, and R2=0.973. Moreover, 

there is a strong evidence of convex curvature over time, which indicates that crack 

growth increases faster with increasing cyclic counts.  
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Figure 6.5: Results of Polynomial Model for Sample#1. 

Based on the above results, two models are adopted to represent the crack length: 

(1) 0 1log (t)a t     , and (2) 2

0 1( )a t t     . Tables 6.3 and 6.4 present the 

estimated parameters in both models for all the 12 samples, respectively. Figure 6.6 

shows the regression plots of all 12 samples, respectively.  

6.2.3. Failure Time Distribution 

After implementing the regression analysis of crack length as a function of cycles, the 

next step is to estimate the distribution of failure/fracture time when the crack length 

reaches a pre-defined threshold. Six different distributions were selected as likely 

candidates to describe the failure time. For each distribution, distribution parameters were 

estimated and goodness of fit tests were implemented. The distributions considered are: 

(1) normal, (2) lognormal, (3) exponential (1-parameter and 2-parameter), (4) Weibull, 

(5) gamma, and (6) generalized gamma distributions. 
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Table 6.3: Log-Transformed Regression Model. 

Sample 
0̂  

1̂ ( 710 ) p-value 

(
0̂

1410 ) 

p-value 

(
1̂

610 ) 

R-Square 

1 3.260 11.29 25.1 8.32 0.943 

13 3.266 9.65 4.97 5.06 0.950 

27 3.271 9.4 3.69 4.59 0.951 

45 3.268 9.6 6.65 6.99 0.946 

46 3.263 10.6 25.8 12.7 0.936 

47 3.268 10.27 15.8 10.2 0.939 

22 3.269 9.53 10.9 11.8 0.937 

23 3.273 9.29 4.67 62.6 0.947 

28 3.267 9.56 9.16 9.72 0.940 

43 3.269 9.59 13.2 13.5 0.934 

44 3.270 9.12 9.20 13.4 0.934 

48 3.268 9.32 5.76 7.42 0.944 

Table 6.4: Second-Order Polynomial Model. 

 

 

 

 

 

 

 

At different crack length threshold values, the distributions were ranked according to 

the best fit for each of the two regression models: log-transformed and second-order 

polynomial models. 

Sample 
0̂  

2̂  
( 810 ) 

p-value 

(
0̂

910 ) 

p-value 

(
2̂

810 ) 

R-Square 

1 1984 2.27 270 57.4 0.973 

13 2013 1.75 4.02 5.82 0.986 

27 2038 1.70 1.83 3.58 0.988 

45 2020 1.76 4.13 5.99 0.986 

46 1984 2.08 245 9.65 0.969 

47 2013 1.98 104 6.40 0.972 

22 2017 1.76 66.0 90.6 0.970 

23 2014 1.68 5.65 11.8 0.983 

28 2008 1.75 47.9 66.9 0.972 

43 2010 1.79 91.6 113 0.967 

44 2015 1.65 59.2 129 0.966 

48 2013 1.67 1.29 2.61 0.988 
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Figure 6.6: Regression Plots of (a) Linear Regression of Log-transformed Crack Length,  

      and (b)Second-Order Polynomial Regression Model of Crack Length. 

 

Particularly at the threshold value of 6000 m , the results show that the best fit for 

the failure time distribution is the generalized gamma distribution for both regression 

models, followed by normal distribution. Figures 6.7 and 6.8 show the probability plots 

of the generalized gamma distribution for each of the regression models, respectively. 

The probability density function of a 3-parameter generalized gamma distribution is  

1

( ) ,
( )

k t
t

f t e
k






 

  
 
  

  
  

    (6.2) 

where 0  is the scale parameter, 0, 0k    are the shape parameters, and ( ) is the 

gamma function. 
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Figure 6.7: Probability Plot for Generalized Gamma Distribution 

        (Log-transformed Regression Model). 

 

 
Figure 6.8: Probability Plot for Generalized Gamma Distribution  

        (2nd Order Regression Model). 
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Maximum likelihood estimation (MLE) is a widely used method to estimate the 

parameters of probability distributions. The MLE for the generalized gamma distribution 

used in this study is (Virkler et al., 1978) 

1 1

( , , ) ln( ) ( 1) ln( ) ln( ) ln ( )
n n

i
i

i i

t
L k n k t kn n k



    
 

   
        

  
  .    (6.3) 

Table 6.5: Estimated Parameters and Goodness-of-fit Results of Generalized Gamma 

Distribution for both Regression Models. 

Regression Model k̂  ̂  ̂  
2 -test K-S test 

Log-Transformed 0.25 80 549,810 17.5% 31.5% 

Second-order 

Polynomial 

0.28 73 555,154 14.5% 1.49% 

Table 6.5 shows the results of the estimated parameters for each of the regression 

models, as well as the goodness-of-fit test results. Two goodness-of-fit tests are 

performed: Chi-square test and Kolmogorov-Smirnov test. Chi-square test determines 

how close the given data follows a certain distribution. It counts the number of points in 

predetermined interval sets and compares them to the calculated number of points that 

should be in each interval. The test statistic 2 measures how close the observed 

frequencies are to the expected frequencies. It is commonly applicable to be used when 

parameters of a distribution are estimated from the maximum likelihood estimators. The 

test statistic is given as 

 
2

2

1

,
k

i i

i i

O E

E





     (6.4) 

where k is the number of classes into which the data are grouped, Oi  is the observed 

number of failures in the ith class,  and Ei is the expected number of failures in the ith 

class (Ebeling, 2000). 
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Kilmogorov-Smirnov (K-S) test compares the empirical cumulative distribution 

function with the normal cumulative distribution function. The test statistic is (Ebeling, 

2000) 

1 1

1
max max ,max ,i i

n
i n i n

t t t ti i
D

s n n s   

         
          

       
  (6.5) 
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Using the estimated parameters for the generalized gamma distribution, Figures 6.9 

and 6.10 show the probability density function and the reliability function for each of the 

regression models, respectively. Stent materials, considered medically as a high reliable 

application, have a slow rate of degradation. This is clearly shown before 400,000 cycles 

in Figure 6.18 based on the accelerated fatigue testing data. However, if an initial crack is 

present, high stress (cycling rate/ shocks) will lead to faster degradation for quite some 

time leading to stent fracture. As depicted in the figure, the reliability plots of both 

regression models are very similar, despite that it is slightly faster for the log-transformed 

case.  

In this study, we implemented the statistical analysis of accelerated fatigue crack 

growth of Nitinol materials, which can be used to interpret the reliability behavior of 

Nitinol stent devices. The following conclusions from this data analysis can be drawn: 
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Figure 6.9: Probability Density Functions of Both Regression Models. 

 

 

Figure 6.10: Reliability Functions of Both Regression Models. 
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 The fatigue crack propagation starts slow and increases faster, following 

approximately a power law shape. The propagation is in a stochastic manner. The 

nature of the material, the smoothness of the surface, and the presence of material 

irregularities can be potential reasons for this stochastic behavior, which imposes a 

question on stent reliability analysis. 

 The cycles versus crack length is best described by a linear regression model of log-

transformed crack length and a second-order polynomial model, based on our 

experimental data.  

 Based on our data, the failure time distribution is best described as a 3-parameter 

generalized gamma distribution.  

 The reliability function shows a fast decrease notably between 480,000 and 600,000 

cycles, which validates our initial assumption for a requirement to develop a 

maintenance model with geometrically-decreasing inspection intervals to compensate 

this fast reliability decrease. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE RESEARCH 

In this research, a mathematical framework to study and analyze the reliability of 

emerging medical implant devices is presented. It provides a breakthrough in the quality 

evaluation of biomedical implants subject to fatigue and structural damage that occur 

because of a wide spectrum of biological and biomechanical factors. We investigated 

different probabilistic models to study the reliability and maintenance of stent devices. 

The underlying motivation for such analysis is the quality requirement and risks 

associated with the implantation of these types of devices. 

7.1 Conclusions  

Our methodology is based on the analysis of physics-of-failure mechanisms that 

integrates the different failure processes. In an attempt to fulfill a gap between the 

mechanics analysis and quality of medical devices, the probabilistic models for multiple 

independent and dependent failure processes are presented, respectively. 

Chapter 1 introduced the problem and clarifies the ideas of reliability, quality and 

maintenance and their relevance in the biomedical field. The objectives of this research 

were stated: developing novel integrated reliability and inspection-based preventive 

maintenance models for stent devices. We then illustrated the types of stents and their 

applications in the medical field. We reviewed the work that has been done to evaluate 

stent failure, both from the medical and materials science perspectives. An extensive 

literature was then surveyed on the stochastic studies of degradation-based reliability 

analysis, random shock models, multiple competing failure processes, and maintenance 
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procedures and techniques. Finally, the contributions as well as tasks implemented were 

presented and mapped schematically. 

In Chapter 2, we identified the multiple failure processes of stents based on their 

physics-of-failure mechanisms, in order to build an innovative method for stent 

reliability. By understanding the fracture mechanics analysis of cyclic fatigue and single-

event overloads that can lead to cracking, we analyzed the two dominating failure 

processes, delayed failure and instantaneous failure, either dependent or independent. In 

the latter case, we highlighted the effects of activity levels among different patient groups 

on reliability. The aim of this chapter was to prepare the ground for the mathematical 

derivations of reliability and maintenance strategies for stent devices. 

Probabilistic reliability models for multiple independent dominating failure processes, 

including both soft failure and hard failure, were developed in Chapter 3. We considered 

Paris power law formulation to describe the fatigue crack growth rate, and then we 

showed the impact of random shocks on stent reliability. Afterward, we developed a 

novel preventive maintenance model for the stent device that minimizes the average 

maintenance cost rate. The model combined both equidistant and geometrically-

decreasing inspection intervals in an innovative way that can be generalized to other 

applications. As an illustration, data from medical and biomedical literature on stent 

devices were used to provide a numerical example to implement this new integrated 

methodology.  

The reliability models for multiple dependent failure processes were studied in 

Chapter 4, where fatigue crack growth and shock occurrence can jointly contribute to the 

device failure. The soft degradation is directed by a stochastic process, while the 
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instantaneous failure occurs based on a random shock model. We characterized the 

interaction between the two processes to draw attention to the dynamic nature of the 

system, where different patient level activities can alter the overall reliability of stents. 

The results were then used to establish an aperiodic preventive inspection-based 

maintenance model to sustain the performance of biomedical devices and increase 

awareness of stent failure by taking precautions through educated inspection decisions. 

In Chapter 5, we extended the reliability models of single stents implanted in human 

arteries to a multiple-stent system. We conducted an in-depth review on recent medical 

and bio-mechanical research papers in order to investigate the root causes and evidences 

of multi-stent failures. We considered the impacts of instantaneous failure and soft 

degradation that is governed by a stochastic process in order to develop the system-level 

reliability model. Due to the shared exposure of stents to shocks, the component failure 

times are probabilistically dependent. We derived the reliability functions for each of the 

two different patients groups: high-activity level and low activity level patients. 

An accelerated fatigue crack experiment on Nitinol samples was described in Chapter 

6. Twelve coupon samples were tested in an attempt to establish relationships between 

crack length and number of cycles. The test was conducted for 400,000 cycles, stopped 

every 50,000 cycles for compliance measurements and Scanning Electron Microscope 

inspections. We presented the detailed testing and inspection procedures and 

environments (in Appendix B). Thereafter, we performed statistical analysis on the 

resulted data and determined the best regression model to describe crack length and 

cyclic counts. The failure time distribution and corresponding parameters were estimated, 

goodness-of-fit testing was performed, and reliability functions were investigated. This 
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experimental validation aimed to evaluate the efficacy of our models and the integrity of 

the reliability and maintenance assumptions on the medical and mechanical behaviors of 

stent materials. It can also lead to a better product quality achievement and increase the 

level of reliability awareness in the medical and manufacturing practices. 

7.2 Future Research  

After conducting the fatigue crack growth test by accelerating the frequency and 

applied load, the next step can be to develop mathematical models that relate the 

accelerating factors to the crack growth. Further data analysis can be performed to 

estimate the crack growth path using stochastic models, which can be used to accurately 

predict the failure time for Nitinol stents. Additional testing conditions and environments 

can be considered (different stent materials, such as Co-Cr or Stainless Steel, different 

sample dimensions, random shock loads applied, etc.).  

Furthermore, several future directions can be pursued to extend the reliability study of 

stents. Additional failure processes that stents may suffer can be considered. For 

example, the reliability can be evaluated when cracks are initiated at multiple locations 

and directions (e.g., longitudinal, circumferential, 45 degrees). Another track to consider 

includes treating the initial crack length as a random variable that varies from unit-to-

unit.  As a continuation to our work, and after the reliability functions were derived for 

multi-stent systems, a maintenance model can be formulated to minimize the average 

maintenance cost rate, which can be within a finite duration, or for infinite timeline.  

The evolving nanotechnology in stent devices can also be investigated for further 

biomedical study, from a reliability perspective. Besides the medical applications, this 

integrated probabilistic and physics-of-failure approach can be applied directly or 
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customized for many other systems and applications to model their reliability behaviors 

and optimize their maintenance processes, such as process control instruments and 

rotating equipment mainly in the chemical, oil and gas industries. 
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Appendix A 

Deriving Reliability Functions of Patient Groups in Chapter 5 

Patient Group 1 

The reliability function of patients Group 1 with multiple stents is derived as follows 
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Due to the independency condition of stents, 
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Patient Group 2 

The reliability function of patients Group 1 with multiple stents is derived as follows 
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By conditioning on the number of shocks by time t, the probability of each stent’s 

survival becomes independent for a fixed number of shocks. The reliability function is 
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Appendix B 

Sample Preparation, Testing and Inspection Procedure in Chapter 6 

B.1. Sample Preparation 

The choice of the material, the cutting technique, and the determination of sample 

parameters are crucial steps in preparing the samples for experiments. In this section, we 

describe the techniques and methodologies used to prepare the testing samples. 

B.1.1. Material Selection  

Nitinol sheets were purchased from the precious metal division in Johnson Matthey 

Inc. The sheets have the following specifications: the thickness of 0.0155in, the width of 

3in, and the length of 12in. They have flat-annealed temper and pickled surface. These 

thin sheets are the newest products used in the latest medical innovations. The material 

complies with the ASTM F2063-05, a standard specification for wrought Nickel-titanium 

shape memory alloys for medical devices and surgical implants.  

B.1.Sample Cutting Technique 

 Different laser cutting techniques were tried in order to obtain promising cutting 

results. Initial samples fabricated using the basic laser cutting technique showed burning 

and residual heat effects. It was then decided to use another technique, Femtosecond laser 

technique, which compensates for both heat stress and electro polishing method to cut the 

Nitinol sheet. Femtosecond technique, widely adopted in optometric laser surgeries, uses 

short femtosecond pulses and enables precise laser machining for tiny structures of 

materials. For our experiment, this method was used to fabricate Nitinol samples with 

minimum residual heat deposited. The laser cutting process was carried out at 

Spectralytics Medical Company Inc. that is specialized in laser solutions for supporting 

the medical device community. 
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B.1.3. Sample Dimensions 

According to ASTM E647, Standard Test Method for Measurement of Fatigue Crack 

Growth Rates, two types of specimens widely adopted for crack monitoring tests are the 

center-cracked tension specimen and the compact-tension type (CT) specimen. The 

selection is based on the type of sample to be cut and the crack monitoring devices to be 

used. In our experiment, the specimens were laser cut according to the standard compact-

tension type for fatigue crack growth (Figure B.1), recommended for crack monitoring of 

medical stent devices that complies with ASTM E647-12. 

 

Figure B.1: Standard Compact-type Specimen Sketch (von Recum, 1998). 

The width of the sample is 0.5in, or W=0.4in. The diameter of the holes is 

0.25W=0.1in. The distance between the pre-crack and the center of the hole is 

0.275W=0.11in.  The length of the pre-crack (the distance from the center of the hole to 

the tip of the pre-crack), an, is 0.08in. The sample dimensions are shown in Figure B.2. 
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Figure B.2: Sample Dimensions. 

B.1.4. Sample Identification 

In our experiment, the specimens are labeled with different numbers for easy 

identification while testing and inspection, since the dimensions for all samples are 

identical. Each sample was identified by a number drawn on the specimen using a 

Sharpie pen.  See Figure B.3 for an example of Sample #3. 

 
Figure B.3: Sample Identification 

From 50 fabricated, labeled samples, we randomly selected 12 samples with the 

following sample ID: 1, 13, 27, 45, 46, 47, 22, 23, 28, 43, 44, and 48. 
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B.2. Test Plan and Setup  

The main idea of conducting our testing is to experimentally observe Nitinol fatigue 

behavior, and to statistically analyze the observed outcomes. Our Nitinol fatigue testing 

was conducted through a specialized testing company, Medical Device Testing Services 

(MDTS), Inc. This section highlights the experiment tools and outlines the steps on 

developing the experimental parameters. 

B.2.1. Experiment Equipment and Tools 

MDTS used the following equipment and tools to achieve the testing goals. 

a) Model ELF3200 EnduraTEC Test System or Equivalent. 

b) EnduraTEC WinTest Controls and Software 

c) Computer,   400MHz CPU 

d) Single station testing fixture per Assembly 55168 Rev A assembled with 

ELF 3200 per Assembly 55171, provided by MDT – ISN01429 

e) 50 lb. load cell – ISN00513 

f) Extensometer – ISN00772 

g) Hardened stainless steel knife edges (Epsilon Part# 350210-02) 

h) Heater/Circulation system – Heater-031 

i) Isotonic Saline Solution  (PBSS)  

B.2.1.1. Testing Equipment  

In this experiment, Bose ElectroForce 3200 Test Instrument was used (Figure B.4). 

This equipment is dedicated for low force, high frequency and high cycle count 

applications and generally used for characterization tests that require custom fixtures. The 

ElectroForce 3200 series tester is a versatile tester that can be used to perform precision 
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materials tests including tension/bend, fatigue and dynamic materials characterization 

tests. The equipment employs a linear motor drive, and is capable of loads as high as 

450N. The3200 series can accommodate fixtures up to 16 samples mounted between a 

pair of manifolds and linear motor driven pumps. The instrument controls and monitors 

the displacement or load. The computer controlled system is capable of delivering radial 

strain to the samples under controlled temperature conditions.  The ElectroForce 3200 

(ELF3220-003) and the Temperature Controller used for this test were verified to be up 

to date with all calibration schedules. The WinTest software/Computer is the control 

software used for all testers. 

 

Figure B.4: ElectroForce 3200 Test Instrument (MDTS). 

B.2.1.2. Testing Fixture and Specimen Installation 

According to ASTM F2063-05 procedure for CT specimens, grips must be attached 

to the tested sample at an enough distance from the crack so that the stress in the crack 

area is uniformly distributed throughout the crack area. Initially, the plan was to use the 

standard Epsilon technologies 3541 Clip-On fracture mechanics gage, with a full scale 
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travel of 0.1in. However, the estimated deflection of the specimen was less than 0.001in, 

from the initial crack length to almost 60% of the width. This means that we were trying 

to measure a deflection that is less than 1% of full scale which is not appropriate. This 

triggered us to come up with an innovative transducer design that can give us a better 

resolution without exhibiting high stiffness. The design is basically to take a load cell and 

convert it to a crack opening displacement (COD) gage. The load cell has a full scale 

deflection of 0.012in and stiffness of one lb. An extensometer with 10.0in travel range 

was hence adopted to be used.  

In this experiment, single station testing fixture was used, shown in Figure B.5 as 

Assembly 55168 Rev A. The fixture was designed to minimize the possibility of fixturing 

stresses, where the load is applied through a 2in long and 0.06in thick flexure on each 

grip. This design prevents any side-loading or bending from being imparted to the 

specimen. The grip/clevis combination in Assembly 55175 (Item 1 in Figure B.5) is 

designed to minimize bending and make easy alignment possible. 

As shown in Figure B.6, the specimen grips are mounted to the motor and load 

cell/moving crosshead assembly. The moving crosshead is adjusted until the separation 

between the grip posts is approximately 0.55in and yields zero load. The specimen must 

be loaded onto the grip clevises so as to minimize any misalignment or bend forces on the 

specimen.  
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Figure B.5: Assembly 55168 Single Station Testing Fixture (MDTS). 

 

 

Figure B.6: Assembly 55171 mounted on ELF3200 tester. 
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B.2.1.3. Saline Bath Solution 

Even though distilled water can be used in experiments, saline is generally used as 

medium because it is required by ASTM standards. The Isotonic Saline Solution (PBSS) 

used in this experiment is a common water-based solution used in biological researches: 

water, Sodium Chloride 0.85% w/v, Dihydrogen Potassium Phosphate, traces of Sodium 

Dihydrogen Phosphate Monohydrate and Ethylene Glycol Monophenylether. The 

solution is maintained at a pH= 7.4. The concentrations of these constituents are 

embraced to imitate those of the human body.  

B.2.2. Determination of Experimental Parameters  

The load applied, compliance calculation and testing parameters were all explored 

through a series of pre-testing and previous research studies. There are presented  in the 

following subsections. 

B.2.2.1. Pre-testing 

The determination of the experimental parameters was a thought-provoking process. 

One of the challenges was to determine the testing conditions needed to get the crack 

started beyond the laser-etched notch. The question was whether to apply more load 

cycles to grow the initial crack or to apply a higher load. The direction was to apply a 

reasonably high load to control the overall testing time, due to the budget and time 

constraints. 

Consequently, the initial testing on three samples was conducted in air to determine 

the crack propagation behavior. Initially, the samples were tested at the following 

parameters: the load levels of 28.24N to 56.48N, Kmax=6 MPa m , and 0.5R  . The 

frequency was set at 30Hz. The second and third samples were tested with the COD gage 
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removed to have a high magnified camera focused on the specimen. The rapid growth 

rate and the quick specimen failure (at less than 200,000 cycles) led us to re-examine the 

experimental parameters. According to Robertson and Ritchie (2007a), we elected to 

increase R ratio in order to decrease the growth rate.  

B.2.2.2. Determination of Applied Load and Testing Parameters 

For CT-type specimen, ASTM E647 recommends that the crack measurement 

interval falls in the following range 0.04a W  if 0.2 0.4
a

W
  , which means that ∆a 

must be less 0.016in. If max minK K K    and 0.2
a

W
 , then a quadratic polynomial 

regression analysis is used to express the stress intensity for compact-type specimens, as 

a function of loading tension. The equation is expressed as 

1 2( ),K P C C        (B.1) 

where
1 3/2

2

(1 )
C

B W









, 2 3 4

2 0.886 4.64 13.32 14.72 5.6C         , 
a

W
  , and 

B is the thickness of the sample.  

Based on Eq (B.1), ∆K is a function of ∆P, B, W, and crack length ratio α. 

Nevertheless, in our experiment we set ∆P as a constant and hence ∆K increases as α 

increases. By choosing a smaller ∆K, the possibility of early fracture is reduced. The 

varying crack growth can be monitored at different cycles. Consequently, we elected to 

define our parameters as following: ∆K=1.6MPa√m, and load ratio R=0.7 at a frequency 

of 30Hz. This implies that Kmax=5.33MPa√m. Using Eq. (B.1), the loads were calculated 
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to be Pmax=50.198N and Pmin=35.138N. The crack growth rate is expected to be around 

2.5×10-9m/cycle (Robertson and Ritchie 2007). 

In order to assess these newly determined parameters, a second batch of pre-testing 

was conducted, using a 37 degree C saline bath solution, at constant load levels. Three 

samples (#26, 12, and 15) were tested. As shown in Figure B.7, the first sample (#26) 

shows the noticeable crack increase from 500,000 cycles. The results of the other two 

samples (#12 and #15) differed from sample #26. The crack starts to increase around 

200,000 cycles. Moreover, Sample #15 failed at 428,618 cycles, and sample #12 failed at 

439,753 cycles. Further investigation revealed that the reason for this difference of failure 

times between #26 and the other two specimens #12 and #15 was a slight twist of the 

fixture applied during the test of Sample #26. 

 

Figure B.7: Compliance Results of Samples #26, 12 and 15 
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For subsequent specimens, much more care was taken to ensure that there was no twist 

issue. Hence, the testing parameters were finalized to be: 1.6K MPa m  , 

max 5.33K MPa m  , R=0.7, a frequency of 30Hz, and an applied load range of 35.138N 

to 50.198 N. 

B.2.2.3. Compliance Calculations 

Compliance techniques are generally used to monitor crack growth in fracture 

mechanics. Measurement of the compliance of a cracked sample is an efficient way to 

measure crack length. It is a potent mean of interpreting the manner in which the crack 

unpeels at loads below the initial crack load. It is dependent upon the crack length and 

closely related to the crack tip fracture mechanics. Generally, compliance (C) is defined 

as a ratio of deformation ( ) to applied load (P), according to the equation: 

                            ,C
P


       (6.3) 

where   represents the loading displacement distance and P is the load applied. 

Table B.1: Compliance as a function of crack length for CT specimen (Saxena and Hudak, 1978) 

a/W Calculated Compliance 

0.20 14.71 

0.25 16.45 

0.30 18.68 

0.35 21.60 

0.40 25.45 

0.45 30.66 

0.50 37.83 

0.55 47.98 

0.60 62.83 

0.65 85.48 

0.70 121.91 

0.75 184.95 

0.80 305.95 

0.85 578.36 

0.90 1389.07 

0.95 5952.19 
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Many compliance techniques were developed for toughness testing purposes, 

generally at limited crack length ranges, i.e., 0.2 0.8
a

W
   for compact-type specimens. 

Compliance technique is based on two main testing measurements: applied load and 

specimen deflection. Table B.1 shows the calculated compliance at the front face of the 

specimen (Saxena and Hudak, 1978).  

Saxena and Hudak (1978) developed the relationship between compliance and crack 

length at locations of interest. They established an expression to detect the crack 

advancement with compliance calculations, given as: 

2

16 24
4.5ln(1 ) 18.71,

(1 ) (1 )

LLBEV

P


 
    

 
   (B.4) 

where E is Young’s modulus. For austenite Nitinol material, B is the specimen’s 

thickness, LLV is the displacement at load line compliance, and P is the load applied. 

At the crack length ratio α=0.8, and B=0.0155in, the compliance LLV

P
 is equal to 

57.9108 10  by using (B.4). The estimated P is determined as
max max

K
P

K P


  . Other 

properties related to compliance are deflection and stiffness. The estimated deflection is 

expressed as compliance ( )LLV

P
 multiplied by P . Stiffness, which describes the ability 

of a cracked material to resist fracture, is the reciprocal of the compliance or 
LL

P

V
. At 

1.6K MPa m  , the estimated deflection is 0.0068mm, and the stiffness is 

12640.8lbs/in. 
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B.3. Testing Procedure 

The following sections outline the step-by-step procedure for our experiment, which 

mainly involves the equipment setup and the crack growth testing procedure. 

B.3.1. Equipment Assembly 

Step 1. The equipment calibration schedules were verified to be up to date. Tester 

operation was verified by running the tester without samples. 

Step 2. Tester ELF3220-003 was configured horizontally (Figure B.8). 

 

Figure B.8: ELF 3220-003 with Fixture Assembly  

Step 3. The test fixture was installed on tester. The left side of fixture was mounted to the 

linear motor with a flexure, and the right side of fixture was mounted through a 

flexure to a 50lb load cell. 

B.3.2. Crack Growth Test 

Step 1. 12 samples for crack growth test were separated into two batches (Table B.2) 
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Table B.2: Sample ID in Two Batches 

First Batch Second Batch 

1 22 

13 23 

27 28 

45 43 

46 44 

47 48 

Step 2. Load cell was zeroed and a setup sample was mounted into the tester fixture when 

the tester was off. A 15N preload was applied by manually adjusting the ELF 

3200 test space adjuster. Alignment between the left and right side was adjusted 

and verified with a flat block. The fixture level was adjusted and verified with a 

level device. 

Step 3. With the motor on, the null command on the controller was manually adjusted 

until the load reading was zero. The null command required to achieve zero load 

was recorded as the “setup command”. The setup sample was then removed.  

Step 4. With the linear motor still on the “setup command” was applied. The test sample 

was loaded into the test fixture, secured with the two fixture pins and then the 

entire specimen grip assembly was immerged in Isotonic Saline Solution at a 

temperature of 37±2 °C.  

Step 5. The null command was then set to zero and this applied a 15N preload to the 

specimen. 

Step 6. The Epsilon Extensometer was mounted and secured with two rubber bands on 

fixture after sample was loaded (Figure B.9). 
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Figure B.9:  Test Setup  

Step 7. Fatigue cyclic loading was initiated using the WinTest Controller’s cyclic indirect 

control with null feedback. The initial command levels were assessed and entered 

as level 1 and level 2.  The test load level min and max were set at 35.138N to 

50.198N, respectively.  

Step 8. Each test was run at a frequency of 30Hz for 50,000 cycles. The end cycle action 

was set to stop level at the “setup command” value, where the pre-load was zero. 

To detect failure in the event of a specimen breakage, the load under-peak limits 

were set up in the Wintest controller to detect the number of cycles at which the 

failure occurred. 

Step 9. Once the test was completed, specimen was carefully removed from the test 

fixture, and rinsed with distilled water.  

Step 10. Once a batch was finished, it was sent for SEM inspection. 

Step 11. The process was repeated for each specimen and each batch until fracture 

occurred. 
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Figure B.10 shows the crack propagation of one of these samples at different cycle 

counts: testing initiation, 20,000 cycles, 40,000 cycles and 60,000 cycles. 

B.4. Inspection Procedure 

Fatigue testing was accomplished in eight 50,000 cycle intervals, up to 400,000 

cycles. After each interval, inspection procedure was performed on these samples. 

Fatigue crack length was measured using a JEO: JSM-6460LV Scanning Electron 

Microscope (SEM). The SEM images were acquired with a typical working distance of 

10mm, using 20kV Secondary Electron Imaging (SEI) mode. 

 

 

Figure B.10: Crack Propagation at Different Cycle Counts.  
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The JEO: JSM-6460LV scanning electron microscope is well-equipped for submicron 

imaging to examine and characterize particles, fracture and failure analysis, surface 

morphologies, composite materials, and microstructures of prepared cross sections from 

materials science and nanotechnology applications. It has a magnification capability of 

5X to 100,000X, and a resolution of 10nm. 

Initial crack lengths were measured both on the top and bottom of the samples. Some 

irrelevant variations were noted. Due to cost and time constraints, only the crack lengths 

on the top side were measured for the 12 samples after each 50,000 cycles.  
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Appendix C 

Inspection Results of Crack Length  

with a Discussion of the COD Measurement Effect 

Given a COD measurement, the calculated crack length was determined by 

extrapolating the compliance measurement (Table 6.1). At zero cycles, the delta COD 

measurement from the extensometer was 0.010mm, and using the compliance 

calculations, this would result in a calculated crack length of 3933.02μm. However, the 

actual crack length at zero cycles was only the machined pre-crack (2032μm). To 

anticipated COD measurement, crack length should have been 0.0040mm. In other 

words, the actual extensometer measurement was 0.006mm higher than what the reading 

should have been at zero cycles. We assumed 0.006 was a compliance error in the test 

setup. Since the COD gage was mounted to the test fixture rather than to the face of the 

specimen, we believe there may have been a COD measurement offset due to the 

specimen seating onto the pins as it was loaded. Additionally there is a noise floor on the 

extensometer reading that would also have contributed to the offset. As a result, the 

0.006mm difference was subtracted from all of the COD readings. The SEM fatigue 

crack length measurements excluded 2032μm (0.08 in) of the machined pre-crack, which 

has been added to the SEM raw measurements. The following table shows the detailed 

results of the data inspection with COD measurement adjustment effect. 
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Sample Cycles Raw COD 

Measurement 

(mm.) 

Corrected 

COD 

Measurement 

(mm.) 

Raw 

Calculate

d Crack 

Length 

(µm.) 

Corrected 

Calculated 

Crack 

Length (µm.) 

SEM 

Crack 

Length 

(µm.) 

1 0 0.01 0.0040 3933.03 2032.00 2032.00 

1 50000 0.01 0.0040 3933.03 2032.00 2143.00 

1 100000 0.01 0.0040 3933.03 2032.00 2322.00 

1 150000 0.012 0.0060 4321.85 2826.12 2563.00 

1 200000 0.013 0.0070 4501.98 3155.87 2861.00 

1 250000 0.014 0.0080 4655.65 3444.28 3217.00 

1 300000 0.016 0.0100 4929.33 3927.48 3753.00 

1 350000 0.022 0.0160 5573.40 4926.03 4579.00 

1 400000 Fractured Fractured Fractured 

 

Fracture 

13 0 0.01 0.0040 3933.03 2032.00 2032.00 

13 50000 0.011 0.0050 4141.72 2457.90 2069.00 

13 100000 0.011 0.0050 4141.72 2457.90 2266.00 

13 150000 0.011 0.0050 4141.72 2457.90 2468.00 

13 200000 0.012 0.0060 4321.85 2826.12 2714.00 

13 250000 0.013 0.0070 4501.98 3155.87 3012.00 

13 300000 0.015 0.0090 4792.49 3697.12 3448.00 

13 350000 0.018 0.0120 5170.53 4317.51 4037.00 

13 400000 0.026 0.0200 5862.17 5369.54 5026.00 

27 0 0.01 0.0040 3933.03 2032.00 2032.00 

27 50000 0.01 0.0040 3933.03 2032.00 2126.00 

27 100000 0.011 0.0050 4141.72 2457.90 2262.00 

27 150000 0.011 0.0050 4141.72 2457.90 2506.00 

27 200000 0.012 0.0060 4321.85 2826.12 2672.00 

27 250000 0.013 0.0070 4501.98 3155.87 3022.00 

27 300000 0.015 0.0090 4792.49 3697.12 3461.00 

27 350000 0.017 0.0110 5066.16 4137.38 4004.00 

27 400000 0.025 0.0190 5791.05 5268.82 4945.00 

45 0 0.01 0.0040 3933.03 2032.00 2032.00 

45 50000 0.01 0.0040 3933.03 2032.00 2121.00 

45 100000 0.011 0.0050 4141.72 2457.90 2296.00 

45 150000 0.011 0.0050 4141.72 2457.90 2418.00 

45 200000 0.012 0.0060 4321.85 2826.12 2689.00 

45 250000 0.014 0.0080 4655.65 3444.28 3048.00 

45 300000 0.015 0.0090 4792.49 3697.12 3462.00 

45 350000 0.018 0.0120 5170.53 4317.51 4050.00 

45 400000 0.025 0.0190 5791.05 5268.82 5046.00 

46 0 0.01 0.0040 3933.03 2032.00 2032.00 

46 50000 0.011 0.0050 4141.72 2457.90 2139.00 
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46 100000 0.011 0.0050 4141.72 2457.90 2315.00 

46 150000 0.011 0.0050 4141.72 2457.90 2450.00 

46 200000 0.012 0.0060 4321.85 2826.12 2784.00 

46 250000 0.013 0.0070 4501.98 3155.87 3160.00 

46 300000 0.015 0.0090 4792.49 3697.12 3639.00 

46 350000 0.018 0.0120 5170.53 4317.51 4260.00 

46 400000 0.038 0.0320 6512.04 6224.37 5696.00 

47 0 0.01 0.0040 3933.03 2032.00 2032.00 

47 50000 0.01 0.0040 3933.03 2032.00 2152.00 

47 100000 0.011 0.0050 4141.72 2457.90 2321.00 

47 150000 0.012 0.0060 4321.85 2826.12 2498.00 

47 200000 0.013 0.0070 4501.98 3155.87 2809.00 

47 250000 0.014 0.0080 4655.65 3444.28 3112.00 

47 300000 0.015 0.0090 4792.49 3697.12 3499.00 

47 350000 0.019 0.0130 5271.25 4497.65 4291.00 

47 400000 0.032 0.0260 6225.52 5860.46 5498.00 

22 0 0.01 0.0040 3933.03 2032.00 2032.00 

22 50000 0.01 0.0040 3933.03 2032.00 2111.00 

22 100000 0.011 0.0050 4141.72 2457.90 2295.00 

22 150000 0.012 0.0060 4321.85 2826.12 2494.00 

22 200000 0.013 0.0070 4501.98 3155.87 2714.00 

22 250000 0.014 0.0080 4655.65 3444.28 2997.00 

22 300000 0.016 0.0100 4929.33 3927.48 3370.00 

22 350000 0.018 0.0120 5170.53 4317.51 3992.00 

22 400000 0.023 0.0170 5648.81 5062.87 5151.00 

23 0 0.01 0.0040 3933.03 2032.00 2032.00 

23 50000 0.01 0.0040 3933.03 2032.00 2128.00 

23 100000 0.011 0.0050 4141.72 2457.90 2297.00 

23 150000 0.011 0.0050 4141.72 2457.90 2506.00 

23 200000 0.012 0.0060 4321.85 2826.12 2661.00 

23 250000 0.013 0.0070 4501.98 3155.87 2988.00 

23 300000 0.015 0.0090 4792.49 3697.12 3449.00 

23 350000 0.017 0.0110 5066.16 4137.38 3960.00 

23 400000 0.023 0.0170 5648.81 5062.87 4955.00 

28 0 0.01 0.0040 3933.03 2032.00 2032.00 

28 50000 0.011 0.0050 4141.72 2457.90 2093.00 

28 100000 0.011 0.0050 4141.72 2457.90 2259.00 

28 150000 0.011 0.0050 4141.72 2457.90 2461.00 

28 200000 0.012 0.0060 4321.85 2826.12 2694.00 

28 250000 0.013 0.0070 4501.98 3155.87 3046.00 

28 300000 0.015 0.0090 4792.49 3697.12 3399.00 
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28 350000 0.017 0.0110 5066.16 4137.38 3917.00 

28 400000 0.025 0.0190 5791.05 5268.82 5118.00 

43 0 0.01 0.0040 3933.03 2032.00 2032.00 

43 50000 0.011 0.0050 4141.72 2457.90 2129.00 

43 100000 0.011 0.0050 4141.72 2457.90 2266.00 

43 150000 0.012 0.0060 4321.85 2826.12 2489.00 

43 200000 0.013 0.0070 4501.98 3155.87 2694.00 

43 250000 0.013 0.0070 4501.98 3155.87 3035.00 

43 300000 0.015 0.0090 4792.49 3697.12 3386.00 

43 350000 0.018 0.0120 5170.53 4317.51 3972.00 

43 400000 0.024 0.0180 5719.93 5168.11 5199.00 

44 0 0.01 0.0040 3933.03 2032.00 2032.00 

44 50000 0.01 0.0040 3933.03 2032.00 2103.00 

44 100000 0.011 0.0050 4141.72 2457.90 2256.00 

44 150000 0.011 0.0050 4141.72 2457.90 2450.00 

44 200000 0.012 0.0060 4321.85 2826.12 2672.00 

44 250000 0.013 0.0070 4501.98 3155.87 2986.00 

44 300000 0.014 0.0080 4655.65 3444.28 3289.00 

44 350000 0.016 0.0100 4929.33 3927.48 3799.00 

44 400000 0.021 0.0150 5472.68 4789.19 4967.00 

48 0 0.01 0.0040 3933.03 2032.00 2032.00 

48 50000 0.011 0.0050 4141.72 2457.90 2108.00 

48 100000 0.011 0.0050 4141.72 2457.90 2249.00 

48 150000 0.012 0.0060 4321.85 2826.12 2472.00 

48 200000 0.013 0.0070 4501.98 3155.87 2590.00 

48 250000 0.013 0.0070 4501.98 3155.87 2994.00 

48 300000 0.015 0.0090 4792.49 3697.12 3426.00 

48 350000 0.017 0.0110 5066.16 4137.38 3989.00 

48 400000 0.024 0.0180 5719.93 5168.11 4865.00 
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