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Abstract

Stents are widely used in the treatment of vascular disease and they represent

one of the most valuable medical device markets. It has been observed that

the mechanical characteristics of a stent influences clinical outcomes.

This thesis is concerned with the design of expansion mechanisms of bal-

loon expandable stents based on the principles of lattice mechanics. Balloon

expandable vascular stents are mesh-like, tubular structures used mainly to

prop open narrowed arteries, and also to provide sealing and anchorage in

a stent-graft for treatment of aneurysms or dissections. Presence of a spa-

tially repeating geometric pattern of a ‘unit’ or a cell is a striking feature of

stents. Lattice mechanics deals with such spatially periodic materials and

structures.

The focus is on the plastic expansion phase of a stent from the initial

crimped configuration. The elastic post-expansion phase is also considered.

Eight unit cell-based stent designs are selected for this work. Their expan-

sion characteristics are analyzed and measured. Analytical methods based

on kinematics of stent expansion mechanisms are presented first which are

then validated with more detailed Finite Element (FE) calculations. Analyt-

ical methods developed in this work aid rapid design calculations in select-

ing appropriate unit cell geometries. Three of the designs are manufactured

through laser micromachining and tested for their expansion characteristics.

The analytical methods were validated as they predicted similar expan-

sion characteristics as finite element and experiment. Additionally, the study

confirmed that stent designs with positive, negative, or zero axial strain over

expansion is possible. Finally, the study suggest that unit cell design can be

tailored to obtain desired length-diameter and pressure-diameter character-

istics over the expansion phase of stenting.
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Chapter 1

Introduction

1.1 Background on Stenting

Stents are medical devices used to hold open various lumens within the

body, often fluid-carrying vessels. In the arterial system, stents typically

take the form of a tubular mesh-like structure. Arterial stents are used to

open stenosed arteries through angioplasty or in anchoring a stent-graft to

treat an aneurysm or dissection.

The mesh-like stent can be viewed as a lattice, where a geometric unit cell

is repeated in the circumferential and axial directions of the stent to form the

device. In lattice materials, the properties of the unit cell have been shown

to dictate the effective macroscopic properties of the macrosctucture [1, 2] .

Thus, a rational starting point in stent design would be the selection of a unit

cell with desirable properties. This analysis focuses on the expansion phase

of stenting, which links to the earlier work in our group on the post-deployed

mechanics of stents [3].

Anatomy, physiology, disease, and endovascular surgery will first be de-

scribed to serve as a general background and set the context for stent design.

1.1.1 Anatomy and Physiology

Before designing stents, the anatomy and physiology of the artery should

be considered such that the design of the device can account for properties

and constraints resulting from the tissue. For this thesis, stents are sized

for the aorta, so discussion will focus on this artery. The designs and the

paradigms behind these designs are generally scalable to smaller vessels.

1



1.1. Background on Stenting

Gross Anatomy of the Aorta

The aorta is the largest artery in the peripheral vascular system, spanning

a length of 50-70 cm with a diameter of 2.5-3.5 cm [4] (see Figure 1.1). The

aorta tapers along its length, and widens by approximately one millimeter

per ten years of age in healthy adults. It rises from the left ventricle, then

arches anteriorly (towards the front chest wall) and cranially (towards the

head), before turning posteriorly (towards the rear chest wall) and caudally

(away from the head). It descends parallel to the spine until the bifurcation

in the mid-abdomen to the iliac arteries. Commonly, the aorta is described

by four anatomical sections: the ascending aorta, the aortic arch, the de-

scending thoracic aorta, and the abdominal aorta.

The ascending aorta starts at the aortic valve, which divides the aorta

from the left ventricle. Just distal to the aortic valve are the coronary artery

branches which feed the heart and are infamous for atherosclerosis leading

to heart attacks. The ascending aorta is about 5 cm long, and, with the

pulmonary trunk, is covered by the visceral pericardium.

Cranial to the ascending aorta is the aortic arch, where the branches to

the brachiocephalic trunk, left common carotid artery, and left subclavian

arteries are found. These arteries feed the head, brain, and upper extrem-

ities. The aorta curves considerably to reverse in direction to a downward

flow in this section, although the radius of the curvature is individually

variable.

Caudal to the aortic arch is the descending thoracic aorta, often referred

to merely as the descending aorta. This section of the aorta is tethered

by fascia to the posterior thoracic wall, near the spine. This section of the

aorta includes only minor branches serving organs in the thoracic cavity:

one right and two left bronchial arteries; nine pairs of intercostal arteries;

and the pericardial, esophageal, mediastinal, subcostal, and superior phrenic

arteries.

The abdominal aorta is separated from the descending thoracic aorta

as it passes through the diaphragm, and continues until the bifurcation to

the iliac arteries at the L4 vertebra. The major branches of the abdominal

2



1.1. Background on Stenting

Figure 1.1: The aorta and its branching vessels, with aneurysm examples.
Open source image from the National Institutes of Heath, USA

aorta are the celiac axis, servicing the stomach, liver, and spleen; the su-

perior mesenteric artery, servicing the small intestine and proximal colon;

the inferior mesenteric artery, servicing the distal colon and rectum; and

the pair of renal arteries, servicing the kidneys. Minor branches include the

suprarenal, ovarian or testicular, and middle sacral arteries. There are also

three sets of paired branches: the inferior phrenic and lumbar arteries.

3



1.1. Background on Stenting

Layers of the Aorta

The aorta can be viewed as a composite material, consisting of three layers

with each layer itself having a heterogeneous structure [4]. Compared to

other arteries, the healthy aorta is more elastic; other arteries may be mus-

cular or arterioles, depending on the composition of the middle layer (tunica

media) of the artery. The deepest layer of the aorta is the tunica intima,

which gives one fifth of the thickness of the aortic wall. A single layer of

simple squamous epithelial cells line the inner surface of the intima. It is this

thin layer of cells that comes into contact with the blood, and is thought to

govern a significant portion of the biological response to implanted devices.

Superficial to the epithelial layer is a layer of fibroblasts and macrophages,

which are surrounded by an acidic, mucopolysaccaharide-rich extra-cellular

matrix, which also contains some elastin.

Superficial to this is the tunica media, the layer giving the aorta its high

radial strength and elasticity. It consists of concentric lamellar of elastin; the

innermost of these defines the border with the intima and is known as the

internal elastic lamina. With age, this border loses definition and is often

indistinguishable in elderly age. Each lamellae is separated by a layer of in-

tercellular ground substance, containing thinner strands of elastin, collagen,

and undifferentiated smooth muscle cells. The number of layers of lamellae

decreases distally: there are approximately 56 layers in the ascending aorta

and 26 layers in the abdominal aorta.

The most superficial layer of the aorta is the tunica adventitia, which

is a thin, collagen-rich layer containing fibroblasts and some smooth muscle

cells. The adventitia also contains the vasa vasorum, which is itself a system

of blood vessels, supplying the cells in the artery wall. It consists of small

branching arterioles that go from the superficial plexus in the adventitia

to the deep plexus in the media. The internal lamellae and the intima do

not have deep plexus arterioles, meaning that mass transfer with these cells

must first be through the interstitial fluid. The adventitia also contains the

nervi vascularis network of the nervous system.

4



1.1. Background on Stenting

1.1.2 Flow in the Aorta

Before discussing pathology of the aorta that requires the intervention of

medical devices, it is worth noting the healthy function to set a contrast

with disease, to develop goals for the devices, and to guide in vitro testing

of devices. A pulsatile flow is produced in the aorta by the left ventricle [5].

Ventricular contraction induces a pressure wave that travels through the

arterial system, followed by a slower wave of fluid translation. The speed of

the pressure wave depends on the local stiffness of the artery wall; distally,

where the artery is stiffer, the pressure wave propagates faster. The shape of

the pressure wave also changes through the arterial system, having a more

pronounced systolic phase as it propagates distally.

The propagation of the pressure and velocity waves is not trivial. Prox-

imally, the incursia, or entrance condition arising from the flow through the

aortic valve must be considered. In addition to the effect of changing vessel

properties mentioned above, further complexity is added by reflection of the

pressure waves and damping from viscous tissues both in and surrounding

the artery. This reflection is most noted at the site of the renal branches

and distal to the iliac bifurcation. These two locations are critical to per-

formance of stent-grafts treating some clinical presentations of Abdominal

Aortic Aneurysms (AAA). These locations and other pressure nodes and

anti-nodes require Fourier analysis and assumptions of linear response and

periodic occurrence in their analysis. The periodic assumption is valid if

a subject’s heart rate is constant, but the assumption of linearity must be

used cautiously as body tissues and even fluids can exhibit highly non-linear

behaviors.

Similar to the analysis of the pressure wave propagation, the analysis of

the velocity waves propagation is complex and only possible through use of

instruments that have only recently become available. The velocity pulse

leads the pressure pulse; the flow initially has less resistance in flowing down

the artery than in expanding the flexible walls of the artery. Interestingly,

backflow exists even in the healthy aorta and femoral arteries. This backflow

is seen during the late diastolic phase, and in the center of the vessel. This

5



1.1. Background on Stenting

creates flattened velocity profiles during the diastole, where shear stresses

are concentrated by the walls of the artery. This flow is predominately

laminar, but may become turbulent or near turbulent near the left ventricle,

more distally at the peak systolic velocity, or if there is a local disturbance or

occlusion to the flow. This turbulence or near-turbulence further complicates

analysis as it results in a non-linear pressure-flow relation, a greater pressure

drop through the turbulent zone, and increased maximum shear rates.

A value named aortic input impedance is given to a frequency-domain

metric comparing the pressure and flow pulses. Aortic input impedance is

a lumped value giving information about the compliance and dimensions of

the downstream arterial network. At high heart rates, impedance is typically

less than 2%.

Change in the artery wall can present in several ways. The geometry of

the vessel lumen is thought to be at least partially governed by the fluid shear

stresses and wall stresses in the artery. This can result in vascular remodeling

of the endothelium, or changes in the wall geometry through smooth muscle

proliferation. These topics are closely linked with atherosclerosis, both in

how they are thought to be formed, and in how they result in the narrowing

of the vessel [5]. Aneurysms are another aspect of arterial morphology, the

treatment of which is the focus of this thesis. Aneurysms may form in any

artery, although they are most common in the aorta. There are there main

categories of aneurysm: atherosclerotic, syphilitic, and dissecting.

1.1.3 Arterial Disease: Atherosclerosis and Aneurysms

Atherosclerosis and aneurysms are two diseases that may require stents as

part of their treatment protocol. Recent statistics in the United States show

that coronary heart disease results in 445 687 deaths a year, accounting for

one in five deaths [6]. An estimated 1 255 000 heart attacks occur annually

in the United States.

Approximately two million people are estimated to have abdominal aor-

tic aneurysms in the United States, and rupture of these aneurysm are esti-

mated to cause 6 000 to 10 000 deaths annually [7].

6



1.1. Background on Stenting

Stents are commonly associated with opening coronary vessels narrowed

by atherosclerosis. Atherosclerosis, the culprit behind myocardial infarction

(commonly referred to as a heart attack), has such a high prevalence in

western culture that “its absence in middle life or beyond, not its presence,

is noteworthy” (p.89, Lindsay 1994) [8]. Atherosclerotic lesions, commonly

referred to as plaques, are lipid-filled smooth muscle cells with a matrix of

lipids, collagen, elastin, and proteoglycans. These plaques directly lead to

stenosis and reduction of blood flow, and the rupture of this plaque can

lead to occlusion of the artery and subsequent myocardial infarction. Risks

leading to atherosclerosis are: a history of smoking, diabetes mellitus, hy-

percholesterolemia, and hypertension. Stents are a common treatment for

atherosclerosis, where a stent is used in conjunction with balloon angioplasty

to expand the lumen of the vessel, improving flow.

Aneurysm are another common arterial disease. Stents can be used with

a fabric tube to make a stent-graft bridging an aneurysm, isolating it from

blood pressurization and reducing rupture risk, or as an addition to seal and

prevent migration of these devices. The stents considered in this thesis are

nominally sized for the aorta, so the aortic pathologies will be discussed in

more depth.

Since anatomy ranges widely, it is difficult to categorize what is an

aneurysm and what is not. Kent and Boyce suggest that the dilation of

the vessel by 1.5 or greater its normal size classifies an aneurysm [9]. This

is clearly an arbitrary definition but is included to give some context to the

reader. The first successful aneurysm repair was in 1955, and the surgery

now has a 2-3% mortality rate for elective surgeries. This is contrasted with

a 50-90% mortality rate of a ruptured aneurysm. The unpredictable nature

of aneurysm growth and rupture is considered against these statistics, and

together they provide motivation for elective aneurysm repair thought to be

in danger of rupturing. The risk factors for atherosclerotic aneurysms are

the same as for atherosclerosis.

Aortic aneurysms are most common in the infrarenal location in the

abdominal aorta just distal to the renal arteries. One theory is that the vasa

vasora is less developed here than other aortic locations, resulting in nutrient
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deficiency and faster aging of the extracellular lattice that gives the artery

its mechanical properties. Another theory is that aneurysms in this location

is due to increased stresses or resonance resulting from the node formed

from the reflected pressure wave. Yet a third theory is that aneurysms are

the result of an enzyme pathology, making it possibly a genetic disease.

Arterial tissue of aneurysms are noted for having less and degraded collagen

and elastin compared to healthy tissue. Generally this is thought to be the

a step in the pathway causing an aneurysm, but some contend that it could

instead be a symptom of the aneurysm [9].

Aneurysms can also be caused by other better known pathways. Myotic

aneurysms are caused by infections. Connective tissue disease can also cause

aneurysms such as Marfan syndrome and Ehlers-Danlos syndrome. These

are more often noted in the ascending aorta. The breakdown of the connec-

tive tissues weakens the vessel and can lead to aortic dissection, which can

be concurrent or independent of an aneurysm.

Syphilitic aortis is the aortic disease resulting from the attack of tre-

ponema pallidum bacteria on the vasa vasorum, resulting in damage to the

tissue supported by the vasa vasorum [10]. Of patients with syphilitic aortis,

5-10% develop aneurysm, 50% of these are in the ascending aorta, 30-40%

are in the aortic arch, 10-15% are in the proximal descending thoracic aorta,

and less than 5% are in the abdominal aorta. This counters the typical

presentation of aortic aneurysms, which are most commonly found in the

abdominal aorta. Untreated, syphilitic aneurysms have a two year mortality

rate of 80%.

Aneurysms can also be classified based on the appearance of the vessel

weakness. A true aneurysm is a weakness and dilation of the entire vessel,

caused by atherosclerosis, medial degeneration, or aortic dissection. This is

contrasted with a false aneurysm which has a localized but full-thickness oc-

currence and allows blood to circulate outside of the artery. These are caused

by trauma and infection, and are also referred to as pseudo-aneurysms.

An additional aneurysm classification divides the disease between fusiform

and saccular aneurysms. Fusiform aneurysms have a more tapered shape,

often from the atherosclerotic version of the disease. Saccular aneurysms,
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on the other hand, are more localized and balloon-like. These are also

commonly atherosclerotic, as well as syphilitic and myotic versions of the

disease.

1.1.4 Stents and Endovascular Surgery

Stenting and endovascular surgery in general were pioneered by Dotter, first

reporting on the percutaneous dilation of obstructions in 1964 [11]. Later,

Dotter described the implantation of a coil stent in dogs [12] and then in

humans [13] to reduce the recoil of the stenosis after the dilator is removed.

However, it was not until Palmaz-Schatz’s “slotted tube” stent design that

the use of stents became widespread [14]. The Palmaz stent continues to be

used clinically today, and forms the basis for the “Diamond” stent considered

in this thesis.

Endovascular surgery has since grown to become a diverse field encom-

passing a number of procedures. In general, access to the vascular system

is made at a peripheral site, such as the femoral or bracial artery. A variety

of tools are used in endovascular surgery, but some essentials are sheaths,

guidewires, catheters, imaging devices, and contrast agents [15]. After at-

taining vascular access, sheaths are used to provide a port to the artery,

providing a relatively straight lumen for inserting additional devices as well

as a valve preventing excessive bleeding through the access site.

Guidewires are then inserted to provide a “rail” for catheters to fol-

low. Guidewires are easier to maneuver through complex and tortuous

anatomy than catheters and can straighten tortuous vessels. Guidance for

guidewire positioning is provided by a medical imaging device, most typi-

cally flouroscopy. Catheters are then advanced over the guidewires to the

target site, also visualized by flouroscopy.

In the case of angioplasty, the catheter is a balloon catheter, where

an inflatable balloon is located at the end of the catheter. This balloon

applies an expansive force on a stenosis, molding it open. This reduces

resistance in the artery, increasing flow. Often, the artery will partially

return to a stenosis with balloon angioplasty alone. To prevent this, a

9



1.1. Background on Stenting

balloon-expandable stent is often used over the angioplasty balloon. The

stent plastically deforms around the balloon, forming a scaffold that props

the artery open and resists recoil of the plaque/ artery. See Figure 1.2.

Self-expanding stents and stent-grafts are also common endovascular

tools. These devices are crimped to greatly reduce their inner lumen and

loaded on a catheter. The insertion procedure is similar to balloon-expandable

stents, except a mechanism releasing the self-expanding stent is used instead

of a balloon to get the device to expand to its final diameter. Accord-

ingly, balloon-expandable stents are typically stiffer and less elastic than

self-expanding stents. Conversely, self-expanding stents are more resilient

to crushing, for example when used in arteries going through joints where

bending of the stent is probable.

1.1.5 Complications of Stenting

Stent use is now widespread although not without complications. Thrombo-

sis, neointimal hyperplasia, and vessel injury are among these complications,

and all have been shown to be intimately connected to stent design choice

[16]. Thrombosis is due to the clotting action of blood, often in reaction

to foreign materials and surfaces. Neointimal hyperplasia refers to tissue

growth into the stented lumen. Neointimal hyperplasia is a mid-term com-

plication of stenting, where epithelial and eventually smooth muscle cells

migrate. Some groups [3] [17] view the course of neointimal hyperplasia as

being largely guided by changes in structural and fluid shear forces. Vessel

injury is an acute complication dependent on the mechanics of the implan-

tation procedure.

Thrombosis can be managed with medication, and stents eluting sirolimus

or paclitaxel have been made to reduce neointimal hyperplasia. However,

recent reports have raised some questions about the lack of improvement to

long-term survival and freedom from death and stent thrombosis [18] and

very late thrombosis events [19] in drug-eluting stents.

Stent design has been shown to have a prolific impact on thrombosis and

neointimal hyperplasia [20] [21] [16], but little study has been preformed on
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Figure 1.2: A stent, expanded by a balloon, props open a plaque in an
artery. Open source image from the National Institutes of Heath, USA
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what specific mechanism of design cause these effects.

These findings have provided motivation for the present study into mech-

anism of stent design.

1.2 Mechanics of Stents

Other groups have studied various mechanical parameters of stenting, often

with finite element (FE) or experimental methods. A variety of methods are

used to model the balloon, stent, and artery during expansion, in initial con-

tact with the artery, and the long term, cyclic loading the stent experiences

insitu.

Hara et al. reviewed many stent parameters and the state-of-the-art of

stent design in 2005 [22]. The radial flexibility of a stent is important: if

the stent is too elastic, it will recoil when the balloon is deflated, resulting

in reduced lumen gain. For example, coiled stents have less lumen gain and

higher late loss than tubular and corrugated designs. Corrugated designs

have been shown to have lower neointimal hyperplasia than a slotted tube

(Palmaz-Schatz) design in animal trials. Hara et al. also reported that stents

that deploy with a more circular cross section appear to have larger late lu-

mens. In the same review, materials and coatings are discussed. Covered

stents have been tried but were not found to reduce restenosis. Biodegrad-

able stents had been proposed to reduce restenosis, and recently (2011), the

Abbott Absorb bioresorbable stent has been approved in some jurisdictions.

Thinner struts were recommended to reduce restenosis and re-intervention

rates. For stent coatings, gold appears to increase restenosis and platelet

formation; silicon carbide showed no significant difference over bare metal;

heparin reduced thrombosis and smooth muscle cell migration and prolif-

eration in some studies, but randomized trials showed no impact of the

coating. Drug-eluting coatings, which are essentially locally toxic drugs dis-

rupting the cell cycles of nearby cells, have been virtually proven to reduce

restenosis but not eliminate it. One stent design parameter is if the unit cell

used is a “closed cell” or “open cell”. Closed cell designs have a higher strut

density. Open cell designs have a lower strut density by removing selected
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struts in the stent’s lattice. Closed cell stent designs provide better drug

distribution than open cell designs, but have reduced flexibility. In practice,

this becomes even more complicated as stents rarely expand into smooth,

straight arteries. Thus, relative positioning of struts within a stent can vary

in different patients for the same stent design.

Moore et al. reviewed the effect of stent design on hemodynamic and

arterial wall stress [23]. Flow disruption is a key issue with stent design.

The manufacture of a stent makes struts that inherently cause backward

and forward facing steps in the wall condition of the flow. These steps cause

local stagnation points (low fluid shear stress), which have been shown to

lead to tissue growth. Large spaces axially between struts have been found

to be important; too short of spacing and the periodic stagnation zones

combine into a continuous stagnant layer, particularly in smaller stents such

as those for the coronary arteries. Shear stress has been shown to promote

endothelial cell migration. High stress may cause platelet activation and

thrombosis. Solid mechanics based stress on tissue from the stent was also

reviewed by Moore et al. Both stresses from acute expansion as well as

long term stresses from the blood pressure cycle likely impact outcomes

of stenting. The review included several sources providing evidence that

arteries grow and thicken in response to stress concentrations and low wall

shear stresses.

Probably the most rigorous simulation of stent-artery interaction was

preformed by Holzapfel et al [24]. The geometry of an external iliac artery

harvested post-mortem from a 65 year old woman was extracted using

hrMRI. Non-linear material models were then applied to six different layers

of the artery-plaque model. The Multi-Link Tetra (Guidant, now Boston

Scientific), NOROYAL-elite (Boston Scientific), and InFlow Gold Flex (In-

Flow Dynamics, now Boston Scientific) were considered as parameterized

base unit cell designs. The lengths, thicknesses, and radius of curvature of

various struts within these stents were then manipulated for comparison.

The stent is expanded through displacement boundary conditions applied

to the inner surface of the stent and a physiologic blood pressure is applied

to the artery. One parameter the study examined was the effect of stent
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design on arterial stress for different ratios of mismatch between the lumen

of the unstented artery and the expanded lumen. Larger mismatches cause

different levels of stress for different stent designs. Stent unit cell geometry

was found to have one of the largest effects on the resultant stress state.

Reducing strut thickness was also shown to be a contributing factor, but to

a lesser degree.

Tan et al studied the Palmaz-Schatz (Cordis) and Freedom (Global Ther-

apeutics, now Cook) stent geometries using finite element, looking at the

effects of changing strut thickness, number of struts circumferentially, and

plaque stiffness to compare the two stent designs [25]. They also proposed

an analytical model of expansion for the Freedom stent and qualitatively

described the expansion of the stents as being plastic hinges. They found

that the Palmaz-Schatz stent had a more distributed plastic hinge zone, and

therefore this stent would be less likely to have strut fracture and is less lim-

ited in its expansion diameter. However, the Freedom stent was found to be

more axially flexible. Axial flexibility lets stents fit better in curved arteries

and tract through more tortuous anatomy during delivery of the stent to

the target lesion.

The plastic hinge model of strut expansion was also mentioned by Char-

alambides in his thesis [26]. The Taxus (Boston Scientific) stent was mod-

eled with variation of some parameters for comparison, and the balloon and

artery were included in some parts of the analysis. Abaqus CAE (Standard)

was used for the analysis, using the Ramberg-Osgood material model. In

part of the analysis, single struts are modeled as being representative of the

entire structure. The width and thickness of the strut are varied to deter-

mine the contribution of each to the stress concentrations resulting from

expansion. An analytical expression for stent expansion as a function of

stent strut angle is presented for this particular geometry assuming a plas-

tic hinge. Loading for stent expansion analysis was provided by applying a

pressure of 20 N/mm2 to the inner surface of the stent.

An analytical model along with FE analysis on woven stents (for exam-

ple, the Wallstent (Boston Scientific) was developed by Zahora [27]. Few

analytical models exist for corrugated and slotted tube-style stent designs.
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The S7 (Medtronic) and NIR (Boston Scientific) stents were compared

through FE by Lally et al. [28]. The expansion phase was not considered, in-

stead stents of an assumed expanded geometry were placed in an stretched

artery, then the stretching forces were removed allowing the artery to re-

coil around the stent. The inner surface of the stent was then loaded with

systolic-equivalent pressure. The authors found that the NIR stent had

higher stress concentrations, and commented that this matches clinical find-

ings that the NIR stent has nearly twice the reported restenosis rate at a

six month follow up.

A finite element-based parametric study of stents based on the corru-

gated ring design was reported by Bedoya et al [29]. Strut spacing, radius

of curvature, amplitude of corrugation, and arterial area coverage were var-

ied. The stent was modeled in an expanded state from an assumed geometry.

The artery was then stretched, and finally allowed to recoil around the stent.

The study predicted that axial corrugation spacing has the greatest impact

on arterial stress, with broadly spaced rings having reduced arterial stress.

Increasing the amplitude of the corrugations and avoiding sharp corners are

also predicted to be beneficial to reduce stress imposed on the artery.

Radial stent-artery compliance mismatch was described by Berry et al.,

who proposed a stent design reducing this mismatch particularly in the ends

of the stent [17]. Their Compliance Matching Stent (CMS) is compared to a

shorter Palmaz-Schatz stent through FE and in vivo hemodynamic analysis

in a swine model. The CMS was found to have a more distributed stress

profile, with a three to five times reduction in peak circumferential stress.

Petrini et al. also considered axial flexibility of stents using FE by impos-

ing rotations about orthogonal axis at the ends of the stent [30]. The study

considered the BX Velocity (Cordis) and Sirus (Carbosent) stents in their

crimped and expanded configurations. The major design difference between

the two stent designs is the degree of and configuration of a corrugated strut

that axially links coils of circumferentially running struts. The BX Velocity

stent was found to have a greater axial flexibility.

Mori et al. used FE and experiments to compare axial flexibility of stents

using four point bending and uniform moment bending methods [31]. The
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authors discouraged the use of a cantilever method of fixing one end of the

stent and loading the opposite as it does not result in a representative or

even distribution of stresses along the specimen. The study compared four

different flexure designs of struts axially connecting coils of circumferentially

running struts. They found that design is highly important for stent flexi-

bility, although highly flexible designs might have poor patency. Their most

flexible design was seen to have localized kinking, which also resulted in a

reduced and non-circular lumen.

Balloon design also plays a pivotal role in stent mechanics. Ju et al.

preformed a finite element study of Palmaz-Schatz expansion with balloons

of different lengths [32]. The study reported that over-length balloons result

in the appearance of dogboning, or end-flair, in the stent. Using under-

length balloons, the opposite effect is seen and the ends of the stent are

under expanded. Ju et al. also demonstrated the use of symmetry in a stent

to model only a portion of the stent, reducing computational requirement.

Wang et al. also studied the effect of balloon geometries on the expansion

of two stent designs in FE and under digital camera observation [33]. One of

these stent designs has the interesting and useful property of having near-

zero foreshortening with radial expansion due to a “v-shaped connector”

between circumferentially running rings of the stent. The study found that

stent geometry and balloon geometry both contribute to the “dogbone”

flaring phenomenon.

Beule et al. simulated the expansion of a Cypher (Cordis) stent using

different models for the balloon [34]. Many previous studies have used pres-

sure applied to the inner surface of the stent or a smooth balloon model that

expands the stent. Beule et al. simulated these conditions as well as a model

of a folded balloon, which is more representative of the reality. The folded

and unfolded balloon models produced quite similar results, but applying

pressure directly to the inner surface was found to deviate somewhat from

these.

In vivo examination of neointimal hyperplasia by intravascular ultra-

sound (IVUS) was reported by Hoffmann et al. [35] . They found the

Multi-Link stent (Guidant, now Boston Scientific) had the lowest neoin-
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timal hyperplasia of four stent designs. Recall the Multi-Link stent is a

near zero-foreshortening design. The Palmaz-Schatz (Cordis) stent had the

second lowest neointimal hyperplasia, followed by the NIR stent (Boston

Scientific), and then the InFlow stent (InFlow Dynamics, now Boston Sci-

entific).

Sick et al. also reported human, in vivo follow up of restenosis with

the Micro II (AVE, now Medtronic), Sito (Sitomed), Pura Vario (Deven

Medical), and InFlow stents [36]. Some of these designs have near-zero

foreshortening, some do not. Strut thickness varies between design. In

contrast to Hoffmann et al., this study found no significant difference in

restenosis or adverse events at a six month follow up in a study of 925

patients.

Yoshitomi et al. randomly assigned one hundred coronary stenting pa-

tients either a Multi-Link or GFX (AVE, now Medtronic) stent [37]. On

four month follow up by IVUS, the Multi-Link stent patients were found

to have a larger minimal lumen in the stented artery and a four percent

restenosis rate. The GFX stent had a twenty-six percent restenosis rate.

The authors noted several differences in the mechanical designs of the two

stents; Multi-Link struts have half the thickness, a lower metallic surface

area, and a different unit cell design.

A swine in vivo model was studied by Sullivan et al. to compare the

Palmaz-Schatz stent with a novel design [38]. The novel design intentionally

had thicker struts and sharper corners to induce higher stresses. The authors

found a statistically significantly higher restenosis rate and a higher rate

of vascular injury (defined as fracture of the internal elastic lamina). A

correlation was found between injury severity and neoinitmal hyperplasia

thickness. From the results of the study, stent designs with low-profile struts

and geometries were recommended to reduce local stress concentrations.

As can be seen from the presented literature, there are many competing

design parameters involved in the design of stents. However, relatively little

focus has been given to the unit cell geometry used in the stent’s design,

which is surprising since this parameter has one of the highest impact on the

stent’s mechanics. Our group has previously studied the effect of unit cell
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geometry on stent mechanics using finite element analysis on stents under

blood pressure loading [3]. This study controlled parameters except unit cell

geometry. The primary findings of this study was that stent architecture can

be designed to make stents that shrink, stay constant, or elongate axially

when expanded radially, and that unit cell design has a large impact on the

radial compliance of the stent. For this study, only blood pressure loading

directly on the stent is considered, and the boundary conditions are not

representative of reality. The stents are modeled as assumed expanded ge-

ometries, and thus have idealized geometries and do not account for material

properties changes due to manufacturing or plastic expansion.

The purpose of this thesis is to extend previous work on lattice-inspired

stent design to include the expansion/ deployment phase of stent mechanics

modeling.

1.3 Lattice Mechanics

In addition to prior work on stents, an introduction of lattices and their

analysis is needed to provide background for this thesis. Stents can be viewed

in some ways as 2D lattices using a cylindrical coordinate system, although

they are loaded and expand plastically in the third (radial) dimension. Most

of the literature focuses on 2D planar geometry loaded within the linear

range, although plastic deformations have also been considered [39] [1].

Early work on this topic was summarized in a two volume book by

Baker, outlining analysis of elastic and plastic structures starting before

and continuing through the Second World War [39]. An early application of

this theory was used to design bomb shelters capable of protecting occupants

from blasts by absorbing energy through plastic deformation.

Prior to this and related work, the previous paradigm was that struc-

tures’ yield points were considered their failure points. However, structures

can survive beyond yield and may be required to in order to perform their

desired function. Stents, for example, require a large plastic strain (typically

100-500%) to function. Baker presented analysis that is now standard for

bending loading, with a lesser shear component. While Baker focused his
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analysis on deformable structures, typically box-like in design, the analysis

is analogous to the unit cell analysis of a lattice structure.

Such unit cell analysis was reported by Gibson et al. for a planar, 2D

hexagonal honeycomb [1]. Elastic strain, plastic collapse, elastic bucking,

and fracture are considered modes of response to loading. Parametric equa-

tions for relative density, effective modulus, and Poisson ratio in two perpen-

dicular vectors for linear elastic, elastic buckling, and plastic deformation. A

unit cell is taken to be a minimum structure that, when spatially repeated,

forms an entire structure. The unit cell is then further reduced and analyzed

by symmetry. The resulting analysis is of single struts of the unit cell, with

factors accounting for the geometric arrangement of the struts within the

unit cell and the relative direction of applied stress. The plastic analysis

is for compressive loading; it will be repeated in this thesis under tensile

(expansive) loading for the consideration of stent expansion.

Other techniques exist for predicting effective material properties of lat-

tices, such as by using wave propagation through lattices to predict linear

material properties in planar, 2D geometries [40] [2]. Using this approach,

Chopra considered thirteen unit cell designs, however only six of these are

appropriate for stenting since they can undergo large strains needed for stent

crimping and expansion. These six, having radial strain potential, will be

combined with additional lattice-based stent designs for consideration in this

thesis.

1.4 Research Objectives and Outline

Following from the literature review, three objectives are identified for this

thesis, which will be covered in subsequent chapters:

1. Develop analytical models to efficiently and reliably predict expansion

behavior of stents.

2. Design geometries with desired expansion characteristics based on the

developed model.

3. Validate the modelling approaches.
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In studying these, the major performance parameters that will be consid-

ered are maximum expansion diameter, axial strain, compliance, and recoil.

Maximum expanded diameter is a metric describing the packing efficiency

of a stent design. It is important for larger vessels so that a stent for a large

target vessel can be initially narrow to cause less damage while navigating

arteries. Axial strain is an important parameter for two primary reasons.

In small vessels, large axial strain contributes to the stress state in the ar-

terial tissue, which could produce remodeling forces and subsequent lumen

reduction. In large vessels, large axial strains through expansion cause the

stent position to shift significantly, making precise placement difficult. Com-

pliance is important because low compliance could make expansion of the

balloon difficult and risk balloon rupture. Post-expansion compliance con-

tributes to the stress state in the artery, and an overly compliant stent may

be unable to prop the artery. Recoil of the stent after the expansion balloon

is deflated is important since large recoils will result in a reduction in lumen.

Chapter 2 presents two analytical models to quickly predict stent ex-

pansion behavior, with the design iteration cycle being under one second.

A model based on kinematic analysis of expansion is first presented, fol-

lowed by one utilizing a plastic cantilever bending model derived from the

literature [39]. This cantilever based method has the further advantage of

containing information about the relative stiffness of the structure.

Chapter 3 considers the plastic expansion and post-expansion phases of

stenting using finite element analysis (FE). FE provides validation for the

analytical models, as well as providing additional information about the

expansion, including stress distribution within the stent. The recoil after

expansion and mechanics under loading from the blood pressure cycle are

also modeled. However, the design cycle time using the finite element (FE)

approach is approximately one day per design.

Chapter 4 describes experiments that were undertaken to expand stent

prototypes. It provides validation for the mechanism of expansion models

from both the analytical and FE methods. However, kinetics involved were

not measured, and strains present from blood pressure-equivalent loading

are too small to accurately measure by the techniques used. The design
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iteration cycle for testing prototyped stents could be as low as one week,

but was more typically over a month due to manufacturing lead times.

Chapter 5 contains the conclusions and future work of this thesis. Early

work on a proposed method to determine stent compliance through expan-

sion analytically is presented here as a direction for future work.
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Chapter 2

Analysis of Stent Expansion

2.1 Introduction

Balloon expanded stents are cut in a crimped orientation from a hollow metal

tube, with a design intended to expand radially by inflation of an angioplasty

balloon. This expansion is plastic, and designed to apply a radially outward

force on the artery to open a stenosis and avoid migration of the device. This

expansion can be modeled through analytical methods to provide insight into

stent design and allow rapid simulation of stent expansion.

Candidate stent designs based on lattice unit cells will be presented.

A model based on kinematics of expansion is presented next, along with

the results and discussion of this method. A second model based on kinet-

ics of expansion is then presented and discussed. Stent struts in different

unit cells have different end conditions. These differences were ignored in

the kinematic and kinetic expansion models. To determine the influence of

these end conditions on expansion, a FE study on the different mechanisms

was undertaken and presented in this chapter. Finally, the limitations and

conclusions of these analytical methods will be discussed.

2.2 The Stent as a Lattice

Most stent designs can be viewed as a lattice, wherein a unit cell design is

repeated in the axial and circumferential directions of the stent. It has been

shown that the mechanics of a unit cell can be analyzed and extrapolated

to describe the mechanics of the entire lattice [2] [1]. A unit cell itself is

made of struts. In the case of a stent, it is herein assumed that these struts

expand in a repeatable way such that analysis of a strut can be expanded
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to describe the mechanics of the unit cell. Then, the mechanics of the unit

cell can be used to describe the entire stent.

Stent struts in a stents unit cell can be divided into two types: axially

running struts that do not bend on expansion, and bending struts which

allow the circumference and therefore diameter of the stent to expand under

the balloon’s contact. From experimental observation of the stents expanded

in Chapter 4, plastic bending in the bending struts seems to be confined

almost entirely to the ends of the strut. From this observation, the stent

expansion is initially analyzed as a rigid mechanism, and later modified with

correction terms to account for the non-zero radius of the bend allowing

the strut to pivot and to account for material in the stent contributing to

connecting struts at the nodes of the stent.

A pin jointed model of stent expansion will be first presented, followed

by a modified pin jointed model accounting for the non-zero bend radius of

the stent struts. The results of a MATLAB simulation of these models are

then presented, and these results are discussed.

An alternative analytical model is then given, expanding on a cantilever

bending model developed by Reid and Reddy [41]. This model has the

advantage of not requiring an empirical correction factor for the radius of

curvature of the stent strut, and is a kinetic method so stiffness properties

could theoretically be determined. The expansion results for this model are

then presented and discussed.

2.3 Pin Jointed Analytical Model

The geometry of a single cell through stent expansion is considered first in

this section. A stent starts as a structure of axially running struts, some

of which will bend and some that will not. By assuming that the bending

struts bend at the same rate, the bending struts can be modeled as being pin

jointed members rotating at the same rate. With this, the entire expansion

can be resolved by modeling the struts as rigid members rotating through the

same angle, resulting in a given length and diameter for the total structure.

The resulting axial and circumferential displacements of the nodes of the
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cell are then multiplied by the number of cells in each of the two respective

directions. Loading on the stent is assumed to be entirely radial, which

translates into force in the circumferential direction, similar to hoop stress

in pressure vessels, but no force in the axial direction. In reality, there will

be a component of axial force arising from the interaction between the stent

and the balloon, and complex interactions between the stent, balloon, artery,

and blood flow. Any changes to the axial length of the stent are therefore

assumed to be a result of the effective Poisson ratio of the stent-lattice. The

effective Poisson ratio is borrowed from the materials science parameter,

where the parameter describes the loading in one direction causing strains

in other directions. In the case of a stent, the effective macroscopic Pois-

son ratio is a result of the structure of the stent, rather than a material

parameter.

Figure 2.4 illustrates the geometries used in this study. Diamond, Aux-

etic, and Hexagon are relatively commonly examined designs from lattice

literature. The Double Hexagon design examines the effect of removing se-

lect axial struts, which would give the stent greater axial flexibility and make

it easier to mold into curved arteries. Hybrid designs combine positive and

negative effective Poisson ratio sub-units to form a zero-effective Poisson

ratio, as shown in Figure 2.2. This principle is used in the design of the

Hybrid A and Hybrid C stents. The Chevron unit cell has a zero effective

Poisson ratio itself, and is used to create the Chevron A and Chevron B

stents.

Two versions of the pin jointed model exist, a pin-jointed and a corrected

model. The corrected model includes a non-zero radius of curvature at strut

intersections, using an empirically derived correction factor. A unit cell un-

der the crimped, pin-jointed expanded, and corrected-pin-jointed expanded

is shown in Figure 2.3 to illustrate the methods.

2.3.1 Diamond

The stent cell is initially modeled as a pin-jointed structure with rigid struts.

The horizontal direction in Figure 2.3 corresponds to the axial direction
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Diamond 

Hybrid A Hybrid C Chevron B

HexagonAuxetic Double Hexagon

Chevron A

Figure 2.1: Idealized geometries used in this study. The horizontal is
the axial direction of the stent and the vertical is rolled to become the
circumferential direction.

in the stent, and the vertical direction corresponds to the circumferential

direction. The struts that bend to allow the expansion of the stent are

referred to as bending struts. The four struts that rotate from the left to

centre diagrams in Figure 2.3 are bending struts. For reference, Figure ?? is

included to illustrate the parameters used in the subsequent equations. If θ

is the angle of the bending struts from the horizontal (symmetrical expansion

is assumed), then the displacement in the circumferential direction of the

stent with respect to θ is:

δc = 2lsinθ (2.1)

where l is the nominal strut length.
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+

Hexagon shape with 

positive Poisson’s 

ratio under tensile 

hoop stress

Auxetic shape with 

negative Poisson’s 

ratio under tensile 

hoop stress

Resultant shape 

has negligible 

longitudinal 

deformation

Figure 2.2: Positive and Negative Effective Poisson Ratio Sub-Units are
combined to make a combined structure with a zero-effective Poisson ratio.

The total circumferential displacement of the stent is then:

δc,t = 2nclsinθ (2.2)

where nc is the number of cells in the circumferential direction of the stent.

The diameter of the stent, D , at any given stent strut angle, θ, is then the

initial diameter, plus δc,t, divided by π:

D =
4tnc + 2nclsinθ

π
(2.3)

where t is the thickness of a stent strut. Similarly, the displacement in the

axial direction for a single cell with respect to θ is:

δa = −2lcosθ (2.4)
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A crimped Diamond 

unit cell subject to 

circumferential loading

The pin-jointed 

expansion model

The corrected pin-

jointed expansion 

model

Figure 2.3: A crimped diamond stent (left) subject to a circumferential
stretching expands. The pin-jointed jointed expanded cell (centre) and cor-
rected pin-jointed expanded cell (right) are shown for comparison.

Thus, the length of the stent , L, at any given stent strut angle, θ, is:

L = 2nalcosθ (2.5)

where na is the number of cells repeated in the axial direction. The equations

for stent diameter and axial length are then simulated in MATLAB for

an array of stent strut angles, θ, from 0 to 90 degrees. True stents have

connecting struts between bending struts and the bending struts do not pivot

but rather bend plastically over non-zero lengths of the strut. Corrective

terms are therefore added to the single-cell displacement equations. First,
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θ
r

δa

δc

l

t

l’

Figure 2.4: Parameters used in the pin jointed analytical formulations
are illustrated. Left is the uncorrected pin-jointed model and Right is the
corrected model, accounting for the radius of strut curvature, r . Imposed
over both images is the crimped geometry, shown with dashed lines.

the strut length is adjusted to include consideration of circumferentially-

running struts that link the bending struts together. In Figure 2.3, the

circumferentially running struts are the short, straight, and vertical struts.

These struts are twice the thickness of other struts in our particular design.

Accordingly, the corrected strut length, l ′, is defined by:

l′ = l − 2t− t

2na
(2.6)

where the last term represents the connecting strut needed to close the last
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cell in the stent’s lattice. Thus, the equations for stent diameter and axial

length, with respect to stent strut angle, θ, are respectively:

D =
4tnc + 2ncl

′sinθ

π
(2.7)

Laxial = 2nal
′cosθ + t(4na + 1) (2.8)

A final correction is applied to account for the non-zero bending radius of

the strut, r . For simplicity, it is assumed that yielding occurs such that the

strut bends with a constant radius, with longer bending regions resulting

from greater strut angles. This model appears to match observations of

finite element expansion models and experiments, as will be presented in

Chapter 3 and Chapter 4 of this thesis. The equations for stent diameter

and axial length, with respect to stent strut angle, D , at any stage of the

expansion are respectively:

D =
4tnc + 2nc(l

′ − 2rθ)sinθ

π
+ 4rnc(1 − cosθ) (2.9)

Laxial = 2na(l′ − 2rθ)cosθ + t(4na + 1) + 4rnasinθ (2.10)

2.3.2 Auxetic

Auxetic geometry is one of only several known geometries having a positive

effective Poisson ratio, and is perhaps the most efficient in terms of being able

to undergo significant diametric strain. Similar to the Diamond geometry,

the Auxetic geometry analysis gives diameter of the stent as:

D =
8tnc + 2nclsinθ

π
(2.11)
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for idealized, pin-jointed mechanics.

The strut length for the Auxetic stent is modified by the following:

l′ = l − 3t− t

2na
(2.12)

resulting in

D =
8tnc + 2nc(l

′ − 2rθ)sinθ

π
+ 4rnc(1 − cosθ) (2.13)

for the modified case.

Note the only difference compared to the Diamond geometry being the

change in the coefficient of the first term, due to manufacturing constraints

of the more complex cutting pattern. Accordingly, nc for an Auxetic stent is

one half the value of a Diamond stent if all other parameters are conserved.

In general, the number of repeated cells in either direction is not conserved

between geometries.

For the length, the analysis now includes axially running struts with pro-

jected length that does not change as a function of strut angle. For example,

these non-bending struts are illustrated in Figure 2.2 as the horizontal struts

in the Auxetic and Hexagon units. Accordingly, the pin-jointed formula for

axial length is:

L = 2nal + 2nal(1 − cosθ) (2.14)

and the modified formula

L = 2na(l′ + 3t) + 2na(l′ − 2rθ)cosθ + 4rna(θ − sinθ) + t (2.15)

Note that these equations do not account for bending of the circumferentially

30



2.3. Pin Jointed Analytical Model

running connecting struts, or a non-uniform bending radius along the length

of the strut.

2.3.3 Hexagon

The Hexagon stent is similar to the Diamond stent, except that the circumferentially-

running connector strut is extended axially to the same nominal length as

the bending struts. Thus, it has the same diameter expansion characteristic

as the Diamond geometry:

D =
4tnc + 2nclsinθ

π
(2.16)

with the same length correction

l′ = l − 2t− t

2na
(2.17)

resulting in the modified equation

D =
4tnc + 2nc(l

′ − 2rθ)sinθ

π
+ 4rnc(1 − cosθ) (2.18)

For length, the pin-jointed model gives

L = 2nalcosθ + nal (2.19)

and for the modified case

L = 2na(l′rθ)cosθ + t(4na + 1) + 4rnasinθ + (2na − 1)(l′ + 2t) (2.20)

Note that since Hexagon unit cell results in an open cell at its boundary, an

extra set of struts were added to close the last cell. To maintain the same
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nominal strut length between stents, the crimped Hexagon stent is therefore

one strut length longer than the other geometries. Also note that the non-

zero strut widths are taken from the bending struts rather than from the

non-bending struts. This was to keep the effective bending strut length the

same as the Diamond geometry.

2.3.4 Double Hexagon

The Double Hexagon design is identical to the Hexagon design, except that

alternate non-bending struts are removed. By the pin-jointed models, the

length and length correction equations for the Double Hexagon design are

identical to the Hexagon equations. The diameter expansion characteristic

is:

D =
8tnc + 4nclsinθ

π
(2.21)

with the modified model giving:

D =
8tnc + 4nc(l

′ − 2rθ)sinθ

π
+ 8rnc(1 − cosθ) (2.22)

However, noting that nc for the Double Hexagon design is one half that of

the Hexagon design, th results for diameter for the Double Hexagon design

are identical to the Hexagon design when using this model.

2.3.5 Hybrid A

For a Hybrid A stent, diameter as a function of strut angle is given by

D =
8tnc + 2nclsinθ

π
(2.23)

for the pin-jointed model and for the modified case, the corrected strut

length is
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l′ = l − 11

5
t+

t

5na
(2.24)

So the corrected diameter function is

D =
8tnc + 2nc(l

′ − 2rθ)sinθ

π
+ 4rnc(1 − cosθ) (2.25)

for the modified model.

The length of the stent is described as

L = 5nal + 2nal[(1 − cosθ) − (1 − cosθ)] (2.26)

or simplified as

L = 5nal (2.27)

and the modified stent length is

L = 5na

(
l′ +

11

5
t

)
− t (2.28)

which is equivalent to the pin-jointed model. Note that all bending struts

are designed to have the same length to expand in an even way, and the

axial strut in the hexagon has a length of l ′ to best approximate a regular

hexagon.

2.3.6 Hybrid C

The Hybrid C geometry has the same radial expansion mechanism as the

Auxetic geometry, except that only six strut thicknesses are required for

expansion (nc is accordingly adjusted). Thus, the diameter as a function of

strut angle is:
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D =
6tnc + 2nclsinθ

π
(2.29)

for idealized, pin-jointed mechanics and when the strut length is corrected

by

l′ = l − 5

2t
(2.30)

the modified expression becomes

D =
6tnc + 2nc(l

′ − 2rθ)sinθ

π
+ 4rnc(1 − cosθ) (2.31)

Note that the continuous, axially running struts eliminate the need to ac-

count for the distribution of a single thickness strut to close the end of the

stent. As Hybrid C geometry has continuous axial struts, this analysis pre-

dicts no change in length through stent expansion. The length could be

described as:

L = 4nal + 2l (2.32)

where the second term is so that both ends of the stent have Auxetic geom-

etry.

2.3.7 Chevron A

Chevron A geometry has the same expansion mechanism as Hybrid C, only

alternating bending struts are flipped in orientation to give a chevron pattern

instead of a hexagon-auxetic pattern. It also has axially-running struts,

which prevent axial strains, as seen in Figure 2.4. Thus, the equations

modeling expansion are the same as for Hybrid C.
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2.3.8 Chevron B

The Chevron B geometry is derived from the Chevron A cell, where cells

orientation is flipped and shifted by half of one cell height each axial column

of the stent. Alternatively, the geometry could be described as similar to

Hybrid A, where the unit cell is half hexagon, half auxetic instead of alter-

nating hexagon and auxetic cells. Accordingly, the equations for diameter

are the same as for Hybrid A, but with the corrected strut length being:

l′ = l − 3t− t

2na
(2.33)

The length of the stent is described as

L = 2nal + nal[(1 − cosθ) − (1 − cosθ)] (2.34)

or simplified as

L = 2nal (2.35)

and the stent length is

L = 2na(l′ + 3t) − t (2.36)

2.3.9 Simulation

The above geometries were simulated in MATLAB to evaluate their length-

diameter coupling.

Parameters for this study were chosen to match stents that will be used

in the subsequent chapters:
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Nominal stent length: 50 mm (except Hexagon 55 mm)

Nominal strut length: 5 mm

Crimped Tube Diameter: 4 mm

Crimped Tube Thickness: 0.4 mm

Strut Thickness: set to 48 struts around the stent circumference (0.262mm)

na ,nc set to match above parameters with maximum number of cells

Radius of Bending: 0.3 mm (from observation of manufactured stents)

Stent Strut Angle: Array from 0 to π/2, with 50 increments

The resulting length-diameter curves are reported in Figure 2.5.
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Figure 2.5: The pinned jointed model of length versus diameter.
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2.3.10 Pin Jointed Analytical Discussion

The pin jointed mechanics of the stent finds that the Auxetic design has

a negative effective Poisson ratio, the Hybrid A, Hybrid C, and Chevon B

have near zero effective Poisson ratios, and the Diamond, Hexagon, and

Double Hex designs have positive effective Poisson ratios. These results are

consistent with previous FE finding from Tan et al [3]. The Chevron B

is a new design also showing the interesting zero-foreshortening property.

This design also has zero-foreshortening without requiring a hybrid unit cell

design, instead the strut configuration is designed so local axial strains are

canceled over the macro-structure.

These results also predict the maximal diameter that a given stent is

able to attain. As the plots become vertically asymptotic, the struts of the

stent are rotating to become almost totally in the circumferential direction.

In practice, stent expansion stops before this state, especially after the recoil

of the stent that occurs when the expansion balloon is deflated. The finding

here is that the Diamond, Hexagon, and Double Hexagon designs have the

greatest possible expansion for a fixed diameter; followed by Hybrid C; and

the Hybrid A, Auxetic, and Chevron B designs have the narrowest maximum

diameter, for a fixed strut length. This is because the diameter is a function

of the number of cells in the circumferential direction, which the Diamond,

Hexagon, and Double Hexagon designs have 12; the Hybrid C has 8; and the

Hybrid A, Hybrid C, and Chevron B designs have 6. The differing number

of cells in the circumferential direction is a result of the manufacturing con-

siderations in making these cellular designs. The Diamond, Hexagon, and

Double Hexagon designs are simple slotted tubes, whereas the other designs

require a more intricate pattern that causes more circumferential space to

be needed for a given cell.

One interesting finding is that the effective Poisson ratio is dependent on

strut expansion angle as well as geometry. All stents start as slotted tubes,

where the cell is similar to a square geometry, which has a zero effective

Poisson ratio. As the stent opens and the stent struts rotate through an ex-

pansion angle (refer to Figure ??), the effective Poisson ratio is highly depen-
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dent on strut angle for all non-zero foreshortening designs. At the maximum

stent diameter (and thus maximum strut angle), the length-diameter rela-

tion becomes a vertical asymptote for non-zero foreshortening designs (refer

to the Diamond, Auxetic, Hexagon, and Double Hexagon designs in Figure

2.5). Thus, the ratio of rate of length change to rate of diameter change

at the theoretical maximum diameter is infinite. In practice, stent struts to

not expand to the maximum angle (90 degrees), especially when accounting

for elastic recoil of the stent when the expansion balloon is deflated.

It would be possible to get the same number of circumferential cell repe-

titions for different cell designs by varying the strut thickness or diameter of

the tube the stent is cut into. Thinner struts have been shown to have less

stress induced in the artery [24], but there would presumably also be impli-

cations for the compliance and strut fracture risk of the stent. Varying the

diameter of the tube the stent is cut into will cause a larger device that needs

to be navigated through the body. In general, design of endovascular tools

and devices is pressured to allow them to be used in smaller vessels. Thus,

smaller diameter stents in the crimped (pre-expanded) state are preferred.

In addition to cell size, strut length is the other main parameter gov-

erning stent diameter. Therefore, it is possible to achieve larger or smaller

maximum diameters of the stents by simply adjusting the struts to be longer

or shorter, respectively. However, other performance parameters are also ef-

fected. For example, longer struts will cause the area bounded by the metal

of a stent cell to be larger, allowing for greater prolapse of the artery into

the stent.

When the empirically-derived correction factor for non-zero bending

radii is included in the modified pin-jointed model, the predicted diame-

ter curves are, in all cases, stretched to have a reduced predicted diameter.

This effect is more pronounced at greater expansion diameters. This is be-

cause, at greater expansion diameters, the struts of the stent have rotated

through greater angles. As they do this, a significant portion of the strut’s

length is used up in the continuous curve that is needed to keep the stent

struts continuous at the nodes where multiple struts come together.
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2.4 Reid-Reddy Based Analytical Model

The constant radius of curvature parameter does not account for bending

plasticity in an ideal way. The empirical nature of this model requires that

struts of different scales would have to be tested to give this parameter for

stents of different sizes. Stent struts of different dimensions, materials, and

scales would not be expected to have the same bending radius. Accordingly,

a kinetic-based model is proposed that internally accounts for the bending

radius that develops in the stent strut. In this section, the stent strut is

simplified to a cantilever with a rectangular cross section. The bending

axis has a length of the stent tube thickness, and the orthogonal axis has a

length of the strut thickness at the outer diameter of the stent. The stent

tube thickness is the thickness of the hollow tube the stent is originally cut

from; the strut thickness is determined by how wide the slots cut into the

hollow tube are decided to be.

2.4.1 Formulation

In the centre of the length of a stent strut being expanded, there is assumed

no bending moment as there is an inflection point in the centre of the beam.

Half of the length of one strut is then considered as a cantilever, with the

loading being a point force applied at the end of the cantilever, in the di-

rection perpendicular to the initial cantilever position. Reid and Reddy

produced a model for a rigid-linearly hardening material to account for the

development of plastic hinge bending zones in high-strain cantilevers [41].

An illustration is provided in Figure 2.6 to outline parameters used in the

Reid-Reddy cantilever. The Reid-Reddy cantilever analysis is summarized

here foe completeness.

The formulation of such a cantilever is as follows:

ψ0 = asin(2p2 − 1) (2.37)

where ψ0 represents the angle of the deflected, rigid portion of the cantilever
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F

Figure 2.6: Illustration of parameters for the Reid-Reddy based method.
The point u and v are measured from is the plastic-rigid transition point.
The dashed cantilever is without loading, the solid cantilever is with the
load F.

from the horizontal and p2 is a parameter with values in the range between

0.5 and 1.

φ1 = asin

(
1√
2p2

)
(2.38)

where φ1 is a parameter used in solving several incomplete elliptic integrals.

Note that the p2 is a correction of a typo in the originally published version,

which had read p. The method continues with the equation:
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b =
EpI

M0
L
2

(2.39)

where b is a dimensionless ratio, Ep is the tangent modulus for the plastic

hardening zone, L is the strut length, and length M0 is the initial fully

plastic bending moment at the cross-section where the hinge initially forms:

M0 =
wt2σ0

4
(2.40)

The load factor λ = F
F0

= FL
2M0

, is then calculated by the elliptical equation

λ− r[K(p) − F (p, φ1)]λ
1
2 − 1

2p
√

1 − p2
= 0 (2.41)

where K(p) is complete and F(p,φ1) is the incomplete elliptic integral of the

first kinds, and F is the point load applied to the cantilever.

A value used in computing the force-displacement relation is

a =
L

2
−
(
EpI

P

)0.5

[K(p) − F (p, φ1)] (2.42)

The deflections of the point of the beam at the interface of plastic and rigid

segments are then:

u =
L

2
− a−

(
2EpI

P
sin(ψ0)

) 1
2

(2.43)

for the foreshortening of the cantilever and

v =
EpI

P

1
2

[K(p) − F (p, φ1) − 2E(p) + 2E(p, φ1)] (2.44)

is the displacement of the cantilever, where E(p) and E(p,φ1) are the com-
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plete and incomplete elliptical integrals of the second kind, respectively.

Therefore, the total displacements of the cantilever are

U = u+ a[1 − cos(ψ0)] (2.45)

for the total foreshortening of the cantilever and

V = v + asin(ψ0) (2.46)

is the total deflection of the cantilever.

These displacements are then applied to the cell geometry and multiplied

by the number of cells in each direction to find the total displacements of

the stent. Recall that each stent strut consists of two cantilevers. Thus, the

diameter of all stents except the Double Hexagon is expressed as:

D = Do +
4ncV

π
(2.47)

and Double Hexagon is

D = Do +
8ncV

π
(2.48)

where D is the stent diameter and Do is the pre-expansion diameter of the

stent.

The length of a Diamond, Hexagon, or Double Hexagon stent can be

described as

L = 4na

(
l

2
− U

)
+ Lo (2.49)

where the factor 4 represents that there are four cantilevers axially per unit

cell, and Lo represents the fixed length portion of a stent. This portion
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includes the lengths of axially running struts that do not rotate with ex-

pansion, connectors linking struts together at nodes, and slots cut into the

tube as required to create cell designs when considering manufacturing lim-

itations.

Similarly, the length of an Auxetic stent is

L = 4na

(
l

2
+ U

)
+ Lo (2.50)

and the Hybrid A, Hybrid C, Chevron A, and Chevron B stents are

L = 4na

(
l

2
+ U +

l

2
− U

)
+ Lo (2.51)

which reduces to

L = 4na

(
2
l

2

)
+ Lo (2.52)

The stent designs are then simulated in MATLAB using the same geometric

parameters as the pin-jointed model. The material parameters are as follow:

σ0 = 260 MPa [42], Ep = 692 MPa [43]

2.4.2 Reid-Reddy Method Results

The resulting length-diameter curves are reported in Figure 2.7. Similar to

the pin-jointed model, this model predicts elongation for the Auxetic design,

zero foreshortening for the Hybrid A, Hybrid C, and Chevron B designs, and

foreshortening for the Diamond, Hexagon, and Double Hexagon designs.

The maximum expansion diameters are also predicted as the end points of

each curve. Diamond, Hexagon, and Double Hexagon all have the largest

predicted maximum diameter.

Another advantage of the Reid-Reddy method is that the formulation is

not purely geometrical: it does account for loading on the struts and thus
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Figure 2.7: The Reid-Reddy length versus diameter relation.

the comparative stiffness of the stents during expansion should be able to

be predicted.

The force-deflection relation is shown in Figure 2.8. This relation could

be used to make to a pressure-diameter relation. An attempt to do this

is documented in the First Appendix, with the remainder of the method

being allocated to future work. There is limited clinical benefit to knowing

the pressure-diameter relation precisely, the major constraint is maximum

balloon pressure and force the surgeon must apply to expand the stent.

2.4.3 Reid-Reddy Analytical Discussion

The length-diameter results using the Reid-Reddy based method are similar

to the results when using an empirically based correction of the pin jointed
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Figure 2.8: The force-displacement relations for deflection and foreshorten-
ing of a Reid-Reddy cantilever.

models. The Diamond, Hexagon, and Double Hexagon designs were all

found to foreshorten as they expand. The Hybrid A, Hybrid C, and Chevron

B designs do not foreshorten as they expand. The Auxetic design elongates

axially as it expands.

This method also allows the prediction of a stent’s maximum diameter,

given parameters of its unit-cell level design. The Diamond, Hexagon, and

Double Hexagon designs were again predicted to have the maximum pos-

sible diameter of the designs when controlling strut length. The Hexagon

and Double Hexagon designs were predicted to have the same diameter-

length relation. This suggests that non-bending, axially running struts can

be removed without effecting the stent’s axial strain through expansion. Re-

moving axial struts would allow the stent to have a lower bending stiffness,

potentially allowing it to be more tractable in navigating to arteries and
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more able to conform to curved arteries it may be expanding into. However,

removing axial struts also increases the unsupported area in the stent that

the artery can prolapse into.

Also, this model assumes that a stent expands at a constant diameter

along its length. In reality, the complex balloon-stent interaction expands

different parts of the stent at different rates. This model could perhaps be

adapted in the future to include this by assuming an expansion at a constant

pressure, then calculating the expanded diameter at different struts along

the stent’s length.

2.5 Stent End-Condition Mechanisms

A brief finite element study was preformed to determine the influence, if

any, of how stent struts connect together at nodes on the mechanics of the

stent’s expansion.

Due to fabrication constraints, different strut designs have different con-

nections at nodes. The Reid-Reddy model assumes a cantilever encastered

at its boundary. The “slotted tube” mechanism on the Diamond, Hexagon,

and Double Hexagon stents are probably closest to this, but still allows lim-

ited rotation at the boundary. Other mechanisms of connecting the strut at

the node were thought to allow even more. Cantilevers were extracted from

half-strut models from the CAD models used in creating the finite element

models. These cantilevers were then transfered to the finite element simula-

tion program Abaqus CAE, and simulated using the following parameters:

Boundary conditions were applied according to symmetry conditions at

the nodes, and loading as a distributed force acting on the cut surface of the

stent strut. The load is applied perpendicular to the cantilever, and without

surface following so the force vector remains in this direction. This load was

applied as a ramp, to a maximum of 4x107 N/mm2. Given the cross-sectional

area of the strut, this corresponds to a 3.77 N point load on each strut, which

is comparable to the forces predicted in the Reid-Reddy analytical model

(see Figure 2.8. The mesh was created with tetrahedral elements, with a

global size of 0.041, curvature control of 0.025, and the minimum size factor
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of 0.025. Note that the base units used were millimeters.

The material was modeled using common steel material values, with the

following parameters:

Density: 7980 kg/m3

Elastic Modulus: 200 GPa

Poisson Ratio: 0.3

Plastic Yield: 300 MPa

The FE model was solved using the iterative, Full Newton method. Dis-

placement at representative nodes was exported for further processing in

Excel and MATLAB. The Reid-Reddy yield stress was adjusted 300 MPa

for this analysis.

2.5.1 Slotted Tube Hinge

The slotted tube mechanism is closest to the encastered cantilever, as there

are fixed boundary conditions both vertically and horizontally relative to

the cantilever, by symmetry. It is found in the inside struts of the Diamond,

Hexagon, and Double Hexagon stent designs. This was predicted to be the

stiffest mechanism as it is closest to the fully constrained end condition.

Figure 2.9 shows the finite element results.

2.5.2 Foot-Foot Hinge

The foot-foot mechanism has a short connector laterally from the cantilever

to the symmetry-based boundary location. The symmetry based boundary

section extends both above and below the connector. The connector is

1.5 strut-thicknesses wide. This mechanism is found in the Hybrid C and

Chevron A designs. Figure 2.10 shows the FE model of this mechanism.

2.5.3 Free-Free Hinge

The free-free mechanism (see Figure 2.11) also has a short lateral connection

from the cantilever to the symmetry-based boundary location. However, the
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Figure 2.9: FE of the slotted tube cantilever node connection mechanism.
The load is applied at the tip of the cantilever in the horizontal direction.

symmetry condition involved here results in a connector that is 0.5 strut

thicknesses wide. The mechanism is found at low nodal connectivity nodes,

for example the ends of a Diamond, Hexagon, or Double Hexagon stent. This

was predicted to be the least stiff mechanism, as it has the least support

and it could be an explanation for the dogbone effect seen at the ends of

Diamond stents. The dogbone effect is a localized over-expansion of the

ends of a stent that is clinically noted.

2.5.4 Free-Foot Hinge

The free-foot mechanism (see Figure 2.12 has a 1.5 strut-thick connector like

the foot-foot mechanism. It differs in that the connection to the boundary

surface extends from the strut connector only in the direction of the can-

tilever and not the opposite. It was hypothesized this mechanism may have

less stiffness than the foot-foot mechanism.

48



2.5. Stent End-Condition Mechanisms

Figure 2.10: FE of the foot-foot cantilever node connection mechanism.
The load is applied at the tip of the cantilever in the horizontal direction.

2.5.5 Results of FE Cantilever Study

Figure 2.13 shows the results of the finite element study, compared with the-

ory by Reid-Reddy. The resulting plots are quite similar for each connection.

Interestingly, the foot-foot mechanism was found to have the highest compli-

ance, and the free-free mechanism has the lowest compliance. It is important

to note that in addition to the actual connector mechanism, the are some

variance between bending lengths of different cantilevers studied here due

to manufacturing constraints in making these designs.

As all of these results are quite close to one another, no correction factor

was added to the analytical results. Future work could include a factor to

account for the different end mechanisms of different unit cells.
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Figure 2.11: FE of the free-free cantilever node connection mechanism.
The load is applied at the tip of the cantilever in the horizontal direction.

2.6 Limitations

A stent typically has a small number of cells, leading to a greater effect from

end effects when describing the mechanics of the stent by lattice theory. One

common end effect is the dog-bone flaring effect, often seen as a result of the

balloon expansion of a stent. End effects are not included in this analysis.

Bending of circumferentially-running connecting struts is not considered.

This method also assumes that stent struts throughout the stent expand at

the same rate. In reality, the balloon expandable stents typically expand in

a way that different parts of the stent expand before others.

The constant radius of curvature parameter does not account for bending

plasticity in an ideal way; its empirical nature requires that different scale

stents would have to be tested to give this parameter for stents of different

sizes. For example, the stents analyzed in this thesis are on the large end

of stent sizing. Smaller scale stents could be expected to have a different,
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Figure 2.12: FE of the free-foot cantilever node connection mechanism.
The load is applied at the tip of the cantilever in the horizontal direction.

shorter radius of curvature.

The analytical models consider loading from radially outward pressure

only, and do not consider axial friction with the balloon. This could be added

to the model by including an axial-displacement dependent shear force.

The geometry of the artery the stent is expanded into is assumed to be

a straight, constant radius tube. True arteries requiring stents are rarely

straight or having a constant radius.

The Reid-Reddy model appears to be an improvement on the pin-jointed

model, but has limitations. Compliance should be able to be calculated using

this model, but a confident result has yet to be achieved. The math involved

is also more complicated, creating for a slightly longer simulation time and

limiting the method to software that includes elliptical function solvers.
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Figure 2.13: Cantilever FE simulations, along with the Reid-Reddy ana-
lytical prediction

2.7 Conclusions

Analysis of stents analytically is a promising method for rapid design cal-

culations different stent designs quickly. The method is limited in that only

geometric information is currently received from it, but early experience

shows a good match to FE analysis, as will be presented in Chapter 3.

Future work should focus on using this method to get solid mechanics infor-

mation (such as compliance), design optimization of stents, and in further

validating the model through FE and experiments.
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Chapter 3

Finite Element Analysis of

Stent Expansion

3.1 Introduction

Candidate stent designs are now further examined by finite element analysis

(FE). FE is a common tool for the computational analysis of stents, and

engineering design in general. Compared to analytical methods, it has the

advantage of providing stress distributions within the stent; it is possible to

model contact with other structures such as the balloon and artery; and the

model can account for elastic, plastic, and other properties of the stent. A

drawback, however, is that stent designs take considerably longer to model,

simulate, and change than analysis through analytical methods presented in

the previous chapter.

Candidate stent designs are first modeled in a CAD program. The CAD

model is then imported to Abaqus CAE, where the stent is given a mesh,

material properties, boundary conditions, and a pressure loading condition.

The FE simulation is run in Abaqus Standard. From the simulation, pres-

sure and nodal displacement data is exported, then converted to a text and

then an Excel file. Excel is used to convert nodal displacements to stent

diameter. The data is then imported to MATLAB for graphing the results.

Two stages of FE are conducted for the same stent CAD models. The

first stage is expansion with a common pressure (1 MPa). The second stage

is expansion to a common target diameter (18 mm).
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3.2. Modeling of Candidate Stent Designs

3.2 Modeling of Candidate Stent Designs

Additional FE is preformed on the Diamond, Auxetic, Hybrid A, Hybrid C,

and Chevron B designs.

The Double Hexagon design is dropped from consideration as it will

result in only three struts supporting the stent axially at each axial cell

repetition. This would encourage prolapse of the artery into the stent, and

lacks redundancy in the case of stent fracture. The Hexagon design is also

removed from consideration as it is simply a Diamond design with the node

connectors linking cells axially elongated to one strut length. The Chevron

A design, being essentially a Hybrid C design with alternate strut pairs

switched in orientation, is also removed from consideration given its simi-

larity to the Hybrid C design.

The remaining five candidate designs are modeled in NX 6.0 (Seimens)

in preparation for FE and manufacture. The design starts from 50 mm long

hollow tubes, with a 4.0 mm outer diameter and 0.40 mm wall thickness.

The cross section was chosen due to this size being available as stock from

Lumenous Device Technologies, who manufactured the stent designs for this

study.

Strut lengths were modeled after the approximate dimensions of a large

diameter sample Palmaz-Schatz stent, with the nominal strut lengths being

5 mm. Thus, there are 10 strut lengths per stent. In the circumference,

the Palmaz Schatz sample stent has eleven cells. As each Diamond cell

requires four strut thicknesses, it was decided to increase the number of

cells in the circumference of the Diamond stent to twelve, such that the

circumference of the stent would be 48 strut-thicknesses. This allows the

circumference to be easily divided into cells requiring a different number of

strut-thicknesses: 4 (Diamond, Hexagon), 6 (Hybrid C, Chevron A), 8 (Aux-

etic, Double Hexagon, Hybrid A, Chevron B), and 12 (more open versions

of these designs). Therefore, the strut thickness is the outer circumference

divided by 48.

Slots are made into the tube by sketching sectors on the cross-section

of the tube, and using the extrude − subtract function to remove material
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from the part model. All slots passing into the stent have their side edges

filleted with a radii of 0.08 mm.

3.3 Methods

3.3.1 Simulation Strategy

Two stages of FE simulation are preformed. For the first, all stents are

loaded with the same 1 MPa pressure applied to the inner surface of the

stent. This step is used to compute the length-diameter relation and com-

pliance of the stent to the maximum diameter. Then, the pressure required

for each stent to expand to a common target diameter of 18mm is calculated

from this data, and the simulation is re-run using design specific pressures

to reach the target diameter. This allows the recoil, compliance, and fore-

shortening to be compared across designs for the same nominal vessel size.

3.3.2 Model Parameters

The five candidate designs are imported to Abaqus CAE 6.8-4 as .IGES

files. The models are taken as one-eighth sections of the full stent, using

two planes of radial symmetry to reduce the size of the problem, and one

plane of axial symmetry or assumed congruency. The Diamond, Auxectic,

and Hybrid C designs have axial symmetry. The Hybrid A and Chevron B

designs, by nature of their construction, do not have axial symmetry but are

assumed to have repeated mechanics due to the periodicity of the structure.

With a different length and/or construction, the Hybrid A stent could have

axial symmetry; the Chevron B can never have axial symmetry, although

the two halves of a sliced stent are the same with a one-half cell rotation

about the axis of one of the stents.

The planes are intentionally selected to pass through the mid-plane of

nodes where stent struts intersect. The radial planes of symmetry are also

selected to lie on the XY- and XZ-planes of the Cartesian coordinate system,

or a new coordinate system is created to satisfy this condition. The X-axis

here represents the line defining the center of the stent.
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A fine mesh is required as the stent has a highly non-linear geometry

changes as well as non-linear material properties. Simulations use on the

order of 300 000 elements when meshed according to the parameters below.

Mesh qualities are somewhat quantized due to the slender nature of the

struts. Typically, there are four or five elements across the strut width.

Thus, to increase the mesh quality to having six elements across a strut

width, the total number of elements in the model must increase by 1.23,

or 73%. It is easier to increase mesh size in the nodes of the stents with-

out having such a penalty in increasing the size of the problem, but their

contribution to the strains seen in stent expansion is limited.

All simulations used the following mesh parameters:

Element Type: C3D4 (a 4-node, 3D stress tetrahedral element)

Maximum Deviation Control (for curvature): 0.08

Minimum Size Factor: 0.05

Additionally, Table 3.1 gives approximate global sizes were applied to

mesh the stents:

Diamond Auxetic HybridA HybridC ChevronB

1 MPa Ramp 0.0574 0.06 0.0625 0.0625 0.06
18 mm Diameter 0.065 0.072 0.0675 0.0625 0.0625

Table 3.1: Mesh Parameters for Approximate Global Size.

The parameters in the above table were found iteratively. For more

coarse meshes, the step length used in the iterative solver, described in

a subsequent section, becomes very small and the simulation cannot be

completed. One hypothesis is that some elements exceed strain limits at

some point in the simulation, and the simulation fails. Interestingly, there

are times that a more coarse mesh will run to completion and a finer mesh

will not run. This suggests it is individual elements rather than the mesh in

general that is causing problems. Additionally, the simulation fails due to a

memory error if too many elements are used in a simulation.

56



3.3. Methods

The material considered for the expansion is 316L stainless steel in the

annealed condition. This is a common material for balloon expandable

stents, and is approved for implantation. All stents had the following pa-

rameters:

Density: 8000 kg/m3

Elastic Modulus: 193 GPa [42]

Poisson Ratio: 0.3

Plastic Yield: 260 MPa [42]

The material model is elastic-perfectly plastic. This means it has a linear

modulus until yielding, then the modulus is zero. The structure retains

stiffness due to geometry changes and the propagation of the plastic zone

through the stent strut.

There are several models in Abaqus that account for material non-

linearity. The plastic model was chosen as it will hold plastic strains, with

some unloading recoil. Some other non-linear material models will recoil to

the initial state when the load is removed.

3.3.3 Boundary Conditions

The boundary conditions are selected according to to the section cuts made

in the stent to give it the one eighth section of the part. The boundary

condition applied to prohibit motion of the section cuts out of the section

cut plane. This is why it was important to select nodes located on the planes

of the coordinate system of the part or to make a new coordinate system,

so that the boundary conditions at each plane could be specified as ux=0,

uy=0, or uz=0, respectively. A cylindrical rather than Cartesian coordinate

system could be used instead, but that method still requires the creation of

a new coordinate system.
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3.3.4 Loading

There are two stages of simulation with two loading criteria. In the first,

all stents are expanded by a 1 MPa pressure. For the second simulation, all

stents are loaded with a pressure that is expected to expand the stent to

18 mm. Thus, the final pressure in the second simulation is different for all

stents.

Expansion by a Common Pressure

Loading is applied as a Static, General load to the inner surface of the

stent. The load is applied as a ramp to 1 MPa. The step used to simulate

this loading has non-linear geometric controls (Nlgeom) to reduce the effect

of the large, non-linear geometry changes present in the simulation. The

step has automatic incrementation to a maximum of 200 increments, with a

minimum increment size of 1E-5 of a step size of 1. The step is solved using

an iterative solver, using the Full Newton method, with linear extrapolation

of the previous state at the start of each increment. The load varies such

that it ramps linearly over the step.

Nodal displacement data is then extracted from the radial boundary

condition planes and the axial end that does not have a boundary condition.

This data is used to produce a length-diameter relation for each of the

stent designs. The diameter data is combined with pressure data to create

a pressure-diameter relation for each stent design. Finally, a compliance-

diameter relation is reported for each stent design, where compliance, C

is

C =
D2 −D1

D1(P2 − P1)
(3.1)

where D1 is the diameter at one step of the output of the FE simulation,

D2 is the diameter at the next output step, P1 is the pressure at the first

output step, and P2 is the pressure output at the second output step.
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Expansion to a Common Nominal Diameter

To examine post-deployed mechanics of stents, the five stents are expanded

to a common target diameter to compare their post-expansion recoil, and

their foreshortening and compliance under blood pressure loading.

Excessive recoil is poor for stent performance as it will result in a reduc-

tion of lumen compared to a stent that holds its diameter once the expansion

balloon is removed.

To reduce stress imposed on the artery, compliance and foreshortening

should match the artery or at least should minimize stress concentrations.

There are mechanobiology-based theories that suggest that stress imposed

by the stent on the artery results in activating pathways promoting growth

and remodeling of the artery [23]. This could cause in stent restenosis, and

a reduction in lumen after stenting. This is more of a concern in narrower

arteries than the aorta, but use of non-dimensionalized parameters should

allow extrapolation to stents of any size.

In general, lower compliances are preferred so long as they still resist

recoil of the artery. Similarly, zero foreshortening or slight elongation as the

blood pressure on the stent rises from diastolic to systolic is preferred to

match the artery.

18 mm was selected as a target diameter as it was an integer diameter

that was near the maximum diameter of some of the stents. The pressure-

diameter data for each stent was linearly interpolated to predict a pressure

that would result in a post-expansion diameter of 18 mm. This pressure was

then applied to the inner surface of each stent.

Two subsequent loading steps were created in Abaqus. After the balloon

expansion step, a “diastolic” pressure load was created to a pressure of 10.7

kPa (corresponding to approximately 80 mmHg) as a ramp from the balloon

expansion pressure. A final step used a “systolic” pressure of 16.0 kPa

(corresponding to approximately 120 mmHg) as a ramp from the “diastolic”

pressure.

Recoil, R is calculated as

59



3.4. Results

R =
Dm −Dd

Dm
(3.2)

where Dm is the diameter at the end of the balloon expansion step, and Dd

is the diameter at the diastolic pressure, after the stent has recoiled.

Foreshortening, f is calculated as

f =
Ls − Ld

Ld
100% (3.3)

where Ld is the length of the stent at diastolic pressure and Ls is the length

of the stent at the systolic pressure.

Material properties are the same as the 1 MPa step. Mesh parameters

change as according to Table 3.1.

3.4 Results

3.4.1 Maximum Expansion Length-Diameter

The results of the finite element study on the Diamond, Auxetic, Hybrid

A, Hybrid C, and Chevron B stent designs are in shown Figure 3.1. The

Diamond design again shows significant foreshortening, while the Auxetic

design has axial lengthening with expansion. The Hybrid C design has

no foreshortening. Interestingly, the Hybrid A and Chevron B have small

negative effective Poisson ratio. Both were predicted to have a near-zero

effective Poisson ratio due to these designs having zero foreshortening using

the analytical method in Chapter 2.

The resulting pressure-diameter relation for the five stents tested using

FE is shown in 3.2. The Diamond design is seen to have the largest expected

diameter, followed by the Hybrid C, and finally the Auxetic, Hybrid A, and

Chevron B designs have the narrowest diameter.

All stents yield at similar points, at around 200 kPa of pressure, although

the Auxetic and Hybrid C designs appear to yield slightly earlier and the
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Figure 3.1: FE simulation for length versus diameter.

Hybrid A design yields slightly later than the Diamond and Chevron B de-

signs. All designs have a similar linear zone until about 200 kPa of pressure.

After yielding, the graphs of stent expansions show different curved plastic

regions for each design. These curves become more horizontal as the stent

approaches its maximum diameter. Portions of the curve that are more

horizontal are when the stent expansion is stiffer, or less compliant.

Note that the linear elastic phase before yield at around 200 kPa results

in very little diametric strain, with the stent becoming plastic with less than

one millimeter of diametric expansion. This supports the use of a plastic

hinge assumption used in the analytical section of this thesis as the elastic

phase of stent expansion contributes little to the full expansion of the stent.
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Figure 3.2: FE simulation for pressure versus diameter.

3.4.2 Maximum Expansion Compliance-Diameter

The compliance versus diameter relation for the stents is shown in Figure

3.3. Higher values of compliance indicate that the stent experiences rel-

atively more strain for a given pressure. All stent designs have the same

general pattern of compliance against diameter. There is a rapid rise in

compliance until the yielding phase, then compliance peaks. As the diame-

ter expands, the compliance decreases. The phase of increasing compliance

appears to be similar for all designs. However, the peak compliance and the

rate of compliance decrease with diameter increase depends on design.

The Auxetic design hast the highest peak compliance, but the compli-

ance quickly diminishes as the stent expands towards its maximum diame-

ter. The Diamond design has the second highest compliance peak, with the
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Figure 3.3: FE simulation for compliance versus diameter.

most gradual decrease in compliance with diameter. The Hybrid C design

has the third highest peak compliance, with an intermediate rate of compli-

ance decrease with diameter. Hybrid A and Chevron B have similar peak

compliances and a similar rate of compliance decrease with diameter.

3.4.3 Target Diameter Recoil

The length-diameter relations for the five stents start the same as the 1 MPa

simulation, until they reach the nominal target diameter and recoil as shown

in Figure 3.4. The recoil for the Diamond, Hybrid C, and Auxetic designs

follows the expansion curves. Interestingly, the recoil for the Hybrid A and

Chevron B designs do not trace the expansion curve. Instead, they follow

curves that reduce their final foreshortening.
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Figure 3.4: FE simulation for length versus diameter for stents expanded
to approximately 18 mm then allowed to recoil.

The pressure-diameter relations for the five stents also follows the 1 MPa

figure, until the balloon pressure is removed and the stents rapidly recoil (see

Figure 3.5). The recoil is approximately linear and at a similar slope to the

linear expansion phase before yielding.

The Chevron B stent recoiled 1.6 mm, followed by the Hybrid C (1.3

mm), Diamond (1.2 mm), Auxetic (1.1 mm), and Hybrid A (0.9 mm), as

shown in Figure 3.6. The same order is preserved when the results are

non-dimensionalized to diameter, shown in Figure 3.7.
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Figure 3.5: FE simulation for pressure versus diameter for stents expanded
to approximately 18 mm then allowed to recoil.

3.4.4 Target Diameter Foreshortening

The foreshortening of the stents under physiologic loading is shown in Figure

3.8. The Diamond stent foreshortens by 0.015%; the Hybrid C stent has

negligible foreshortening; and the Auxetic, Hybrid A, and Chevron B design

elongate by 0.019%, 0.004%, and 0.002%, respectively.
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Figure 3.6: FE simulation for the recoil of the stents expanded to approxi-
mately 18 mm then allowed to recoil in millimeters.

3.4.5 Target Diameter Compliance

The highest compliance was found for the Diamond (0.15 MPa−1) design,

followed by the Hybrid C design (0.082 MPa−1) (see Figure 3.9. The other

three stents had similar compliance values: the Chevron B stent was 0.054

MPa−1, the Auxetic was 0.047 MPa−1, and the Hybrid A was 0.043 MPa−1.

3.4.6 Observations of Stent Stress Distribution

Figures 3.10, 3.11, 3.12, 3.13, and 3.14 show the expanded FE models

for the five tested stent designs. The red areas are those that have reached

the plastic yield point of 260 MPa. These figures highlight that bending

strain is localized to being near the strut nodes, a key assumption of the
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Figure 3.7: Non-dimensional results from the FE simulation for stents
expanded to approximately 18 mm then allowed to recoil.

analytical model, although the yielded area does propagate beyond the zone

where substantial curvature is present in the stent. Nodes of the struts

are fully plastic but do not appear to contribute to the diametric or axial

strain. Axial connecting struts that do not bend have lower stress, below

the yield point. This was a key assumption of the analytical model, that

axial connecting struts do not undergo bending and do not contribute to the

axial or diametric strain of the stent.
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Figure 3.8: Non-dimensional results from the FE simulation for the fore-
shortening of the recoiled stents after systolic blood pressure is applied.

3.5 Discussion

3.5.1 FE Simulations to 1 MPa

Finite element analysis is a valuable tool in aiding stent design due to the

information about stiffnesses and stresses it provides, as well as a shorter

design iteration timeline than physical prototypes.

The predicted length-diameter relation for the five tested stent designs

matches theory quite well. The Auxetic design elongates as it expands in

its diameter, which is expected. Likewise, the Diamond design foreshortens

as it expands. The Hybrid C design had a constant, zero-foreshortening

expansion.
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Figure 3.9: Non-dimensional results from the FE simulation for the com-
pliance of the recoiled stents after systolic blood pressure is applied.

Figure 3.10: The expanded Diamond stent FE model.
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Figure 3.11: The expanded Auxetic stent FE model.

Figure 3.12: The expanded Hybrid A stent FE model.

The Hybrid A and Chevron B expansions were more interesting. The

Hybrid A design elongates initially, then at about 16 mm diameter it starts

to foreshorten but retains a net elongation at its final diameter. The Chevron

B design initially foreshortens but at a slow rate and looks to stop foreshort-

ening altogether.
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Figure 3.13: The expanded Hybrid C stent FE model.

Figure 3.14: The expanded Chevron B stent FE model.

In the time history of the expansion, especially for the Hybrid A design,

it is seen that different parts of the stent expand at different rates. Hybrid

design have features with local effective Poisson ratios, but the intention is

these features are arranged such that these local axial strains cancel each

other out. It appears that since different features are expanding at different
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rates, the global effect is not canceled as anticipated. For the Hybrid A de-

sign, recall the unit cell consists of a negative effective Poisson ratio auxetic

cell and a positive effective Poisson ratio hexagon cell. It appears that in

the simulation, the auxetic component expands faster and more than the

hexagon component, giving a net elongation.

Its not clear if this phenomenon is translated to the physical world. In

the FE simulation, loading is provided by an equal pressure applied across

the inner surface of the stent. In real stenting, loading is provided by contact

with an expanding balloon. While the balloon has a constant pressure within

it, it can fold, so loading on the stent may not be spatially even. This said,

stents expanded by a balloon are often seen to have non-constant rates of

expansion within the stent, especially when the stent first yields. Often, the

ends yield before the center of the stent due to the expansion fluid filling

portions of the balloon that are not constrained by the stent first.

The maximum diameter a stent design can expand to can be seen in

all graphs, but it probably best illustrated by Figure 3.2, which shows the

pressure-diameter relation of the stent expansion. Here, the maximum di-

ameter corresponds to the peak point vertically the stent expands to. This

maximum diameter appears to correspond to the number of bending struts

in the design: the Diamond stent has 24, the Hybrid C has 16, and the

other three designs have 12. The difference in number depends on manu-

facturing constraints - slots cut into the original tube to make the cellular

pattern have different efficiency depending on cell design choice. As noted

in the Analytical chapter, larger diameters for a given design are possible

by increasing strut length.

The pressure-diameter relation also shows the interesting property of the

dependence of stent diameter (and therefore stent strut angle) on compli-

ance. As the stent expands, the struts move as a plastic hinge. As the hinges

rotate, the loading vector on the strut becomes increasingly more aligned

with the vector direction of the strut. Thus, loading becomes less in bending

and more in tension, resulting in a stiffer structure.

For compliance of the stent, the number of bending struts in the stent’s

circumference appears to be the most important parameter, largely for its
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impact on the strut expansion angle. All stents yield at a similar point, and

have similar compliances until about 15 mm diameter. Then, the stent with

fewer bending struts rapidly lose compliance. Further, the three stents with

only 12 bending struts (the Auxetic, Hybrid A, and Chevron B designs) have

slightly different paths but end up with the same final diameter at about

the same pressure.

This feature is also seen in the compliance-diameter relation figure, where

compliance drops in a exponential decay-like function with increasing diam-

eter after the peak compliance.

In both the pressure-diameter and compliance-diameter figures, the ini-

tial elastic phase of expansion is interesting. In both graphs, this phase is

short, with a rapid rise in pressure or compliance with limited change in

diameter. This provides justification for considering only the plastic phase

of stent expansion for first-order models of stent design, as was done in the

analytical section.

Pressure and compliance during expansion are probably design param-

eters that should be considered secondary to axial strain and target final

diameter. Balloon pressure is typically not a limiting factor on stenting, as

screw-assisted devices exist to increase pressure over 20 ATM (approx. 2

MPa). However, the larger diameter balloons used in the experiments to be

reported later in this thesis had a rated burst pressure at 7ATM (approx.

700 kPa, for a 20 mm diameter balloon) and 4 ATM (approx. 400 kPa,

for a 25 mm diameter balloon). Thus, for larger diameter balloons, stent

compliance may be an important parameter to avoid balloon rupture.

However, compliance at the final diameter is highly important, and this

parameter governs if the artery will collapse the stent, stress imposed on

the artery by the stent, and amount of friction forces that will resist stent

migration. Combined, the indication is that stent strut angle at final ex-

pansion is the design parameter to be optimized for stent performance. The

parameter is influenced by target (artery) diameter, strut length, and stent

cell choice.
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3.5.2 FE Simulations to a Target Diameter

The Hybrid A and Chevron B designs’ length-diameter relation for recoil did

not follow the relation for expansion. It appears that the negative effective

Poisson ratio portion of the cell causing the stent to elongate from expanding

faster than the positive effective Poisson ratio portion also recoils more.

This may be evidence of a further interesting property of hybrid cells: in

addition to having low effective Poisson ratios and possibly having areas

of different local compliance during expansion, the local recoil may change

spatially through a hybrid stent design. Further study of this phenomenon

is required using a contact FE model or through experiments.

The stents in the 18 mm target diameter did not all finish expansion at

18 mm. The Diamond cell was least accurate, expanding only to 16.8 mm.

This discrepancy is interesting, in both simulation methods the load was

applied as a linear ramp. The only parameter changed was the mesh on all

stent except the Hybrid C design, which was the second closest to the target

at 17.9 mm.

18 mm was chosen since it was close to the maximum diameter possible

for the Auxetic, Hybrid A, and Chevron B designs. The Chevron B simula-

tion was quite close to the target (18.0 mm), but the Auxetic (17.5 mm) and

Hybrid A (18.3 mm) were further from the target than the Hybrid C design.

To compensate for variability in actual diameter, the Recoil, Compliance,

and Foreshortening parameters are reported as non-dimensional values. If

greater accuracy is needed, one approach to try would be to do several itera-

tions on the target pressure to attempt to and find a peak balloon expansion

pressure that resulted in a diameter closer to the target diameter.

The target diameter section highlights the difficulty of multi-parameter

design as is needed for stents. In this simulation, the strut expansion angle

is increased to get the same diameter between stents, and the stents have a

fixed nominal strut length. Alternatively, the design constraint could have

been to use different strut lengths expanded to the same angle to get the

same maximum diameter before recoil.

Further, the stent unit cells could have their design altered such that
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there are the same number of cells repeated circumferentially. Then, the

stents could have the same nominal strut length, and expand to the same

diameter with the same strut rotation angle. While this approach would

give more control between the designs, it handicaps stents that have more

compact unit cells, allowing them to be more efficient in expansion. The

recommended design process for selecting diameter is to select a unit cell

design with preferred properties, then iterate on the strut lengths. Strut

thickness and initial tube diameter also play a role in the final diameter of

the stent.

The stent-artery interaction is neglected here. Very small strains are seen

under blood pressure loading. However, blood pressure acting on the artery

may cause greater stent strains through changes in the contact pressure on

the stent. In these results, the foreshortening in the worst cases (Diamond

and Auxetic) was on the order of 10 microns, about one animal cell size.

The clinical relevance of such small strains is debatable, but strains relative

to the artery may be larger if artery contact is considered.

There was a considerable difference in amount of recoil between stent

designs. A low recoil is desired. The Hybrid A had the lowest recoil, and

the Chevron B design had the highest. The ranked order of the stents is

interesting as it does not seem to match orders seen for other performance

parameters. Hybrid A and Chevron B often have similar mechanics in other

performance parameters, and there is no apparent design difference that

would account for them having such different recoil.

The foreshortening follows the results for the expansion FE: the Diamond

design foreshortened, the Hybrid C design had a constant length, and the

Auxetic design elongated. The Hybrid A and Chevron B designs also slightly

elongated. Combined with the finding that recoil caused the Hybrid A and

Chevron B designs to trend towards being zero-foreshortening, this result

further suggests that the global mechanics of the stent are being influenced

by different rates of local expansion in the stent. In lattice theory, cell

repetition is often assumed to be infinite. For stents, this is often not the

case: in some of the models used here as few as one cell is tested, for example

in the Hybrid A design. Thus, lattice theory may be used as an in initial
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guide for stent design, but refinement by considering the stent as a finite

structure is subsequently required to accurately predict mechanics.

The Diamond design was most compliant, followed by the Hybrid C, and

finally the Chevron B, Auxetic, and Hybrid A designs had about the same

compliance. This matches the order of compliance for 18 mm for the stents

while they are being plasticly expanded. With additional testing to validate

this at different diameters, this would be a useful property as relative post-

expansion compliance could be estimated by compliance during expansion.

Recall that compliance during expansion is a less important parameter than

post-expansion compliance, but compliance can be quickly estimated by the

analytical model. Also recall that the ranked order of stents for compliance

during expansion changed with diameter. If the ranked order also changes

for post-expansion compliance, it would suggest that geometry configuration

is important as well as cell geometry itself.

3.5.3 Comparing the FE and the Analytical Models

The length-diameter relation for the Reid-Reddy analytical and finite ele-

ment approaches are reproduced for comparison (see Figure 3.15).

The length-diameter relations for both match well, in general. For Aux-

etic, both methods result in an expected maximum diameter of about 18

mm, a final length of about 73 mm, and a similar expansion curve. For Dia-

mond, both methods predict a final diameter of about 33 mm, a final length

of about 27 mm, and a similar expansion curve. Hybrid C is likewise simi-

lar with zero foreshortening and a final diameter of 23 mm. Hybrid A and

Chevron B do not match, and deviate from the idealized zero-foreshortening

model that was expected for their expansion in the finite element model.

3.5.4 Comparison of Post-Expansion Mechanics

Tan et al previously performed FE analysis on unit cell-based designs, with

some overlap to the designs used in the current study [3]. The Diamond,

Auxetic, Hybrid A, and Hybrid C designs are used in both studies. The

stents in the Tan study were of a 3 mm nominal diameter, and were loaded
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Figure 3.15: Length-diameter relations for the Reid-Reddy and FE meth-
ods.

under the 10.7 kPa/ 16.0 kPa physiological-equivalent pressure used here.

The stents were from an assumed expanded geometry: expansion itself was

not modeled. The material model is different between the studies. Finally,

Tan et al. used a constant number of circumferential cells; strut expan-

sion angles to form regular geometric shapes (ie. 45 degrees for Diamond,

30 degrees for Hexagon designs); and a variable strut length. In contrast,

the present study used constant strut lengths, a set number of circumferen-

tial cells according to a controlled strut thickness, and used variable strut

expansion angles to reach the same target diameter.

As such, the mechanical properties of each of these stents should be dif-

ferent in scale, but general features such as relative magnitude of compliance

and foreshortening between stent designs should be qualitatively compara-
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ble.

Figure 3.16 and Figure 3.17 show the foreshortening and compliance pre-

dicted by Tan et al. The Diamond stent foreshortens substantially, the Aux-

etic design elongates substantially, the Hybrid A design elongates slightly,

and the Hybrid C design has negligible axial strain. In magnitude, the ax-

ial strain of the Diamond stent is predicted to be about three times the

magnitude of the Auxetic stent’s strain.
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Figure 3.16: Summary of axial strain for various cell geometries, adapted
from from Tan et al.

The present study had similar findings, except the magnitude of strain

for the Auxetic stent was slightly more than the Diamond stent. This could

be attributed to the fact that in the present study, the Diamond cells are

expanded to a much lower strut angle than in the Tan et al. study. Thus,

changes in diameter will result in a relatively less change in stent length.
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Figure 3.17: Summary of the mean radial compliance for various cell geome-
tries, adapted from from Tan et al.

There are a number of other differences in parameters between the two

studies that may also contribute to the difference in relative magnitude of

foreshortening of the Diamond stent between the studies.

The absolute magnitude of foreshortening is also about a factor of ten less

in the present study than in Tan et al. This is interesting since foreshortening

is a non-dimensional parameter and would be expected to be somewhat

immune to scale. However, the stiffness (or compliance) of the stents in the

two studies is not scaled, so this may contribute to the reduced strain even

with the same loads applied.

For compliance, Tan et al reported similar compliances for the Auxetic

(0.14 MPa−1), Hybrid A (0.12 MPa−1), and Hybrid C (0.14 MPa−1). The
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Diamond design (0.22 MPa−1) is more compliant. The current study found a

similar compliance for Auxetic (0.047 MPa−1) and Hybrid A (0.043 MPa−1),

a higher compliance for the Hybrid C design (0.082 MPa−1), and higher still

for Diamond (0.15 MPa−1).

While there are significant differences in the modeling of these two stud-

ies, it is reassuring that the resulting compliances are on the same order of

magnitude. Patterns are also preserved through the studies: the Diamond

design is most compliant in both studies, and the Auxetic and Hybrid A

designs both have similar and the lowest compliances in both studies.

3.5.5 Limitations and Future Work

Given the deviation in the Hybrid A and Chevron B designs from expec-

tations, further modeling is justified. It has been shown in the literature

[34] that using a balloon-stent contact model offers improved accuracy over

the pressure-stent simulation model used here. Hopefully, a balloon-stent

model would give improved certainty over the length-diameter results for the

Hybrid A and Chevron B stents. Further, the stent designs that were not

tested due to an assumption of being similar to other designs (for example,

Hexagon and Double Hexagon being similar to Diamond) should be studied

in FE to see if they have unexpected expansion phenomenon.

For these FE models, Cartesian coordinates were used. In future models,

using cylindrical coordinates may be preferred. This would allow FE of stent

designs that do not have two, orthogonal axes of symmetry. Currently,

orthogonal axes of symmetry allow for the required displacement boundary

conditions to be applied without complex boundary condition functions.

In addition to the balloon, the artery’s geometry should be considered

also as a contact model. Arteries in need of stenting rarely, if ever, are

straight and having a constant diameter. This creates a complex contact

model, creating stresses in both the stent and artery. Blood pressure loading

on a stent-artery model may result in greater strains than loading on the

stent itself.

An improved plasticity model should be used that better captures the
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post-yield behavior than the perfectly-plastic model used here. 316L can

vary significantly in its plastic behavior depending on composition, rate

of loading, and any heat treating. For the purposes of this study, this

complexity was neglected to allow focus on a comparison of unit cell designs,

rather than attempt to perfectly model the physics of stenting.

3.6 Conclusions

This chapter presented the Finite Element computational analysis of stent

expansion mechanisms. Good agreement with the simpler analytical models

in Chapter. 2 is found for the expansions length and diameter characteristics.

The next chapter presents experiments on a selected set of stent designs

emerging from this and the previous chapter.
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Chapter 4

Experiments of Stent

Expansion

4.1 Introduction

Computational methods are cheaper and quicker than prototype testing,

but lack certainty as no model can completely replicate the physics of the

real world. Accordingly, experiments are used to validate portions of the

computational study. The intention is to prove that if the computational

models have a reasonable match to the physical reality for some parameters,

the computational models become validated for use in other simulations with

improved certainty.

Three stents are manufactured and expanded by a series of increasingly

wider balloons. Diameter, length, diametric recoil, and axial recoil are mea-

sured and plotted for each balloon. These results are compared to the expan-

sion and recoil results attained in earlier chapters through analytical and FE

methods. Two additional design considerations are then briefly discussed,

which illustrate the complexity of stent design.

4.2 Methods

Stents are manufactured (Lumenous Device Technologies, Sunnyvale, CA,

USA) for the Diamond, Auxetic, and Hybrid C designs. These stents were

chosen due to being the extreme cases of axial strain found in the FE portion

of this study. The Diamond design had axial foreshortening, the Auxetic

design had the most axial elongation, and the Hybrid C design had no axial

strain with expansion.
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The stents are manufactured from the same NX6.0 CAD files as the FE

study, with the exception that the manufactured stents are whole models

and the FE study used symmetry to consider only one eighth of the full

model. 2D drawings (.DXF file type) of the stent geometries are sent to the

manufacturer, with the drawing showing the unrolled surface geometry of

the stent. Thus, one dimension is the length of the stent, the orthogonal

direction is the circumference.

The stents are cut from an annealed 316L stainless steel tube, with a

4.0 mm diameter and 0.4 mm wall thickness. The annealed condition is

important; for these designs non-annealed stents were found to be stiffer

and often punctured the expansion balloon.

A lathe-like machine cuts the stents: a stationary laser cuts the stock

tube as the tube is moved axially and rotated circumferentially [44]. The

laser used to cut the stents has a kerf width of 20 to 100 micron. For the

stents manufactured for this study, the tolerances were set to 20 micron,

before post-processing.

After cutting, the stents are deburred mechanically and electropolished.

Both of these processes remove material, and the amount of removal can

be specified. Surface smoothing and burr reduction is important as sharp

edges can puncture the expansion balloon. An electropolished surface also

can create a passive oxide layer for improved biocompatability.

The stents are expanded by a series of increasing diameter expansion

balloons, with the diameter and length after each step measured with digital

calipers and recorded. The balloons used were 9 mm, 10 mm, 12 mm, and

20 mm. The intention was to create experimental data to compare with

the length-diameter relation obtained from analytical and FE studies (in

Chapter 2 and 3). For some of the balloons, the stent is expanded several

times with the balloon at different axial locations within the stent as the

balloon is shorter than the stent.

The diameter and length is measured for the stent pressurized by the

balloon and the unpressurized, relaxed stent. This allows recoil at each

nominal diameter to be calculated. For instances when the stent is longer

than the balloon, the measurement of the pressurization state is conducted
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with the balloon centered within the stent.

A second Auxetic stent was expanded with only a 9 mm and 20 mm

balloon to investigate an interesting buckling pheonomenon that developed

in this stent design due to constraints imposed by the balloon-stent inter-

action. Liquid dish detergent was used in the second Auxetic trial on the

balloon to attempt to reduce friction between the stent and balloon.

4.3 Results

Balloon Diamond Auxetic Hybrid C
Diameter Diameter Length Diameter Length Diameter Length

9 mm 9.82 49.64 9.11 52.24 9.24 50.01
10 mm 10.16 49.32 10.31 53.25 10.24 50.10
12 mm 12.25 48.55 12.07 55.77 12.17 49.98
20 mm 20.10 42.91 19.14 69.17 20.29 50.03
25 mm 25.81 38.54

Table 4.1: Experimental Diameters (mm) and Lengths (mm) Under Balloon
Pressure.

The diameters and lengths of the stents after balloon inflation are pre-

sented in Table 4.1. All stents start with a 50.0 mm length and a 4.0 mm

diameter. In all cases except the Auxetic stent with the 20 mm balloon, the

pressurized stent diameter is greater than the balloon diameter alone. This

is expected as the balloon should expand to near its maximum diameter

when expanding a stent, and the stent around it has some thickness. The

Auxetic stent was predicted in FE and the analytical calculations to have a

maximum diameter of about 19 mm.

The post-recoil diameters, shown in Table 4.2, are in all cases less than

the initial diameters. The lengths recoiled in such a way as to return towards

the original length of 50 mm, with the exception of the Diamond stent after

the 9 mm balloon. However, the axial recoil in that trial is so small that the

increase could be attributed to measurement error.

Figure 4.1 reports the diameter and length of the three experimentally
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Balloon Diamond Auxetic Hybrid C
Diameter Diameter Length Diameter Length Diameter Length

9 mm 8.52 49.58 8.82 51.87 8.92 50.01
10 mm 9.48 49.56 9.75 52.83 9.46 49.98
12 mm 11.49 48.90 11.57 54.19 11.76 49.94
20 mm 19.40 45.20 19.07 68.58 19.94 50.01
25 mm 24.97 38.55

Table 4.2: Post-Recoil Experimental Diameters (mm) and Lengths (mm).

tested stents, superimposed on the FE results. The diameters and lengths

are for the paths of expansion, including each recoil step. Similar trends

are noted in both the FE and Experiments: the Diamond foreshortens, the

Hybrid C has no axial strain, and the Auxetic design has axial elongation

with expansion.

The curves generated by connecting the experimental data points linearly

match the FE curves quite well, with the exception of the Auxetic design at

high strain. Here, the diameter exceeds the maximum predicted diameter

but the stent does not elongate as much as was expected.

The recoil only partially matches FE. In FE, the Diamond and Auxetic

plots did not show hysteresis when recoiled. In the experiments, the stents

appear to have relatively more length than diameter recoil compared to FE.

The pre-expanded stents are shown in Figure 4.2. From left to right,

they are the Diamond, Auxetic, and Hybrid C designs. The stents are all

4.0 mm in diameter and 50.0 mm long.

The stents after expansion are shown in Figure 4.3. Auxetic [A] is

expanded with multiple steps, as according to the protocol stated in the

Methods portion of this chapter (p.84). While expanding, it was noted that

the ends of the balloon expanded wider than the stent, and constrained the

stent from elongating. This axial constraint prevented the Auxetic stent

from elongating as much as FE had predicted. Further, this constraining

caused buckling of the center on the stent. The axially running struts in

the buckled zone, which were predicted not to undergo any rotation while
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Figure 4.1: Experimental length-diameter relation, compared with the FE
results.

the stent expands, have actually undergone a rotation nearly as large as the

bending struts.

To further probe this, a second Auxetic stent was expanded using only

the 9 mm and 20 mm balloon. It was observed that, since the Auxetic

[B] stent was at a smaller initial diameter and length when the 20 mm

balloon expansion started, the ends of the balloon constrained the stent

from elongating even more. In this stent, two buckling zones have formed.

The expansion and recoil data for the Auxetic [B] stent is shown in Table

4.3.

Interestingly, the expanded Auxetic [B] stent has a similar diameter to

the Auxetic [A] stent, but is almost 10 mm shorter due to increased buckling.

Furthermore, the Auxetic [B] stent was the only observed data point to have
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Figure 4.2: The three stents used in the experiments, Diamond (left),
Auxetic (middle), and Hybrid C (right).

a negative diametric recoil. The axial recoil was in the same direction as

the Auxetic [A] stent, but had much more magnitude (1.95 mm compared

to 0.59 mm).

The recoil of the stents (excluding Auxetic [B]) at each stage of expansion

is compared in Figure 4.4. Similar to the FE data, there does not appear

to be much design advice that can be taken from this analysis. There is an

indication that the Diamond stent has more recoil, and that stents recoil

less as they achieve larger diameters and their strut angle increases.

While expanding the stents, an interesting phenomenon was observed on

the Diamond Stent. When the balloon is shorter than the stent, an anti-

dogbone effect is formed at the edges (see Figure 4.5). A dogbone effect is
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Figure 4.3: The expanded stents after the experiments, Auxetic [A] (left),
Auxetic [B] (left-middle), Hybrid C (right-middle), and Diamond (right).

the outward flaring of the stent at the ends, and is clinically observed. It

creates a stress concentration at the ends of the stent, which may reduce

risk of migration but also leads to higher local stresses in the artery. Anti-

dogbone is the reverse: the ends of the stent are under-expanded. This

finding confirms the result anticipated by FE analysis of Ju et al. [32].

Anti-dogbone was also observed with the Auxetic stent, but Hybrid C

seems more immune. A slight dogbone effect was observed on the Diamond

stent using the 20 mm balloon. We have observed larger dogbone effects

with the Diamond stent using different expansion protocols.
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Auxetic
Balloon Expanded Recoil
Diameter Diameter Length Diameter Length

9 mm 9.16 51.74 8.69 51.56
20 mm 19.51 60.96 19.60 59.01

Table 4.3: The Auxetic [B] Stent Length (mm) and Diameter (mm), for
Expansion and Recoil.
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Figure 4.4: Recoil of the three stents for each of the balloons sizes used.

4.4 Discussion

The length-diameter relation of the experiments has reasonable agreement

with the finite element prediction, except for the Auxetic stent due to the

observed buckling phenomenon. Even if the FE model was altered to in-
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Figure 4.5: A Diamond Stent inflated with a 9 mm diameter x 38 mm
length balloon.

clude a balloon as was recommended in the FE chapter, it is still unlikely

that a contact model would have predicted the buckling without intention-

ally including the phenomenon in the model. This highlights that while

computational methods are helpful in stent design, it is necessary to include

all relevant physical phenomenon in the model. Experimental prototypes

continue to be required until the designer is sure the computation model

can capture all important mechanisms.

The stents were expanded in air, whereas surgically used stents interact

with blood and the vessels. Blood may offer some lubrication to reduce

stent-balloon friction, and blood pressure may serve to reduce the amount

of over-expansion of the balloon outside the the stent region. With this,
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perhaps the Auxetic stent would be less constrained and would be less prone

to buckling.

This finding is further evidence against the use of stent designs with large

axial strains during expansion, especially elongating strains. Potentially, this

elongation could also happen against the artery during expansion, which

might provide large stretching and tearing loads. Further investigation is

needed if the Auxetic stent is to have a potential clinical use.

Alternatively, balloon coatings could be used to reduce friction of the

stent and balloon. Dish detergent was tried in the Auxetic [2] test, but did

not stop the stent from being axially constrained by the balloon and did not

appear to alter the mechanics at all. Also, the balloon could be designed to

reduce risk that the ends of the stent could be constrained. One potential

way to do this would be to taper the ends of the balloon inward, so that

ends of the balloon can not over-expand. As another alternative, the balloon

could axially stretch with the stent, or be constrained in some way so the

middle expands before the ends.

The recoil of the Auxetic [B] stent is interesting as it recoiled slightly

outwards after expansion with a 20 mm balloon. It also had a very large axial

recoil. Recall that this is the test where the axial constraint was largest, and

two buckling zones were observed. As the stent was constrained, the loading

is no longer just in the radial direction. Further, the buckling that occurred

means that the post-expanded stent is no longer a periodic structure. This

makes analysis of these phenomenon difficult. The amount of outward recoil

is quite small, probably within the measurement error, but even zero recoil

would be an interesting finding.

Similarily, in the FE-based recoil results, the recoil of the stent found

experimentally doesn’t seem to correspond to any pattern that could be

attributed to that design. In the FE simulation, the Auxetic design had the

least recoil and Hybrid C had the most. In the experiments, the Auxetic

design also had the least recoil in most trials, but the Diamond design had

the most recoil. It would be interesting to use multiple specimens of the

stent to test repeatability of the recoil data. It is possible that some of the

differences here could be attributed to experimental variability.
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The combined results for the modified pin-jointed, Reid-Reddy, finite

element, and experimental methods are shown in Figure 4.6, 4.7, and 4.8.

Generally, the match between methods is similar, with deviation for the

Auxetic design at high strains where buckling occurs. Note that the axis

scales change by figure; for example, the Hybrid C design has a very small

y-axis range.
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Figure 4.6: The length-diameter relation for all methods for the Diamond
stent.

Interestingly, it does not appear that the Diamond stent is much effected

by not considering the balloon in the model, but the Auxetic design is highly

effected due to the buckling described earlier.

Experimental testing of stent is not without limitations. The small size

of the stent makes it difficult to measure stresses in the struts experimentally.

The pressure expanding the stent is difficult to measure, as the pressure of
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Figure 4.7: The length-diameter relation for all methods for the Auxetic
stent.

the fluid in the balloon expands both the balloon and stent simultaneously;

it is difficult to separate components. Additionally, the expansion fluid is

dynamic: any pressure gauge could not fully account for viscous forces and

pressures that unfold the crimped balloon inside the stent. The displace-

ments expected under in vivo loading here are so small (approx. 10 micron

over 50 mm) as to be difficult to measure experimentally. Computational

methods are better suited for the analysis of these small strain results. As

a final point, experimental testing is more expensive and takes longer to get

results than computational methods.

Tables 4.4 and 4.5 show the verification process for the various compu-

tational methods against experiments. When possible, the diameter and

length data from computational methods is linearily interpolated to cor-
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Figure 4.8: The length-diameter relation for all methods for the Hybrid C
stent.

respond with a diameter for an experimental data point. The length and

difference in length from the crimped state is reported. Finally, the per-

cent error from of the computational change in length data compared to the

experimental data is compared.

The exception is the data from the 20mm diameter balloon with the

Auxetic stent, for which the experimental data point’s diameter exceeded

the maximum diameter predicted by the computational methods. For these,

the maximum diameter data point is used for diameter and length.

In general, the computational methods match experiment quite well,

with the exception of the Auxetic stent with the 20mm diameter balloon.

Further optimumization of the methods is possible, for example by improv-

ing the material models used in the computational methods. In this study
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no optimumization was performed, material and other values were simply

taken from the literature. The Auxetic stent had a poor match because

the buckling phenomenon was not present in the computational models and

a different maximum diameter was predicted in different methods. As the

length-diameter curves become vertically assymtotic, the length prediction

for a given diameter becomes highly variable with slight changes in diam-

eter. At these points, comparison of relative error of diameter for a given

length would give lower errors.

Hybrid C was not included as the axially running members make the

error zero in all cases.

Diameter Length(mm) ∆ L ∆ L Error (%)

Experiment 10.16 49.32 -0.68 -
FE 10.16 49.30 -0.70 2.34
Reid-Reddy 10.16 49.24 -0.76 12.12
Modified Pin-Jointed 10.16 49.26 -0.74 9.25

Experiment 20.10 42.91 -7.09 -
FE 20.10 43.75 -6.25 11.87
Reid-Reddy 20.10 44.38 -5.62 20.78
Modified Pin-Jointed 20.10 44.55 -5.45 23.14

Experiment 25.81 38.54 -11.46 -
FE 25.81 38.11 -11.89 3.79
Reid-Reddy 25.81 38.83 -11.17 2.57
Modified Pin-Jointed 25.81 39.16 -10.84 5.40

Table 4.4: Error tabulation for the various methods for the Diamond stent.

4.5 Additional Design Considerations

In addition to the design parameters tested here, there are additional design

parameters to consider. First is axial flexibility, which describes the ease

with which a stent can bend. This is important to allow the stent to be able

to tract through tortuous arteries. In general, having larger gaps between

stent struts will increase axial flexibility. For instance, the Double Hexagon
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Diameter Length(mm) ∆ L ∆ L Error (%)

Experiment 10.31 53.25 3.25 -
FE 10.31 52.99 2.99 8.01
Reid-Reddy 10.31 53.33 3.33 2.60
Modified Pin-Jointed 10.31 53.47 3.47 6.80

Experiment 19.14 69.17 19.17 -
FE 18.98 73.35 23.35 21.80
Reid-Reddy 18.42 73.54 23.54 22.80
Modified Pin-Jointed 18.67 85.88 35.88 87.19

Table 4.5: Error tabulation for the various methods for the Auxetic stent.

design would be expected to have improved axial flexibility over the Diamond

or Hexagon stent designs.

Prolapse potential is also an important parameter. Unsupported regions

of the artery can drape back into the lumen of the artery, reducing cross-

sectional area for flow. Garasic et al. have found that, in the absence of

injury, a major predictor of final lumen is the gap distance between struts

in the cross-section of the stent [45]. However, there is also support of

the arteries that comes from stent struts that may be axially located from a

particular point on the artery. Therefore, an improved parameter that could

be used is the unsupported distance that a point on the artery is from any

stent strut.

For this purpose, smaller gap sizes between struts is preferred. Therefore,

as a first order model, this design parameter is in direct conflict with the axial

flexibility parameter. More thorough analysis, perhaps by FE, is required

for these parameters.

4.6 Conclusions

The experiments have provided validation of the computational methods

used to analyze the expansion mechanics of stents. There is good agreement

between the two analytical methods, the FE method, and the experimental

method for the length-diameter relation through the expansion of stents.
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The recoil parameter for the stents tested experimentally showed partial

agreement with the recoil from FE. It remains uncertain what aspects of the

design of stents effect recoil.

A buckling mechanism was discovered from the Auxetic stent being con-

strained by the balloon during expansion. However, it did not seem that the

Diamond stent was effected by axial forces between the stent and balloon

since the length-diameter relation from experiment matched the computa-

tional methods where the balloon was not modeled.
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Chapter 5

Conclusions

5.1 Summary of Present Work and Major

Findings

This thesis is concerned with the analysis and design of stent expansion

mechanisms based on the principles of lattice mechanics. Certain lattice

phenomenon, such as effective Poisson ratio, have been verified to extend

from the linear elastic zone to the plastic zone. Plastic mechanics of some

lattice designs are presented here for the first time. Further, plastic analysis

techniques that greatly simplify behavior prediction have been presented.

Plastic analysis of structures is generally considered time consuming and

uncertain due to the material and geometric non-linearities involved. Here,

two analytical models were presented that can rapidly give insight into dif-

ferent topological designs of stent cells. These methods are found to be in

reasonable agreement with more time-consuming FE calculations and ex-

perimental results.

The structure of this thesis forms a recommended design process for

stents. First, candidate designs can be identified rapidly from many possible

geometries using the analytical models presented here. Then, FE studies on

promising designs can be undertaken to confirm intended designs. Finally,

experimental prototyping should be performed in order to confirm mechanics

in the physical world. The advantage of this order is that stents can be tested

rapidly in less confident methods to be able to test many more candidate

designs in less time. Once the analytical model has been further proven, it

may be possible to eliminate the FE step to further save design time.

Several lattice based stent designs were analyzed as candidate starting
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designs for stents. Some of these designs have been used as stents previ-

ously, some are from lattice literature, and some are created for this study.

The main parameters studied were the axial strain with expansion; the com-

pliance of the stent during expansion; maximum expandable diameter; re-

coil of the stent when the expansion balloon is deflated; axial strain under

blood pressure loading; and compliance under blood pressure loading. Ad-

ditionally, there are other design criteria such as axial flexibility, prolapse

potential, strut thickness, and optimal strut length that were mentioned

or discussed but not analyzed. Combined, this creates a difficult design

problem; hence, the approach of starting with selecting promising unit cell

designs.

Even in selecting a unit cell, it is difficult to designate a single design as

being best. The Hybrid A and Chevron B designs are promising since they

have low axial strain and are axially flexible. However, they also have low

strut packing efficiency so they have a relatively low maximum expansion

diameter. This may not be an issue for most vessels, but could be for larger

vessels such as the aorta. The Diamond cell has efficient strut packing so

it has a large maximum diameter and low compliance, but it has significant

foreshortening through expansion. This makes accurate placement difficult

and potentially has implications for stent-artery interaction.

Both the axial strain and compliance of stents were found to be highly

dependent on unit cell choice, but also experience large, non-linear changes

with degree of expansion. Presumably, this means that strut length and tar-

get diameter are also an important parameters as they affect strut expansion

angle.

Recoil was found to be a difficult parameter to compare and analyze, al-

though it is an important design consideration. There was only weak agree-

ment between FE and experimental results, and the experimental results

did not have consistency between designs for different expansion diameters.

An interesting buckling phenomenon was observed in the expansion of

the Auxetic design. This finding serves in part a two fold caution. First, a

caution against relying solely on computational methods to analyze mechan-

ics unless all important mechanisms are accounted of in the model. Second,
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a caution against stent designs with large, elongating axial strains without

altering balloon designs as these designs are prone to buckle and puncture

the balloon.

Some major contributions of this work were:

1. The invention of two analyical models describing the expansion of

stents, and expandable structures in general.

2. Experimental confirmation of the anti-dogbone effect predicted by Ju

et al. [32].

3. Validation of the two analytical models as well as a finite element

model by experiments.

In summary, the research objectives were fulfilled as follows:

1. Two analytical models were developed to efficiently predict expansion

behavior of stents.

2. Geometries were designed having a variety of expansion characteris-

tics. Use of the model allows for improved command over parameters

effecting stent expansion.

3. The analytical models were validated through FE modeling, which is

a technique that has been used multiple times to aid stent design.

Both the analytical and FE models were further validated through

experimental testing.

5.2 Limitations and Future Work

The analytical and finite element computational models presented here are

limited in that they did not include balloon-stent interaction. Experimen-

tally, balloon-stent friction was seen to be small in the Diamond stent, but

the contact interaction played a critical role in buckling the Auxetic stent.

Later models should capture this behavior if the Auxetic stent is to be fur-

ther considered a candidate design.
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An analytical based prediction of compliance and the pressure-diameter

relation was proposed, but issues remain with it so this part of the project

has been delegated to future work. Documentation of the proposed approach

is in Appendix A. Compliance through expansion is a parameter of limited

clinical benefit, so the work presented here does not suffer from this model

not being included.

The anatomy the stent is being put into is entirely neglected in this

study. At all stages of analysis, the anatomy should be included, ideally in

a way to be able to observe and compare stress the various stent designs

impose on the artery. Both acute stresses from expansion and long-term

stresses from stent-artery interaction are important.

Additional design parameters should be analyzed, to give a more com-

plete understanding of stent mechanics and potentially allow for optimiza-

tion of stent design. For this, the effect of strut length, strut thickness, and

material properties should be further investigated. Further, comparative

metrics should be created and analyzed for axial flexibility and prolapse po-

tential for each of the stent designs presented here. The effect of removing

select axial struts, as was started with the Double Hexagon design, could

complement this analysis.

For the experiments, additional stents should be expanded and measured

to offer greater certainty over experimental controls. Additionally, the bal-

loon pressure should be monitored to allow for the calculation of compliance

and the pressure-diameter relation for the stents experimentally. The Hy-

brid A and Chevron B stents should be tested experimentally to observe if

they have axial strain, as predicted by FE, or not, as predicted by analytical

methods.

5.3 Potential Applications

The analysis techniques and knowledge presented here is most relevant for

the design of stents. In some ways, stent design has stagnated after the

drug eluting stent revolution that occurred a decade ago. The mechanical

design of stents has remained relatively unchanged for even longer. Perhaps
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there is an opportunity for a total mechanical redesign of stents, derived

from intentional design and optimization of all design parameters. Such a

design could be attained from the work presented here complemented with

the recommended future work.

In addition to medical devices, there are other deployable structures

where lattice-based analysis of plastic structures may be useful. For instance,

space payloads and petroleum drilling technologies require highly efficient

packing for transit, then reliable, relatively stiff structures at an isolated

location. The analysis techniques presented here may have application to

technologies in these fields.
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Appendix A: Future Work

on Analytical Compliance

Another advantage of the Reid-Reddy method is that the formulation is not

purely geometrical: it does account for loading on the struts and thus the

comparative stiffness of the stents during expansion can be predicted.

The force-deflection relation is shown in Chapter 2 as Figure 2.8. This

relation could be related to a pressure-diameter relation through geometry

and equating work.

Consider a unit strut, where the unit consists of one cantilever that

bends as well as non-bending material, such that the amount of non-bending

material at a node is distributed evenly between all struts at that node.

By this stent expansion model, the stent is only loaded by pressure ap-

plied to the stent, which is assumed to be constant throughout the stent’s

inner surface. An increase in pressure causes a change in diameter of the

stent, and thus the struts of the stent rotate. The work done by a pressure

causing an increase in radius of dr is given by:

W =

∫
PAdr (1)

Where P is the pressure, A is the surface area inside the unit strut, and

dr is the change in radius of the stent. Similarly, stent expansion work can

be considered as an internal Reid-Reddy cantilever force going through a

displacement V :

W =

∫
FdV (2)
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By equating equations for circumference from the radius and stent strut dis-

placement, then taking the derivative, the following expression is attained:

dV

dr
=

π

2nc
(3)

for all designs except double hexagon, which is

dV

dr
=

π

4nc
(4)

These equations are combined to find a relation for pressure given the ge-

ometry of the stent and the Reid-Reddy force-displacement relation:

P =
Fπ

2ncA
(5)

Figure 1 shows the predicted pressure-diameter relation for six stent de-

signs. All curves have the same general shape, but a different final diameter

and yield point.

For the pressure-diameter plot, Appendix Figure 1, the final diameter

here is the same as that found in the length-diameter relation, from Figure

2.7 (in Chapter 2). The slope of the plots flattens as it approaches the final

diameter, that is the stents become stiffer as they reach their final diameter.

This is expected as the struts are becoming loaded more as stretched and

less as bending cantilevers. The internal force that causes the stent struts to

bend increasingly becomes aligned with the strut and as the strut rotates.

A useful comparison is between the Diamond, Hexagon, and Double

Hexagon designs. Recall that the Hexagon is the Diamond design with added

axial connectors of one strut length. The Double Hexagon design is the same

as the Hexagon, but with alternate axial struts removed. Accordingly, all of

these designs have the same number of unit struts within their circumference.

Therefore, any difference in performance between the designs is a result of

different non-bending areas between each of the unit struts. The results
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Figure 1: Pressure-diameter relations of the stents modeled as a structure
of Reid-Reddy cantilevers.

then do match the results expected from the method of equations above, as

the Hexagon has much more non-bending area than the Diamond design,

with the Double Hexagon design being between the two.

Similarly, the Auxetic, Hybrid A, and Chevron B designs have the same

circumferential number of strut units as well as circumferential number of

unit cells. The Auxetic unit cell has one non-bending strut with a length of

2l ; the Hybrid A unit cell has non-bending struts as part of the Hexagon and

Auxetic portions of the unit cell as well as a non-bending strut connecting

the two sub-cells, but also a relatively open design; and the Chevron B unit

cell has one non-bending strut.

The pressure-diameter relation presented here is a model of stent ex-
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pansion. It is highly simplified compared to the balloon-stent interaction

present in reality. It remains to be seen if having greater non-bending area

in contact with the expansion balloon causes a more compliant stent, for

instance. The compliances here raise a caution for balloon rupture: the 20

mm diameter balloons we used the the Experiments portion of this thesis

have a rating of 7ATM for their burst rating, which roughly corresponds to

700 kPa and is in the range of the results seen here. However, in our expe-

rience balloon failure in our experiments the result of the stent puncturing

the balloon and not from over-pressurization.

A stiff stent may be more difficult for the surgeon to implant, but there

are tools to increase expansion pressures. The approximation of the struts as

rectangular cross-sectioned cantilevers introduced error as well, particularly

in calculating the bending moment of area and that uses the outer diameter

strut length to calculate pressurized area of expansion.

Also to be considered is the linear-elastic compliance of the stent under

physiologic blood pressure loading, as the interaction with the anatomy un-

der these conditions may guide remodeling. This analytical model could be

expanded in the future to include the recoil of the stent when the expansion

balloon is removed as well as the cyclic blood pressure loading.

The pressure-diameter relation for the Reid-Reddy analytical and finite

element approaches are reproduced for comparison (see Figure 2).

The pressure-diameter relations also match well for some of the stents.

Both methods predict the Diamond being the most compliant. The Hybrid

C design has a lower compliance than Diamond, and the Auxetic, Hybrid

A, and Chevron B designs have a similar, and lower still, compliance.

The methods do differ in their predictions for initial expansion and yield-

ing. Both predict the stents yield at about 200 kPa, but the Reid-Reddy

method predicts a greater spread in yield values. Recall the analytical

method assumes a rigid-linear plastic model. The elastic phase is neglected,

and the area around the yield point of the stents has a transition between

being elastic and fully plastic. It may be possibly to adapt the analytical

method to include the fully elastic and elastic-plastic transition phase of

expansion. For example, linear elastic analysis of unit cells similar to those
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Figure 2: Pressure-diameter relations for the Reid-Reddy and FE methods.

in this study has been performed by Gibson and Ashby [1]. The linear phase

could form an initial displacement before the Reid-Reddy method is used,

or further there could be some scaling model to transition the fully elastic

to the plastic Reid-Reddy model.

The slopes of the Diamond and Hybrid C stents are steeper for the Reid-

Reddy version than the FE method. This indicates a lower compliance.

In both the FE and Reid-Reddy method, the area the pressure is on

is the inside surface of the stent. In reality, the pressurized area probably

corresponds more to the area of the sector of the balloon that loads a stent

strut. The Reid-Reddy method is quite sensitive to the area used, as pres-

surization of non-bending struts is distributed to load bending struts. This

should be further investigated and optimized to have a clearer picture of the
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model of the mechanics involved.

Stent expansion forces could be idealized as hoop stresses. Thus, in

the circumference, expansion forces are the same in all cells and thus all

bending struts, assuming all cells are identical and expand at the same

rates. Therefore, the yield point should be roughly the same for all stents,

irrespective of the number of cells in the circumference. This would explain

why the FE stents yield at about the same point, and suggests that the FE

result is the correct one. Further investigation is required, and should focus

on the Reid-Reddy method for finding the pressure-diameter relation. In

particular, there is uncertainty in the formulation used to equate the work

to open a Reid-Reddy cantilever and the work the balloon pressure does to

expand a strut.

Further work on this model is needed to be confident in its results, but

the clinical benefit of the model is probably limited compared to other pa-

rameters studied in this thesis.
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