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Abstract 
Cardiovascular diseases (CVD) are the leading cause of death in the developed world. One of the most 

common management methods for CVD is through vascular implants such as stents to support arterial 

walls. However, determining the efficacy of stents can be difficult, particularly for high-risk stents, 

such as those used in the aorta. In-vitro modelling can provide safe insight into the haemodynamics 

changes within an artery due to specific stenting methods, without intrusive patient monitoring. The 

in-vitro studies presented in this thesis contribute to research on the haemodynamic changes within 

arteries using particle image velocimetry (PIV). 

In-vitro modelling can be used to investigate haemodynamics of arterial geometry and stent implants. 

However, in-vitro model fidelity is reliant on precise matching of in-vivo conditions. Flow distribution 

and wall shear stress depend on the Reynolds and Womersley numbers. This thesis reviewed currently 

published Reynolds and Womersley numbers for 14 major arteries in the human body. The results 

were presented both in a table and graphically for ease of understanding and future use. The results 

identified a paucity of information in smaller distal arteries compared to major arteries such as the 

aorta. 

Matching Reynolds and Womersley numbers for compliant in-vitro modelling may also be limited by 

model dimensional tolerances. A method for visualising the range of experimental conditions required 

for dynamic matching was developed and case studies for the ascending aorta and common carotid 

artery were presented. The assumed Sylgard 184 silicone would be used for phantom fabrication, and 

compared three working solutions: water/glycerine, water/glycerine/urea, and 

water/glycerine/sodium-iodide. To manufacture compliance matched silicone models of the 

ascending aorta and common carotid arteries, the models were scaled to 1.5x (ascending aorta) and 

3x (common carotid) life scale, respectively. Modelling the ascending aorta with the comparatively 

high viscosity water/glycerine solution will lead to very high pump power demands. However, any of 

the working fluids considered could be dynamically matched with low pump demand for the common 

carotid model.  
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The Frozen Elephant Trunk (FET) stent is a hybrid endovascular device that may be implemented in 

the event of an aneurysm or aortic dissection of the aortic arch or superior descending aorta. 

However, the FET stent is a high risk stent. In particular, the Type 1B endoleak can lead to intrasaccular 

flow due to an incomplete distal fit between the stent and artery during systole. Chapter 5 developed 

an in-vitro modelling technique to enable the investigation of the known failure. Recirculation zones 

and an asymmetric endoleak were identified distal to the surrogate stent graft. The endoleak 

developed at the peak of systole and was sustained until the onset of diastole. The endoleak geometry 

indicated a potential variation in the phantom artery wall thickness or stent alignment. Recirculation 

was identified on the posterior dorsal line during late systole which may induce an inflammatory 

response in an artery. The identification of the Type 1B endoleak proved that in-vitro modelling can 

be used to investigate complex compliance changes and wall motions.  

The kissing stent (KS) configuration is a low risk, stenting method often used to treat aorto-iliac 

occlusive disease (AIOD). However, long-term patency reduces by nearly 25% in the first five years 

potentially due to deleterious flow behaviour. The risk of harmful haemodynamics due to the KS 

configuration were investigated in-vitro. PIV experimentation identified peak proximal and distal 

velocity in-vitro was 0.71 m·s-1 and 1.90 m·s-1, respectively. A lumen wall collapse in the sagittal plane 

occurred during late systole to early diastole proximal the KS configuration. The collapse disturbed the 

flow proximal to the stented region producing potential recirculation zones and abnormal flow 

patterns. However, the systolic flow was as normal and undisturbed indicating the KS configuration is 

safe to use for repairing AIOD. The collapse had not been previously identified and would require 

further investigation.  

Thoracic extra-anatomic bypasses (EAB) are grafted stents that may be used to prophylactically 

revascularize supra-aortic arteries that may require blockage during thoracic endovascular aortic 

repair (TEVAR) methods. However, prophylactic use of EAB may introduce a risk of failure due to 

abnormally low or disrupted flow, known as competitive flow, within the bypasses. Competitive flow 
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within the bypasses between supra-aortic arteries has not been captured previously. PIV was used to 

assess each model configuration for flow abnormalities and potential for flow competition. The 

investigation found potential for competitive flow in the bypasses when just the left subclavian artery 

(LSA), the left carotid artery (LCCA), or none of the arteries are blocked. In contrast, when the LSA and 

LCCA were both blocked, there was no evidence of competitive flow. Flow stagnated at the initiation 

of systole within the BC bypass in the 2 configurations with an unblocked LCCA, along with notable 

recirculation zones and reciprocating flow occurring throughout the rest of systolic flow. Flow 

stagnated in the CS bypass at early systole when only the LCCA was blocked. A large recirculation was 

identifiable in the CS bypass when just the LSA was blocked, particularly after peak systole. The 

potential of competitive flow indicated prophylactic used of EAB in the supra-aortic arteries may 

require location of proximal arteries to limit the number of pathways blood flow can take. 
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Foreword 
 

This thesis presents in-vitro measurements of haemodynamic changes as a result of various stenting 

methods performed within the aorta and its immediate distal branches. 

Chapter 1 introduces the physiology of the cardiovascular system with specific consideration of the 

regions pertinent to the content of this thesis. The chapter also provides a brief description of 

cardiovascular diseases and the mechanics of stents used to restore healthy blood flow. 

Chapter 2 describes modern PIV modelling methods. Chapter 2 gives an overview on optical PIV 

techniques used for visualisation and measurement of fluid flow behaviour through the phantoms and 

stents analysed in this thesis. The pre- and post- processing methods used for analysis of the PIV 

images were defined as well as the software and hardware used. Then flow circuit designs and 

methods for preserving dynamic similarity are provided. Finally, an in-depth description of the design 

and fabrication process for making thin-walled silicone phantoms of arterial models. 

Chapter 3 evaluates previous literature on non-invasive in-silico and in-vitro modelling, such as CFD 

and PIV, respectively, of arteries and stents. CFD and PIV have been used with varying degrees of 

success to determine haemodynamics in arteries and how implementing stents can improve flow. CFD 

and PIV approaches are able to examine the effects of stenting without risk to human life, allowing for 

safer design investigation before deployment. A review of the benefits and deficits of each modelling 

approach with specific reference to the boundary conditions was undertaken. Chapter 3 also 

investigates gaps in the literature to be considered in this thesis. 

Chapter 4 provides a survey of the dynamic fluid parameters that are critical for precise in-vivo and 

in-vitro modelling. The chapter identifies some major difficulties for design in-vitro experiments. The 

chapter also provides a potential setup for experimentation of a compliance match artery. 

Chapter 5 investigates the effects of the Frozen Elephant Trunk hybrid stent on the haemodynamics 

within the descending aorta. A surrogate prosthetic stent was designed and implemented within a 
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compliant phantom of the aorta. The research identified a Type 1B endoleak occurring at the distal 

friction fixing of the stent which may lead to blood leaking into the diseased portion of aorta. This 

chapter suggests that further research should be carried out on the mismatch in compliance between 

stents and arteries, particularly for stents implanted in the aorta.  

Chapter 6 investigates the area mismatch of kissing stent geometry used to reconstruct the aorto-iliac 

bifurcation. Two surrogate stents were produced and installed within a compliant model of the aorto-

iliac bifurcation. The stents were designed to protrude significantly into the aorta. This chapter 

suggests that the kissing stents had little effect on the flow through the iliac arteries. However, a 

transverse collapse occurred within the abdominal aorta. The collapse has not previously been 

identified but may be a cause for the reduction of long-term patency. 

Chapter 7 presents a method to determine the presence of competitive flow through extra-anatomic 

bypasses between the supra-aortic arteries. The purpose is to evaluate the necessity to ligate or 

embolise proximal supra-aorta arteries. A compliant phantom of the aorta with bypasses was 

designed and four model setups investigated. The four setups were achieved via purposely occluding 

the proximal left carotid and/or subclavian artery. The haemodynamic differences between the 

models indicate that ligation or embolising the proximal supra-aorta arteries may be required to 

prevent competitive flow. However, ligating both the left carotid and the subclavian arteries also 

resulted in a notably lower flow through the supra-aortic arteries which may cause other 

complications. 

Chapter 8 draws general conclusions from the research carried out within the thesis and presents 

potential future work that may be carried out to advance the research further. 
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1. Introduction 

This chapter provides an overview of the cardiovascular system physiology and concepts related to 

cardiovascular diseases and vascular treatments. The chapter will focus on arteries investigated in 

later chapters of this thesis as well as arterial structures and mechanical properties relevant to the 

research. The potential causes of cardiovascular diseases, particularly those relating to haemodynamic 

changes will also be introduced. Finally, this chapter will introduce vascular implants, with a focus on 

covered stents. 

1.1. Cardiovascular System 

The cardiovascular system has two major components, the heart and the blood vessels [1]. A third 

component, the lymphatic vessels, play an important role in cardiovascular functions. However, they 

do not contain blood and hence was not relevant to this thesis. The purpose of the cardiovascular 

system is to pump oxygenated blood, hormones and nutrients throughout the body and allow gas 

exchange in the lungs [1]. The cardiovascular system helps the body regulate body temperature and 

to meet the demands of activity, exercise, and stress. 

Three subsystems make up the cardiovascular system:  

1) Systemic Circulation is supplied via the aorta and branching arteries to the systemic 

capillaries. 

2) Pulmonary Circulation is supplied by the pulmonary artery and feeds the pulmonary 

capillaries. Pulmonary Circulation allows the exchange of gases within the alveoli of the lung. 

3) Coronary Circulation is a specialized blood supply that perfuses blood to the cardiac 

muscles. 

A stylized representation of the systematic and pulmonary circulation is shown in Figure 1.1. 
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Figure 1.1: The cardiovascular system showing the systematic (red) and pulmonary (blue) circulation, reproduced 

with permission from [2] 

The heart can be considered to function as two pumps, left and right, that feed the systemic and 

pulmonary circulation systems, respectively [1]. The pumps are connected in series. Thus, the output 

of one eventually becomes the input of the other. The right side of the heart comprises of the right 

atrium and right ventricle. The right atrium receives deoxygenated (venous) blood from the systemic 

circulation. The right ventricle then pumps this blood through the pulmonary circulation to allow gas 

exchange [1]. The left side of the heart is structured similar to the right side. However, the left atrium 

receives oxygenated blood from the pulmonary circulation, which the left ventricle then pumps 

through the systemic circulation to perfuse through the aorta to the rest of the body [1]. Cardiac 

output is a measure of the volume of blood output by the left ventricle and is dependent on arterial 

pressure and stroke volume [3].  
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1.1.1. Systematic circulation 

The systematic circulation begins with oxygenated blood being pumped from the heart [1]. 

Oxygenated blood is passed through the arteries, then arterioles, then capillaries where gas exchange 

occurs to tissues [2]. Deoxygenated blood then continues through the venules and veins back to the 

heart [2]. This thesis focuses on modelling of the effects of stenting on regions of the aorta and its 

immediately distal arteries.  

Arteries can be classed as elastic or muscular depending on their size and structure [3]. Elastic arteries 

have a large diameter and high percentage of elastin fibers, resulting in an overall low Young’s 

Modulus. The largest and most elastic artery in the human body is the aorta [3]. Most of the stroke 

volume passes through the aorta. The aorta has a large proximal diameter and tapers into a smaller 

diameter as other arteries branch off distally. Due to its size, the aorta is separated into multiple 

sections, beginning with the ascending aorta at the heart. The ascending aorta leads into the aortic 

arch, then the descending thoracic aorta and finally the abdominal aorta [4]. The major arteries 

branching off the aorta are shown in Figure 1.2. This thesis primarily looked at the aorta and its 

branches. Further distal branching was not a focus of this thesis and therefore has not been discussed 

further. There are many different stenting methods that may be used in the aorta due to its size and 

geometry [5-9]. Failure of these stents can be fatal. Stenting in the smaller distal arteries such as the 

femoral arteries can have a lower mortality risk and tend to utilise simpler geometries [10]. Hence, 

this thesis focused on stents that had a higher associated risk. 
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Figure 1.2: The aorta and its major branches. Retrieved from [11] 

1.1.1.1. Aortic Valve 

The aortic valve is the located at the outlet of the left ventricle into the ascending aorta [12]. The aortic 

valve is comprised of three semi-circular cusps [12].  The aortic valves acts as a one way flow valve. 

The valve opens when the pressure within the left ventricle exceeds the pressure in the ascending 

aorta, initiating systole, and propelling fluid forward into the aorta [13]. The valve then closes when 

the ascending aorta pressure exceeds the left ventricle, thereby preventing backflow into the heart 

[13]. The aortic valve ensures anterograde flow through the arteries. 

1.1.1.2. Aortic Arch 

The aortic arch connects the ascending aorta and descending aorta through an approximately 180o 

curve. The supra-aortic arteries branch from the top of the arch and feed blood to the upper limbs 

and head. For most of the human population these branches are the brachiocephalic artery (BCA), the 
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left common carotid (LCCA) and the left subclavian artery (LSA). However, there are common 

mutations that may result in more or less arteries branching off the arch [14]. Some common 

mutations are the bovine arch, additional left vertebral (LV) branch, bovine and LV arch, joined 

common carotid, aberrant right subclavian and the ‘mirrored’ or right arch (Figure 1.3). The combined 

incidence of these mutations is approximately 20% [14]. The normal aortic arch has a tortuous 

geometry [6]. Along with its many branches, the complex geometry can make vascular intervention 

difficult. Hence, the aortic arch can be one of the most complicated, as well as one of the most 

important, arteries.  

 

Figure 1.3: Variations of the aortic arch. Reproduced with permission from Popieluszko, et al. [14] 

1.1.1.3. Brachiocephalic 

The BCA (also referred to as the innominate artery or brachiocephalic trunk) is generally the first and 

largest of the arteries to branch off the aortic arch [12]. It is a short segment of artery that feeds the 

right subclavian artery (RSA) and the right common carotid artery (RCA) [12]. The BCA provides the 

main blood supply to the right arm (brachio) and head (cephalic). 
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1.1.1.4. Common Carotid Artery 

The LCCA is typically the second branch off the aortic arch immediately following the BCA branch [12]. 

The common carotid arteries are the primary blood supply for the neck and head [15]. The common 

carotid arteries branch downstream into the internal and external carotid. The external carotid 

supplies blood to the face and skull [15]. The internal carotid arteries connect with the basilar artery 

(feed by the vertebral arteries) in a ring to form the Circle of Willis in the cranial cavity [15]. 

1.1.1.5. Subclavian Artery 

The LSA is the third branch off the common aortic arch [12]. The subclavian arteries provide blood 

flow to the axillary and vertebral arteries on the left and right side of the body [16]. The subclavian 

arteries primarily supply blood to the upper limbs of the body and the thorax. However, they also 

contribute to blood flow to the head through the vertebral arteries [15].  

1.1.1.6. Descending Thoracic Aorta 

The descending thoracic aorta begins at the aortic arch and passes down through the chest connecting 

to the abdominal aorta at the diaphragm [12]. There are many small arteries that branch off the 

descending thoracic aorta to provide blood to the ribs and some chest structures [12]. However, the 

descending thoracic aorta primarily transports blood to the abdominal aorta. The descending thoracic 

aorta transports a large portion of the stroke volume through to the abdominal aorta.  

1.1.1.7. Abdominal Aorta 

The abdominal aorta is the final segment of the aorta. It begins at the diaphragm and continues down 

through the abdomen until finally bifurcating into the two common iliac limbs. Notable arteries 

branching off the abdominal aorta, are the iliac limbs, celiac trunk, superior and inferior mesenteric 

arteries, and renal arteries [12]. The celiac trunk is the first major branch off the abdominal aorta. It is 

main blood supply for the distal esophagus, stomach and part of the duodenum [12]. The superior 

mesenteric is the second branch from the abdominal aorta, and supplies blood to the midgut. The 

midgut starts with the duodenum and continues through the intestines to the proximal region of the 
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colon [12]. The inferior mesenteric is the primary blood supply of the descending colon and pelvic 

brim. The renal arteries are the only blood supply to the kidneys [12]. They branch from abdominal 

aorta from between the superior and inferior mesenteric arteries.  

1.1.1.8. Common Iliac Arteries 

The common iliac arteries bifurcate off the distal abdominal aorta. They provide blood to the lower 

extremities of the human body. The common iliac artery is a section typically average 50 – 60 mm in 

length [17]. The left and right common iliac limbs are usually asymmetric, with slight variances in 

lengths and take-off angles [18]. The distal common iliac arteries branch into the internal iliac and 

external iliac arteries. The internal iliac arteries supply the sphincters, pelvic viscera, and reproductive 

organs with blood [19]. However, the external iliac arteries proceed inferiorly along the medial border 

of the psoas major muscles and pass deep to the inguinal ligament [20]. At this region, the arteries are 

known as femoral arteries and continue down the legs. 

1.2. Blood 
Blood is a suspension consisting largely of plasma with solid (cells) and liquid (chylomicrons) particles 

[4]. Plasma is a pale-yellow fluid that is 90% water with the remainder being made from vital proteins 

and minerals [4]. Plasma makes up around 55% of the total blood volume. The remaining 45% solid 

particles include red blood cells, white blood cells and platelets. Red blood cells (or erythrocytes) carry 

oxygen through arteries and have the largest effect on the mechanical properties of blood due to their 

high concentration [4]. For comparison there are only a few white blood cells and 50-100 platelets per 

1000 red blood cells. White blood cells are mainly involved in the human body immune response and 

platelets aid the clotting of blood. Blood accounts for approximately 6-10% of the body’s mass and 

has a density of approximately 1060 kg·m-3 [3].  

For blood to flow, there must be a pressure gradient driving the fluid. Blood flow rate is determined 

by the pressure gradient and the resistance of flow. Hence, one of the most important mechanical 

properties of blood is the viscosity. Viscosity is defined as the ratio of shear stress to shear rate, 
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measured in Pascal-seconds [Pa∙s] [21] and is one of the most important characteristics to determine 

flow resistance, along with vessel diameter and length (Equation 1.1) [1].  

𝑅 ∝   (Eq. 1.1) 

where 𝑅 is the flow resistance, 𝜇 is the dynamic viscosity [Pa·s], 𝐿 is the vessel length [m] and 𝑟 is the 

radius of the vessel [m]. The viscosity of blood at body temperature (37oC) has been reported between 

0.003 and 0.006 Pa∙s [3]. 

Viscosity is also used to class fluid types. Plasma is a Newtonian fluid. Newtonian fluids have a constant 

viscosity with respect to the rate of shear straining [3]. Hence, Newtonian fluids have a linear 

relationship between shear stress and shear rate (Equation 1.2). However, the viscosity of Newtonian 

fluids can still be affected by temperature. 

𝜏 = 𝜇�̇�  (Eq. 1.2) 

where 𝜏 is the shear stress [Pa], 𝜇 is the dynamic viscosity [Pa·s] and �̇� is the shear strain [s-1]. While 

plasma is Newtonian, the solid substrates within blood (such as red blood cells) result in whole blood 

behaving like a non-Newtonian fluid. Hence, true blood viscosity is dependent on both the shear rate 

and temperature. Since the human body is generally maintained at 37oC, temperature dependence of 

blood is not generally considered significant [3].  

Viscosity of blood can be dependent on the geometry of the vessel it flows through. As blood flows 

through a tube, red blood cells tend to ‘tumble’ and move towards the centre of the lumen. As such, 

a layer near the wall is produced with very few cells present, known as the free-cell layer [15]. Blood 

flow through vessels smaller than 1.5 mm in diameter have a lower apparent viscosity than through 

large diameter arteries. This effect is called the ‘Fahraeus-Lindqvist effect’ [15]. For blood flow through 

tubes less than 1 mm in diameter, the free-cell layer has a large effect on the overall flow and causes 

the effective viscosity to change with respect to diameter. As the diameter of arteries increases, the 

effect of the free-cell-layer reduce and the viscosity reaches an apparent asymptotic viscosity value 
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that is unaffected by shear stresses. Hence, it may be safely assumed blood behaves as a non-

Newtonian fluid through small blood vessels, such as capillaries [3]. However, as McDonald [22] noted, 

blood flow through large arteries, such as the aorta, can be assumed to behave as a Newtonian fluid 

as the concentration of red blood cells is typically lower than 10%. This occurs as the free-cell layer 

has little effect on larger arteries. 

1.3. Arterial Wall Structure 

The arterial walls are made up of three layers. The innermost is the internal tunica intima, which is 

surrounded by the tunica media and finally the tunica adventitia (Figure 1.4) [4]. Each layer has a 

unique make-up. The intima has two key components. The innermost component is a single layer of 

endothelial cells called the endothelium. This layer is in contact with the blood as it passes through 

the arteries. Surrounding the endothelium is a sub-endothelial layer comprised largely of collagen 

fibers and some collagen producing cells [4]. A layer of elastic fibers forms a boundary between the 

intima and the media layer. The media layer is typically the thickest of the three layers [4]. The media 

layer typically defines whether the artery is an elastic artery or muscular vessel. These definitions arise 

dependent on the ratio of elastic fibers present. Large elastic arteries, such as the aorta, have a large 

percentage of concentrically layered elastic fibers separated by thin layers of connective tissues, 

collagen and smooth muscle cells [4]. Arteries further from the heart are smaller and have a larger 

percentage of smooth muscle cells. Smooth muscle cells are also layered, however, the number of 

layers decreases with the size of the vessel. Smooth muscle cell layers in muscular arteries are 

interspersed with small amounts of connective tissues, collagen and elastin fibers [4]. The adventitia 

is the outermost layer. The main component of the adventitia is loose connective tissues with sparse 

amounts of elastin and collagen fibers [4]. The adventitia may be as thick as, or even thicker, than the 

media layer. 



10 
 

 

Figure 1.4: Arterial wall layers. Reproduced with permission from [23] 

1.3.1. Endothelial Cells 

Endothelial cells are a single layer of cells that line the internal wall of all arteries and veins, 

irrespective of the vessel size [24]. They are in constant contact with blood flow. Endothelial cells are 

highly sensitive to wall shear stresses (WSS) and can be quite fragile in the presence of disturbed flow 

[4]. The mechanics of WSS are provided in detail in Section 3.1. Physiology and Mechanics of Arteries 

and Stents. Despite the fragility of endothelial cells, they also have a strong regenerative ability. 

Endothelial cells can continuously regenerate, even growing through synthetic materials implanted 

into the vessels [4]. Endothelial cell behaviour in straight arteries is relatively simple. In straight 

arteries the cells align in the direction of the blood flow as the shear stresses at the wall are well 

defined. However, the flow at branch points and curves is less simple. When blood velocity increases, 

as on the outer curves of a bending artery, the WSS increases and endothelial cells become flatter, 

also aligning with the direction of flow [25]. However, as blood flow decreases, as along the internal 

curve of a bending artery or branch point, the WSS decreases and the endothelial cells increase in 

volume and lose their alignment [25]. Low WSS can also result from recirculating or stagnating flow.  
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Endothelial cells maintain the fluidity of blood, regulate flow, control the permeability of vessel walls 

and mediate white blood cells within healthy arteries [26]. Endothelial cells are involved in 

mechanisms that prevent coagulation of blood within the vascular network, thereby assisting with 

blood fluidity [26]. They produce Nitric Oxide (NO) and prostaglandin I2 (PGI2) which inhibit platelet 

aggregation and adhesion [26]. NO is beneficial to the overall heart health as it aids blood pressure 

control. NO is a molecule that is the principal vasorelaxant involved in relaxing the smooth muscle 

cells and mediating the blood flow [26]. Vasorelaxation means the cells of the inner wall relax and 

cause the vessel to dilate. NO may also be the primary inhibitor to white blood cell activation. 

Endothelial cells create a permeability barrier that prevents plasma passing from the bloodstream into 

tissues within the capillaries. NO production is influenced by shear stresses in the proximal blood flow 

[26].  

Endothelial cell dysfunction is one of the principal causes for atherosclerotic lesion formation. 

Endothelial cells are the primary cells involved in the inflammatory response of the arterial vessel walls 

[26]. Whilst the primary role of thrombosis is to exclude infected or damage cells from the surrounding 

cells, it can also cause further damage to the vessel walls and induce haemorrhaging. Changes in 

endothelial cell function may lead to the loss of anti-coagulant functions, allowing platelets to adhere 

more to vessel walls and each other. Changes may also alter the cell wall permeability [25]. Altered 

hormone production and cell activation has been linked to both initial plaque formation within arteries 

and plaque growth [25].  

Fluid shear stresses and forces on the endothelial cells are important to the health and longevity of 

the arterial vessels. Changes in blood flow can induce abnormal WSS and oscillations that alter the 

structure and function of endothelial cells and thus NO production and consequently, alter the 

endothelium response. Reduced NO production may contribute to constriction of vascular vessels and 

aggregation/adhesions of platelets and activate white blood cells. Concomitant with NO production 

changes, low velocities may promote the presence of oxidized-low density lipoproteins (ox-LDL). Ox-
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LDL molecules that enter the arterial walls may be consumed by macrophages, turning the 

macrophages into “foam cells” that promote inflammation and exacerbate atherosclerotic 

development. A detailed description of atherosclerotic formation is provided in Section 1.3.1. 

Atherosclerosis.  

1.3.2. Mechanical Properties of Arteries 

All arteries have a level of compliance. Compliance is the inverse of elastance. Compliant arteries 

deform under pressure changes due to their high elastin content. The ability to deform enables 

compliant arteries to accommodate large bursts of blood and dampen fluctuations in flow [27]. The 

blood is distributed in two phases. The first phase is the ‘systolic period’. During the systolic phase, 

the aortic valve opens, and blood is ejected from the left ventricle into the aorta. The aorta is the most 

compliant (and therefore elastic) artery in the human body and can dampen the pulsatile pressure 

that results from the intermittent ejection of blood from the left ventricle [1]. The aorta can dilate to 

accommodate up to 50% of the blood ejected from the left ventricle [28]. When the aortic valve closes, 

terminating flow from the heart, the aorta contracts, thereby forcing flow to continue flowing through 

the arteries and preventing flow reversal in smaller arteries (Figure 1.5). The second pressure phase is 

called the ‘diastolic period’ and begins with the aortic valve closing. The flow through the dilating and 

contracting vessel is known as Windkessel motion.  

 

Figure 1.5: (left) Systolic inflation of elastic artery, (right) diastolic return to original diameter 
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Pulse pressure is the difference between the peak systolic pressure and peak diastolic pressure [1]. 

The deformation of the aorta reduces the arterial pulse pressure experienced by distal arteries. If the 

aorta was rigid, the pulse pressure within the distal arteries and the capillaries may be too high, 

resulting in damage [29]. Normal pulse pressure ranges 40 to 45 mmHg in heathy people [1]. However, 

cardiovascular diseases (CVD) and age can affect this range and it is not uncommon elderly patients 

to have a pulse pressure up to 60 mmHg [1].  

1.4. Cardiovascular Diseases 

CVD are the leading cause of death in the developed world [30]. There are many different types of 

CVD, though this thesis focuses on three main forms:  

1) Atherosclerosis, 

2) Aneurysm,  

3) Dissection of the arterial wall.  

Medication and life-style changes can help mitigate early stages of CVD. However, in more 

severe cases, open surgical repair or endovascular intervention may be necessary.  

1.4.1. Atherosclerosis 

Atherosclerosis is the most common type of CVD [31]. Atherosclerosis is characterized by the 

deposition of fatty lipids both within and on arterial walls [31]. This deposition results in the hardening 

and narrowing of vessel [31]. The depositions on the arterial walls are known as plaque. Plaque 

significantly reduces arterial compliance [15]. Atherosclerosis can range in severity from small lesions 

to total occlusion of the artery, entirely preventing blood perfusion, and can thus prevent oxygen 

reaching distal tissue [15]. Total occlusion of the artery can lead to downstream organ necrosis. 

Coronary arteries supply blood to the heart. If occlusion occurs within the coronary arteries, the 

patient may suffer from potentially fatal myocardial infarction [31]. 
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Atherosclerosis has high incidence within large arteries. However, it is also prone to develop at 

branching or bifurcation regions. This is because lesions tend to initiate within the endothelial cells. 

As noted in Section 1.3.1, cells at junctions or curves tend to have a larger volume to surface area ratio 

and are not well aligned due to poorly defined WSS. This can lead to increased permeability of 

macromolecules such as LDL [32]. The primary cause for atherosclerosis initiation is an accumulation 

of sub-endothelial LDL molecules [32]. Genetics, lifestyle and trauma can also have a significant impact 

on a patients likelihood to develop stenotic (narrowed) or occluded (blocked) arteries [15].  

Atherosclerosis can form in a vicious cycle. The build-up of LDL molecules in the endothelium causes 

inflammation in the damaged cells. Monocytes along with platelets pass through the endothelium due 

to the increased permeability. The platelets adhere to the damaged region. Monocytes in the 

endothelium consume the LDL and form “foam cells” which eventually die and further propagate the 

inflammatory response [15]. In addition, smooth muscle cells from within the tunica media migrate to 

the intima layer of the vessel wall and produce a fibrous layer. As LDL proteins continue to accumulate, 

a fibrous scar tissue is formed and the intima layer of the vessel and begins to thicken [15]. This 

formation of fibrous scar tissue is called intimal hyperplasia. The changes in local fluid dynamics can 

encourage further abnormal cell behaviour, permeation of LDL molecules and organ necrosis, 

resulting atherosclerotic plaque growth  [25]. The stages of atherosclerosis formation are shown in 

Figure 1.6. 

 

Figure 1.6: Atherosclerotic formation process. Adapted with permission from Patchett [33] 
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To compensate for the lesions, arterial walls may remodel and grow thinner to maintain the lumen 

diameter [34]. When the remodelling limit is reached, atherosclerosis begins to protrude into the 

artery lumen produce a stenosis. In advanced stenosis, cells may begin to die resulting in calcified scar 

tissue [15]. The scar tissue has a much lower compliance. If the surface cells are rough or the 

atherosclerotic lesions rupture, platelets will adhere to the damaged regions and form a thrombus 

[15]. Atherosclerosis often doesn’t present with any symptoms until either the lesions rupture or grow 

to fully preclude blood flow [31]. Advanced atherosclerosis frequently requires surgical intervention 

to repair the artery wall and restore healthy perfusion of blood. 

Some of the most common initiation zones for atherosclerotic lesion formations are the inner curve 

of the aorta, the leading edge of the take-off locations for supra-aortic locations (such as the BCA, 

LCCA and LSA) and the aorto-iliac bifurcation [15]. This does not mean that these are the only 

locations. Atherosclerotic lesions can develop within any medium-large arteries [2]. 

1.4.2. Aneurysm 

Aneurysms are defined as the permanent dilation of an artery beyond 150% of its original diameter 

(Figure 1.7) [35]. Aneurysms may occur within any artery. However, they predominantly occur within 

the aorta or the brain. If left untreated, aneurysms may continue to expand until they rupture, which 

can be fatal. In 2015, approximately 168,200 of deaths were due to aortic aneurysm globally [36]. The 

ultimate cause for aneurysm initiation is not well understood. It is believed that aneurysms form due 

to malfunction of the connective tissues in the arterial wall. However, lifestyle, genetics, or underlying 

health complications such as high blood pressure are known to increase the risk of aneurysm.  

There are two main types of aneurysms: saccular, and fusiform [15] (Figure 1.7). Saccular aneurysms 

are most common in cerebral arteries [37]. They appear as a bulge on the side of an artery. They have 

a “neck” that connects then to the artery and a dome that creates the bulge [37]. Fusiform aneurysms 

are a dilation involving the entire arterial circumference dilating, typically over a short distance. 

Fusiform aneurysms are more common within sections of the aorta [37].  
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Figure 1.7: Forms of aneurysms 

The most common aneurysms in the human body are abdominal aortic aneurysms (AAA). However, 

thoracic aortic aneurysms and intracranial aneurysms are also common [15]. AAA may have no 

noticeable symptoms. The most common identification method for AAA is through screening for 

unrelated health problems [38]. Aneurysms typically have a threshold value for which medical 

practitioners will intervene. In the case of AAA, aneurysms below 5 cm in diameter will be closely 

observed, but intervention is unlikely unless the aneurysm grows suddenly. However, when the 

aneurysm is over 5 cm, it is considered to be at high risk of rupture and therefore surgical repair 

methods are used. Ruptured aneurysms, particularly within the aorta, have a high fatality rate. 30-

50% of patients with ruptured AAA will die before hospitalization, and there remains a 50-70% 

mortality rate after surgical repair [38]. Aneurysms can change the haemodynamic behaviour through 

an artery resulting in stagnating or recirculating flow. The abnormal flow can change flow of blood to 

distal organs and may exacerbate disease propagation [39, 40]. 

1.4.3. Dissection 

Arterial dissection is a tear in the lining of the vessel wall that may propagate through the layers of 

the artery (Figure 1.8). Dissection occurs often as a result of trauma or injury. However, spontaneous 
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dissection may also occur. The most common, non-traumatic cause for dissection is weakened arterial 

walls due to atherosclerotic plaque build-up [41]. Dissections initiate within the intima layer of the 

arterial wall, but the flap produced can be as thick as 66% of the media layer [41]. The tear provides 

and alternate pathway for blood to flow resulting in the wall dissecting into two lumens. The tear can 

propagating distally within intima and media layers. Tears may propagate back into the true lumen or 

out through the adventitia layer, referred to as a rupture. Dissections are particularly important to 

identify in the aorta due to the high volume of blood they transport. A dissected aorta may not enable 

blood to effectively perfuse through branching arteries [42]. This can result in ischemia and organ 

necrosis. Dissections can be fatal if not identified and treated quickly. 

 

Figure 1.8: Evolution of arterial dissection 

Aortic dissection will lead to two or more lumens (depending on the number of times it dissects) of 

which only one is the true lumen. False lumens may encroach on branched arteries, acting to narrow 

the branches and prevent or significantly reduce flow [41]. The true lumen can generally be identified 

as it is the smallest of the potential lumens [43]. For pressure within the lumens to be at equilibrium 

the false lumens will have a greater expansion as they have thinner walls, thereby causing the true 

lumen to collapse [43].  
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There are two main types of aortic dissection according to the Stanford classification system [35]. 

Stanford Type A Aortic dissections occur typically within the ascending aorta. Though less common, 

Type A dissections require immediate treatment, often requiring open surgery to identify the 

damaged artery and replace it with a synthetic prosthetic [35, 42]. The more common aortic dissection 

is the Stanford Type B Aortic dissection. This form of dissection typically initiates distal of the aortic 

arch. Type B dissections have a much lower risk and may be repaired by either open surgery or 

endovascular repair, so long as blood flow to the branching arteries is not inhibited [42]. Whilst 

immediate surgical intervention is not always necessary, there is still a risk of the dissection 

propagating through the vessel wall and rupturing. Furthermore, specific selection and precise 

positioning of the stent-graft is pivotal to prevent a Type I endoleak. A Type I endoleak occurs when 

the graft insufficiently seals against the artery wall and blood flow still seeps outside the proximal or 

distal graft into the aortic wall tear. This leak allows a new fluid entry (i.e. a new tear) or retrograde 

Type A dissection [44]. Type I endoleaks require re-intervention to repair. 

1.5. Treatment of CVD 

The three types of CVD outlined in Section 1.3 are often treated using vascular implants. Vascular 

implants are typically stents or stent grafts and are manufactured from biocompatible metals or 

polymers (Figure 1.9) [28]. Stents are tubular components that are deployed within the lumen of a 

vessel to open the vessels and support arterial walls, thereby maintaining healthy blood flow. There 

are three main types of stents: bare metal stent, drug-eluting stents, and grafted/covered stents. Bare 

metal stents are the most basic stents. They are a mesh-like tube made from thin wires [45]. The mesh 

patterns may vary between manufacturers and intended purpose of the stent. Stents were first 

introduced in the mid-1980’s to treat coronary artery disease [45]. In 1986, a self-expanding, stainless 

steel wire mesh structure stent was implemented for the first time in the human body [45]. More 

recently though, biocompatible materials such as platinum, chromium and cobalt have been preferred 

over stainless steel [45]. Bare metal stents were introduced in the 1990s, however, their prevalence 
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in surgical repair is reducing due to a higher risk of restenosis [45]. Restenosis occurs when 

atherosclerotic legions continue to grow through the mesh of the stent, resulting in a re-narrowing of 

the arterial lumen. Drug-eluting stents are similar to bare metal stents in geometry. However, they 

are coated with slow-release medication to block cell proliferation and hence prevent blood clotting 

and restenosis [45]. Covered stents are stents with a fabric/graft material covering the metal [46]. 

Covered stents were initially designed to repair aneurysmal arteries as they can purposely exclude 

blood flow from an aneurysm or dissected wall [46, 47]. They are now frequently used to treat long 

segments of occlusive disease as they can inhibit the ability for intima to grow through the wire mesh 

[47]. 

 

Figure 1.9: Covered stent (left) and bare metal stent (right) being deployed. Note drug eluting stents look similar 
to bar metal stents Image reproduced with permission from [48] 

1.5.1. Covered Stents 

Covered stents, and their use in specific CVD repair were the focus of this thesis. The grafts are typically 

made from PTFE (polytetrafluoroethylene) or Dacron [28]. The manufacture methods of these stent 

graft materials preclude flow between the stent graft lumen and the native artery wall. This makes 

them ideal for repair of dissection or aneurysms [46]. Covered stents also have a low risk of in-stent 

restenosis [49]. Resultantly, they have a higher patency for repair of atherosclerosis than bare metal 

stents.  
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Another use of covered stents is in bypassing arteries. Due to the lack of blood flow across the graft 

surface, covered stents are suitable for extra-anatomic bypasses to revascularize arteries that would 

otherwise not receive sufficient blood flow [8, 50, 51]. Extra-anatomic bypasses do not follow the 

natural geometry of the artery and therefore are ubiquitous with altered haemodynamics. 

Furthermore, they introduce a risk of competitive flow which may exacerbate CVD progression. 

Competitive flow occurs when the bypasses artery is not total blocked, thereby resulting in abnormally 

low flow through the extra-anatomic bypass [52]. However, extra-anatomic bypasses are often 

implemented when other methods of delivering blood to the distal arteries has failed or is not possible 

[53]. 

1.5.2. Mechanics of stents 

Stents are generally compressed prior to deployment and dilate into their desired position during 

implant. Stent dilation may be driven by elastic self-expansion, or balloon expansion [54]. The key 

differences between the two is largely their deployment method and intended use. Self-expanding 

stents are compressed and constrained within a delivery catheter [54]. At the location of CVD repair 

the self-expanding stents are unsheathed and will conform to their original unconstrained state. Self-

expanding stents have good radial forces and hoop stresses. They are resistant to crushing as they will 

always try to return to their nominal geometry [47]. As such, they are beneficial in curved geometries 

or flexural arteries [47]. Self-expanding stents require a high level of surgeon skill to place accurately 

within the diseased artery.  

Balloon expanded stents are crimped down onto a deflated balloon [54]. They are deployed within 

the artery by inflating the balloon until the final diameter is achieved. Following this the balloon is 

deflated and removed. Balloon expanded stents can be located within the artery more accurately, 

compared to self-expanding stents [47]. Balloon-expandable stents also have a great hoop strength 

and hence are more resistant to elastic recoil within an artery [47]. However, balloon expanded stents 

are more at risk of being crushed. Balloon expandable stents have a specific yield stress, beyond which 



21 
 

they will plastically deform. Hence, balloon-expandable stents are most suitable in short straight 

segments of arteries. 

Stents can change the fluid behaviour through a vessel. Many studies on the fluid dynamics of stents 

have been carried out with a focus on the effects of different mesh patterns and strut size of the stents 

on the WSS of the arterial walls [54-59]. The near-wall fluid behaviour influences the inflammatory 

response of the artery walls due to stenting [55, 60]. However, the effects of stent struts can change 

notably within hours of the implantation. In particular, stent struts are covered with a layer of 

thrombus within a few hours to days following implantation [54]. Furthermore, the effect of different 

stent meshes is negligible when modelling covered stents, as often the mesh is on the outside of the 

stent. The bulk fluid behaviour was the focus of this thesis. The bulk fluid behaviour between stent 

meshes within arteries is unlikely to vary significantly across differing mesh geometries. However, 

differences in flow may be present based on rigidity/compliance of stents and their ability to conform 

to the geometry of the natural artery. 

One of the major factors that alter fluid flow behaviour within a stented artery is stent oversizing. 

Abrupt changes in the cross-sectional area between stent and artery at both proximal and distal ends 

can lead to deleterious flow disturbance [54]. Stent graft oversizing guidelines vary significantly. 

Typically stents tend to be oversized by 10% [61]. However, Liu, et al. [62] reported stent oversizing 

ranges from 0 to 32% within a dissected aorta. Stent oversizing plays a pivotal role in preventing stent 

migration, particularly within elastic arteries as they can expand naturally with pulse pressure. 

However, too much oversizing can damage the endothelial cells and has been linked to deleterious 

wall stresses [63, 64]. As noted in Section 1.3.1., damage to endothelial cells and altered WSS increases 

risk cell growth dysfunction which can lead to in-stent restenosis.  

Compliance matching may also influence the patency of stents. Arteries have a low and non-linear 

elastic modulus. They have a low stress response at low pressure but show a steep increase in elasticity 

at higher pressures [28]. Stent wires and grafts are comparatively rigid. Whilst PTFE and Dacron are 
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suitable biocompatible polymers to prevent blood seepage between the stent lumen and artery wall, 

they have a much higher elastic modulus. Dacron is 24 times stiffer than the aorta [6]. The stent wires 

are also  significantly more rigid than an artery [28]. The rigidity induces a compliance mismatch 

between the graft and the parent artery [65, 66]. As such the lumen of a grafted stent is unable to 

swell and accommodate the systolic pressure in a natural Windkessel motion (Figure 1.5). Stents can 

inhibit the natural pulse pressure damping and smoothing functions of the in-vivo artery. This can 

produce jet like flow exiting the grafted stent. Furthermore, the compliance mismatch can alter the 

WSS experienced by distal arteries and may exacerbate CVD progression. A decrease in upstream 

compliance can result in significant unsteady flow through the distal arteries [67]. As stated in Section 

1.3.2., lower compliance within the aorta leads to significantly higher pulse pressure. The high systolic 

pressure may damage capillaries. Furthermore, diastolic flow relies on Windkessel effects to produce 

near continuous flow between heart beats [67]. Interest in stent graft compliance is growing with 

emerging research investigating the effect poorly matched compliance can have on the patency of a 

stent [54, 65, 66, 68]. Current research into the haemodynamic effects of stenting using in-silico and 

in-vitro modelling methods is reviewed in Chapter 3. 

1.6. Summary and Thesis questions 

This chapter provided a physiological background of the cardiovascular system and subsystems with 

a focus on systemic circulation. This thesis focuses on the human aorta and the major arteries that 

branch off the aorta. Haemodynamically induced WSS was identified as the primary stimulus for 

function and dysfunction of the endothelial cells. Changes to the WSS experienced by the endothelial 

cells can lead to remodelling of the arterial walls and alter arterial mechanical properties. Changes in 

WSS are commonly identified on the inner radius of curved arteries and branching junctions as the 

blood flow is not as streamlined in these locations. Endothelial cell dysfunction can cause changes in 

the compliance of arteries. Altered compliance can also alter the blood flow patterns within arteries 

and initiate CVD, such as atherosclerosis. 
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Stents may be used to repair arteries and mitigate CVD, including their use in bypassing blocked 

arteries. However, stenting can introduce other risks such as stent migration, restenosis, or damaged 

endothelial cells. Unmatched compliance between arteries and stents may also result in deleterious 

flow behaviour known to result in long-term complications. The full effects of stents on 

haemodynamics and the potential link to loss of stent patency is not well understood. In-vitro 

experimentation using phantom arteries and surrogate stents may potentially provide insight into 

some of the causes for unsatisfactory stent patency.  

This thesis used in-vitro analysis to develop modelling methods used for investigation of the 

haemodynamics of specific stents orientations used for repairing complex CVD within the aorta and 

its immediate branches. The specific stents investigated are reviewed in their relevant chapters but 

include the Frozen Elephant Trunk (FET) stent-graft, the Kissing Stent (KS) geometry, and extra-

anatomic bypasses within the supra-aortic arteries. The purpose of this thesis was to improve the 

current in-vitro methods and provide insight into the haemodynamic responses of the stent methods.  

The thesis research questions focused on modelling the efficacy of stents. These include:  

1. Can compliance mismatch be modelled in-vitro? 

2. How does the change in compliance between an artery and a stent affect the flow of blood? 

3. Can PIV be used to assess stent effects on the overall haemodynamics in an artery? 
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2. Particle Image Velocimetry 

This chapter provides an overview of particle image velocimetry (PIV) and the specific PIV methods 

used in latter chapters of this thesis. The components that form the experimental flow circuit and 

scaling parameters used to model arterial waveforms are provided. A description of how phantoms 

were designed and manufactured is also given.  

2.1. Background  

Particle image velocimetry (PIV) is an optical measurement technique that is used to obtain 

instantaneous velocity vector fields [69]. PIV uses optical image capture to identify the fluid 

displacement between two instances in time, measured using trace particles seeded within the flow. 

PIV captures the motion of particles seeded in a fluid. PIV typically uses laser or diode based optical 

measurements to illuminate particles within a certain of the flow stream and paired image captures 

allow identification of fluid motion (Figure 2.1). PIV uses measurement sensors that do not influence 

flow within the fluid domain. External sensors allow data to be captured from the full region of interest 

without disrupting the fluid, such that a true velocity field can be measured. 

Typically, a high-intensity monochrome light source, such as a laser, illuminates the region of interest 

with a beam that passes through a series of lenses that transforms the light into a thin sheet (typically 

<2 mm) [69]. Hence, PIV is commonly limited to pseudo two-dimensional analysis. The illuminated 

domain allows image capture of small trace particles (Stokes Number ≪ 1) that follow the streamlines 

of the flow within the light sheet. Both planar and stereo-PIV capture flow behaviour on a single thin 

plane. However, stereo-PIV can also identify out-of-plane velocity components on the plane [69]. 

Three-dimensional modelling with PIV is possible with tomographic PIV. Tomographic PIV requires a 

minimum of three cameras in the setup [69]. Tomographic PIV captures a fluid volume rather than the 

two-dimensional sheet of planar/stereo PIV, providing a global view of the volumetric velocities. 

However, it is complex and time consuming to process the data. PIV is similar to particle tracking 
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velocimetry (PTV), except that PTV focuses on single trace particles to identify a single vector, 

meanwhile PIV uses clusters of particles to identify a single vector of fluid motion [69]. An in-depth 

description of different PIV techniques and their configurations can be found in Raffel, et al. [69]. This 

thesis used planar PIV and typically captured two planes for each experiment to ensure out-of-plane 

flow of interest was not missed. 

 

Figure 2.1: Optical PIV set up 

PIV captures image pairs at discrete time intervals between laser pulses. PIV typically uses a cross-

correlation technique to process the images and calculate the displacement field [70]. A known time 

delay between image captures is set and the resultant displacement of particles is used to determine 

the velocity [71]. Post-processing software such as TSI INSIGHT 4G, LasVision, PIVLab, etc. enable the 

capturing, pre- and post-processing of PIV images. Post-processing produces velocity profiles from 

which flow behaviour can be determined.  

PIV is reliant on several subsystems to produce an accurate vector field:  
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 Appropriate particle selection: PIV tracks fluid motion through the illumination of tracer 

particles. The appropriate particle type and size is critical to PIV measurement. 

 Laser or diode selection: The source of illumination must both be powerful enough to be able 

to visualise the particles and be able to be triggered at least twice within a short time frame. 

 Image capture: Appropriate cameras will be able to capture at least two separate image 

frames synchronised with the laser illumination pulses. 

 Calibration: A reference dimension is typically used to calibrate the captured particle 

displacements. 

 Evaluation: PIV evaluation picks up the displacement of the particles between the light pulses. 

 Post-processing: Post-processing is used to validate vectors and replace invalid vectors within 

complex flows. 

For the modelling of pulsatile fluid flow behaviour, ensemble PIV is commonly the most accepted 

method due to the high repeatability required to create a spatially phase averaged vector field for a 

particular phase of the pule motion [72-75]. 

2.2. PIV Equipment 

2.2.1. Trace particles 

Particle selection is crucial to the accuracy of PIV measurement. PIV is an indirect measurement 

method that tracks the motion of particles suspended in a fluid flow, rather than direct measurement 

of the motion of fluid itself [76]. As such, the mechanical properties of the particles are critical to 

ensure accurate flow characteristics are obtained. PIV benefits from an even distribution of particles 

throughout the flow domain. These particles, referred to as trace particles or seeding particles, must 

be neutrally buoyant within the fluid and small enough to be carried by the motion of the fluid [69]. 

The motion of larger particles may, in part, be influenced too much by their buoyancy and their own 

momentum. However, the particles must be large enough to sufficiently scatter light for data capture 

[69].  
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2.2.1.1. Buoyancy 

Neutral buoyancy is achieved when the density of the particles within the fluid matches the density of 

the fluid. If buoyancy values do not match, the particles may deviate from the direction of the fluid 

flow due to gravitational and inertial velocities. As PIV measured the motion of the particles, rather 

than the fluid, this can lead to erroneous velocity measurements and flow patterns [69]. 

The formula for the gravitational velocity of a particle (𝑈 ) can be derived from Stokes Drag Law 

(Equation 2.1) [69]. The formula is used to understand whether particles will be inclined to settle or 

rise within a fluid.  

𝑈 =
 

𝑔   (Eq. 2.1) 

In which 𝑑  is the particle diameter [m], 𝜌  is the particle density [kg·m-3], 𝜌  is the fluid density [kg·m-

3], 𝜇  is the dynamic viscosity [Pa·s] and 𝑔 is gravitational acceleration [9.81 N·kg-1]. When the particles 

have the same density as the fluid the top term in the equations goes to zero. This implies there is no 

risk of particle sedimentation.  

Another important metric is the inertial effects due to accelerating and decelerating fluid. The velocity 

lag of a particle under constant acceleration can be estimated using Equation 2.2. 

𝑈 = 𝑈 − 𝑈 =
 

𝑎  (Eq. 2.2) 

This formula is similar to Equation 2.1. However, it replaces the gravitational term for fluid 

acceleration (𝑎). It is a measure of the particle velocity compared to the velocity of the working fluid. 

However, as all the experiments were conducted under pulsatile condition the fluid was continuously 

accelerating and deceleration. Therefore, to measure the tendency of particles to attain velocity 

equilibrium with a fluid the particle response time 𝜏  was calculated (Equation 2.3).  

𝜏 =      (Eq. 2.3) 
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The trace particles used for all experiments were silver coated hollow glass spheres (Dantec Dynamics 

Inc., Denmark). Silver coated hollow glass spheres have a density of 1100 kg·m-3 and mean diameter 

of 10 µm. Two different working solutions were used in the experiments described in this thesis: 1) 

40/60 water and glycerine, 2) 45.6/28.8/25.6 water, glycerine and urea. The solution ratios were 

measured by mass. The first working solution had a dynamic viscosity of 9.3x10-3 Pa·s and density of 

1156 kg·m-3. The second working solution had a dynamic viscosity of 3.56x10-3 Pa·s and density of 1130 

kg·m-3. The calculated gravitational velocity and response times of the particles are tabulated in Table 

2.1. 

Table 2.1: Working solutions buoyancy properties 

 40/60  

water-glycerine  

45.6/28.8/25.6  

water-glycerine-urea 

Gravitational Velocity 0.283 x 10-6 m·s-1 0.459 x 10-6 m·s-1 

Response Time 0.566 x 10-6 s 1.72 x 10-6 s 

 

Experiments tended to reach a peak flow rate of 21 L·min-1, which for a nominal bore of 25 mm leads 

to an average peak velocity of 0.72 m·s-1. Despite the particles density not exactly matching the fluids, 

the gravitational velocities and response times in both working fluids are low enough to be negligible 

in comparison. 

2.2.1.2. Light 

PIV software identifies particles within an image, based on their light intensity [70, 77]. The intensity 

of the particle image is directly proportional to the light scatter power. Increasing laser power 

increases the image intensity. However, it is more economical to appropriately select light scattering 

particles. Light scattering is a function of many geometrical properties of the particle and the refractive 

indices of both particle and the fluid medium. However, for spherical particles with diameters larger 

than the wavelength of the laser light (𝜆), Mie’s light scattering theory is applicable [69]. Mie’s light 
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scattering theory dictates that the scattering of light can be easily predicted if 𝑞 in Equation 2.4 is 

larger than 1.  

𝑞 =      (Eq. 2.4) 

When this condition is met, the light does not get blocked by the small particles, but spreads in all 

directions (Figure 2.2). However, as Figure 2.2 shows, the light intensity at 90o (the nominal optical 

capture angle for planar PIV), is lower than at 0 or 180o. As planar PIV involves setting up a camera 

perpendicular to the laser plane, this indicates that a significantly lower light intensity will be captured 

[69, 78]. The lower intensity can be compensated for by increasing the density of particles within the 

regions of interest. The light recorded by the camera is not only as a result of illumination of particles, 

but also the portions of scattered light from many particles [69]. The scattering increases the intensity 

of the particle images without necessitating larger particles or high intensity lasers. The silver coated 

hollow glass spheres had a mean diameter of 10 µm, and the laser output a wavelength of 532 nm. 

Using Equation 2.4, the seeding particles q-value was 59 and thus provided confidence that an 

acceptable intensity of light could be received by the camera. 

 

Figure 2.2: Mie’s light scattering theory on 3 particle sizes. Reproduced with permission from [78] 

2.2.2. Laser and Optics Configuration 

Lasers and high-power light emitting diodes (LEDs) are common sources of illumination for PIV 

experimentation. An EverGreen2 dual-cavity Nd:YAG (neodymium-doped yttrium aluminium garnet 
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crystal) laser was used for all experiments within this thesis. An Nd:YAG laser is one of the most 

commonly used illumination sources for PIV [79]. The laser beam is generated by Nd3+ ions. The 

Nd:YAG crystal is excited by optical pumping using flash lamps [69].  

Pulses were generated using active quality switching (Q-switching). Q-switches allow a high population 

of ions to build up within the laser cavity before opening, creating a single large pulse. Multiple large 

pulses can be generated using a double oscillatory system (one within each cavity) [69]. A double 

oscillatory system enables the user to adjust the separation times between illuminations 

independently of pulse strength. 

The Nd:YAG laser produces a 1064 nm wavelength beam (infrared) which passes through a potassium 

dihydrogen phosphate doubling crystal which halves the wavelength (532 nm) to a visible green. 

Despite the wavelength being visible, the high power of the lasers can blind operators if they fail to 

wear appropriate personal protection equipment (PPE). Laser specifications for the EverGreen2 

double-pulse laser are provided in Table 2.2. Appropriate PPE is red-pass googles which filter the 

wavelengths.  

Table 2.2: Specifications for EverGreen2 double-pulse laser 

Specifications  

Repetition rate per cavity (Hz) 1 – 15 

Pulse width (ns) <= 10 

Lasing medium Nd:YAG 

Wavelength (nm) 532 

Maximum pulse energy (mJ) 200 

Output beam diameter (mm) 6.35 

 

The EverGreen2 laser produces a single 6.35 mm beam that must be reconfigured to produce a thin 

sheet of light. The experiments used a commercial laser guide arm and optic set up purchased from 

Dantec Dynamics. The optic configuration enabled a laser sheet to be transformed to a variable 
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thickness between 1 mm and 4 mm for use in either planar or stereoscopic PIV (Figure 2.3a). The 

optics setup was connected to the laser head via a guide arm (Dantec Dynamics Inc., Denmark). The 

guide arm allowed the laser sheet to be aligned with the plane of interest with greater flexibility. The 

laser was primarily aligned along an axis of symmetry of the models and vertical or horizontally 

aligned. Due to the high power of the laser, a trace laser was attached to the setup for alignment 

purposes. The laser was affixed to a rotary stage allowing fully ± 90o rotation to enable perpendicular 

alignment with the compliance chamber. The rotary stage was mounted on a sheet of acrylic and 

held in place using t-slot aluminium extrusion (Figure 2.3b).  

 

(a) 

 

(b) 

Figure 2.3: (a) Example of optics to generate the laser sheet (b) Dantec Dynamics optics set up 
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2.3. Refractive Index 

The RI of a material is a measure of the speed of light through a medium relative to the speed through 

a vacuum. Differences in the RI can result in light appearing to bend as it passes through different 

mediums. This is particularly important when modelling materials with curved surfaces, in which a PIV 

laser light sheet cannot be aligned perpendicular to every wall. A material with a higher refractive 

index will slow light down and refract off the angle of incidence. RI matching is pivotal to accurate PIV 

measurement. PIV is an optical measurement method and therefore relies on undistorted light paths 

from the laser through the model and from the model to the sensor (the camera) to measure true 

displacements. RI matching with internal flow setups requires a solid (phantom) and liquid (working 

solution) medium with the same RI values, such that they become optically transparent. Figure 2.4 

shows the mismatched RI and matched RI. Snell’s law explains the relationship between the RI and 

the angle of light incidence (Equation 2.5). 

=    (Eq. 2.5) 

In which, 𝑛 is the RI, 𝜃 is the angle of the incident light, and the subscripts represent the two different 

mediums. 

  

Figure 2.4: Unmatched and matched refractive index models 

The solid medium used within this thesis was Sylgard 184 with a 10:1 mixing ratio. Sylgard 184 is an 

elastomer with a RI value of 1.41 [80]. It was selected as it allowed both flexible and effectively rigid 

models to be manufactured, dependent on the wall thickness used. Yazdi, et al. [80] carried out a 
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review on other common elastomers. The distensibility of the models could also be matched through 

normalised compliance matching to the in-vivo values of physical arteries. Normalised compliance 

matching will be introduced in Section 2.8. 

A 60/40 water-glycerine was a common mixture used in in-vitro experiments, due to its similar density 

(1100 kg·m-3) and dynamic viscosity (3.63x10-3 Pa·s) to blood [81]. However, this mixture only had a RI 

of 1.39 resulting in unacceptable levels of distortion of the laser light path though the phantom. The 

RI of Sylgard 184 could be matched by increasing the ratio of glycerine in the solution [82]. A RI of 1.41 

was achieved using a 40/60 water-glycerine mixture [82]. However, this led to the dynamic viscosity 

of the solution (9.3x10-3 Pa·s) to be 2-3 times higher than the viscosity of blood [81]. Dynamic scaling 

was thus used in Chapters 5 and 6 to match the Reynolds and Womersley numbers to in-vivo values 

despite the increased viscosity. A detailed description of dynamic matching will be provided in Section 

2.7. However, Chapter 7 used a different solution that raised the RI with urea, rather than glycerine. 

A 45.6/28.8/25.6 water-glycerine and urea solution was used in Chapter 7. The solution had a RI of 

1.41, density of 1130 kg·m-3 and a dynamic viscosity of 3.56x10-3 Pa·s which is comparable to blood 

and allowed much higher flow rates to be achieved within the phantom models for a lower pump 

demand.  

2.3.1. Air bubbles 

Air bubbles can create significant problems for PIV measurement. Air bubbles have a different 

refractive index to the silicone or working solutions and their spherical or semi-spherical form can 

result in significant light scattering. Air bubbles in the phantoms can be avoided by ensuring the 

silicone used is degassed prior to casting the phantom. Air bubbles in the working fluid can be more 

difficult to manage. Air bubbles are not neutrally buoyant in solution and can thus get trapped in the 

flow domain geometry. Furthermore, air bubbles are often significantly larger than the seed particles 

and tend to have a higher reflection intensity. Higher intensity particles contribute more to the 

measured motion of flow. Therefore, air bubbles can dominate the measured particle motion and 
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produce erroneous vectors. Air bubbles must be purged from the working solution prior to 

experimentation. Careful circuit design and effective air release valve positioning can help to purge air 

and significantly reduce the risk of air bubbles within the fluid domain. Sometimes small bubbles may 

still be trapped within the circuit and pass through the model during data capture. Spatial ensemble 

averaging (discussed later in Section 2.5.2.3.) can mitigate some of the effects of errant air bubbles.  

2.4. PIV Capture 

This thesis captured image sequences using multi-frame/single-exposure PIV recording. Multi-

frame/single-exposure PIV recording captures a single image of illuminated particles for each 

exposure period [69]. This allows particles to be tracked through time and, hence, produce velocity 

vector fields. Camera selection is pivotal in enabling PIV recording. TSI 4MP-LS Charge-coupled device 

(CCD) digital cameras were used in this thesis (Table 2.3). CCD cameras are commonly used for 

capturing PIV images due to the high image quality [83, 84]. CCD cameras have a high spatial resolution 

and are able to capture two images separated by a microsecond time delay. In addition, the CCD 

cameras frame rate was compatible with pulse repetition rates of Nd:YAG lasers.  

Table 2.3: Specifications of TSI 4MP-LS CCD digital cameras 

Camera specifications TSI 4MP-LS 

Imaging device  Progressive scan interline CCD w/microlens 

Light sensitive pixels 4.19 million pixels, 2360 × 1776 

Pixel size 5.5×5.5 µm 

Frame rate  16 frames/second 

Minimum frame straddling time for PIV capture  195 ns 

Dynamic range  Selectable between 12 and 16 bit 

 

Nikon AF Micro-Nikkor lenses with specification shown in Table 2.4 were fitted to the cameras. The 

maximum frame rate of the cameras was 16 Hz. This rate is restricted by the time required to transfer 

the charge received by CCD array (pixels) to CCD chip for readout. This transfer time is called the ‘frame 
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straddling’. Frame straddling allows for two light exposures to be captured on separate frames. Frame 

straddling relies on the end of one camera exposure and the start of the second to be situated in time 

between the two pulses of laser. 

Table 2.4: PIV lens specifications  

Specification  Nikon AF Micro-Nikkor lens 

Focal length (mm) 50 

Aperture size (f-number)  1.8 – 22  

 

A TSI 610036 synchroniser (TSI Incorporated, Minnesota, USA) was used to coordinate the firing times 

of the camera captures and laser pulses. The initial laser pulse delay was 180 μs which is a fixed 

characteristic. The time delay (Δt) between laser pulses used varied between 200 – 2500 μs dependent 

of the flow rate magnitude during the cardiac cycle. Figure 2.5 shows the sequencing that is required 

to capture two images. Traditionally, the straddling point is equidistance between the two laser 

pulses. However, data capture was found to be more reliable when this point was slightly closer to 

the second laser pulse, as per Figure 2.5. 

 

Figure 2.5: PIV timing diagram for synchronization of the cameras and laser pulses 
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2.5. Evaluation 

Evaluation of PIV vector field images were carried out in both TSI Insight 4G [70] and PIVLab [77]. The 

two software packages produced identical results. 

2.5.1. Pre-Processing 

2.5.1.1. Calibration 

Raw particle images had to be calibrated to convert pixels to lengths. Calibration was necessary to 

determine meaningful particle displacements and velocities. Without calibration the vectors would be 

returned in pixels per second. Typically, calibration was carried out using a known distance on the 

captured raw image. Commercial calibration targets can be purchased with known distances between 

surface markings (Figure 2.6). Calibration targets are often used to ensure suitable focusing of the 

camera for PIV data capture. They are highly convenient for calibrating external fluid flows. However, 

calibration target efficacy is reliant on the precise location of the equipment with respect to the region 

of interest being measured. For internal flows, using a calibration target is not always possible due to 

spatial constraints. In such cases, a known dimension, such as a diameter of the phantom or flange 

within the region of interest was selected as the reference geometry to calibrate pixels to distance.  

 

Figure 2.6: Calibration target, commercially available from TSI Incorporated (Minnesota, USA) 
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2.5.1.2. Masking 

Compliant phantoms were installed within a sealed pressure box for experimentation. The same fluid 

flowing within the phantom was used to fill the pressure box surrounding the phantom. This ensured 

the refractive index match was maintained. As such, there were many particles external to the 

phantom that had to be excluded from analysis. Masking is a pre-processing technique used in 

compliant modelling to exclude fluid external to the phantom from analysis and to focus on a 

particular region of interest. Masking creates a zero-flow condition within the external flow.  

Static masks were manually drawn to reduce the analysis zone to only the region of interest. However, 

due to the pulsatile flow used for experimentation, internal pressure often changed the phantom 

domain geometry. As such, individual masks had to be drawn for each time step measured across a 

full waveform cycle. However, each image pair at a specific phase of the cycle is likely to have very 

similar lumen expansion for the and could thus use the same coarse mask. However, this assumption 

is highly dependent on the accuracy and reproducibility of the wave generated. 

2.5.2. Processing 

2.5.2.1. Cross-correlation 

Cross-correlation is a method used to identify the displacement of two singularly exposed patterns of 

randomly distributed particle images [85]. Particles are converted to a signal intensity which help 

identify each particle or cluster of particles. Cross-correlation tracks the motion of two sets of data 

relative to one another at a single time step. It is used to determine how well a series of signals 

between the two sets match up to each other and identify the direction and motion of particles within 

the fluid flow.  

Cross-correlation is carried out in five stages: 1) Grid generation, 2) Spot mask, 3) Correlate the first 

pattern in reference to the second pattern, 4) Locate the peaks, 5) Validate the results.  
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Image pairs are discretised into a uniform grid of rectangular ‘interrogation windows’ of 𝑁 × 𝑀 pixels. 

The image intensity of the first pattern at time step, 𝑡, is then compared to the second pattern at time 

step, 𝑡 + Δ𝑡, using the correlation function for each interrogation window (Equation 2.6)  

𝑅 (𝑥, 𝑦) = ∑ ∑ 𝐼 (𝑖, 𝑗)𝐼′(𝑖 + 𝑥, 𝑗 + 𝑦) (Eq. 2.6) 

Where I and I′ are the intensity value map of the first and second exposure, with 𝑁 × 𝑀 pixel2 

interrogation window size, and x and y are the pixel position in the interrogation window. The first 

image intensity pattern in an interrogation window is unique, like a fingerprint, referred to as a spot 

mask. The same spot mask is then searched for in the second image. The correlation function moves 

the interrogation window in the second image until it finds the best match to the cluster of particles 

in the first frame [85]. This produces a correlation matrix (Figure 2.7). The particle displacement is the 

distance between the peaks of the correlation found in the second frame to the centre of the 

interrogation window in the first frame. The process is repeated for all interrogation windows within 

the image and results in a displacement vector field. To reduce computational time, a Fast Fourier 

Transform (FFT) was applied. 

 

Figure 2.7: Cross correlation technique. Reproduced with permission from A.B and Ovinis [86] 
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2.5.2.2. Recursive Nyquist Grid 

An iterative grid refinement was proposed by Scarano and Riethmuller [87] to increase the particle 

signals, correlation accuracy and spatial resolution. Multi-pass grid refinement is useful in PIV with a 

high image density and large dynamic range in displacements. It allows large particle displacements 

to still be captured that may otherwise be lost with a smaller interrogation, meanwhile increasing the 

resolution of smaller particle motions. Typical refinement algorithms begin with large interrogation 

windows with a 50% overlap with neighbouring windows that are known to capture the full dynamic 

range of displacements following the ¼ rule. The ¼ rule states that the displacement of a particle 

should be no more than ¼ of an interrogation window or thickness of the laser sheet [88]. In the first 

pass, a standard cross-correlation is carried out using the largest selected interrogation window and 

any outlying vectors are replaced by interpolation. The results are then used to estimate the 

displacement for the second pass of refinements with windows half the height and width of the 

previous pass. Therefore, the interrogation window is reduced by a factor of two and the number of 

vector rows and columns increased by a factor of two, increasing the number of vectors four times 

with each pass. This method reduces the risk of particles being lost due to three-dimensional 

movement in and out of the capture.  

A two-pass grid refinement was used in this thesis. The grid resolution began with 64 x 64 pixels2 per 

window and reduced on a second pass to 32 x 32 pixels2.  

Planar PIV requires a few typical rules [88]: 

1. Interrogation window size should be small enough that one vector can describe the flow 

within that spot 

2. There should be more than 10 particles visible per interrogation window 

3. The maximum in-plane displacements between image pairs should be less than ¼ of the 

interrogation window size 
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4. The maximum out-of-plane displacement between image pairs should be less than ¼ of the 

light sheet thickness  

5. The minimum in-plane displacement between image pairs should be two particle image 

diameters 

6. Exposure of the particles must be large enough to clearly show the particles 

PIV data capturing was carried out using Insight 4G by TSI Incorporated (USA). Initial image processing 

was also carried out in Insight 4G, however, later experiments used PIVLab for improved plotting. 

2.5.2.3. Ensemble averaging 

The cross-correlation technique is affected by the image intensity with larger and brighter particles 

having a much higher influence on the identified flow than less intense particles. This can result in 

uncertainty in the results. The main causes for poor image intensity are low seeding density, out-of-

plane unfocused particles, CCD noise, dark regions, or incidental low local particle density. To improve 

the spatial resolution of results, ensemble PIV was used for processing PIV images. This technique uses 

velocity vector averaging across a sequence of images pairs captured at the same specific time step 

across a waveform cycle [89]. Velocity vector averaging calculates the velocity vector for each 

interrogation window of an image pair and then averages them along the sequence of images (Figure 

2.8). 

For example, 18 image pairs were captured at each time step in the first experiment (Chapter 5) of 

this thesis. However, later experiments improved the rate of valid vectors by increasing the image 

pairs to 50-100 (Chapter 6 and 7). 
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Figure 2.8: Single image pair PIV v Ensemble PIV. Reproduced with permission from [89] 

2.5.3. Post-Processing 

A valid displacement vector is obtained when cross-correlation results in a distinct correlation peak 

[90]. PIV processing can lead to over 95% valid vectors, if the imaging and processing setup is 

performed following the PIV guidelines [85]. However, low density seeding, and high recirculation can 

result in particle loss due to movements in and out of the light plane, leading to bad vectors or holes 

in the vector array. Vector validation can be used to identify spurious vectors by comparing them to 

the median of the surrounding vectors. Rejected vectors can be interpolated using the surrounding 

vectors. Local and global vector validation methods can improve the quality and feasibility of results.  

2.5.3.1. Local Vector Validation 

A vector difference validation test evaluates the feasibility of local vectors. It investigates the 

magnitude of the difference between a particular vector and each of its neighbouring vectors 

(Equation 2.7). 

𝑈 (𝑖, 𝑗), 𝑛, 𝑚 =
1

𝑛 ∗ 𝑚
|𝑈 (𝑖∗, 𝑗∗) − 𝑈 (𝑖, 𝑗)|

.

∗ .

.

∗ .

< 𝜖   𝑤ℎ𝑒𝑟𝑒  𝜖 > 0 

(Eq. 2.7) 

In which U is the velocity vector [m·s-1], 𝜖  is the designated threshold velocity difference [m·s-1] 

and n*m defines the domain of evaluation [pixels]. The number of instances for which the validation 
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criterion is not met are summated. Typically, a particular vector is rejected when it conflicts with at 

least half of the neighbouring vectors. The thresholds varied between experiments based on the peak 

velocities and working fluid used. Typically, a 0.05 – 0.1 m·s-1 threshold was applied. In this thesis, local 

validation was undertaken by both TSI Insight 4G and PIVLab (versions 2.34 to 2.54), and rejected 

vectors were replaced via interpolation. Bad vectors can also be manually rejected [77]. Manual 

rejection was not commonly used as typically local vector validation would remove any spurious 

vectors.  

2.5.3.2. Global Vector Validation 

The Z-Score validation test operates globally and under the assumption that the data is normally 

distributed [91]. The number of standard deviations from the mean of each vector is compared to the 

overall mean following Equation 2.8. 

𝑍 =    (Eq. 2.8) 

In which the condition is met if |𝑍 | < 𝑍  for a predetermined threshold. Global z-score validation 

was not commonly used due to no-slip conditions at the phantom walls and the Poiseuille or plug-

shaped velocity profile resulting in a large range of feasible vectors.  

2.5.3.3. Vector conditioning 

Vector condition is typically carried out following vector validation. Both TSI Insight 4G and PIVLab use 

vector conditioning to fill in holes in the vector array and to smooth the vector field [70, 77].  

Gaps in the vector field can be filled by either the local mean or the local median. Typically, this thesis 

used the local median. Gaps were filled using a recursive filling validation method. Recursive gap filling 

was undertaken in an order determined by the number of valid neighbouring vectors. Gaps with a high 

number of local valid vectors have the highest chance of valid filling. The filled gaps then allowed 

evaluation of neighbouring gaps in the next pass. The process was repeated until all gaps in the vector 

field were filled. An alternative approach is to fill gaps systematically from a specific location on the 
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vector field (such as the top left) irrespective of the number of valid neighbouring vectors. However, 

this approach may induce risk of artificial patterns being produced [70]. While recursive filling 

mitigates this issue, it is more time consuming. 

The number of neighbouring vectors can be altered depending on the selected neighbourhood size. 

This thesis used a 3x3 interrogation window neighbourhood size (resulting in up to 8 neighbouring 

vectors).  

Smoothing acts as a low-pass filter that replaces each vector with its Gaussian-weighted mean. The 

Gaussian-weighted mean was calculated based on the surrounding 5x5 interrogation windows. 

Smoothing reduces minor vector quiver within the array (Figure 2.9). 

 

Figure 2.9: 3x3 example of (a) before and (b) after smoothing vectors 

2.6. Flow Circuit Construction 

PIV was used in this thesis to model the internal fluid flows through model arteries. Internal flow 

modelling requires a suitable flow circuit to produce the desired waveforms at the correct flow rate 

and timing. Two flow circuits were used in this thesis. The original flow circuit (used in Chapter 5) was 

upgraded to improve experiment efficiency and replace worn-out parts. The revised flow circuit was 

used for the remainder of experiments. Both flow circuits had similar components.  
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2.6.1. Flow Circuit Components 

2.6.1.1. Reservoir 

The reservoir was a large tank of fluid that was used to supply the entire flow circuit during 

experiments and as a drainage point for the overflow weir that was used to maintain the outlet head 

pressure.  

2.6.1.2. Piston pump 

A reciprocating piston pump was used to produce physiological waveforms (Figure 2.10). The pump 

was driven by a stepper motor connected to a ball screw that converted rotational motion into linear 

movement. The pump was designed using an acrylic cylinder with an internal diameter of 140 mm. 

The cylinder was connected to the circuit via a reducing conical adaptor which stepped down the 

diameter to 25 mm over a 200 mm length. Two lip seals on the piston prevented flow leakage despite 

the forward and backward movement. The piston rod was supported by a rail and T-slider. The T-slider 

was connected to the ball screw via a ball-nut sliding mechanism. The ball screw had a 5 mm pitch and 

was supported by bearings at the free and motorized end (Figure 2.10). The mechanism converted the 

rotational motion of the motor to linear motion of the piston.  

The NEMA 34 stepper motor (Astrosyn International Technology, UK) had 200 steps per revolution 

(1.8° step angle) and therefore produces high resolution waveforms. The stepper motor was 

controlled using a LabView program via a National Instruments 9401 digital module and 9172 

CompactDAQ chassis. The original flow circuit (Section 2.6.2) produced physiological waveforms by 

monotonic movement of the piston forward. However, as the piston only moved in one direction, the 

number of captures were limited to between 15 to 20 waves for a single run (based the total volume 

of fluid moved per waveform) due to the length of the piston bore. This issue was negated using the 

dual pumping system developed in the revised flow circuit (Section 2.6.3). In the revised flow circuit, 

a mean flow was provided to the system using a steady state pump. The pulsatile waveforms were 
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produced by modulating the flow rates from the mean flow using oscillating piston motion. Up to 100 

image pairs were captured during a single run using the revised flow circuit.  

The frictional resistance to piston movement was lower when moving forwards compared to 

backwards. To ensure the pump produced the intended physiological waveform, a feedback loop was 

connected from an electromagnetic flowmeter to the stepper motor and output from the 

electromagnetic flowmeter installed at the phantom inlet were recorded within the LabView program.  

 

Figure 2.10: Custom design piston pump used for physiologically flow waveform 

The desired waveform was introduced to the stepper motor. The motor steps were calculated using a 

MATLAB script, which converted the waveform flow rates into steps. The steps were directly 

introduced to the LabView program. The motor angular displacement (AD) was calculated by dividing 

the piston displacement (Equation 2.9) to the ball screw pitch (5 mm). 

𝐴𝐷 =
( )

2𝜋    (Eq. 2.9) 

Knowing the number of steps per revolution (SPR), the step size and motor steps input can be 

calculated as:  

𝑆𝑡𝑒𝑝 𝑠𝑖𝑧𝑒 =    (Eq. 2.10) 

𝐼𝑛𝑝𝑢𝑡 𝑠𝑡𝑒𝑝 =
 

   (Eq. 2.11) 

Piston 

Stepper motor 

Fluid filled cavity 
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To capture the PIV images at a specific point of the wave, the same LabView code sent a trigger signal 

to the synchronizer at the corresponding point on each cycle. Once the signal was received, the 

synchronizer triggered the laser and camera based on the timing diagram (Figure 2.5, Section 2.4.).  

2.6.1.3. Steady State Pump 

A North Star 15152Q DC diaphragm pump provided the mean flow to the revised dual pumping system 

(Figure 2.13B). The mean flow was controlled using variable voltage, and self-maintained by drawing 

more amperes when required. An in-built check valve at the pump outlet prevented flow being 

reversed through the pump if pressures got too high 

2.6.1.4. Flow Straightener 

A custom flow straightener was used to reduce lateral velocity components. The straightener was 

designed as a honeycomb structure with passage ducts aligned with the axis of the main flow. It was 

particularly important in the revised flow circuit due to the 90o elbow from the piston flow potentially 

producing Dean vortices that needed to be eliminated prior to flow though the phantom. The flow 

straightener assisted in creating fully developed flow. Fully developed flow was confirmed under 

steady state conditions with a flow rate of 5 L·min-1, at the inlet of the phantom of the aorto-iliac 

bifurcation (used in Chapter 6) (Figure 2.11). 
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Figure 2.11: Developed Poiseuille flow observed in-vitro 

2.6.1.5. Straight Section of Pipe 

A straight section of pipe was located between the flow straightener and flowmeter. In the original 

flow circuit this section of pipe was 2 m long and has a diameter of 20 mm. However, steady state PIV 

measurement proved that only 1.5 m of pipe with a 25 mm diameter was required following a flow 

straightener. Therefore, to conserve vertical height, the revised flow circuit straight pipe section was 

only 1.5 m in length. This ensured there was ample length for flow to become fully developed prior to 

entering the arterial phantom.  

In-vivo, arteries would do not receive fully developed flow. However, in the absence of precise input 

velocity profiles, ensuring simple, repeatable flow conditions (such as fully developed flow) was 

important to ensure experimental repeatability and reduce the potential of flow abnormalities 

implying strange haemodynamics. The straight section of pipe in the revised circuit was changed from 

the original to have a 25 mm internal diameter. This was to reduce flow abnormalities being 

introduced due to changing diameters between the pipe and the flowmeter. 

2.6.1.6. Flowmeter 

Volumetric flow rate was measured using a Khrones IFC300 electromagnetic flowmeter. The 

flowmeter had a nominal bore diameter of 25 mm. Electromagnetic flowmeters measure flow rate 
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using Faraday’s law of induction. These flowmeters are particularly good for PIV as they do not have 

any moving parts and are non-intrusive. Hence, they do not produce pressure losses and are 

unaffected by pressure, temperature, viscosity, or density. Flowmeter readings were validated using 

multiple steady state flow conditions and calculating the volume of fluid output over a minute. 

2.6.1.7. Head Tank 

A head tank was used to provide back pressure that acted as internal static pressure within the 

phantom. An overflow weir ensured that the head pressure was maintained throughout the each run 

of the experiments. The head tank position varied with each experiment from 150 – 280 mm. 

2.6.2. Original Flow Circuit 

All the components in the original circuit were positioned at same height except for the head tank 

which was raised and lowered to control static internal pressure within the phantom. A steady state 

pump was only used for filling the system before each data capture sequence and therefore, is not 

included in Figure 2.12. The pumping system used a single piston pump to drive fluid forward through 

the circuit. The benefit of a horizontal set up was experiments could be setup at bench height meaning 

bolts and were easily accessible and there was minimal safety risk. Compliance chamber designs were 

often simpler also, as inlets and outlets tended to follow the horizontal line, meaning a simple lid could 

be designed for the enclosures. 
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Figure 2.12: Original flow circuit. Blue lines: fluid circuit. Red lines: laser trigger and camera data cable. Orange 

circuit: flow rate feedback loop. Components: A Piston pump; B Flow straightener; C Electromagnetic Flowmeter; 

D Phantom Model; E Head Tank; F Overflow Weir; G Reservoir; H Data Acquisition System; I Camera; J Nd:YAG 

Laser;  

A key limitation of the single pumping system was the time required during the set up for data 

captures. The initial setup each day before running the experiments could take up to 3 hours. As all 

the components were on the same height, air bubbles would often get trapped in even simple 

geometries. The system, thus, required multiple air release valves to remove air. As noted in Section 

2.3.1, air bubbles can significantly affect the accuracy and validity of results and therefore must be 

removed from the system. 

The number of consecutive runs was also limited by the volume of the piston. As the motion was 

monotonic, only 15-20 waveforms could be produced in a row before the system needed to be reset, 

depending on the stroke volume for the experiment. Resetting could result in more air bubbles getting 

into the system.  Hence, between runs there was also a significant amount of time was required for 

resetting the piston position. This made running the experiments inefficient and tedious. 
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2.6.3. Revised Flow Circuit 

A revised version of the flow circuit was used for the majority of experiments within this thesis (Figure 

2.13). The flow circuit was designed to pump against gravity, climbing in vertical distance. The revised 

flow circuit has the same components as the original circuit, but also included an inline steady state 

diaphragm pump. A steady-state counter-torque was applied to the stepper motor driving the piston 

to produce a net zero force on the piston when the system was filled. The additional height of fluid in 

the system led to an approximate force of 24 kPa on the piston. A largely vertical system was beneficial 

in reducing time during the initial experiment setup as air bubbles naturally moved towards the head 

tank. There was still a risk of air bubbles being trapped at junctions particularly at the outlets, however, 

these were easier to remove than with a horizontal set up.  

The steady state pump was used to produce the mean flow rate for the waveforms. The dual pumping 

system was adapted from Tsai and Savaş [92] and allowed the piston pump to move back and forth 

on the same spot resulting in theoretically unlimited cycle capture.  
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Figure 2.13: Revised flow circuit with components. Blue lines: fluid circuit. Red lines: laser trigger and camera 

data cable. Orange circuit: flow rate feedback loop. Components: A Reservoir; B In-line Diaphragm pump; C 

Piston pump; D Flow Straightener; E Electromagnetic Flowmeter; F Phantom Model; G Head Tank; H Overflow 

Weir; I Nd:YAG Laser; J Camera; K Data Acquisition System; L DC Power Supply 

To ensure fully developed flow, the compliance chambers and phantoms were located approximately 

2 m above ground level and often required a ladder to safely access. Hence, there were more safety 

considerations with the vertical flow circuit set up. The experimental design also required more careful 

planning to be suitable for use in the vertical flow circuit. For example, most arterial phantom inlets 

and outlets were aligned with the vertical axis. Hence, the outlets were often located on the top 



52 
 

surface of the compliance chambers. As such, the top panel could not be removed to fill and drain the 

compliance chamber surrounding the phantom.  

2.7. Dynamic similarity 

Clinical significance of PIV results relies on the precise in-vitro mimicry of in-vivo conditions. Dynamic 

similarity scaling ensures meaningful replication of blood flow through the phantom. Dynamic 

similarity was achieved by scaling the in-vitro fluid properties with respect to the in-vivo Reynolds and 

Womersley Numbers (Equations 2.12 and 2.13). The Reynolds and Womersley numbers are both 

dimensionless numbers that define the state of the fluid. The Reynolds number defines whether a 

fluid is laminar or turbulent. The Womersley number is used in biofluids and describes the pulsatile 

flow frequency in relation to viscous effects. It is similar to the Strouhal number which is used to 

describe oscillating fluid mechanics. However, in haemodynamics the Womersley number is more 

common. As the viscosities of the working fluids were fixed by limitations in RI matching (Section 2.3.), 

the required flow rates and time periods were calculated to ensure similarity between blood flow and 

the working fluid were preserved. Flow rate and time periods were defined via Reynolds number (Re) 

and Womersley number (Wo) matching, respectively: 

𝑅𝑒 =  =   (Eq. 2.12) 

𝑊𝑜 = =  (Eq. 2.13) 

Where 𝑄 is flow rate [m3·s-1], 𝐷 is diameter [m], 𝜈 is kinematic viscosity [m2·s], and 𝑇 is waveform 

period [s]. (Note: kinematic viscosity is the ratio of the fluid dynamic viscosity (𝜇, not to be confused 

with the mean) and fluid density (𝜈 = ). For all experiments, 60 heartbeats per minute were 

considered for the in-vivo condition to calculate waveform period and matching the Womersley 

number. Equations 2.14 and 2.15 shows how Reynolds and Womersley matching lead to scaled in-
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vitro flow rate and period are factors of the in-vivo and in-vitro parameters. Thus, the Reynolds and 

Womersley numbers were preserved.  

𝑄 = 𝑄  (Eq. 2.14) 

𝑇 = 𝑇  (Eq. 2.15) 

Using the above equations and the properties of the working fluid (Section 2.3.), the required 

waveforms were scaled. Different waveforms were used for each of the experiments in this thesis 

based on the artery segment being measured and the phantom scaling factor. To prevent ambiguity, 

the waveform of each individual experiment will be presented in the associated chapter.  

Two other dimensionless numbers are mentioned within this thesis. The Euler number and the Dean 

number. The Euler number is referred to in Chapter 4, as it is a dimensionless number that relates the 

pressure of a fluid to the inertial forces [93]. However, the Euler number is typically only used to model 

cavitation in a liquid and a literature search found it difficult to identify the Euler number for arteries 

in the human arteries. As such, it was not considered a useful parameter for dynamic similarity. The 

Dean Number is used to describe the potential for secondary flow structures in a curved pipe [94]. At 

high Dean numbers, counter-rotating vortices form in a flow as it moves around a bend, forming as a 

result of high central velocity flow being deflected to the outer radius due to centripetal forces [94].  

2.8. Phantom fabrication 

In Chapter 1 the compliant nature of large arteries was introduced. To accurately measure fluid-

structure interactions under pulsatile flow conditions, the phantom artery would also need to be 

compliant. Many computational models of the fluid mechanics through arteries are limited by the 

difficulty of modelling complex fluid-structure interactions. This difficulty can be overcome in PIV 

analysis. However, PIV measurements do rely on the accuracy of the phantom fabrication method for 

the phantoms being investigated. Lost-core casting is a common method for removing the internal 
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mould of a geometry post-casting [95]. The method requires manufacturing a sacrificial core that will 

be melted, dissolved or burnt out of the remaining mould. This method is relatively simple for rigid 

phantom castings. However, manufacture of compliant phantoms requires a higher level of skill to 

precisely locate the central core, and maintain accurate and precise wall thickness. Compliant 

phantoms were consistently used throughout this thesis.  

Compliant silicone phantoms were created in the following key stages: 

1. The model was designed 

2. A mould was 3D printed 

3. Silicone was cast 

4. The phantom was installed within a compliance chamber 

 

2.8.1. Model design 

To design an artery phantom, general dimensions from in-vivo arteries were obtained through 

literature. These dimensions were used to design the internal core for the phantom mould. For a rigid 

phantom, the internal core was be constrained within an external casting and the silicone poured 

around the mould. However, a compliant phantom required manufacturing moulds with a minimum 

of three parts (1 male, internal mould part and 2 female, external mould parts). Large moulds 

sometimes required more external mould parts due to the build volume limitations of the 3D printers 

available. The manufacture method for a compliant phantom was adapted from Yazdi, et al. [95]. 

2.8.1.1. Radial Scaling 

The first step to designing a mould was to determine what scale of phantom would be required to 

achieve a compliance matched model. The lower limit of model scale tends to be defined by the 

minimum viable wall thickness fabrication. To date, a wall thickness of 1 mm is the thinnest reliably 

manufacturable wall using Sylgard 184 silicone [95]. The dimensions of an in-vivo artery were 

compliance matched using Equation 2.16 and scaled to at least achieve the minimum manufacturable 
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wall thickness [3]. Equation 2.16 ensured the circumferential changes due to pressure between an in-

vivo artery and scaled in-vitro model would be clinically significant. Since Sylgard 184 has a modulus 

of 1.32 MPa (the thoracic aorta is 0.526 MPa [96]), scaling is ubiquitous with compliance matching. 

𝐶 =  =     (Eq. 2.16) 

In which 𝐶 is the cross-section normalised compliance (simply referred to as compliance in this thesis) 

[MPa-1], 𝐴 is the cross-sectional area at rest [mm2], 𝑉 is the volume [mm3], 𝑃 is the pressure [MPa], ℎ 

is the wall thickness [mm], 𝐸 is the elastic modulus [MPa], and 𝐷 is the diameter at rest [mm].  

In arteries, compliance is a measure of arterial distensibility and defines the artery wall deformation 

induced volume change in response to pulse pressure [15]. Cross-sectional normalised compliance 

defines the proportional change in diameter as a response to pulse pressure. Hence, unlike 

compliance, normalised compliance is scalable. Normalised compliance also has an inherent 

assumption of negligible axial movement of the arterial vessel due to pulse pressure. Hence, the main 

change in volume occurs due to the changes in the vessel diameter rather than length [97].  

2.8.1.2. Longitudinal Response Scaling 

Straight vessel lengths (𝐿) were scaled differently to minimise the effects of the rigid fixings at inlets 

and outlets to the models. Vessel lengths were dependent on the Longitudinal Response formula 

(Equation 2.17) compiled by Geoghegan [71] to ensure similar wave propagation through the vessel 

limbs. 

=   (Eq. 2.17) 

In which 𝜆  is the wave speed of the flow [m·s-1]. Wave speed can be calculated using Equation 

2.18. 

𝜆 = 𝐵𝑐 𝑇    (Eq. 2.18) 
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Where 𝐵 is the dispersion coefficient [unitless]. B tends to 1 for pulsatile flows with a Womersley 

Number greater than 3.5 [98], 𝑐  is the propagation wave speed coefficient defined in Equation 2.19 

based off the Moens-Korteweg formula [98], and 𝑇 is the waveform period [s]. 

𝑐 =       (Eq. 2.19) 

For which 𝜌 was the density of the fluid [kg·m-3].  

A male mould would be designed with reference to the scaled vessel diameters and lengths. Following 

design of the male mould, the two-part female mould was designed by offsetting the male core surface 

by the required wall thickness. To enable location within a compliance chamber additional flange 

connection points (shown in Figure 2.14) were included in the mould design. To prevent core motion 

during casting, concentric location flanges were included at every phantom inlet and outlet. The 

female mould design included locations for silicone injection at the base of the mould and venting 

holes at the top. The venting holes enable air to escape during casting. Locating bolt holes were 

included in the female mould and concentric flanges enabled the mould to be assembled and tightly 

sealed. 

2.8.2. Mould 3D printing 

In this thesis the model was ABS (acrylonitrile butadiene styrene) 3D printed. ABS was selected as the 

3D print material due to its poor compatibility with acetone, making it easy to dissolve [95]. Typically, 

the moulds were printed using an UPBOX+ (Tiertime, Beijing, China) with a 0.2 mm layer height and 

20% infill. The low infill allowed the ABS to dissolve faster without compromising the strength of the 

mould. The UPBOX+ had a 0.01 mm tolerance and therefore, reliably produced the moulds. The 

surfaces of the prints were sanded using 400 grit sandpaper and then vapour smoothed using acetone. 

The high grit sandpaper only removed very small amount of material whilst also removing 

imperfections and ridges from the print layer lines. The acetone vapour produces a glossy finish (seen 

in Figure 2.14). 
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Figure 2.14: Example of a 3D printed moulds 

2.8.3. Silicone injection 

All parts of the moulds were washed and dried before assembling to remove any dust particulates. 

The male core was located within the two-part female mould and held together using M4 nuts and 

bolts. A layer of PVA (polyvinyl alcohol) glue was applied between the interfacing surfaces to prevent 

any leakage of silicone during casting. A layer of hot glue was also applied along the join of the two 

female parts. Sylgard 184 silicone and a cross linking agent were mixed at a 10:1 ratio (in accordance 

with manufacturer recommendations by Dow Corning (USA)). The silicone was degassed in a vacuum 

chamber prior to casting to remove air bubbles that were introduced during mixing. After degassing, 

the Sylgard 184 silicone mixture was injected into the base of the mould and air vented out the top. 

The silicone was left to cure in the mould at room temperature (23oC) for 48 hours.  

Following curing, the hot glue, nuts and bolts were removed. The mould and casting were then 

submerged in water for 20 minutes to soften the PVA glue. The female mould was mechanically 

levered off the casting using blunt tipped tools to protect the fidelity of the casting. Removing the 
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female mould, significantly reduced the time to dissolve the ABS. However, for complex external 

geometries the female mould can also be dissolved if needed. The male mould and silicone phantom 

was then placed in a bath of acetone. The acetone was intermittently agitated to assist ABS dissolving. 

A final cleaning of the phantom was carried out using acetone and cotton swabs to remove remnants 

of ABS. The acetone did not alter the transparency of the phantom [95]. 

2.8.4. Compliance chamber 

Compliant phantoms required suspension within a compliance chamber to maintain neutral buoyancy 

and protect the fidelity of the model and accurately capture particle motion during experiments. 

Compliance chambers were laser cut from 8 mm thick PMMA (polymethyl methacrylate) sheets and 

silicone sealed to prevent leakages. The phantom was situated within the compliance chamber and 

fixed in place by hose clamps over the flange socks. During experimentation, the compliance chamber 

was filled with the same working fluid as was pumped through the phantom. This ensured there would 

be no optical distortions due to the laser passing through different mediums. Specific descriptions for 

each experimental set up are provided in the respective chapters.  

2.9. Summary 

A detailed description of the experimental set up was provided in this chapter. It can be summarised 

as follows: 

 Planar PIV was used throughout this thesis. 

 The particles used to seed the fluid were silver-coated hollow glass spheres with a nominal 

diameter of 10 µm. 

 The particles had sufficient neutral buoyancy and light scattering to be effective. 

 An Nd:YAG laser was used with appropriate optics to produce a 1 mm thick laser sheet to track 

particle patterns. 

 Image capturing was carried out using TSI Insight 4G. 
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 Image processing was carried out using both TSI Insight 4G and PIVLab. 

 The working fluid used initially was 40/60 water and glycerine. However, later experiments 

used 45.6/28.8/25.6 water, glycerine and urea. The working solution is specified in each 

chapter. 

 A horizontal flow circuit was used for early experiments. However, to reduce setup and 

resetting time between experiments a vertical flow circuit was designed with a dual pumping 

system. 

 Waveform were produced using a piston driven by a 400-step stepper motor attached to a 

ball and screw linear rail.  

 Waveforms used for in-vitro experimentation were dynamically matched to in-vivo waveforms 

via Womersley and Reynolds number matching. 

 Compliant phantoms were manufactured using a lost-core casting method, in which silicone 

was injected into the cavity produced by the 3D printed male and female moulds, cured and 

then the moulds removed. 
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3. Review of the Development of Haemodynamic 

Modelling Techniques to Capture Flow Behaviour in 

Arteries Affected by Aneurysm, Atherosclerosis and 

Stenting 

This chapter provides a review of previous modelling methods used to assess haemodynamics within 

healthy, diseased and stented arteries. The specific focus will be placed on studies that investigated 

or simulated the effects of CVD on haemodynamics. Both CFD and PIV haemodynamic modelling 

techniques in stented and non-stented arteries will then be reviewed. The benefits and limitations of 

each experimental modelling method for determining clinically relevant conclusions will be discussed. 

The chapter is an adaptation of a review article that has been published in the AMSE Journal of 

Biomechanics [99]. 

3.1. Introduction 

Chapter 1 introduced three of the main forms of CVDs considered in this thesis. As stated in Section 

1.5. Treatment of CVD, vascular implants, particularly stents, are often implanted to restore normal 

haemodynamics. However, the haemodynamic effects of stents are still being investigated. In-silico 

modelling, such as Computational Fluid Dynamics (CFD), and in-vitro modelling, such as Particle Image 

Velocimetry (PIV) and, less commonly, Magnetic Resonance Velocimetry (MRV) have been utilised to 

assess the potential benefit of novel implant designs and mitigate risks in animal or preliminary human 

trials. However, designing or considering the efficacy of haemodynamic experiments for candidate 

clinical interventions requires an understanding of the physiological interaction between 

haemodynamics and the arterial wall.  
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The haemodynamic changes due to stenting have been researched extensively [100-102]. Previous 

studies have been carried out using in-silico, usually via CFD [59, 102, 103] or in-vitro, often via PIV 

[80, 104-106] though increasingly by MRV [107, 108]. In-vivo measurement methods have also been 

used such as Doppler Ultrasound [109], and Computer Tomography (CT) scans [110, 111], to 

investigate the physiological behaviour of healthy, diseased, and stented arteries. However, most of 

these studies have focused on the stents’ effects on intra-aneurysmal flow to reduce risk of rupture 

and near wall peri-stent modelling for neo-intimal hyperplasia [39, 112-114]. The effects of radially 

rigid stents on the distal arterial wall and consequent haemodynamics have not been investigated as 

extensively [71, 115].  

3.2. Physiology and Mechanics of Arteries and Stents 

Healthy arterial walls are vital to maintain good blood perfusion throughout the body. The inner most 

intimal layer is made up of elastic lamina supporting a mono-layer of endothelial cells that interact 

directly with the blood flow [116]. As noted in Section 1.3.1. Endothelial cells, endothelial cells respond 

to haemodynamic factors, such as wall shear stress (WSS) by releasing vasodilator and vasoconstrictor 

molecules that modulate the vascular tone. Abnormal haemodynamic factors such as recirculation, 

reversed, or reciprocating flow proximal to the wall, may change the stimuli and therefore alter the 

growth patterns of endothelial cells [64, 117-122]. Altered growth of endothelial cells can result in 

CVD formations such as atherosclerosis, arterial delamination, or acute dissection, and affect 

aneurysm growth and rupture [113, 123-125].  

WSS is the tangential frictional force that is produced as a result of the blood flow across the 

endothelial cell surface [125]. WSS has been linked to many CVD forms such as stenosis and arterial 

dissection. WSS is dependent on the rate of change in velocity from the centre of lumen toward the 

wall (shear rate) and viscosity. WSS varies throughout the cardiovascular system. Typically, WSS is 

higher in the carotid artery than brachial or femoral arteries. However, even within the aorta there is 

significant variation in WSS at different locations, such as the aortic arch and the descending aorta 
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[126], and at different times across the cardiac cycle. Endothelial cells respond to stimuli, such as WSS, 

to determine growth behaviour. Altered WSS has been linked to aneurysm growth and rupture [117, 

127-129] and atherosclerotic lesion formation [130, 131] in arteries. A change in WSS can potentially 

lead to a change in the growth patterns of endothelial cells, which may result in deleterious effects 

such as intimal thickening or thinning, and occlusion within the arterial wall [123].  

The time-averaged WSS (TAWSS) during a single cardiac cycle [114] has been used to provide a 

benchmark value for measuring patient-specific flow abnormalities. A rigid body assumption is 

generally sufficient for measuring TAWSS [132] as it is not generally strongly affected by Fluid-

Structure Interaction (FSI). However, time varying WSS (TVWSS) is often strongly affected by FSI that 

rigid wall models cannot capture [120]. TVWSS magnitude and location change throughout the cardiac 

cycle and with the motion of the walls [133]. For measuring important haemodynamic characteristics, 

TAWSS has underestimated peak TVWSS by 60% [73] and may miss clinically important haemodynamic 

characteristics such as retrograde or recirculating flow [134]. The oscillatory shear index (OSI) is a 

dimensionless parameter that determines the degree of reversed flow according to the congruence 

of the TAWSS vector and the WSS vector throughout the pulse cycle [135]. In certain regions of main 

arteries such as the aorta, OSI can vary between full agreement (OSI=0) and oscillating flow (OSI≈0.5) 

[135]. 

The three forms of CVD investigated in this thesis are atherosclerosis, aneurysm and aortic dissection. 

Section 1.4. Cardiovascular Diseases provides a detailed description of each of these. In summary: 

atherosclerosis can narrow or block arteries, inhibiting blood flow and inducing flow stagnation and 

separation zones prone to recirculation [76, 136, 137]; aneurysms can affect flow behaviour, 

potentially inducing recirculation, reversed flow and other deleterious haemodynamics [138-140]; and 

dissections form a false lumen for flow to pass through completely altering the shear stresses 

experienced within the true lumen. The dissection also weakens the arterial wall potentially causing 
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irreversible dilatation of the artery otherwise known as a pseudo-aneurysm which can lead to rupture 

and high risk of mortality (Figure 3.1) [141]. 

 

 

Figure 3.1: Dissection of the arterial wall through a curved artery model. Direction of flow shown by yellow 

arrows 

Stent implementation is a common treatment for many forms of CVD. The function of stents was 

introduced in Section 1.5. Treatment of CVD. Stents grafts (i.e. covered stents) are currently popular 

for treating arterial disease such atherosclerosis, aneurysm or arterial dissection. Stent grafts are 

designed to exclude blood flow from the diseased artery and prevent neo-intimal hyperplasia and 

maintain healthy haemodynamics within the lumen. Stent grafts are relatively rigid compared to 

arterial walls and cannot expand beyond the covering fabric. Stent rigidity induces a compliance 

mismatch between the graft and the parent artery [65]. The significance of this mismatch has been 

noted as a key research question [65, 66, 100].  

Intimal tear 

False lumen 
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All arteries except for the pulmonary artery branch from the aorta and perfuse oxygenated blood to 

the organs [142]. CVD of the aorta are associated with high morbidity and mortality rates [35, 143]. 

Nearly the entire stroke volume of blood will flow through the aorta. The aortic arch supplies the head 

an upper limbs of the body with blood [12]. The abdominal aorta supplies blood to five major arteries 

that lead to the abdominal organs [12]. Hence, implanting stent grafts in the aorta must not obstruct 

the origins of these arteries otherwise it could result in organ necrosis [42]. The two methods clinicians 

use to prevent occlusion of the aortic branches are fenestration or branched stent grafts (Figure 3.2) 

[144]. Fenestration is the creation of a window in the stent graft at the peripheral artery location [144]. 

Fenestration allows blood to flow to peripheral arteries, however, relies more heavily on precise 

parent stent location and the condition of the peripheral artery. Branched stent grafts are stent grafts 

of smaller diameter stitched to the side of the main stent graft that distends into the peripheral artery 

[144]. Branching can help maintain the parent stent in position and is commonly used when the 

disease artery distends into a peripheral artery also. These methods are applicable to other branched 

arteries also.  
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Figure 3.2: Fenestration and branch stenting of parent stent for peripheral arteries. Reproduced with permission 

from [145] 

3.3. Computational Fluid Dynamics Modelling in Cardiovascular 

Disease 

In-silico haemodynamic modelling is predominantly carried out using CFD, or CFD coupled with Finite 

Element Analysis (FEA), particularly when looking at the FSI. CFD typically uses finite volume, 

numerical analysis to determine the behaviours of a fluid within a specific domain [60]. The fluid 

domain is discretised into a mesh of individual elements allowing for evaluation of localised flow 

parameters in governing fluid dynamics models [146]. Mesh density and resolution can have a 

significant effect on the quality of CFD results. Typically, mesh independence is declared when 

increases in mesh resolution no longer produce a discernible change in the simulation results [147].  
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CFD simulations have been used to model haemodynamics in arteries and cardiovascular stents [55, 

59, 103, 120, 143, 148]. CFD models can be generated using patient specific or idealised geometries 

of arteries and stents obtained by medical imaging. Patient specific results are often more 

physiologically representative of in-vivo measurements than results obtained from generalised results 

[149]. Healthy haemodynamic flow waveforms and cross-sectional velocity profiles have less inter-

patient variability than the variability observed in diseased geometry. However, intra-patient 

variability can be quite high in healthy individuals. In particular, physical exertion can cause significant 

changes in pulse pressure, arterial diameter and flow rate [139, 150-153]. Therefore, patient specific 

models have limited applicability to wider populations [96, 131, 154, 155]. Idealised geometries for 

arteries and stents are generated by averaging measured parameters across a range of patients and 

producing a range of applicable parameter values [156]. Idealised geometries have a wider 

applicability, however, will not precisely match the haemodynamics of any particular individuals and 

will not necessarily be representative of diseased arteries.  

Some CFD approaches for haemodynamic analysis have been reviewed previously [102, 109]. CFD can 

identify flow effects, such as WSS and displacement forces. Introduced in Section 1.3.1., abnormal 

WSS can negatively affect endothelial cell responses [118, 157, 158]. Displacement forces can be key 

to determining stent patency or mode of failure within patients [157, 159, 160]. However, CFD studies 

can be limited by the boundary conditions and the assumptions selected which may reduce the value 

of the results for clinical applications [161]. CFD studies commonly optimise existing stent mesh 

designs by varying spacing and thickness parameters to minimise undesirable haemodynamic 

disturbances caused by stent design [57, 156]. 

CFD can yield quick and low-cost indications of haemodynamic dysfunction in vascular anomalies such 

as atherosclerosis, stenosis, acute dissection or aneurysms [162]. CFD has also been used to predict 

potential failure in candidate stents for certain arterial geometries [114, 148, 156, 163]. CFD 

simulation allows quick, in-silico iterations of stent design, which is generally more time efficient and 
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inexpensive than in-vitro, ex-vivo or in-vivo animal studies. Cerebral aneurysms are frequently 

researched via CFD [102, 104, 164, 165]. Aneurysms in certain arteries such as the ascending aorta, 

abdominal aorta, and carotid artery are also frequently simulated [73, 144, 162, 166, 167]. CFD 

modelling of stenosis is also conducted on cerebral arteries, the aortic arch and peripheral arteries to 

the aorta [109, 131, 168]. Stenosis does not commonly occur in the ascending or descending aorta. 

There are fewer CFD studies on the thoracic aorta [160, 169, 170]. This may be due to the significant 

FSI that occurs in the aorta. The aorta is highly compliant compared to other arteries in the human 

body, due to its high proportion of elastin fibres [1].  A high level of expertise, computational power 

and time are required to carry out compliant FSI modelling. Such compliant modelling is uncommon, 

and a rigid wall is often assumed.  

3.3.1. CFD Studies of Artery Haemodynamics 

Early identification of aneurysms is critical for successful interventions that reduce morbidity and 

mortality [171]. Numerous CFD studies have modelled the altered haemodynamics in arteries with 

CVD and improved understanding of the deleterious flow behaviours in diseased arteries [117, 127, 

172]. Numata, et al. [172] used CFD to investigate the effects of thoracic aortic aneurysms in four 

locations in the aortic arch. In each location, haemodynamic disturbances were observed within, 

proximal and distal to the aneurysm. Among other outcomes, Numata, et al. [172] determined a causal 

link between aneurysm in the ascending aorta and the initiation site for dissection. These 

haemodynamic disturbances can cause changes in the spatial and temporal distribution of WSS [71]. 

Deviations from the characteristic WSS may be the most critical factor contributing to the evolution 

and rupture of aneurysms [102].   

CFD studies identified that changes in WSS may exacerbate existing CVD such as aneurysms and 

stenosis [117, 127-129]. However, studies have opposing views regarding whether high or low WSS is 

the main contributor to CVD exacerbation. Low wall stress was identified at the location of ruptured 

aneurysms in studies conducted with seven samples by Boyd, et al. [117] and seventy-four by Xiang, 
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et al. [127]. Conversely, high WSS was identified at the location of aneurysm ruptures in studies with 

nineteen and six samples by  Zhang, et al. [128] and Chien, et al. [129], respectively. Perhaps both WSS 

states contribute to rupture via differing mechanisms. However, the contradiction leads to a degree 

of ambiguity in the scientific understanding of the aetiology of aneurysms. However, whilst the causes 

of aneurysm growth were not consistent across CFD studies, all determined that abnormal WSS was 

a contributing factor. Lauric, et al. [113] suggested results may be biased by size and location of 

aneurysms. CFD simulation showed confirmed larger aneurysms had a greater effect on the overall 

arterial flow, reducing the peak cross-sectional velocity at the aneurysm location. The reduced velocity 

may result in lower WSS within larger aneurysms further weakening arterial walls. Atherosclerotic 

lesion formation is more often linked to low WSS [25, 130, 131]. Frydrychowicz, et al. [131] 

investigated the WSS and OSI distribution at the supra-aortic branches, where atherosclerotic lesions 

have been known to form. Low WSS and high OSI was identified at the typical lesion locations, 

indicating a potential cause. A CFD model of the left carotid artery also found that regions with 

consistent low WSS produced irregular stenoses [130]. CFD can assist in identifying potentially 

deleterious flow characteristics and estimate the changes that candidate stents may provide [173]. 

Understanding dysfunctional haemodynamics within aneurysms in-silico will help to determine the 

potential benefits of stents on restoring normal haemodynamics in-vivo prior to human trials. 

3.3.2. CFD of Stented Haemodynamics 

Stent implant causes local haemodynamic disturbances in the parent artery [174]. In particular, while 

stents can improve haemodynamics, the outcome haemodynamics do not exactly mimic healthy 

haemodynamics. Abnormal WSS can cause inflammatory responses resulting in deleterious effects 

such as neo-intimal hyperplasia [125, 175]. Despite the risk of inflammation and abnormal growth, 

stents reduce the negative effects of CVD and reduce the likelihood of aneurysm rupture or 

atherosclerotic lesions, thereby benefiting haemodynamics and reducing mortality [45]. CFD can 

provide an estimate of the flow behaviour within stents that can be challenging to obtain using 

available in-vitro methods such as PIV [114]. CFD studies on stents commonly consider the geometry 
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and design of the stent mesh. Strut design can have a significant effect on the inflammatory response 

of the artery [55]. CFD studies have shown that stent strut sizing is important to consider as they 

protrude into the arterial lumen, introducing the potential to form recirculation zones and stagnation 

zones [55]. Thinner struts generally lead to higher WSS than thicker struts. However, Karanasiou, et 

al. [55] found that the thicker struts reduced the overall percentage area of the arterial wall with low 

WSS values. Lower strut density results in larger areas of low WSS and more elevated WSS gradient 

(WSSG) [57]. In contrast, Beier, et al. [156] identified that narrow strut spacing has been linked to 

adverse WSSG and low WSS in the intra-stent region. LaDisa, et al. [57] suggested that the artery walls 

may straighten between adjacent struts, which can result in a non-circular arterial cross-section. The 

straightening between adjacent struts may overestimate the effect of the stent on WSS and WSSG. 

High WSSG has been linked to negative inflammatory responses such as intimal hyperplasia, 

atherosclerotic lesions and increases vessel wall permeability [156]. Below expected WSS is often 

found at the peri-stent location [57]. Some CFD studies have hypothesised there is an optimal strut 

size and spacing ratio for each artery [105, 156]. However, there is no published and generally 

accepted guidelines for determining these optimal parameters. Flow recirculation and stagnation 

occur both upstream and downstream of the struts and are strongly influenced by the size and shape 

of the strut [55].  

There is a paucity of CFD studies that investigate haemodynamics of arteries peripheral to the stented 

artery. This is despite the clinical importance of such geometries [176, 177]. Sun and Chaichana [177] 

found that fenestration of the suprarenal arteries had little effect on the velocities measured in the 

renal artery, meanwhile Avrahami, et al. [176] found fenestration of the suprarenal artery introduced 

a risk of occlusion of the renal artery. Kandail, et al. [178] investigated volumetric flow through the 

renal arteries due to fenestration stenting and determined that sufficient flow was provided to the 

renal arteries, but the percentage of flow was highly reduced when exercising. The effects fenestration 

has on flow properties through the renal arteries is significantly affected by the take-off angle of the 

fenestrated cuff, with 90o the optimum angle [40]. 
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CFD can be coupled with FEA to achieve simulations that contain FSI elements. FSI coupled with CFD 

has been carried out to investigate the forces that may result in stent displacement or failure [159, 

160]. However, FSI is often overlooked due to its complexity and high computational cost. Hence, the 

time variant deflection of the arterial walls due to the pulse pressure of the blood is often ignored. 

Furthermore, another limitations of the CFD studies is the choice of turbulence model. Previously 

studies mainly used Reynolds-averaged Navier–Stokes (RANS) equations which models all eddies and 

limited studies simulated the eddies (LES). LES simulations are more accurate than RANS modelling 

however, it costs high in memory and computational time. The application of LES simulations with 

dynamic mesh and FSI makes CFD less favourable than PIV. CFD typically considers both the stented 

geometry and surrounding arterial tissue effectively rigid [39, 57, 156]. This approach seems 

appropriate for measuring clinically relevant near wall haemodynamics. However, FSI should be 

included if the potential factors that may result in stent failure near the inlet or outlet of stents are to 

be measured [169, 170]. 

3.4. Particle Image Velocimetry Modelling in Cardiovascular Disease 

In-vitro modelling methods of haemodynamics commonly focus on optical measurements such as PIV. 

PIV developed from alternate experimental laser modelling techniques, such as Laser Doppler 

Velocimetry. PIV has been used as a validation technique for CFD studies and novel in-vitro 

experiments carried out on arteries such as the carotid, cerebral and aorta [104, 130, 165, 179]. 

However, PIV measurement is limited by the requirement for transparency of the test section [71] 

thereby limiting the modelling of grafted stents. The need for optical transparency can be negated via 

Magnetic Resonance Velocimetry (MRV) [107, 108]. However, MRV is costly, limiting increased use in 

haemodynamic modelling. MRV is a developing measurement method that could still use PIV for 

validation [180]. A detailed description of PIV was provided in Chapter 2. 

PIV measurement of haemodynamics requires the manufacture of a physical model, generally termed 

a phantom. Model transparency is required to provide the camera optical access to the region of 
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interest and identify velocity fields and flow patterns, such as recirculation formation and reversed 

flow [181]. Suitable materials for manufacture of phantoms are limited by the requirement for 

transparency. Early modelling practices used cast glass to produce rigid phantoms [182, 183]. 

Currently, transparent elastomers are often used as they allow compliance matching phantoms [73, 

80, 96, 184-186].  

Arterial phantoms can be manufactured such that they are compliant or rigid. Compliant models are 

capable of dilating and changing geometry under changes in transmural pressure. Conversely, rigid 

models are not deformed under pressure changes in the working fluid. Computer assisted design 

(CAD) software is often used to design moulds for the manufacture of rigid and compliant phantoms 

[80, 185]. Rigid phantom manufacture generally uses a male mould and a casting box. The male mould 

will be chemically dissolved or broken out of the phantom via the lost core casting technique. Material 

selection of rigid models are broader than for compliant models. Early PIV models used glass castings 

of artery geometries [187]. Thick-walled transparent elastomers can also be used to produce 

effectively rigid models [95, 185, 188]. Compliant phantoms are produced using female and male 

moulds, designed with a clearance of the intended wall thickness. A transparent elastomer, such as 

silicone, is injected into the moulds and cured to form a phantom [95]. Section 2.8. provides a more 

detailed methodology for manufacturing the phantoms used for PIV analysis. 

Refractive index matched fluids eliminate the optical distortion between the working fluid and the 

phantom [185] (Figure 3.3). A ratio of 40:60 water to glycerine solution is refractive index matched to  

Sylgard 184 (n = 1.41) [185, 189]. While silicone and the aqueous-glycerine solution are a common 

combination for experimentation, other combinations have also been used. For example, Friedman, 

et al. [190] used transparent bioplastic with eugenol as the working fluid. Sylgard 184 and sodium 

thiocyanate have also been paired for experimentation [191]. Sodium thiocyanate has a refractive 

index of n = 1.41, like Sylgard 184 [191]. However, sodium solutions are corrosive and may damage 

pumps and other equipment used for experimentation. 
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Two flow circuit designs are shown in Section 2.6. (Figures 2.11 and 2.12). Typical components include 

a piston and/or pump, flow meter, phantom, head tank and reservoir. Some studies use a flow 

straightener to ensure Poiseuille flow profiles at the inlet the experimental domain [119]. Compliant 

PIV requires a compliance chamber filled with the working fluid. An air-liquid compliance chamber is 

sometimes used to mimic Windkessel effects of the arterial system [192]. 

 

Figure 3.3: Before refractive index matching (left) and after refractive index matching (right) 

3.4.1. PIV Studies of Artery Haemodynamics 

PIV studies have yielded many clinically important findings. A 1981 study identified a negative 

relationship between increasing intimal layer thickness and the wall shear rate carried out on a cast 

of an aortic bifurcation at 15 chosen sites [193]. PIV has also been used to identify the flow patterns 

that may result from or be potential causes for vascular diseases such as aneurysms [186, 192] and 

stenosis [137, 194]. Deplano, et al. [195] investigated vortex formation in abdominal aortic aneurysms 

(AAA) by modelling the shear thinning process. The results implied that the AAA is linked to peak wall 

stresses, strength within the aneurysm and the mechanical properties of the wall. These finding were 

confirmed and repeated by LaDisa, et al. [57] and Beier, et al. [156]. Another study on cerebral 

aneurysms investigated the flow through an aneurysm [112]. The aim was to identify recirculation 

zones at the apex of the aneurysm which may contribute to aneurysm growth if untreated [112]. 

However, these recirculation results were not conclusive so an investigation into the WSS was 
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completed. The WSS tended to be low at the regions of aneurysm growth concurring with CFD studies 

carried out by Boyd, et al. [117] and Xiang, et al. [127]. The effect of stenosis has been conducted in 

many arteries and been shown to alter the flow patterns both proximal and distal to the constricted 

artery [130, 137]. Doutel, et al. [130] used PIV to validate the numerical model for a stenotic carotid 

artery. PIV has allowed for the identification of abnormal WSS and can visualise recirculation within a 

model of an affected artery.  

Comparison of results from compliant and rigid phantoms have been repeatedly examined [73, 186, 

192, 196]. Compliance typically yields more variance in velocity profiles and the WSS experienced 

within certain regions of the artery [197]. Büsen, et al. [192] investigated the effect of compliance in 

the aorta. A reduction in compliance of 63% resulted in a 122% increase in the aortic pressures and 

higher mean velocities during systole [192]. Recirculation formation is also highly dependent on 

arterial compliance [186, 192]. Yazdi, et al. [186] compared results of a rigid model and a compliant 

model of an idealised ascending aorta and aortic arch. Recirculation zones were identified in the 

compliant artery in regions of the aorta that are at high risk for the atherosclerotic formations and 

therefore arterial stenosis. The recirculation zones were not present in the rigid model. Rigid 

phantoms have yielded overestimations of the WSS by approximately 60% compared to the compliant 

phantoms [73]. 

3.4.2. PIV Studies of Stented Haemodynamics 

PIV allows for in-vitro investigations of potential stent effectiveness to aid development [198]. PIV 

investigations into stents are commonly focused on modelling intra-aneurysm flow or proximal and 

distal effects of stenting. PIV studies also commonly use specific stent brands rather than a generalised 

shape to model flow characteristics [105, 199, 200]. However, it may be expected the general flow 

behaviour will be similar across similar stents, and for only near wall effects to vary depending on strut 

design [105]. 
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The effects of different stent mesh porosities have often been investigated using PIV analysis of stents 

in extra-cranial or cerebral aneurysms [184, 200, 201]. Rhee et al. [184] determined the effects of 

stent porosity on intra-aneurysmal flow and linked the porosity and flexibility of stents. Reducing 

porosity from 0.86 to 0.79 resulted in reduced intra-aneurysmal flow, thus potentially improving 

patient outcomes [184]. However, reducing porosity increases the rigidity of the stent, making it 

harder to manoeuvre into the appropriate position and flex with the artery. The reduction in flow was 

not deemed sufficiently valuable to justify the increased rigidity of the stent [184]. Dennis, et al. [201] 

later confirmed the study using stent meshes of differing porosity. Reducing strut spacing by 1 mm for 

the same length stent resulted in an 8% reduction in flow through the stented aneurysm [201]. The 

reduced porosity did not significantly reduce the intra-aneurysmal flow in this study. Stiffness of the 

stent mesh designs were not evaluated in the investigation [201]. Bouillot, et al. [198] attempted to 

find an optimal stent porosity using PIV. They determined that an 88% porous stent mesh significantly 

reduced the volumetric flow rate of intra-aneurysmal compared to higher porosity stents. They noted 

that further reducing stent mesh porosity did not have a significant effect on the intra-aneurysmal 

flow but did reduce mesh flexibility [198]. Changing porosity of stents can be modelled using CFD, 

however flexibility and rigidity measurements require coupling with FEA.  

There are fewer intra-stent PIV investigations of haemodynamics indicating a gap in the understanding 

of stents and the effects they may have in arteries, particularly those afflicted by stenosis or occlusion. 

intra-stent PIV investigations are limited by optics resulting from mesh density and graft design. Dense 

mesh wires can result in high saturation of light due to reflections from the laser sheet and hence, 

particles cannot be identified and tracked within the flow stream. Stent grafts also typically are not 

transparent and hence are difficult to investigate without fabrication of surrogate grafts. Transparent 

surrogate stents are a newly developing modelling technique for use in optical imaging. In particular, 

dip-coating with transparent polyether polyurethane are an increasingly popular technique for 

producing optically transparent stent grafts [202, 203]. Groot Jebbink, et al. [204] used PIV to 

investigate the flow behaviour proximal to a reconstructed aorto-iliac bifurcation using the kissing 



75 
 

stent, covered kissing stent and Covered Endovascular Reconstruction of Aortic Bifurcation (CERAB) 

configurations as a method of restoring blood flow to patients suffering from aorto-iliac occlusive 

disease. The stent grafts for the covered configurations were replaced with a transparent 

polyurethane alternative. No significant deleterious flow was identified in the experiment. Hence, the 

investigation determined the methods to each be safe for restoring flow, however, compliance was 

not investigated and may also affect the flow. 

It is uncommon to investigate the effects of compliance on stented haemodynamics using PIV or other 

in-vitro modelling techniques. Charonko, et al. [105] investigated bare metal stent design effects in-

vitro using compliant phantom vessels and found strong correlation between strut designs and WSS 

and OSI, which may affect endothelia cell growth and hence, the long-term patency of stents. 

However, much like in CFD investigations, few compliant models have investigated deleterious effects 

of stents proximal or distal to the stent implantation. Studies of grafted stents often overlook key 

haemodynamic risk factors such as endoleak and atherosclerotic formation as a result of stenting. This 

is a key area for development.  

3.5. Boundary Conditions 

All haemodynamic modelling methods need appropriate boundary conditions to yield clinically 

informative results. Results will significantly vary based on the boundary conditions applied and 

assumptions made. Inlet and outlet boundary conditions do not vary significantly across stented and 

non-stented segments of the arterial structure. However, no single set of generalisable rules for 

defining boundary conditions for arterial modelling have been accepted and results can thus vary for 

similar investigations. The lack of comparability introduces ambiguity into the results [109]. Wall 

boundary conditions are more consistent with a common assumption being rigid walls in both CFD 

and PIV [39, 154, 200, 205]. However, Geoghegan, et al. [73] demonstrated that rigid wall assumptions 

can overestimate WSS by up to 60%. 
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Precise haemodynamic flow properties in specific regions of the arterial structure can be clinically 

obtained and used as inlet boundary conditions in CFD and PIV. Phase contrast-MRI (PC-MRI) is a 

method for determining patient specific inlet and outlet boundary conditions [148, 206, 207]. 

However, not all research groups have easy access to patients, expertise and equipment needed for 

in-vivo flow properties to be measured. In such cases, generalised inlet and outlet conditions are 

obtained and modelled based on a generic cardiac cycle can be used [161, 164, 208].  

3.5.1. CFD Boundary Conditions 

In CFD, the definition of the input flows, fluid properties, the domain boundary conditions, and 

computational methods can have a strong effect on simulations. Appropriate boundary conditions, 

working fluid properties, and stable numerical methods are required for accurate CFD modelling. The 

specific parameters of blood can be implemented in simulation [209, 210]. In most CFD analyses, the 

inlet condition is a set velocity profile, and the outlet is defined as a pressure condition [109, 161, 164, 

172, 207, 210]. However, there can still be significant variance in the set-up methodology and variables 

defining inlet and outlet conditions. The bounding walls are commonly rigid [154, 155, 210]. Thus, the 

fluid-solid interactions that underlie the Windkessel effects (Section 1.3.2.) are not realized. Inlet, 

outlet and wall conditions can have a significant effect on the estimated WSS values, peak pressures, 

recirculation zones and velocities during systole and diastole [161].  

3.5.1.1. CFD Inlet 

When modelling the stent strut effects, steady state flow is often defined at the inlet. This choice 

enables indicative results rather than physiological waveforms [57]. Few studies have used  pulsatile 

flow [156]. For pulsatile modelling the inlet conditions are most set as a user-defined velocity 

waveform. The waveforms are typically set up using measured physiological parameters, such as flow 

rates and pulse frequency [161, 207, 210]. The model is initialised by running the simulation for a set 

number of cardiac cycles and uses the data collected during the final cardiac cycle for analysis [156, 

161, 207]. The appropriate number of cardiac cycles for initialisation is not consistent between papers 
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with as few as 3 cycles to as many as 6 cycles being reported. Results from the initialising simulation 

were not reported. An alternate inlet boundary condition used a uniform mass flow rate with a 

pulsatile wave initiated at five diameters upstream of the geometry of interest to allow flow to 

develop [172].  

Xu, et al. [109] compared two inlet conditions, one derived from the volume flow rate and the other 

from Womersley derived analytical solutions, to determine the variation in results for the same 

stenosed arteries. The volumetric flow rate was derived using digital subtraction angiography by 

dividing through by the transparent time of the angiography [109, 172]. The Womersley analytical 

solutions were based on the assumptions that arterial expansion is neglected, and the pressure 

gradient varies with time only. The two different inlet boundary conditions resulted in different WSS 

distributions but did not result in a significant pressure gradient variation [109]. However, the variance 

increased with the degree of stenosis. WSS is one of the most important parameters affecting CVD 

[64, 112, 125, 211]. The poor comparability between WSS for two separate inlet conditions presents 

an area of uncertainty and potential for further investigation. 

PC-MRI has been utilised by some researchers to obtain data specific to the patient they are modelling 

[148, 207]. PC-MRI uses four-dimensional mapping to identify patient-specific velocity and WSS 

parameters [148]. Patient-specific inlet data may model vascular anomalies more accurately than 

generalised waveforms at the cost of wider applicability. PC-MRI produced inlet velocity waveforms 

that were specific to particular CVD forms in specific patients. Inputting the profiles obtained at the 

inlet and outlet into a CFD solver provided promising functional analysis of the thoracic aorta [148]. 

Romarowski, et al. [207] compared two different inlet boundary conditions for the thoracic aorta; an 

inflow profile produced by Morbiducci, et al. [212] and by using patient specific inlet data obtained 

from PC-MRI. PC-MRI flow acquisitions for the full region of interest were used as the gold standard 

to quantify the errors of CFD simulation [207]. Despite the inflow profile from Morbiducci, et al. [212] 

performing reasonably well, there was a notably higher error than in the patient specific inlet 
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conditions data compared to the PC-MRI flow acquisitions. However, simulations using patient specific 

data input are difficult to undertake and interpret in a timeframe that could be clinically beneficial.  

3.5.1.2. CFD Outlet 

Patient specific outlet data is also expensive and time consuming to obtain. Hence, non-specific data 

is often used. Nicoud and Schönfeld [213] modelled the outlet conditions as a suction condition, rather 

than a positive pressure condition at the inlet. The sucking condition was easier to model, however 

ultimately led to inconclusive results with poor repeatability in some CFD applications [213]. 

A common approach to modelling the outlet boundary conditions in CFD is to create downstream 

resistance by applying a pressure outlet condition [109, 161, 164, 172, 207, 210]. The pressure 

condition is included in the formulation of the Navier-Stokes equations used for solving finite element 

problems [207]. The Windkessel model has been used at the outlet to develop a relationship between 

the blood pressure (P) and flow rate (Q) [109, 206]. The Windkessel motion was introduced in Section 

1.3.2. The Windkessel model describes the Windkessel motion of the arterial system with analogous 

electrical components such as resistance, capacitance and impedance to represent arterial resistance 

to flow, compliance of the arterial wall and local inertial effects, respectively [214]. A 3-element 

Windkessel model can be implemented to mimic the proximal and distal resistance of the flow as well 

as the compliance of the artery (Figure 3.4a). The 3-element Windkessel assumes a linear relationship 

between the blood pressure and flow rate. However, this model is only applicable when the radius of 

the distal vascular network is sufficiently small [109]. Romarowski, et al. [207] observed improved 

accuracy in a 4-element Windkessel model (Figure 3.4b) but acknowledged that the improved 

accuracy was not significant enough to justify the increased complexity. The 4-element Windkessel 

model incorporated less variability in the development of the outlet boundary conditions. The 

Windkessel model tends to be the most common outlet condition, with a general tendency to use the 

3-element model over the 2- or 4-element alternatives. Alishahi, et al. [215] and Abraham, et al. [216] 

used open outlet boundary conditions along with static outlet pressure profiles. In a cardiac cycle 
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there is both forward and reversed flow [216]. An open boundary condition was applied to allow for 

flow reversal at the outlet. An open outflow boundary condition also allows outlet pressure to be 

modulated which the standard outflow boundary condition typically does not allow [215]. 

 

Figure 3.4: Electrical circuit representation of the (a) 3-Element Windkessel model (b) 4-Element Windkessel 

model adapted from Stergiopulos, et al. [217] 

3.5.1.3. CFD Boundary Wall Conditions 

CFD is capable of providing indicative results to the behaviour of blood flow in arteries and stents.  

Due to the difficulties and high computational time involved in modelling of moving meshes, the walls 

of the artery model are often assumed rigid [109, 161, 164, 172, 207, 210]. The rigid wall assumption 

results in non-physiological haemodynamics through non-stented regions of the arteries. However, 

for stented arteries, the rigid wall assumption may lead to clinically relevant results of the internal 

flow behaviour and effects of stent mesh and strut design. A limitation of the rigid wall assumption is 

the flow interaction between the artery and the stent. The effect of radial compliance mismatch 

between the model arterial walls and rigid medical implants cannot be modelled. Cebral, et al. [158] 

combined geometry data from a myriad of sources to develop an understanding of the degradation 

of arterial walls, primarily focused on aneurysm evolution in patients and gain an understanding of 

the FSI. However, CFD requires a moving mesh for compliant analysis which are also highly dependent 

on the accuracy of the measured arterial elastic behaviour. Midulla, et al. [148] produced a moving 
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mesh using MRI images and a process using cardiac-gated cine sequences which covered the entirety 

of the thoracic aorta. However, the moving mesh can be complicated to implement and significantly 

increases computational cost [148]. Figueroa, et al. [218] presented a novel method of modelling 

blood flow through a deformable domain referred to as the coupled momentum method for fluid–

solid interaction (CMM-FSI) problems. The CMM-FSI model allowed wall motion to be determined 

using pure fluids parameters, without the requirement for additional solving post-simulation. The FSI 

simulation research provided a promising method to model compliant arteries, however, current 

methods have not been validated and still rely on validation from in-vivo data or in-vitro 

experimentation to confirm findings.  

Many studies carried out using CFD use a limited pool of data. Often CFD is carried out on patient 

specific models where the patient population ranges from 1 to 10 patients [161, 164, 172]. However, 

intra and inter-patient haemodynamics are highly variable. Hence, the results from a particular patient 

specific investigation cannot necessarily be assumed for another patient. For the development of CFD 

models, patient specific approaches can be useful as they provide comparison and validation [207]. 

However, Beier, et al. [156] and Xiang, et al. [127] both successfully collected data from a population 

pool of over 100 patients to produce more generalised results. Xu, et al. [219] also investigated an 

idealised aneurysm with different parent vessel curvatures resulting in non-specific results that are 

widely applicable.  

3.5.2. PIV Boundary Conditions  
PIV can potentially provide greater control of the model boundary conditions compared to CFD, 

though the boundary conditions are more difficult to alter. For example, determination of mechanical 

properties of certain arteries [96] have enabled fabrication of dynamic compliance matching PIV 

phantoms [80]. The control of boundary conditions allows physiologically relevant results via non-

invasive in-vitro investigation [185]. However, even when a compliant phantom is successfully 

produced, it is often attached to a rigid flow circuit [220]. Zamir [98] suggested that a relationship 
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between the length of the compliant phantom and propagation wavelength would minimise the 

effects of the rigid fixations.  

3.5.2.1. PIV Inlet/Outlet 

PIV haemodynamics can be set up based on flow rates and pressures [195]. Typically, studies were 

conducted using scaled data from in-vivo investigations [137, 195, 221]. Inlet and outlet pressures and 

flow rates can be monitored at certain locations using transducers and flowmeters, respectively [195]. 

However, peri-model pressures cannot be measured as simply. Typical PIV analysis does not provide 

global pressures throughout the model. However, the static pressures may be reconstructed from PIV 

velocity profiles [222].  

Inlet flow rates are generally set up using a pump to propel the fluid and a flowmeter to measure it 

[73, 104, 192, 205]. For pulsatile flow, a closed loop feedback control system can be necessary to 

correct the flow profile between cycles. The pressure of flow waveforms implemented in or across the 

phantom can vary depending on the pump system used. Yazdi, et al. [80] reviewed multiple flow circuit 

designs, and determined most investigations were carried out using a reciprocating piston pump 

driven by stepper motors to achieve a high-resolution control. However, pulsatile pumps can better 

mimic the full flow characteristics at specific regions of the arterial system. Haemodynamic mimicry 

can be achieved by dynamic similarity matching the in-vitro values to the measured in-vivo Reynolds 

and Womersley number [185]. While CFD studies can define complex inlet velocity profiles, the 

limitations of a physical setup mean that there is generally less flexibility in PIV inlet possibilities.  

Appropriate pulsatile waveforms can be difficult to produce accurately without access to feedback 

control mechanisms and the appropriate expertise. As such, some PIV studies are carried out under 

steady flow conditions [57, 140, 200]. Steady state flow has been useful to determine the changing 

porosity effects on intra-aneurysmal flows [200]. However, steady flow conditions can also limit 

clinical applicability of results as acceleration and deceleration during the cardiac cycles potentially 
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affect the momentum forces and haemodynamic states. For WSS evolution, OSI, and some vortices 

formation, steady flow simulations yield inaccurate characteristic behaviours [98].  

Outlet pressures are commonly controlled by a head tank producing back pressure, indicative of the 

downstream resistance to flow [80, 137]. Deplano, et al. [195] produced a downstream Windkessel 

effect using compliance chambers and resistance valves. However, outlet flow is not commonly 

controlled, rather measured. Outlet flow behaviour is a key area for development in PIV.  

3.5.2.2. PIV Boundary Wall Conditions 

Compliant phantom fabrication techniques have been utilised since 1990 [197]. However, due to 

difficulty of fabrication, researchers will commonly opt to use an effectively rigid model that can limit 

the clinical relevance of results. Rigid PIV will commonly compare well with CFD investigations that 

equally use rigid assumptions [104, 165]. While artery-stent dynamics are difficult to measure with 

rigid phantoms, the effects of the stent struts on the peri-stent region can be observed. Hence, rigid 

PIV can be suitable, depending on the parameters that are being measured. In contrast to the 

anisotropic mechanical properties of arteries [223], the properties of Sylgard 184 and many other 

elastomers are isotropic [224]. However, Weizsacker and Pinto [223] investigated the properties of 

rat carotid arteries and determined the elasticity of arteries can be assumed as incrementally isotropic 

considering the range of deformations that occur in-vivo. To date, no known studies have successfully 

modelled the anisotropy of arteries in silicone. 

PIV can be carried out using generalised or patient-specific geometries [112, 165]. Patient specific 

geometry can be expensive to obtain and the resulting phantom difficult to manufacture. 

Consequentially PIV results can require more time to obtain than rigid CFD studies of equivalent 

geometry. PIV often uses idealised geometries to simplify the modelling and experimental analysis 

[119, 186, 200]. Hütter, et al. [96] compiled data from MRI scan images and CT scans of the human 

thoracic aorta and provided an idealised geometry for PIV experimentation [186, 196]. Bouillot, et al. 

[198] used an idealised geometry of a saccular intracranial aneurysm to investigate the effects stenting 
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had on intra-aneurysmal flow and determined that even highly porous stent meshes would help to 

direct flow. However, the directed flow was highly sensitive to porosity changes. Studies have also 

been carried out on an idealised carotid artery [73] and aorta geometries [114, 220, 225]. 

3.5.3. Working Fluid 

Newtonian fluids such as water or the aqueous-glycerine mixtures often used in PIV have a constant 

viscosity across all shear rates [93, 95]. In contrast, non-Newtonian fluids have a viscosity that is 

dependent on shear rate [93]. As noted in Section 1.2., blood becomes noticeably non-Newtonian in 

smaller arteries when the concentration of red blood cells is greater than 10% [22]. This occurs at low 

shear rates when a rouleaux forms with the aggregation of the red blood cells. However, in arteries 

with a large internal diameter, blood behaves similar to Newtonian fluids [22]. The viscosity of blood 

decreases as the shear rate increases [226], a phenomenon referred to as shear thinning. CFD is 

capable of modelling non-Newtonian fluids such as blood [168, 227]. Meanwhile, Newtonian fluids 

are typically used for PIV modelling despite blood being a non-Newtonian fluid for shear rates below 

100 s-1 [73, 80, 228].  

In CFD, different models have been used in studies to model the Newtonian and non-Newtonian fluid 

behaviour. Navier-Stokes equation solvers are used for modelling Newtonian fluids [229]. The power 

law is commonly used to model non-Newtonian fluid in straight geometries [230]. ‘Casson’, ‘Ballyk’ 

and ‘Carreau-Yasuda’ are typical non-Newtonian models that have been used to model blood shear 

thinning behaviour in CFD studies [130, 229-231]. These models exhibit a yield stress followed by a 

non-linear relationship between the shear stress and shear rate [93]. Arzani [229] investigated the 

comparison between non-Newtonian and Newtonian modelling of blood within two aneurysms, an 

intracranial aneurysm and an abdominal aorta aneurysm. Results between the Newtonian model and 

the non-Newtonian model were similar except in regions of low shear rate where rouleaux formed 

within an aneurysm [229]. Arzani [229] suggested that the Newtonian model is likely to be appropriate 
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for haemodynamic simulations in aneurysm except in the specific case of rouleaux formation within 

the aneurysm.  

In PIV, non-Newtonian studies are not common, however a few have been carried out. Friedman, et 

al. [232] carried out a study on an aortic bifurcation investigating the intimal thickness response to 

increasing shear rates. The study used sodium thiocyanate as a Newtonian solution and sodium 

thiocyanate with additional 0.13 percent (by weight) Separan AP-30 to achieve a non-Newtonian 

solution. Both fluids produced similar results that intimal thickness increased with the shear rate. The 

lack of significant differences across the Newtonian and non-Newtonian fluid may be the result of 

using a normalised shear rate [232]. The lack of difference may also be due to the size of an aorta. 

Being a large artery, the ratio of artery diameter to red blood cell diameter is sufficiently large that 

the fluid effectively becomes Newtonian [4]. Typically, an aqueous-glycerine solution will be used in 

PIV modelling [80, 106, 137, 232]. A ratio of 60/40  water to glycerine has a similar viscosity to blood 

but poor refractive index matching with many transparent elastic polymers [81]. Meanwhile, a ratio 

of 40/60 water to glycerine has a viscosity almost three times that of blood but matches the refractive 

index of typical polymers [185]. A high viscosity can affect the allowable scaling of a model. Scaling a 

compliant in-vitro model up by 1.5× can increase the flow rate by a factor of nearly five, using Reynolds 

scaling (Equation 2.12). Though the velocity field similarity is preserved, using Reynolds matching, the 

5× increase in fluid flow will not preserve pressure similarity between in-vitro and in-vivo models. The 

increased viscosity also affects the Womersley number, (Equation 2.13), used to accurately scale for 

an appropriate time period, potentially requiring wave periods that cannot be produced by typical 

pump systems. On occasion, salts such as sodium thiocyanate and potassium iodide, or urea may be 

used in conjunction with aqueous glycerine to increase the fluid refractive index without significantly 

increasing viscosity [81]. 

CFD is advantageous for modelling blood flow as it does not require an analogous fluid to be used. 

However, it still is highly dependent on the appropriate fluid parameters and fluid models being used. 
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PIV cannot use blood as a working fluid due to the need for optical transparency, and therefore is 

reliant on analogous transparent fluids. However, there has been sufficient work on determining 

appropriate fluid analogues, and dynamic matching to allow reasonable physiological relevance.  

3.6. Summary 

In-silico modelling through CFD provides investigators with the ability to view the internal 

haemodynamics of a stented artery. However, CFD is often limited by the complexity of moving 

meshes. As such, CFD studies typically fail to identify the FSI occurring at inlets and outlets of stented 

arteries and walls of both non-stented and bare metal stented arteries. In-vitro modelling by PIV 

surpasses CFD when investigating FSI for non-stented arteries and when examining interactions at 

inlets and outlets for stented arteries. PIV has also been successful in modelling the effects of stenting 

on intra-aneurysmal flow. However, optical requirements have hindered PIV investigations into the 

internal haemodynamics of a stented artery. The manufacture of optically transparent stent grafts is 

highly uncommon and a very recent development. PIV investigations between rigid and compliant 

non-stented phantom models have highlighted the importance of compliance matching on identifying 

pivotal haemodynamic changes such as estimation of WSS and vortices formation. However, CFD has 

highlighted the importance of stent strut design on near wall flow which can significantly affect the 

inflammatory response of endothelial cells. CFD does not rely on the use of a transparent blood 

analogue, therefore, is not limited by fluid mechanic scaling parameters, unlike PIV. 

CFD and PIV have been used with varying degrees of success to determine haemodynamics in arteries 

and how implementing stents can improve flow. CFD and PIV platforms are able to examine the effects 

of stenting without risk to human life, allowing for safer design investigation before deployment. 

However, factors such as the effect of compliance mismatch between stent and artery and the effects 

that stents have on arteries outside of the stented region has not been adequately researched. 

Continued improvement in CFD, PIV, and other velocimetry modalities will provide improved 

prediction of the efficacy of candidate stents.   
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4. Literature survey for in-vivo Reynolds and Womersley 

Numbers of various arteries and implications for 

compliant in-vitro modelling 

A pivotal limitation of compliant in-vitro modelling is due to difficulty finding the appropriate 

information to use to model major arteries. The purpose of this chapter was to compile Reynolds and 

Womersley Numbers for 14 of the major arteries within the human body for ease of access and to 

highlight key paucities in information. Case studies of a large and a small artery, respectively, 

determined the optimal experimental design for optical measurement with respect to applying the 

Reynolds and Womersley Numbers. An adaptation of this chapter is currently under review at Annals 

of Biomedical Engineering. 

4.1. Introduction 

4.1.1. Background 

Research on the long-term effects of surgical repair for many forms of cardiovascular disease has led 

to ambiguous outcomes [233]. Optical in-vitro experimentation is a growing research domain for 

cardiovascular disease modelling [80, 234]. Optical measurement methods such as Particle Image 

Velocimetry (PIV) or injection dye tracing allow for the in-vitro investigation of haemodynamic 

behaviour in analogous arteries and stenting [80]. PIV and injection dye tracing methods allow 

representative haemodynamic effects to be captured in life-like models of human arteries. The 

methods can also be used to predict how repair methods such as stenting or valve replacements affect 

arteries. Optical in-vitro experimentation does not typically use biological materials and therefore 

does not have the ethical obstacles that in-vivo animal or human studies have. 
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The outcomes of optical analysis are limited by the suitability of the experimental conditions utilised. 

This is particularly important in haemodynamic modelling as the fluid structure interaction is a key 

element of the fluid dynamics. In particular Geoghegan et al. found that the rigid-wall assumption led 

to a 61% over-estimate of maximum relative wall shear stress estimation at peak systole [73]. 

Improving in-vitro modelling methods to better represent in-vivo conditions can provide a safer 

platform for haemodynamic investigation and cardiovascular implant testing prior to human trials and 

present a validation method to further develop computational or numerical models and simulations 

[80].  

4.1.2. Reynolds and Womersley Number in-vivo 

In-vitro modelling often uses dimensionless scaling of fluid parameters to ensure dynamic similarity 

between the experiment and the physiology represented. Section 2.7 provides detailed description 

on how dynamic similarity is achieved. In summary, the Reynolds Number (𝑅𝑒 – Equation 2.12) can be 

used to model the viscous and momentum effects in haemodynamics, whereas the Womersley 

Number (𝑊𝑜 – Equation 2.13) can match the time-dependent (pulsatile) behaviour in order to provide 

clinical significance to the experiment.  

The Reynolds number is used to quantify the ratio of inertial fluid forces to viscous fluid forces. 

Therefore, the Reynolds Number determines the velocity (𝑉 [m·s-1]) or flow rate (𝑄 [m3·s-1]), that the 

experimental working fluid (blood substitute) must achieve to allow dimensional similarity, given the 

differences in kinematic viscosity (𝜈 [m2·s-1]) between the experimental working fluid and blood. 

Similarly, Womersley number matching ensures the oscillatory behaviours (at frequency 𝑓 [Hz]) are 

also kinematically and dynamically matched. Other dimensionless parameters exist such as the 

Strouhal Number and Euler Number, however these metrics are not commonly used to determine 

experimental conditions. The Strouhal number is a function of Reynolds and Womersley Numbers, so 

will be matched if Reynolds and Womersley are matched. The Euler number represents the pressures, 
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which are less important than wall shear stress in disease development, and wall shear stress is 

determined by Reynolds and Womersley.  

The haemodynamic pressure and flow rate waveforms change throughout the body [22]. In-vitro 

analysis of arteries is typically segmental, meaning the cardiac waveform for the specific artery being 

analysed must be isolated. In haemodynamic modelling, it is important to determine the Reynolds and 

Womersley Numbers for each specific artery to enable dimensional similarity between the in-vivo 

artery and in-vitro model. However, there is no large, current, and publicly available data bank with 

the Reynolds Number and Womersley Number ranges for the main arteries in the human body. As 

such, finding these parameters for arteries is not always possible. Canine data has been compiled [4]. 

However, canine Reynolds and Womersley Numbers are not necessarily indicative of human numbers 

[235] and using canine waveforms in human geometry may not preserve the clinical significance of in-

vitro experimentation. Some studies also have also used parameters for porcine arteries due to their 

physiological similarities to human arteries [236].  

4.1.3. Compliant Phantoms in-vitro 

Optical in-vitro modelling methods are continually improving with new flow circuits designs and 

production of more complex and representative arterial geometries. Compliant modelling is 

increasingly being used as studies have shown the importance of compliance in arteries such as the 

carotid, brachiocephalic and the aorta [74, 95, 137, 191, 205, 209]. Rigid modelling has a tendency to 

over-predict wall shear stresses and under-predict recirculation [73, 95]. Both flow characteristics can 

have a significant effect on the growth patterns of the endothelial cells that line the artery and 

therefore on the regeneration of the artery [64, 113, 175]. Thus, compliant artery models may provide 

a method of safe investigation into the potential for deleterious flow behaviours caused by candidate 

stents. 

However, optical modelling techniques require optically transparent materials for phantom artery 

manufacture to capture fluid flow. Hence, in-vitro phantom materials are typically optically 
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transparent [80]. The most common elastomer used in in-vitro arterial modelling is Sylgard 184 (Dow 

Corning, Midland, MI., USA) [74, 80, 237]. Sylgard 184 has a Young’s Modulus of 1.32 MPa when cured 

at 23oC. However, the Young’s modulus of Sylgard 184 does not match the Young’s modulus of thoracic 

arteries (typically 0.526 to 0.700 MPa [96]). Hence, the in-vitro phantoms must be normalised 

compliance matched to the in-vivo arteries (Equation 2.16). 

Compliant model construction is limited by manufacturability of phantom arteries with suitable wall 

thickness. To date, a phantom artery with a 1 mm (±10%) wall thickness represents the smallest 

consistent wall thickness reported [95]. Thinner walls tend to have higher proportional wall variability 

and are prone to uneven expansion or rupture [95]. To achieve appropriate wall thicknesses within 

fabrication limitations, models typically have to be scaled up to greater than life-scale. Scaling up the 

phantom requires scaling up the flow rate of the working fluid (commonly aqueous). Increasing flow 

may also increase pressure demands which may not be a cost-effective solution for experimental 

models of large arteries, such as the aorta. Rigid-wall models are not dependent on the lower limit of 

wall thickness manufacturability and therefore can readily be manufactured at life-scale or smaller for 

more cost-effective experimentation. 

4.1.4. Working Fluid Analogues 

The working fluid presents another design limitation of experimental modelling using a compliant 

phantom. The working fluid must be transparent and refractive index matched to the elastomer used 

in the phantom. Refractive matching removes light distortion through a model, thereby making the 

model almost invisible when filled with the working fluid (Figure 2.4). The most common mixture used 

is a water-glycerine solution [30, 173]. The mixture is easily maintained and reasonably inexpensive 

(glycerine costing $21.08 USD per kilogram). However, the kinematic viscosity of the popular 40/60 

water-glycerine ratio is nearly three times that of blood (Table 4.1). Occasionally, sodium iodide is 

included in an aqueous glycerine mixture to raise the refractive index without significantly raising the 

viscosity. However, sodium iodide has a high cost of around $320 USD per kilogram and some 
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associated health risks [81]. Another alternative uses urea to raise the refractive index of a water and 

glycerine mixture while maintaining a similar viscosity to blood. Urea is significantly cheaper, costing 

$19.80 USD per kilogram and has a lower health risk rating [81]. 

Table 4.1: Properties of transparent blood analogues (W = water, Gly = glycerine, NaI = sodium iodide, U = urea) 

Fluid Density 𝝆 
[kg.m-3] 

Dynamic 
Viscosity 𝝁 
[× 10-3 
Pa∙s] 

Kinematic 
Viscosity 𝝂  
[× 10-6 
m2∙s-1] 

Refractive 
index 

Cost per KG 
(US $) ⁺ 

Blood 1060 3.80 3.58 Opaque N/A 

40/60 W-Gly [80] 1156 10.8 9.34 1.41 12.83 

46/29/25 W-Gly-U [81] 1130 3.56 3.15 1.41 11.00 

46/29/25 W-Gly-NaI 

[81] 

1229 3.12 2.53 1.41 86.10 

⁺ Prices obtained from Carolina Biological Supply Company (NC, USA), laboratory grade  

4.2. Methodology 
4.2.1. Part 1: Literature Search 

A literature search was conducted on the peak Reynolds and Womersley numbers of 14 key arteries 

in the human body: ascending aorta, aortic arch, descending aorta, suprarenal aorta, infrarenal aorta, 

common iliac, femoral, brachiocephalic, subclavian, carotid, renal, superior mesenteric, basilar and 

internal carotid arteries (ICA). The peak Reynolds Number was selected for investigation, as it 

indicated the maximum flow rate that must be achieved to maintain physiological accuracy. Multiple 

search engines were used including Google Scholar, ResearchGate and PubMed. “Reynolds Number”, 

“Womersley Number”, “In-vivo” and each of the 14 arteries were used as keywords for each search. 

Of these only 10 articles provided novel in-vivo information specific to the human body. Ranges for 

the peak Reynolds and Womersley numbers were collected from in-vitro or in-silico sources when an 

in-vivo source could not be found. In the absence of in vivo data, the in-vitro and in-silico sources were 

accepted provided that the outputted data values were obtained using in-vivo inputs. In-vitro and in-

silico data was also compared against the in-vivo ranges of peak Reynolds and Womersley number 
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values for sections of the aorta. The overall number of sources found with information on the peak 

Reynolds number and Womersley number was 21. Data was compiled by type and the range of peak 

Reynolds and Womersley Numbers were averaged (Table 4.4). The standard deviation calculation for 

the Reynolds number was weighted according to the overall population of each source and provided 

as a range in Table 4.4. Symmetry was assumed between left and right variants of the common iliac, 

femoral and subclavian arteries. In reality, there are geometric, flow and, therefore Reynolds and 

Womersley number differences across the left and right variants of these arteries. However, the intra-

artery differences were assumed negligible compared to the inter-artery differences.  

4.2.2. Part 2: Case Studies 

Two case studies were carried out comparing three working solutions against different scale models 

manufactured from Sylgard 184. The first case study investigated in-vitro modelling an ascending aorta 

geometry. The ascending aorta is the largest, most compliant artery in the human body and is subject 

to the highest Reynolds and Womersley numbers in the arterial system (Table 4.4). These factors make 

it difficult to mimic in-vitro.  

The second case study focuses on the left common carotid artery. This artery was selected as it is 

much smaller and less compliant than the ascending aorta, but also had a good basis of in-vivo 

information available to inform the model. Though it is not smallest artery considered, it represents 

the other end of the spectrum for modelling compared to the ascending aorta. The in-vivo geometry 

parameters and compliance ranges used for the case studies of each artery are provided in Table 4.2. 

Table 4.2: Structural parameters for the in-vivo ascending aorta and left common carotid artery 

 Young’s Modulus 

[MPa] 

Average Diameter at 

rest [mm] 

Normalised Compliance 

Range [MPa-1] 

Ascending aorta 0.526 32.0   [154] 29.0 – 37.7 

Left Common Carotid 0.700 8.00   [96] 16.8 – 19.3 
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Normalised compliance as a function of wall thickness was calculated for Sylgard 184 silicone using 

the diameter provided in Table 4.2 at 1x, 1.5x and 2x life scale for the ascending aorta and 1x, 3x and 

5x life scale for the common carotid artery (Equation 2.16). The curves were then plotted against 

known compliance ranges of the two arteries [3]. The curves were analysed to determine which scales 

were or were not capable of being manufactured using Sylgard 184. 1 mm was assumed to be the 

minimum manufacturable wall thickness as this is the smallest consistently manufactured wall 

thickness using lost-core casting seen in the literature to date [95]. 

The optimal in-vitro model configuration was selected as the model with the lowest required pump 

power. The power was inferred based on flow rate and time requirements for physiological matching. 

The Reynolds and Womersley numbers were linked using diameter (D) and kinematic viscosity (ν). 

Four equations were produced, as shown in Table 4.3. 

Table 4.3: Equations 4a-d formation 

 Eliminating diameter Eliminating viscosity 

Rearrange  𝑹𝒆 (Eq. 2.12) 
→ 𝐷 =

4𝑄

𝜋𝑅𝑒𝜈
 → 𝜈 =

4𝑄

𝜋𝑅𝑒𝐷
 

Substitute into 𝑾𝒐 (Eq. 2.13) 
𝑊𝑜 =

2𝑄

𝜋𝑅𝑒𝜈

2𝜋𝑓

𝜈
 𝑊𝑜 =

𝐷

2

2𝜋 𝑓𝑅𝑒

4𝑄
 

Rearrange for 𝑸 
𝑄 =

𝑊𝑜 𝑅𝑒 𝜋𝜈

8𝑓
 𝑄 =

𝜋 𝑓𝑅𝑒𝐷

8𝑊𝑜
 

Optimise for the largest range 

produced Equation 4.1a-d 
(a) 𝑄 =  (c) 𝑄 =  

(b) 𝑄 =  (d) 𝑄 =  

 

The four equations were plotted in Figures 4.3 and 4.5 for each working solution viscosity (Eq. 4.1a-b) 

and scale diameter (Eq. 4.1c-d). 
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Blood was assumed Newtonian in the ascending aorta as the concentration of red blood cells in the 

bloodstream was less than 10% [22]. Non-Newtonian blood analogues were ignored in this study as 

the primary focus was on determining a method to model the largest and most compliant artery in 

the human body, and the effects of shear thinning are significant predominantly in smaller arteries 

where the concentration of red blood cells exceeds 10% of the overall fluid [22].  
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4.3. Results 

4.3.1. Part 1: Literature Search 

The ranges for the minimum and maximum peak Reynolds and Womersley numbers for each of the 14 arteries were combined and reported in Table 4.4 

along with their data type and source. There was a larger pool of primary sources to collect information from for the segments of the aorta. However, there 

was very limited information on the smaller arteries such as the femoral, renal and superior mesenteric. The in-vivo Reynolds numbers for the sections of the 

aorta were typically reported higher than those used in in-vitro or in-silico studies, meanwhile the Womersley Numbers were typically lower.  

Table 4.4: Reynolds and Womersley Numbers for 14 key arteries. Light grey = inferred values based on surrounding data.  

Artery Min Repeak 

Min Repeak 
Range (1 

S.D.) 
Max Repeak 

Max Repeak 
Range (1 

S.D.) 
Min Wo Max Wo Data type Sources 

Ascending Aorta 
 

3144 1357 6836 1570 15.0 20.6 In-vivo [167, 238-241] 

2970 
 

3302 
 

19.3 22.7 In-vitro and In-silico 
[15, 154, 242-

244] 
Aortic Arch 

 
3318 176 5733 1102 13.3 17.2 In-vivo [239, 245] 
2431  2666  14.5 15.9 In-vitro and In-silico [154, 246, 247] 

Descending Aorta 
 

2728 867 4805 289 11.2 14.2 In-vivo [238-240] 
1169  2196  11.1 15.9 In-silico [154, 242] 

Suprarenal Aorta 
 

2000 
N/A 

6000 
N/A 

12 12 In-vivo [238] 

Infrarenal Aorta 1324 403 3536 1063 12 12 In-vivo [238, 248] 
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Common Iliac 

 
390 

N/A 
620 

N/A 
7.7 12 In-vivo [248] 

Femoral 
 

980 
 

980 
 

7.74 7.74 In-vitro [249] 

Brachiocephalic 
 

720 
N/A 

1080 
N/A 

8.2 9.8 In-vivo [240] 

Subclavian 
 

720 
N/A 

880 
N/A 

6.8 8.1 In-vivo [240] 

Common Carotid 
 

556 129 716 72 5.66 6.46 In-vivo [240, 250] 
750  766  4.51 4.51 In-vitro and In-silico [15, 251, 252] 

Renal 
 

277 
N/A 

900 
N/A 

6.6 6.6 In-vitro [253] 

Superior 
Mesenteric 

 
12 

N/A 
200 

N/A 
5.27 5.27 In-silico [242, 254] 

Basilar 
 

150 
N/A 

500 
N/A 

2.73 2.73 In-vivo [255] 

ICA 
 

150 
N/A 

300 
N/A 

5.33 5.33 In-vivo [255] 

 

Figure 4.1 presents the tabulated in-vivo data. Where in-vivo data was not available in-vitro or in-silico measurements were plotted (as accepted in Table 4.4). 

The proximal arteries such as sections of the aorta had significantly higher Reynolds and Womersley numbers. The reported in-vivo ranges were also much 

larger than distal arteries showing that inter-patient variability must be higher in the larger, more compliant, arteries. However, the variability may also be a 

function of the higher number of studies reporting on larger arteries.  
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Figure 4.1: Reynolds and Womersley for 14 main arteries  
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4.3.2. Case Study: 1 – Ascending Aorta 

The compliance for each scale model manufactured from Sylgard 184 was calculated based on the 

wall thickness and the diameter scale. Figure 4.2 shows that a life scale model cannot be reliably 

manufactured to match the compliance of the human ascending aorta, as it falls below the minimum 

wall thickness requirement of 1 mm. However, both 1.5x and 2x life scale models can be reliably 

manufactured. 

 

Figure 4.2: Model compliance for variable wall thickness of Sylgard 184 for different scales of the ascending 

aorta diameter 

Three potential working solutions were investigated to determine the flow rate and frequency 

requirements to achieve known ranges of peak Reynolds and Womersley Numbers for each of the 

feasible model scales identified in Figure 4.2. The lines of the Figure 4.3 denote fixed diameter curves 

and fixed viscosity curves for the maximum (solid lines) and minimum (dashed lines) Reynolds and 

Womersley numbers. The domain between the intersections of these curves can generate a range 

within which the Reynolds and Womersley numbers are representative of the ascending aorta (Figure 

4.3). Six allowable ranges were identified, represented by the shaded boxes. Figure 4.2 indicates that 
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a 1.5x life scale model would require a peak flow rate of between 27 and 91 L·min-1 using a water, 

glycerine and sodium iodide solution. However, significant overlap can be seen between the sodium 

iodide solution (green) and the urea solution (purple). To fit within the Womersley and Reynolds range 

of the ascending aorta, a 40/60 water-glycerine working fluid (blue) has a minimum flow rate of 53.5 

L·min-1 maximum flow rate of 178 L·min-1 for the smallest manufacturable model (1.5x).  

 

Figure 4.3: Maximum (solid lines) and minimum (dashed lines) allowable flow rates and frequencies for 

comparison of ascending aorta model scales and working solutions for in-vitro experimental set-up (W = water, 

Gly = glycerine, NaI = sodium iodide, U = urea) 

4.3.3. Case Study: 2 – Left Common Carotid Artery 

The compliance for each scale of the left common carotid artery is presented in Figure 4.4. A life scale 

model cannot be reliably manufactured to match the compliance of the common carotid artery. 

However, both 3x and 5x life scale models can achieve the common carotid artery compliance. The 

range of allowable wall thicknesses are presented in Table 4.5. 
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Figure 4.4: Model compliance for variable wall thickness of Sylgard 184 for different scales of the common 

carotid artery diameter 

The three potential working solutions were reviewed for manufacturability to determine the potential 

setups for modelling a carotid artery in-vitro, highlighted by the shaded regions. Figure 4.5 indicates 

that increasing the life scale above 3x leads to a low flow pulse frequency and thus long cycle period. 

The peak flow rate of the water-glycerine solution (blue) was 13.7 L·min-1  which was smaller than the 

lowest required flow rate for the ascending aorta model. The overlap between solutions is significantly 

less than for the ascending aorta model. 
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Figure 4.5: Maximum (solid lines) and minimum (dashed lines) allowable flow rates and frequencies for 

comparison of common carotid artery model scales and working solutions for in-vitro experimental set-up (W = 

water, Gly = glycerine, NaI = sodium iodide, U = urea)
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4.3.4. Summary 

The limits of wall thickness, and bounds of volumetric flow rate and pulse frequency, as determined in case study 1 and 2 for the ascending aorta and common 

carotid artery as summarised in Table 4.5. Where the criteria for manufacturability was not met, the entire column was greyed out and the remaining potential 

solutions discussed. Note that the wall thickness range captures the range of acceptable compliance values, and the flow rate and frequency ranges are 

representative of the reported Reynolds and Womersley ranges.  

Table 4.5: Summary of ascending aorta and common carotid artery case study outcomes. Greyed out boxes indicate non-achievable models. 

 Ascending Aorta Left Common Carotid Artery 

 1.0 x life scale 1.5 x life scale 2.0 x life scale 1.0 x life scale 3.0 x life scale 5.0 x life scale 

Phantom Material Wall Thickness Wall Thickness 

Sylgard 184 < 1 mm 1.0 – 1.3 mm 1.3 – 1.7 mm < 1 mm 1.0 – 1.1 mm 1.6 – 1.8 mm 

Working fluid Flow rate [L∙min-1] Flow rate [L∙min-1] 

40/60 W-Gly  53.5 – 178 71.4 – 237   5.35 – 8.22 8.92 – 13.7 

46/29/24 W-Gly-U  18.1 – 60.2 24.2 – 80.2  1.81 – 2.79 3.02 – 4.64 

46/29/24 W-Gly-NaI  14.6 – 48.5 19.5 – 64.7  1.46 – 2.25 2.44 – 3.74 

Working fluid Frequency [Hz] Frequency [Hz] 

40/60 W-Gly  0.345 – 1.830 0.194 – 1.029  0.278 – 0.508 0.100 – 0.183 

46/29/24 W-Gly-U  0.117 – 0.620 0.066 – 0.349  0.0942 – 0.172 0.0339 – 0.0619 

46/29/24 W-Gly-NaI  0.094 – 0.500 0.053 – 0.281  0.0760 – 0.139 0.0274 – 0.0499 
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4.4. Discussion 

4.4.1. Part 1: Literature Search 

Precise and relevant experimental modelling of haemodynamic flow in human arteries is reliant on 

precise mimicry of in-vivo dynamic fluid properties and realistic fluid-structure interactions. A 

literature search for Reynolds and Womersley Numbers of 14 specific arteries in the human body 

showed a paucity of information for some arteries, despite their clinical interest. The Reynolds and 

Womersley numbers for various arteries have been complied for canines [4]. The values for smaller 

arteries have also been provided for other animals such as pigs, rabbits and horses [4]. However, 

precise clinical relevance relies on knowledge of human haemodynamic parameters. Table 4.4 shows 

that there was rich information on haemodynamics in each section of the aorta. The common carotid 

artery was also well researched. However, there was a lack of data regarding the arteries that branch 

from the aorta.  

Many important arteries, such as the femoral, renal and superior mesenteric arteries did not yield any 

in-vivo Reynolds or Womersley number values. The lack of in-vivo information can make modelling 

impossible without assumptions that may not have been validated and therefore reduce the clinical 

applicability of the results obtained. The input data from in-silico and in-vitro studies were included 

when in-vivo data could not be located [133, 242, 248, 253]. Since the domains of these arteries shown 

in Figure 4.1 seem like sensible extrapolations from the Reynolds and Womersley numbers of proximal 

arteries, it was assumed these values should not necessarily be rejected. However, this may be 

expected as the in-vitro/in-silico numbers were derived as functions of in-vivo numbers. The Reynolds 

and Womersley numbers of the femoral, and superior mesenteric arteries are similar to similar sized 

arteries. However, the range of in-vivo values of the renal artery is comparably large. While these 

studies may provide a good indication of the likely Reynolds and Womersley, direct in-vivo validation 

would be preferable. 



103 
 
 

Search results for in-vivo Reynolds and Womersley numbers will commonly present canine data 

collated by Caro [4]. However, canines typically have lower Reynolds and Womersley numbers than 

human subjects. For example, searching “Abdominal Aorta Womersley number” on 

scholar.google.com will currently return Wo=8 as the result, linked to the ‘Womersley number’ 

Wikipedia page [256]. Following the citation path indicates that this Womersley number was 

determined for a canine abdominal aorta at 2 Hz, meanwhile the human abdominal aorta Womersley 

number is typically 12 (Table 4.4). Failing to note this discrepancy will lead to inappropriate dynamic 

matching and therefore unrepresentative results and recommendations from simulation and 

experimentation. 

There were notable discrepancies between the measured in-vivo and selected in-vitro Reynolds and 

Womersley numbers. Table 4.4 shows that in-vitro and in-silico Reynolds numbers were typically lower 

than in-vivo. This discrepancy suggests that experiments tended to use lower flow rates than may be 

expected in reality. Achieving the appropriate flow rate may be difficult in large arteries such as the 

ascending aorta, particularly when using blood analogues that have a higher kinematic viscosity than 

blood. However, the Womersley number tended to be reported higher in-vitro and in-silico than in-

vivo. The higher Womersley was most notable in the ascending aorta which may be accounted for by 

model scaling in in-vitro studies [74, 95]. The Womersley number is proportional to diameter 

(Equation 2.13), and therefore scaling models larger, without compensating for time period, leads to 

a higher Womersley number and lower Reynolds number. Typically, lower Reynolds numbers are 

accepted in-vitro due to the large range of potential peak Reynolds numbers presented across papers 

and the large standard deviations. In particular, Figure 4.1 indicates there is large variability in 

Reynolds numbers in the human aorta. However, the large range, may also be representative of the 

number of sources identified.   

In some in-vitro and in-silico investigations, a time-averaged or mean Reynolds number was presented 

despite modelling pulsatile flow [119, 251]. The diameter of an artery or compliant model increases 
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at peak systole and makes determining an accurate peak Reynolds number more difficult, and 

therefore providing the mean Reynolds may be more accepted. However, since the mean Reynolds 

number is 25-33% of the peak Reynolds, there may be a risk of characterising laminar flow when using 

the mean value, rather than the turbulent flow that is likely to occur at high Reynolds values [239].  

However, some investigations purposely utilise steady-state conditions to determine the basic 

haemodynamic effects of cardiovascular implants [140, 200]. For example, Liepsch, et al. [253] showed 

that steady flows may identify some haemodynamic anomalies which are caused by features of the 

arterial geometry.  

4.4.2. Part 2: Case Studies 

The trend across Figures 4.2-4.5 is that increasing the scale of the model increases the wall thickness, 

flow rate and pulse frequency required to achieve a physiological model. The aorta is one of the more 

well studied arteries, as evident by the much high incidence of in-vivo information obtained (Table 

4.3). However, as the case study of the ascending aorta indicates, sections of the aorta can be some 

of the hardest arteries to experimentally model when trying to achieve a compliance matched, 

physiological model. For an ascending aorta model, a life scale model cannot be manufactured from 

Sylgard 184 silicone. Sylgard 184 could be used to make a 1.5x – 2x life scale model of the ascending 

aorta or a 3x – 5x life scale model of the common carotid artery.  

When modelling the ascending aorta, a water and glycerine working solution consistently required a 

volumetric flow rate 3x greater for than the urea or sodium iodide solutions for the same Reynolds 

number. The lowest allowable flow rate for the water and glycerine mixture had a 4.3% overlap with 

the highest flow rates allowable using the urea mixture. This means that a much higher pump power 

is needed for to achieve physiologically matched waveforms. Furthermore, frequencies of more than 

approximately 1 Hz is required for the water and glycerine mixture. The higher pulse frequency 

requires higher pump resolution to precisely match the input waveform. The working solution with 

sodium iodide has the lowest flow rate and lowest pulse frequency, irrespective of diameter. As a 
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three-part working solution, it may be harder to maintain the solution long-term due to 

disproportionate evaporation rates. However, careful storage and maintenance of the solution could 

ameliorate this issue. Sodium iodide has associated health risks to consider and costs more than 

glycerine and urea (Table 4.1). There is a 66-67% overlap in the flow rates and a 73% overlap in 

frequency of the waveform between the sodium iodide and urea solutions to achieve the same 

Reynolds and Womersley numbers. This implies similar pump demands across the working fluids. The 

urea solution is a three-part solution with the same water, glycerine and salt ratio (by mass) as the 

sodium iodide solution. Urea also has a lower health risk than sodium iodide. As such it may be a 

suitable solution for modelling large arteries such as the aorta. 

There was less overlap in the flow rates and frequencies for the different working solutions of the 

common carotid artery model. The urea and sodium iodide solutions only overlapped by 33% in flow 

rate and 47% in frequency. The peak flow rate for the sodium iodide solution was 3.74 L·min-1 for a 

model that is 5x life size and would require a time period of at least 20 seconds per waveform. A 

waveform with such a long time period would not be efficient for ensemble PIV measurement where 

multiple image pairs are required for temporal or spatial averaging [69]. For injection dye tracing, the 

slow flow, long waveform could be beneficial to capture high-resolution fluid motion. The urea 

solution could achieve the same Reynolds and Womersley numbers with a slightly higher flow and 

shorter period so may allow a more efficient experimental setup. The water and glycerine two-part 

mixture required a maximum flow of 13.7 L·min-1 for the 5x life scale model. Despite being over four 

times higher than the flow required for the sodium iodide solution, the flow rate is still lower than the 

smallest needed flow rate for the ascending aorta model. Thus, achieving flow rates required to model 

the common carotid artery is easier than the aorta. The waveform for the 5x life scale model required 

a time period of at least 5.46 seconds for Womersley matching. A 5.46 seconds waveform duration 

may be more suitable for experimental set ups that require high repeatability such as ensemble PIV 

analysis [69].  
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A water and glycerine working solution is an inexpensive, easily mixed and easily maintained two-part 

working solution that is refractive matched at a mass ratio of 40:60. However, for modelling the largest 

artery in the human body, the pump demands are high, and it is potentially difficult to achieve 

Reynolds and Womersley number matching (Figure 4.3). A trade-off between achieving Reynolds or 

Womersley number matching is often necessary when using water and glycerine solutions in models 

of large arteries. Whilst there are many pumping systems capable of achieving flows over 237 L·min-1, 

they rarely have the response time to change direction, accelerate and decelerate within the time 

period required to also meet acceptable Womersley number ranges. It may be possible to design and 

manufacture a piston pump with powerful enough actuators to provide the appropriate flow within 

required time period, however, changing the working solution would provide a more cost-effective 

solution. 

4.4.3. Limitations 

This chapter focused on three Newtonian transparent blood analogues. The water and glycerine two-

part mixture is the most commonly used working fluid in in-vitro experimentation [74, 81, 95, 192] 

and sodium iodide is a common additive [81]. The three-part solution with urea is not as common. 

However, urea solutions are becoming more popular after Brindise et al. determined its behaviour is 

very similar to sodium iodide [81]. Non-Newtonian transparent blood analogues were not considered 

in this investigation as the focus was on experimental modelling of larger arteries. Non-Newtonian 

behaviour becomes more important when modelling smaller arteries or capillaries as the red blood 

cells are a greater portion of the fluid flow [22]. Transparent blood analogues that could not achieve 

a refractive index of 1.41 were also ignored as this is the common refractive index range for 

elastomers, and refractive index matching is required to avoid optical distortion in PIV 

experimentation and dye tracing.  
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4.5. Conclusions 

A key limitation of in-vitro modelling of non-aortic arterial mechanics is the paucity of available 

literature on the in-vivo fluid parameters of many arteries. In this chapter, a literature search was 

carried out to identify and compile currently available haemodynamic properties for 14 arteries within 

the human body. The search determined the aorta and carotid arteries as have the largest amount of 

available data. Meanwhile smaller arteries rarely had more than one source for in-vivo information. 

This chapter highlighted the lack of information on smaller arteries while simultaneously compiling 

the currently available information in one accessible location.  

Case studies of in-vitro investigations of a compliance matched ascending aorta (large artery) and 

common carotid (comparatively small artery) were used to identify some physical limitations when 

using optical modelling. These limitations include wall thickness fabrication and blood analogue 

transparency, refractive index and viscosity. Both the aorta and the carotid models required scaled 

models to enable precise phantom fabrication. Reynolds matching in the large aorta led to high 

experimental flow rates. The aorta, in particular, would require a significant pump demand. A cost-

effective solution for modelling the aorta was using a three-part water, glycerine and urea solution in 

a 1.5x life-scale model. Meanwhile, for modelling the common carotid, a two-part, water and glycerine 

mixture could be used in a 3x life-scale model. 
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5. PIV Analysis of Haemodynamics Distal to the Frozen 

Elephant Trunk Stent Surrogate  

This chapter describes the capture of the development of a Type 1B endoleak due to the 

implementation of the Frozen Elephant Trunk (FET) stent. PIV measurement has not previously been 

utilised to capture a Type 1B endoleak develop. The methods focus on the manufacture of a compliant 

phantom artery and surrogate stent used for experimentation and on the experimental set up. The 

results identified some potential deleterious flow behaviour caused by the surrogate stent 

implantation. Recirculation occurred at the distal edge of the stent and may indicate the potential for 

long term intimal layer inflammatory issues such as atherosclerosis. The identification of the Type 1B 

endoleak proved that in-vitro modelling can be used to investigate complex compliance changes and 

wall motions. The content of this chapter has been published in the Journal of Cardiovascular 

Engineering and Technology [74]. 

5.1. Background 

In Sections 1.4.2 and 1.4.3., two key forms of CVD were introduced, aortic aneurysm and aortic 

dissection. Aortic aneurysm and dissection are particularly dangerous forms of CVD as all oxygenated 

blood passes through the aorta while being transported to various tissues and organs. Abnormal aortic 

haemodynamics can lead to devastating consequences.  

The Frozen Elephant Trunk (FET) stent is a hybrid-prosthesis combining the features of a conventional 

vascular prosthesis and a stent graft (Figure 5.1) [6]. The FET stent may be implemented in the event 

of an aneurysm or dissection of the aortic arch or superior region of the descending aorta. The FET 

stent has been specifically designed to accommodate the brachiocephalic trunk, left common 

carotid artery, and left subclavian artery which branch from the aortic arch. The mean age of 
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recipients of the FET stent is 56.5 ± 13.6 years of age which is reasonably young for this class of implant 

[5]. 

Stent implantation via a median sternotomy has a high success rate [257, 258]. A 

median sternotomy is a surgical procedure in which a vertical inline incision is made along the sternum 

following which the sternum itself is opened [259]. Peri-operative mortality during FET implant is 7% 

[6] which is lower than the 8.9% (1st stage) and 7.7% (2nd stage) for conventional aortic aneurysm 

reconstruction procedure [260]. Hence, given the lower mortality rates, less invasive FET stent 

placement is becoming an attractive method for aortic aneurysm and dissection repair.  

 

Figure 5.1: Frozen Elephant Trunk stent in the descending aorta (from Di Bartolomeo, et al. [261]). Region of 

interest indicated 

FET stents are generally sutured to the proximal aorta close to the efferent arteries and have a friction 

grip at the distal end [6]. Due to variance in arterial diameter, the friction grip can fail and cause flow 

between the arterial wall and stent graft interface. Such flow is called a Type 1B endoleak [6]. The type 

1B endoleak leads to deleterious outcomes caused by the rubbing of the stent graft on the artery wall 

and the increased arterial pressure in a region that has previously had an aneurysm [262]. Ultimately, 
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the failure of the distal friction grip can cause recurrence of the aneurysm which may be fatal without 

surgical remediation.  

In this chapter, PIV was utilised to identify and observe the haemodynamics that occur around a rigid 

FET surrogate. The modelling will focus on the effect of the flow behaviour on the arterial geometry 

distal to the FET stent. The FET stent can be 24 times more radially stiff than the human aorta [6]. The 

increased rigidity reduces the ability of the aorta to dampen peak pulsatile pressures. In particular, 

systolic pressure in the FET stent are high as the aortic arch cannot expand to accommodate a portion 

of the stroke volume. Hence, the normal haemodynamics of the descending aorta can be significantly 

altered and are worth investigating.  

As identified in Chapter 3, the mismatch between a radially compliant artery and a radially rigid stent 

have not been extensively analysed in-vitro or in-silico, despite an understanding that it will affect fluid 

flow behaviour. Compliant PIV was used to capture fluid/solid interaction (FSI). Small changes in the 

compliance of a model can have notable changes in fluid and lumen wall pressure distributions, pulse 

wave velocity and blood velocity [73, 192]. Unjustified rigid assumptions may also result un-

representative vortex formation [192]. Hence, when modelling the transition from the radially rigid 

FET stent to the compliant descending aorta, compliant PIV is necessary. In this study, haemodynamics 

distal to the stented lumen were analysed using an optically transparent, compliant phantom and PIV 

modelling techniques. 

5.2. Method  

5.2.1. Geometry of Stented Model 

An idealised compliant geometry of the descending aorta was designed using dimensions obtained by 

a meta-analysis of reported descending aorta geometric parameters [96]. The geometry was 

compliance matched as per the normalised compliance formula (Equation 2.16) in Section 2.8.1. 

Compliance matching required the geometry to be scaled up 50% to achieve a 1 mm wall thickness 
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(Figure 5.2). The phantom was manufactured using PDMS silicone elastomer (Sylgard 184, Dow 

Corning) with a 10:1 cross-linking agent. 

Using Equation 2.16, the mechanical properties of Sylgard 184 and the in-vitro artery led to the 

calculation of scaled phantom wall thickness shown in Table 5.1.  

Table 5.1: Healthy descending aorta geometry  

Descending Aorta In-vivo 1.0 x life In-vitro 1.5 x life 

E    [MPa] 0.40 – 1.07 1.32 (silicone) 

h    [mm] 1.16 – 1.20  1.0 

D   [mm] 18.3 – 25.0 27.5  

C   [MPa-1] 14.8x10-6 – 53.9x10-6  20.8x10-6 

 

There is a large range for the arterial wall compliance shown in Table 5.1 [96]. A conservative approach 

was taken in selecting a compliance of 20.8x10-6 MPa-1. Arterial walls typically stiffen with aging and 

older patients have a higher incidence of stent implementation [263]. Selecting a phantom wall 

compliance from the lower end of the range would ultimately lead to a smaller potential for 

observation of the Type 1B endoleak. This ensured the conditions utilised could not be considered 

cynically motivated such that an observation of the endoleak occurred.  

The physical FET stent has a constant internal diameter from inlet to outlet. The stent is manufactured 

with diameters ranging between 20 – 40 mm. The total length of the graft Is 180 – 230 mm (JOTEC 

GmbH, Hechinger, Germany). The bending geometry of the FET stent in the region of the aortic arch 

would likely result in Dean vortices which may have a significant effect on distal flow behaviour. Dean 

vortices are a secondary flow pattern wherein a pair of counter-rotating cells across the cross section 

normal to the direction of flow. However, the manufactured compliant phantom focused on the 

simplified descending aorta (Figure 5.2). A rigid 90-degree arc was incorporated into the inlet flange 

to mimic Dean vortices that are likely to be generated in the prosthetic aortic arch. The peak Dean 
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Number (De) was calculated using Equation 5.1 where, Re is the Reynolds number, D is the internal 

diameter of the graft, and RC is the radius of curvature measured at the centreline of the lumen (50 

mm, Figure 5.2). The peak Dean Number of the model was 1111. As the Dean number was greater 

than 956, it may be assumed the peak flow would be fully developed with stable counter-circulating 

vortices [264, 265]. Therefore, the secondary flow was not investigated further. 

𝐷𝑒 = 𝑅𝑒  (Eq. 5.1) 

The rigid 90-degree inlet flange had a radius of curvature of 50 mm, resulting in an arc length of 78.5 

mm and a 20 mm straight section before the surrogate. The surrogate stent graft was designed to be 

105 mm in length (red outline in Figure 5.2). Producing a 223.5 mm length FET stent surrogate. The 

internal diameter of the FET stent surrogate was 28 mm with a 0.4 mm wall thickness, 5% oversized 

of the phantom diameter. A thin PVC ring at the distal friction grip of the FET increased the oversizing 

to 7%. The woven Dacron grafts are 3.9 times more rigid than an artery [28]. Hence, similar to in-vivo, 

the surrogate graft could move in a transverse direction, but resisted axial motion and radial 

expansion. 
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Figure 5.2: Descending aorta idealised geometry. Stent graft location indicated in red. All measurements are in 

mm. 

5.2.2. Phantom Manufacture 

A mould was manufactured following the methodology outlined in Section 2.8 (Figure 5.3). The moulds 

were rapid prototyped using fused deposition modelling (FDM) 3D printing. Sylgard 184 silicone was 

injected into the cavity between moulds and left to cure at room temperature for 48 hours. After 

curing, the female mould was mechanically removed, and the male mould dissolved in acetone. 

The surrogate stent graft was manufactured from ABS using FDM 3D printing with a 0.2 mm wall 

thickness and 105 mm length. The ABS surrogate was printed with a layer height of 0.1 mm. the 

surface roughness of ABS printed at 0.1 mm layer height is 64.1 ± 12.2 µm [266]. A 0.5 mm thick acrylic 
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ring at the distal end provided oversizing for stent graft anchoring similar to the physiological range of 

stents (Figure 5.4). Since only the flow distal and around the stent graft is clinically interesting, the 

stent graft surrogate was opaque, and only the distal flow was analysable. 

 

Figure 5.3: Female (left) and male (right) mould for phantom artery casting; due to the limitation of the 3D 

printer height, the moulds were printed in two pieces. 
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(a) 

 

(b) 

Figure 5.4: (a) Assembly of phantom stented descending aorta (b) capture plane for PIV experimentation 

5.2.3. Flow Circuit Construction and PIV measurements 

The silicone phantom had a refractive index of 1.41 at room temperature [80]. A 40/60 water-glycerine 

working fluid matched the refractive index of the phantom eliminated the optical distortion for PIV 

analysis. The working fluid was seeded with buoyant micro silver-coated hollow glass spheres. The 

Anterior 

Posterior 
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mixture had a density of 1156 kg·m-3 and a dynamic viscosity of 9.30 x 10-3 Pa·s at 20°C [96]. By 

comparison blood has a density of 1060 kg·m-3 and dynamic viscosity of 3.5 x 10-3 Pa·s at the normal 

human body temperature. Dynamic scaling was carried out to account for the different properties 

using the Reynolds Number (Equation 2.12) and Womersley Number (Equation 2.13), as introduced in 

Section 2.7. 

Flow waveforms change throughout the arterial system due to arterial geometry and compliance 

[267]. However, since the FET stent heavily reduces the apparent compliance of the aortic arch and 

initial segment of the descending aorta, an ascending aorta waveform was used. The ascending and 

descending aorta shapes are similar though not exactly equivalent. This lack of equivalence in wave 

shape was assumed to be predominantly due the compliance of the aortic arch rather than the effects 

of the efferent arteries. The waveform driven through the flow system, introduced in Chapter 2, 

Section 2.6.2, (Figure 5.5a) via a LabView controlled piston pump. The waveform for the ascending 

aorta was obtained from Stalder, et al. [267]. However, the flow rate reduced by 45% to account for 

flow to the branches of the aortic arch [268-270] and to represent a conservative low flow case. The 

scaled waveform to match a 1.5x diameter model is displayed in Figure 5.5b. 

Typical Womersley numbers within the descending aorta have been reported between the range 6.1 

[271] to 13.1 [4, 242]. In this study, a conservative in-vitro Womersley number of 6.6 was used. The 

peak Reynolds number induced by the flow circuit was 2100. A Reynolds number of 2100 is within the 

range of values for the descending aorta provided by [238] (2000 – 5000) and therefore was deemed 

acceptable for conservative experimentation. 

PIV was used to capture the fluid dynamics distal of the stent graft. 18 image pairs were captured at 

each time step using a TSI PowerView 4MP LS PIV camera (TSI Inc., USA) with 2360 × 1776 pixels 

resolution captured the pairs of images used to determine the seeded particles displacement in the 

working fluid. A 1 mm laser light sheet was produced using a Nd:YAG double pulse laser which 

illuminated the region of interest. The laser was triggered by the flow waveform using a TSI LaserPulse 
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synchroniser. The analysis was phased-locked, and eighteen image pairs were captured at each 

discrete time step. The images were processed using the cross-correlation method in TSI INSIGHT 4G 

software to map the particles displacement and therefore the velocity (Yazdi et al., 2018). Masks were 

applied to exclude fluid external to the model and account for wall movement across all time-steps. 

An iterative grid generation engine was used with 64 × 64 pixels interrogation window refined to 32 × 

32 pixels.  

There was a concern that the manufacturing processes may lead to inconsistent wall thickness in the 

phantoms [95]. Hence, to determine if the flow profiles observed in the phantom were a function of 

imprecise phantom fabrication, the phantom was rotated by 90o and the experiment was repeated.  

 

 

 

 

 

 



118 
 
 

 

(a) 

 

(b) 

Figure 5.5: (a) Working experimental fluid circuit setup: (red) electrical network, (blue) fluid network (network to 

fill system excluded) (b) Scaled experimental in-vitro inlet physiological flow waveform with measured time steps 

marked; Dimensionless scaling using Reynolds and Womersley matching 
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5.3. Results 

Investigations were carried out on the distal FET stent flow behaviour. Raw PIV images exhibited a 

Type 1B endoleak occurring during systole occurring on the anterior surrogate stent graft and 

phantom aorta interface (top right in each image) (Figure 5.6). 

  

Figure 5.6: Evolution of a Type 1B endoleak throughout systole identified at the right anterior surface for T2-T8. 

Primary flow direction is right to left (blue arrow). Red arrows show the endoleak evolving on the anterior surface 
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During accelerating systole, flow accelerated temporally in the proximal region, but decelerated in the 

distal region as it exited the stented regions (Figure 5.7). This created a flow that appears to be a 

diffusing submerged jet, identified by the high velocity immediately distal of the stent outlet and 

vectors angling towards the walls of the lumen. Some vectors were almost perpendicular to the 

phantom artery wall, exiting the FET stent, and denote expansion. 

 

Figure 5.7: Velocity vector profile for T2, peak systolic flow. The red box shows an example of vectors that are 

misaligned with bulk flow 

Figure 5.8 shows that the endoleak was not symmetric causing the lower wall to distort up towards 

the upper wall. The dimensions of the endoleak were the greatest at T4, where flow can still be 

identified separating the surrogate stent graft and phantom artery interface. Reversed flow can be 

identified flowing between the surrogate stent graft and phantom artery interface. Reversed flow into 

the endoleak has a low velocity, peaking around 0.2 m·s-1 at T4. Recirculation was identified 

downstream along the posterior dorsal wall (Figure 5.8a). Rotating the phantom artery and surrogate 

stent graft, 90o clockwise, within the compliance chamber also captured disturbed flow on the lower 

wall with a recirculation zone identified at a similar location (Figure 5.8b). A potential flow stagnation 
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zone can also be seen in Figure 5.8b. The endoleak could be identified at both the anterior and 

posterior surrogate stent graft and phantom interfaces. However, the anterior endoleak was larger 

(Figure 5.9).  
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 (a) 

 
(b) 

Figure 5.8: (a) Velocity vector profile for T4, with evident recirculation and reversed flow into Type 1B endoleak 

(b) Velocity vector profile for rotated phantom at T4, with recirculation and stagnant flow has been identified. 

Note: zoomed images showed white vectors for clarity 
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Figure 5.9: Raw image for T4s time step, endoleak larger at anterior interface than posterior interface 

The multiple potential recirculation zones in Figure 5.8 can be identified downstream at the following 

time step, T5, mid-decelerating systole (Figure 5.10). 

 

Figure 5.10: Velocity vector profile for T5 with recirculation zones identified 20-35 mm and 48-58 mm 

downstream of the FET stent outlet. Note: zoomed images show white vectors for clarity 

Larger endoleak 

Smaller endoleak 
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Following T4 the Type 1B endoleak reduces, returning the arterial phantom lumen to its original size. 

The decrease in size is not obvious in the raw data images capturing the Type 1B endoleak. However, 

in Figure 5.11 a strong stream of flow can be seen ejecting from the site of the Type 1B endoleak 

disturbing the main flow. The flow from the endoleak has comparably high velocities. Figure 5.11 has 

a peak ejecting endoleak flow around 0.3 m·s-1, meanwhile the main flow from the FET stent surrogate 

reaches 0.5 m·s-1. 

 

Figure 5.11: Velocity vector profile for T7, comparably high flow rate ejecting from endoleak site indicated by the 

red box 

5.4. Discussion 

The Type 1B endoleak is a known failure method of the FET stent in-vivo, however this failure mode 

has not been identified in-vitro previously. This chapter presents the first in-vitro flow analysis carried 

out using a surrogate FET stent in an idealised phantom artery. A Type 1B endoleak was identified and 

potential flow behaviours that may contribute to the endoleak were identified (Figure 5.6). Analysis 
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of distal stent graft haemodynamics also identified a potential recirculation zone downstream of the 

FET stent which may affect the long-term efficacy of the stent.  

Flow exiting the FET stent surrogate had a higher velocity than the downstream flow. Unscaled velocity 

at the outlet of the FET stent peaked at 0.60 m·s-1 compared to a peak downstream velocity of 0.45 m· 

s-1. Similar velocity differences between rigid and compliant phantoms have been noted previously 

[73, 95]. The difference in compliance between the stent graft and arterial surrogates caused a 

diverging flow at peak systole at the distal friction grip of the surrogate stent (Figure 5.7). Figure 5.7 

also shows diverging vectors pressing out on the walls of the phantom artery, likely resulting in the 

Type 1B endoleak forming. The submerged jet behaviour can result in ring vortices forming at the jet 

boundary as the higher velocity flow mixes with the surrounding lower velocity flow [272]. The ring 

vortices can cause disrupted and recirculating flow distal to the stent outlet which may have caused 

the recirculation identified in Figures 5.8 and 5.10.  The Type 1B endoleak occurred despite the 

consistent selection of conservative experimental parameters such as reduced flow rates and a more 

rigid wall. The peak pressure in systole led to expansion of the arterial phantom and divergence of the 

flow. At peak systole, velocity vectors immediately distal to the surrogate FET stent were misaligned 

with the bulk of the fluid flow, tending to point radially towards the phantom wall, rather than 

approximately tangential as expected in healthy arteries. The positive transmural pressure expanded 

the arterial phantom diameter to greater than the oversized surrogate FET stent, resulting in the 

formation of the Type 1B endoleak (Figure 5.6) [6]. 

The Type 1B endoleak observed in this study was not symmetric. A variety of factors may contribute 

to the asymmetry. One potential cause is unintentional variation in the circumferential wall thickness 

of the phantom artery caused by inaccuracy inherent in the moulding process. Yazdi, et al. [95] 

measured the wall thickness variation for the casting method used in this study and found a variation 

of ± 10%. Variation of wall thickness is physiological. Arterial wall thickness varies throughout the 

body, both longitudinally and circumferentially, as it is affected by the remodelling and regeneration 
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of endothelial cells. Across multiple studies, the mean wall thickness has shown to vary from 2% [196] 

to 14% [273] for human aortas. Therefore, circumferential wall thickness variation is common. The 

variance however may be due to the casting method resulting in the anterior dorsal wall being thinner 

than the posterior dorsal wall. Wall variation may also account for the formation of a recirculation 

zone forming on the posterior sagittal plane. Intrasaccular flow occurs when the anterior dorsal wall 

and surrogate stent graft interface separates, reducing the pressure on the posterior wall, which may 

result in the deformation at the surrogate stent graft outlet (Figure 5.6) [274, 275]. The asymmetry 

may also have been influenced by the secondary flow patterns due to the high Dean Number. The 

counter-circling vortices skews the velocity profile to the outer edge of the 90o bend. However, 

rotating the phantom and surrogate stent caused posterior and anterior endoleak, rather than 

anterior endoleak observed in the initial implementation of the experiment. This change in 

observation indicates that secondary flow behaviour was not the sole cause for the Type 1B endoleak 

asymmetry, and small regional differences in phantom wall compliance are suspected to also 

contribute to the geometry of the endoleak. This compliance variability is not unexpected in-vivo [96]. 

A low velocity flow entered the Type 1B endoleak along the anterior surface (Figure 5.8a). The low 

flow may indicate there were abnormal shear stresses on the wall Changes to wall shear stress may 

lead to abnormal cell growth and the potential for thrombosis. The stagnation zone identified in Figure 

5.8b may also indicate a risk of thrombus formation. Stagnation  and low velocity flow zones can result 

in multi-directional shear stresses that change the growth patterns of the endothelial cells lining artery 

walls [276]. The stagnation zone may indicate a risk to the FET stent patency. 

Rotating the surrogate stent graft and phantom artery 90o showed a similar disturbance to the flow. 

The consistent disruption on the posterior surface may be increased by the weight of the surrogate 

stent graft. As the walls dilate the stent graft may settle downwards, directing flow into lower wall 

and producing a separation zone downstream and creating the symmetry of the endoleak. However, 

in contrast to the initial experimental orientation, the Type 1B endoleak occurred at both anterior and 
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posterior edges of the dorsal line. This suggests that either the phantom fabrication led to slightly 

thinner lateral walls of the phantom, or that FET stent misalignment is a potential cause for the non-

symmetric endoleak. However, Type 1B endoleak occurred in both cases.  

The identification of the recirculation at T4 in both Figures 5.8a and 5.8b and T5 in Figure 5.10 indicate 

that the recirculation is not the result of wall thickness variation or geometry distortion caused by the 

Type 1B endoleak. The recirculation is likely caused due to the discontinuous compliance at the 

transition from the stent graft to arterial phantoms. The change in compliance produced a jet like flow. 

As high velocity flow entered the distal phantom artery, momentum is transferred to the surrounding 

lower velocity flow, as in Figure 5.7. The momentum transfer can result in ring vortices [272]. The 

potential recirculation zones may also suggest the presence Dean vortices. Pulsatile flow through 

curved geometries can introduce more complicated secondary flows that lead to flow reversals [277]. 

Ku [277] does not consider the effects of compliance on Dean vortex formations, however another 

study has shown compliance has negligible effect on secondary flow generation [265]. Dean vortices 

formation were not investigated as previous studies have already identified their presence in rigid 

pulsatile flow [265, 278, 279].   

A Type 1B endoleak introduces a second stream of flow exiting the surrogate stent graft and phantom 

artery interface. The second stream sustains high velocities into late systole (Figure 5.11). The 

introduced stream may have affected flow at the phantom wall reducing velocities and skewing the 

overall flow profile to the posterior dorsal wall and producing the low velocity flow seen on the arterial 

dorsal wall in Figure 5.11. Disturbed flow affects wall shear stress, which has been linked to 

inflammatory responses of arterial linings [100]. Furthermore, arterial linings can respond to 

directional stimuli of the local flow [64]. Reversed flow may lead to altered arterial linings with time 

which can have further health complications and potentially require stent revision.  

The experimental approach in this study employed conservative assumptions. The flow rate was 

reduced by 45% of the original physiological waveform and thus reduced the propensity for the Type 
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1B endoleak to occur. The phantom artery wall compliance was conservatively selected to account for 

the stiffening that occurs during degeneration with age [263]. Selecting a lower compliance resulted 

in the 1 mm wall thickness and requires a higher pressure to deform. Resultantly, it was less likely to 

result in the formation of a Type 1B endoleak. Despite conservative assumptions a Type 1B endoleak 

was still identified.  

It is known that a healthy aorta can swell to 10 – 15% of its original diameter [280]. The phantom 

descending aorta model expanded to nearly 20% greater than its original diameter, which is higher 

than expected for healthy arterial walls. However, recipients of the FET stent generally have diseased 

arterial walls which can expand significantly over the 10 – 15% reported [281, 282]. A key limitation 

of this investigation was the pressure profile induced in the geometry. In particular, matching Reynolds 

and Womersley numbers in a certain geometry requires a specific pressure profile. Therefore, the 

pressure profile may have been higher than intended, resulting in an over-exaggerated Type 1B 

endoleak. However, a Type 1B endoleak pressure field for the FET stent has not been captured in-vivo, 

and pressure scaling between in-vivo and in-vitro models is not common. Pressure may potentially be 

scaled using Euler number. However, this information was not found. This is an area for further 

research for compliant in-vitro modelling. 

The surrogate FET stent was a generalised design that was not specific to any FET stent manufacturers. 

The stent graft was based off a reported geometry [6, 283] and ignored strut design. Insufficient stent 

graft oversizing may have contributed to the Type 1B endoleak occurrence. Generally, the FET stent is 

oversized by around 10% of the healthy distal aorta diameter when deployed [61]. Oversizing by 10% 

produces a chronic outward force on the healthy distal aorta that enables a distal seal between the 

stent and when arterial expansion is below 10%. The surrogate stent graft was only oversized by 5%. 

The ring that aided the friction grip was oversized 7%. Oversizing was reduced to enable situation of 

the manufactured stent graft within the delicate silicone phantom. This may have reduced the 

pressure required to produce a Type 1B endoleak. However, this was considered an acceptable risk 
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due to the 45% reduced flow rates utilised in the experiment. The surrogate stent manufactured for 

experimentation did not produce a chronic outward force that a true stent graft may produce. A 

healthy artery can swell radially to accommodate high flow and slowly release fluid through diastole 

[214]. After deployment in an artery, a true stent graft dilation is tiny compared to the dilation of a 

healthy artery. If the distal artery continues to dilate beyond the maximum stent graft diameter, the 

outward force of the stent graft becomes zero. Therefore, it was assumed that the lack of chronic 

outward force of the stent on the artery during diastole would not have a significant effect on the 

overall flow behaviour and therefore the FDM manufactured surrogate stent would be adequate. 

Another limitation introduced in the modelling of the FET stent was the assumption that 3D tortuosity 

could be ignored. In-vivo, the aorta curves through the body around more than one plane. The 

phantom model produced models the 2D curvature of the aortic arch but then assumes in-plane flow 

through the thoracic aorta, ignoring the 3D tortuosity. The main effect of this simplification is the 

inhibition of possible helical flow production, which is known to occur in natural physiology. However, 

due to the limitations of planar PIV, helical flow cannot be captured, and the flow fields captured were 

assumed to provide quality indicative results.  

5.5. Conclusions 
The FET stent is a life-saving hybrid-prosthesis, designed to improve the quality-of-life for the 

recipients. The analysis of the FET stent surrogate provided insight into the fluid dynamics that may 

contribute to the formation of a Type 1B endoleak. The failure is linked to the compliance disparity of 

the stent graft surrogate to the phantom model which indicates the compliance disparity may also 

cause the FET stent failure in-vivo. Further research into more compliant biocompatible materials may 

assist in restoring healthy flow in patients, therefore improving the quality-of-life years. Longevity of 

the FET stent is particularly important as the mean age of recipients is 56.5 years old. Compliance 

mismatch has been identified as problematic previously and is a growing area of research [65, 101]. 

Other deleterious flow behaviours were identified downstream in-vitro such as a recirculation and 
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flow pattern disturbances that may lead to irregular endothelial cell growth and have long term 

negative effects on patient quality of life.  

Compliance mismatch is a key problem for the FET stent as identified within this chapter. Further 

research into compliance transitioning and compliance matching stents may aid the long-term patency 

of stents such as the FET stent. Research into compliance transitioning and matching stents is relatively 

new and increasing in importance. However, the development of these stents is still slow, potentially 

due to the high-risk nature of testing the devices in-vivo. However, this chapter shows that initial 

testing could be carried out using in-vitro modelling methods, and candidate strategies to mitigate the 

1B endoleak could thus be safely tested and optimised.  
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6. PIV evaluation of haemodynamics proximal to the 

kissing stent configuration in the aorto-iliac 

bifurcation 

This chapter presents an investigation of how the kissing stent (KS) reconstruction of the aorto-iliac 

bifurcation affects both proximal and distal flow. Deployment of the KS geometry has a high technical 

success rate. However, stent patency reduces in the first five years potentially due to deleterious flow 

behaviour. Previous modelling methods of the KS have not investigated the effect of compliance and 

area change on the abdominal aorta and iliac arteries. The research presented in this chapter has been 

compiled and submitted to the Journal of Biomechanics (UK) for publication.  

6.1. Introduction 

Atherosclerosis was introduced in Chapter 1 as the most common form of CVD. Aorto-iliac occlusive 

disease (AIOD) is a form of atherosclerosis affecting the abdominal aorta and common iliac limbs. 

AIOD can be treated using parallel stenting methods such as the ‘kissing stents’ (KS) [284]. AIOD is a 

narrowing (stenosis) or blockage (occlusion) of the iliac arteries and/or abdominal aorta, depending 

on the classification and severity of lesions, leading to hypo-perfusion of blood (Figure 6.1) [285]. The 

specific AIOD is classified based on TASC II guidelines. Type A and B AIOD are less severe with short 

regions of stenotic artery. However, Type C and D are more severe and can present as total occlusion 

of the iliac limbs and/or abdominal aorta, or stenotic lesions that extend typically over 100 mm in 

length within the arteries (Figure 6.1). Estimates of AIOD prevalence have ranged from 3.5-14% with 

occurrence increasing with age [285]. However, the actual prevalence is difficult to determine as many 

people with AIOD may be asymptomatic [285].  
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The KS configuration implants two stents into the common iliac arteries and are located adjacent to 

one another in the distal aorta [286] (Figure 6.1). The KS may use bare metal or covered stents, though, 

covered stents have demonstrated higher long-term patency [7, 49]. The improved performance may 

potentially be due to their ability to inhibit neo-intimal growth, preventing the stent from stenosis and 

occlusion [7, 49]. Protrusion of the stents into the abdominal aorta is also suggested to have a negative 

impact on the stent patency [287]. Preferred protrusion is up to 10 mm of the stent, however for Type 

C and D atherosclerotic lesions may require further protrusion [204, 287]. 

 

Figure 6.1: (left) Simplified geometry of severe limb occlusion in the aorto-iliac bifurcation. Yellow = occlusion and 

(right) the Kissing stent geometry. Grey = stented region 

KS insertion is a minimally invasive, but difficult to perform surgery, with a high peri-operative success 

rate of 99.1% [288]. However, primary patency rates drop to 76.9% at five-year follow up [288]. The 

KS sometimes requires revision due to stent failure or complications including atherosclerotic lesions 

and thrombosis. However, no surveys that identify the location of these complications have been 

published. Stent thrombosis and distal embolism are known outcomes of changes in haemodynamics 

affecting the endothelial growth patterns of the arterial lining.  
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The KS has previously been investigated via CFD [289-291]. However, few of these studies were carried 

out on the aorto-iliac bifurcation. Rigatelli, et al. [290] investigated the effects of stent take-off angle 

and protrusion of the stents in the aorta on the regeneration of atherosclerotic lesions. A higher 

protrusion and take off angle of 45o was most optimal. Morris, et al. [289] and Chiastra, et al. [291] 

both carried out studies on the KS within coronary arteries. CFD studies typically used rigid simulations 

and simulated haemodynamic effects of tortuous geometry to estimate short- and long-term patency. 

In-vivo investigation has also been conducted into the area mismatch in patients [284]. Groot Jebbink, 

et al. [284] investigated methods of reducing the area mismatch in the KS such as including using 

covered endovascular reconstruction of the aortic bifurcation (CERAB) which channels flow into the 

KS inlets and using crush stenting methods which used tapered stents that are purposely oversized 

within the aorta to form D-shaped stent inlets. Potentially deleterious flow patterns caused by stent 

protrusion into the aorta have not extensively been investigated [286]. Some in-vitro studies have 

considered the KS in the aorto-iliac bifurcation [204, 292, 293]. These in-vitro investigations were 

carried out using a rigid model. Injection dye modelling has been used, however, it is limited to 

displaying a single or cluster of streamlines at a time, thus limiting the temporal and spatial 

information obtained [292]. Particle Image velocimetry (PIV) was used to investigate the flow 

behaviour of a rigid aorto-iliac bifurcation treated with the KS [204]. The study measured 

instantaneous flow behaviour at three points in the flow cycle and did not investigate actively driven 

backflow. Backflow at the infra-renal aorta was identified by Les, et al. [221].  

The KS configuration is commonly used within the coronary arteries [289, 294] and the basilar artery 

[295]. However, the haemodynamics of the coronary and basilar arteries differs significantly from that 

of the abdominal aorta. The abdominal aorta is typically 10x larger by diameter and has a 5x higher 

flow rate [221, 296] than the coronary and intracranial arteries [297, 298]. However, unlike the 

coronary and basilar arteries [289, 294, 295] there has been a paucity of experimental research carried 

out within the aorto-iliac bifurcation. This chapter presents PIV captured peripheral flow phenomena 
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within a compliant phantom that has been stented using a KS configuration. PIV is an indirect 

measurement method that traces the motion of small particles between two images within a 

transparent fluid using a pulse laser sheet [80]. The particle displacement and known time delay 

between image captures produce an array of velocity vectors and enable the identification of 

abnormal flow [299]. This chapter used planar PIV to capture two image planes along the central 

coronal and sagittal planes. 

Despite previous studies, the cause for in-stent restenosis remains uncertain for covered KS. The aim 

of This chapter aim was to evaluate fluid behaviour both proximal and distal of the KS across the full 

cardiac cycle and identify potential haemodynamics that may result in stent occlusion. A compliant 

model was selected to represent a healthy artery outside of the diseased portion of artery. 

6.2. Methods 

6.2.1. Aorto-Iliac Bifurcation Phantom 

Design and manufacture of the aorto-iliac bifurcation phantom followed the methodology outlined in 

Section 2.8. An idealised geometry of the aorto-iliac bifurcation was designed for this experiment 

(Figure 6.2) based on the geometries defined in Table 6.1 [18, 296]. The geometry was scaled up to 

1.25x life size to comply with wall thickness limitations in fabrication. In contrast to in-vivo, the 

phantom bifurcation was assumed symmetrical along the sagittal plane. The wall thickness was scaled 

using normalised compliance matching (Equation 2.16) to produce an in-vitro wall thickness of 1.2 mm 

that was physiologically matched to the elastic properties of an in-vivo artery. 

AIOD can make an artery more rigid. However, proximal and distal landing zones of stents are situated 

within healthy compliant artery. Limb lengths were calculated based on the longitudinal response 

formula (Equation 2.17-2.19) which resulted in a 1.83x scale factor from the in-vivo limbs to the in-

vitro limbs to ensure similar wave propagation. 
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Table 6.1: Dimensions obtained and selected for aorto-iliac bifurcation geometry 

Property In-vivo values used 

(reported range*) 

In-vitro values 

1.25x nominal size 

E [MPa] 0.74 (0.74) 1.32 (silicone) 

Proximal D [mm] 20.0 (19.4 – 26.2) 25.0 

Abdominal aorta (below inferior 

mesenteric artery) L [mm] 
40.0 (30.0 – 40.0) 75.0 

Bifurcation D [mm] 17.6 (14.3 – 19.5) 22.0 

Iliac d [mm] 8.8 (6.8 – 11.8) 11.0 

Take-off angle 25.00 (25.8±4.30) 25.00 

Iliac L [mm] 54.0 (53.8±18.3) 99.0 

h [mm] 1.7 (1.4 – 2.0) 1.2 

C [MPa-1] 15.7 (15.7) 15.7 

* in-vivo geometry and compliance obtained from Deswal et al., (2014) [18] and Lang et al., (1994) 

[296]. 

 

Figure 6.2: Idealised geometry of the aorto-iliac bifurcation and 3D printed male and female mould 
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A Sylgard 184 silicone elastomer (Dow Corning, MI, USA) phantom was cast using the lost-core method 

described in Section 2.8.3. A male mould and two-part female mould were designed using SolidWorks 

(SolidWorks, MA, USA) (Figure 6.2). A 1.2 mm clearance between male and female mould produced 

the desired wall thickness. These moulds were 3D printed in ABS using a fuse deposition modelling 

(FDM) UPBOX printer (Tiertime, Beijing, China). The mould surfaces were sanded and smoothed with 

acetone vapour. Silicone was injected into the mould at the base, venting air out the top. The cast was 

cured for 48 hours at 23°C. The female mould was then mechanically removed from the cast and the 

male mould was dissolved in acetone.  

6.2.2. Surrogate Covered Stent 

A braided monofilament mesh was designed with a 40 mm pitch to represent a low-density stent 

(Figure 6.3), similar to many commercial stents such as the Wallstent (Boston Scientific, MA, USA). The 

stent protruded 40 mm distally into the iliac limbs and proximal of the bifurcation [284]. A lower 

protrusion is often preferred, however, for patients presenting with Type D lesions, a larger protrusion 

may be required. Furthermore, a larger protrusion presented a worst-case scenario for analysis [287]. 

The stent pattern was embedded within the graft with little to no protrusion into the fluid flow. Thus, 

the stent phantom’s contribution to the model was predominantly to yield similar rigidity to in-vivo 

stents. The stent surrogate was designed to be flexible such that it may conform to the geometry of 

the native phantom limb. The braided wire geometry was manufactured from blacked Nitinol wire 

with a 30oC transformation temperature. Nitinol wire is a shape memory alloy that can recover from 

deformation when heated above the transformation temperature. To set the Nitinol wire shape, it 

was then annealed at 550oC (red hot) for 10 minutes and air quenched back to room temperature. 

Two braided mesh stents were manufactured. Typically, balloon expended stents are more used in 

the iliac limbs for AIOD [290]. However, this investigation focuses on the fluid flow behaviour following 

deployment, rather than the deployment method used. 
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Figure 6.3: (left) Monofilament braided stent geometry and (right) manufactured surrogate stent 

The stent grafts were manufactured from Sylgard 184 silicone. The wire mesh was fixed onto a 10.5 

mm stainless steel shaft. The grafts were applied to the wire mesh by painting the silicone onto the 

shaft within the wire mesh region up to 1 mm thick. This resulted in an external diameter of 11.5 mm 

(5% larger than the phantom iliac limb). It was assumed that wire mesh and the wall thickness of the 

graft would lead to an effectively stiff stent, and thus variance in the graft thickness would not be 

critical. The silicone was cured at 100oC for approximately 40 minutes, rotating constantly, followed 

by baking at 80oC for 30 minutes. Heat treating at 100°C increases the elastic modulus of Sylgard 184 

to 2.05±0.12 MPa [300]. The complete surrogate stent was mechanically removed from the stainless 

steel shaft. Experimentation focused on the upstream flow behaviour and downstream left limb. A 

total graft was applied to the left surrogate stent (Figure 6.3) and the right stent graft was applied up 

to the bifurcation. The partial graft of the right stent was unlikely to have had a significant effect on 

the flow. The oversizing resulted in an interference fit with the phantom at the right proximal iliac 

preventing flow entering the iliac limbs from the aorta around the covered stents, even with a partial 

graft on the right stent. 
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6.2.3. Assembly of Model 

Each surrogate stent was stretched longitudinally, thereby reducing the stent diameter to allow for 

deployment within the silicone phantom model. 50oC water was used to shape set the surrogate in 

position. This process provided sufficient radial force and prevented stent migration. The phantom 

artery and surrogate stents were located within a compliance chamber (Figure 6.4). 

 

Figure 6.4: Full assembly of KS stented aorto-iliac bifurcation (left) coronal plane, (right) sagittal plane 

6.2.4. Flow Circuit Setup 

This experiment used the revised flow circuit introduced in Section 2.6.3. The flow circuit and data 

acquisition setups are shown in Figure 6.5a. The working solution was 40/60 water-glycerine which 

matches the refractive index of Sylgard 184 silicone (n=1.41) thus eliminating risk of optical distortion. 
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The overall mixture has a kinematic viscosity of 9.3x10-6 m2·s-1 at 23oC [96], almost 3x higher than 

blood (3.3x10-6 m2·s-1). An in-vivo flow profile for the abdominal aorta was adapted from Les, et al. 

[221]. In-vivo Reynolds (Equation 2.12) and Womersley (Equation 2.13) numbers were scaled so in-

vitro model size and fluid viscosity dynamically matched, as per Section 2.7. The resulting waveform 

used for this in-vitro experiment is shown in Figure 6.5b. Dimensionless scaling ensured physiological 

relevance and clinical significance. The scaled waveform had a peak Reynolds number of 1750 and a 

Womersley number of 7.25. Literature provides a range of Womersley numbers for the abdominal 

aorta from 7.38–14 [242, 301]. Low Womersley numbers may reduce the oscillatory shear index [302], 

and theoretically lead to a lower disturbance within the flow [242]. The low value was used in this 

study for two reasons: The value implies a resting state in-vivo [150], which is a more common state, 

and this value also approached the limits of precision and magnitude of flow available with the pump 

system.  

Neutrally buoyant, silver-coated hollow glass spheres (density = 1100 kg·m-3 and nominal diameter = 

10 µm) seeded the fluid as tracer particles (Dantec Dynamics, DK). The fluid through the model (Figure 

6.5a.F) was pumped against gravity requiring the model to be orientated upside down. Pumping 

against gravity allowed the internal static pressure in the model to be modulated by the head tank 

and weir height set to 280 mm above the model outlet. The head tank estimates the unknown arterial 

back pressure (Figure 6.5a.G). A dual-pumping system was adapted from Tsai and Savaş [92] was used 

to drive fluid through the circuit. A diaphragm pump with built-in check valves provided the mean flow 

through the circuit (Figure 6.5a.B). A stepper motor driven piston pump then modulated the mean 

flow to achieve the desired flow rate waveform (Figure 6.5a.C). Flow rate was monitored using an 

electromagnetic flowmeter (immediately proximal of the phantom) and maintained through a 

feedback loop (Figure 6.5a.E). A 1.5 m length pipe connected the flow straightener to the flowmeter 

to ensure fully developed, undisturbed flow. Effects of gravity were assumed negligible due to the 

feedback from the flowmeter.  
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Figure 6.5: (a) Blue lines: fluid circuit. Red lines: laser trigger and camera data cable. Orange circuit: flow rate 

feedback loop. Components: A Reservoir; B In-line Diaphragm pump; C Piston pump; D Flow Straightener; E 

Electromagnetic Flowmeter; F Phantom Model; G Head Tank; H Overflow Weir; I Nd:YAG Laser; J Camera; K Data 

Acquisition System; L DC Power Supply (b) In-vitro waveform for healthy aorto-iliac at rest. The noughts (o) 

indicate the capture times 

6.2.5. Data Capture and Processing 

Planar PIV was used to capture images and identify the flow behaviour. An EverGreen2 Nd:YAG double 

pulse laser (Quantel Laser Systems, USA) was used to generate a 1 mm light sheet for illuminating the 

coronal and sagittal planes in successive experiments. Data was captured at regular intervals, marked 

in Figure 6.5b. A TSI PowerView 4MP LS PIV camera (TSI Inc., USA) with 2360×1776 pixels resolution 

was used to capture 50 image pairs at each interval for the coronal and sagittal plane. Time delays 

between image captures varied between 230 µs and 2500 µs dependent on the flow rate at each 

interval. These image pairs were spatially ensemble averaged using cross-correlation on an iterative 

grid refinement to track particle movement through the model and produce a displacement vector 

field. The grid interrogation windows reduced from 64x64 to 32x32 pixels. Processing was carried out 

using TSI INSIGHT 4G (TSI Inc., USA). Mean testing of the neighbouring grid was used to validate 
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vectors and reject outliers. Outlier vectors were replaced using interpolation of the local median. The 

data sets had an average of 93% good vectors. Masking excluded particles in the fluid surrounding the 

phantom from being measured. 

6.3. Results 

The investigation captured flow behaviour across the coronal and sagittal plane of the aorto-iliac 

bifurcation. Flow within the stented regions was neglected in this study as the rigid stent behaviour 

inhibited the capture of particle motion within the stents. The stent regions were outlined with a white 

border. Peak velocity did not occur at peak systolic flow (t/T=0.3). The vector profile at peak systolic 

flow is shown in Figure 6.6a, in which the velocity reached 0.69 m·s-1 proximal to the stented region. 

Velocity continued to increase to the next time step, shown in Figure 6.6b. At t/T=0.35 the proximal 

velocity reached 0.71 m·s-1, similar to Figure 6.6a. Distal of the stents the flow ejects at a peak velocity 

of 1.4 m·s-1 into the downstream iliac limbs. In Figure 6.6a-b some flow can be identified leaking into 

the right limb stent at the bifurcation. WSS at the stent inlet on the coronal plane was 1.1 Pa in-vitro 

and reduced to 0.8 Pa moving further proximal. WSS on the sagittal walls was nearly half the coronal 

plane value (0.62 Pa reducing to 0.42 Pa when moving further proximal of the stents) despite the 

planes having similar velocity plug-shaped profiles. 
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Figure 6.6: (a) t/T=0.3 peak systolic flow (b) t/T=0.35 peak velocity flow in iliac limbs (white = stent location) 
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Flow reversal was first identified at t/T=0.45 in both coronal and sagittal planes. Figure 6.7 shows that 

the boundary layer separated at walls proximal to the KS leading to reverse flow in both the coronal 

and sagittal planes during decelerating systole. The flow at the arterial walls has the least momentum 

and, hence, reverses direction ahead of the rest of the flow [22]. 

 

Figure 6.7: Flow reversal at proximal arterial walls at t/T=0.45 (white = stent location) 

The peak backflow velocity was 0.70 m·s-1 occurring at t/T=0.55 (Figure 6.8a). The flow magnitude was 

identified in both common iliac branches of the phantom. Fluid accumulated in the extra-stent region 

during systole and was ejected back into the phantom abdominal aorta during diastole causing 

disruption to the flow uniformity. On the sagittal plane, the flow from the surrogate stents appears to 

be reversing direction, with vectors pointing normal to the walls, indicating expected distortion of the 

compliant phantom. Disturbed flow continued to be identified proximal to the surrogate stent through 

to t/T=0.65 (Figure 6.8b). The most notable disturbance occurred at t/T=0.6 (Figure 6.8b). A 

recirculation can be identified in the central coronal inlet flow (Figure 6.8b), along with forward flow 

at the walls in both the coronal and sagittal planes (Figure 6.8b-c). 
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Figure 6.8: (a) t/T=0.55 Peak reversed identified in both iliac limbs (b) t/T=0.6 disturbed flow proximal to 

surrogate stents (c) t/T=0.65 further disturbed flow (white = stent location) (continued on next page) 
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Figure 6.8: (a) t/T=0.55 Peak reversed identified in both iliac limbs (b) t/T=0.6 disturbed flow proximal to 

surrogate stents (c) t/T=0.65 further disturbed flow (white = stent location) 

The change in diameter for the phantom’s coronal and sagittal axes across one cycle is shown in Figure 

6.9. Note that pixilation of the images led to relatively low-resolution estimations. Nonetheless, the 

reduction on the sagittal cross-section between t/T=0.55 and 0.65 was significant. 



146 
 
 

 

Figure 6.9: Cross-section diameters measured 20 mm proximal to the aorto-iliac bifurcation with cardiac 

waveform shape overlaid (18 mm line indicates 0 L.min-1 flow) 

6.4. Discussion 

The flow behaviour caused by a surrogate KS within the aorto-iliac bifurcation was investigated using 

PIV analysis in an idealised phantom geometry. Proximal and distal stent flow behaviour was identified 

at regular intervals throughout the duration of the waveform. Compliant modelling of the potential 

stenting haemodynamics due to the KS has not previously been investigated and yielded important 

effects, particularly proximal to the stents. While AIOD is ubiquitous with rigid arteries, stents are 

generally deployed such that their inlets and outlets and situated within healthy compliant artery. 

Hence, arterial compliance is an important factor in the haemodynamics caused by the KS. Precise 

analysis of the intra-stent flow was not conducted due to the light reflections making the data 

collected unreliable in this region.  

The vector profiles during late systole were uniform and aligned with the direction of flow, as 

expected, due to the high momentum forces overcoming the adverse pressure gradient which may 

contribute to boundary layer separation. Flow reversal was first identified proximal to the stents at 
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the phantom walls in Figure 6.7 at t/T=0.45 despite the input flow rate still being positive until after 

t/T=0.5. The flow rate in the centre of the lumen was positive until t/T=0.5. The profile is typical of 

decelerating systolic flow prior to backflow [22]. The profile indicates there was a low wall pressure 

during late systole. 

At the peak systolic flow, the proximal velocity in the phantom was identified as 0.69 m·s-1 in Figure 

6.6a corresponding to an in-vivo flow rate of 0.31 m·s-1. A flow rate of 0.31 m·s-1 is within the reported 

range for infra-renal abdominal aorta velocities at rest (0.23 m·s-1–0.45 m·s-1) [303, 304]. The velocity 

is similar to the experimental velocity identified by Groot Jebbink, et al. [204] (0.3–0.4 m·s-1). The peak 

flow was uniform and appeared plug-shaped with no-slip at the phantom artery walls. The sagittal 

wall had a lower WSS value compared to the coronal plane walls. Low WSS has been linked to 

thrombosis [305] which may aid the reduction of dead space between the proximal KS inlets and the 

native aorto-iliac bifurcation. However, this has not been confirmed and the low WSS may also 

exacerbate the progression of atherosclerotic lesions resulting in edge-of-stent and in-stent 

restenosis. The peak velocity through the iliac arteries distal of the surrogate stents was identified as 

1.4 m·s-1 at t/T=0.35 in-vitro (Figure 6.6b). Reynolds number scaling implies this velocity corresponds 

to an in-vivo peak velocity of 0.62 m·s-1. The flow velocity within the iliac arteries is poorly documented 

and there are a range of values identified. Luo, et al. [306] modelled the velocity in the common iliac 

arteries and determined peak velocity was about 0.60–0.75 m·s-1 across both pseudo-compliant and 

rigid models. The peak velocity modelled was well within this range. Meanwhile, peak velocity in-vivo 

was 1.1-2.9 m·s-1, according to Langsfeld, et al. [307]. The large variance between studies makes 

defining healthy flow difficult. However, the flow through the iliac limbs appeared plug-shaped and 

undisturbed. Conservation of mass principles indicate the in-vitro outlet velocity should be 

approximately 1.83 m·s-1, assuming a rigid model. An experimental study on endovascular grafts 

similarly showed a jet flow at the graft trailing edge [308]. Disrupted or abnormal flow was not 

identified in the iliac limb. The flow was plug-shaped and velocity magnitudes within reported ranges. 
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The haemodynamics imply the KS does not cause significant deleterious downstream effects on the 

flow or endothelial growth patterns of the iliac limbs. In-vivo studies of healthy haemodynamics in the 

iliac limbs are difficult to find. However, similar result in the iliac limbs were found by Groot Jebbink, 

et al. [204]. 

Disrupted flow was identified at t/T=0.55 to 0.65 in the coronal and sagittal planes (Figure 6.8). 

Anterograde flow was identified at the phantom walls in Figure 6.8b-c, despite input flow rate being 

negative (Figure 6.6). The disturbed flow occurs immediately after the minimum sagittal diameter was 

measured (Figure 6.8b). The coronal diameter was larger than the sagittal diameter during this period, 

indicating an elliptical contraction. As the phantom artery geometry was restored, it created a low-

pressure pocket in the region of the form collapse. A negative pressure gradient pulled fluid from the 

bulk of the flow into the pocket, creating a region of forward flow despite the negative input flow. 

Mallory, et al. [7] identified that grafted stents inhibit but do not preclude neo-intimal growth, thereby 

reducing the risk of in-stent thrombosis. The collapse observed in Figure 6.9 and deleterious flow 

behaviour may be linked to stent thrombosis or distal embolism. However, the sagittal collapse has 

not previously been identified in-vivo. Specific in-vivo studies may elucidate the relative contribution 

of the haemodynamics observed in this study to stented arterial patency. 

This study was limited to proximal and distal stent flow behaviour. Intra-stent particles had poor 

trackability as a result of light reflections. The obstruction led to unfeasibly low intra-stent velocity 

despite the high outlet velocity (Figure 6.6b). Despite this, the data sets still have a high percentage of 

valid velocity vectors. Future research may use fluorescent particles and colour filters to reduce 

reflections and try improving particle visibility through the stented region.  

The use of a partial graft on one stent enabled precise co-location of both stent phantoms within the 

arterial phantom and allow air to be released within the model during experimental set up. The partial 

graft allowed transverse flow from the bifurcation to the right limb stent at peak systole, t/T=0.3-0.35 

(Figure 6.6), but effectively sealed at all other times, precluding additional flow to the right limb stent. 



149 
 
 

Both stents received axial flow from upstream of the bifurcation. The effects of the transverse flow on 

the peak velocities of the stent outlets were ambiguous. The omission of the graft on the right limb 

increased the effective compliance, allowing for greater phantom expansion, and thereby smoothing 

the flow. The smoothing was likely to result in reduced the peak velocity in the right stent outlet. 

However, the increased potential flow into the right stent via the bifurcation leak may have increased 

the peak flow. Ultimately, velocity magnitudes were consistent across limbs (Figures 6.7 and 6.8).  

Non-crossing KS in the abdominal aorta are currently preferred as they have higher primary patency 

rates than KS that cross or helix [309]. The modelled configuration in this investigation had a 5% 

diameter cross-over. This degree of crossover is sufficiently small for the experiment to be considered 

non-crossing orientation. The contact between the stents and the aorta wall on the coronal plane may 

have aided the sagittal collapse. The stents protruded into a circular cross-section, deforming the walls 

at rest. This contact caused the 3.6% discrepancy in the resting diameter across the coronal and 

sagittal planes (Figure 6.9) and may cause the lower WSS on the sagittal walls. The space between the 

stents and descending aorta created a dead space region on the sagittal walls. The low pressure 

induced in this area during reversed flow caused collapse of this cavity. The collapse does not seem to 

have been explicitly noted in the relevant literature. Furthermore, the lack of published data noting 

an unacceptable rate of revision due to dysfunction in this dead space or case study reports implies 

that if such collapse occurs in-vivo, it presents a low risk to patients. The dead space may thrombose 

and eliminate the mismatch area, post-operation, before a potential collapse can create a notable 

dysfunction. However, there is no study supporting this conjecture. 

The KS is a commonly used stenting method for patients with atherosclerosis of the left and/or right 

iliac limbs. Flow proximal and distal to the KS appears to maintain reasonably normal haemodynamics, 

throughout systole and from mid to late diastole. Disturbed flow was identified during early diastole 

within the phantom. The clinical impact of this observation may be exacerbated by stent orientation 

and requires further investigation. The KS configuration has high long-term patency despite potential 
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disturbed flow proximal to the stents. The covered endovascular reconstruction of the aortic 

bifurcation (CERAB) configuration is a modification of the KS configuration. CERAB treatment includes 

a third stent component proximal to the KS that better directs flow from the aorta into the stented 

iliac limbs by reducing the area mismatch [293]. The CERAB may counteract the potential disturbed 

flow that some patients may be susceptible to. However, the CERAB treatment requires a more precise 

implementation than the KS. 

Haemodynamics identified in this chapter support the use of the KS configuration to improve 

haemodynamics through the iliac limbs. A paucity of deleterious flow behaviour was identified 

proximal or distal the stent geometry. The disturbed flow in Figure 6.8 occurred due to the minor 

collapse in the abdominal aorta phantom at t/T=0.45 to t/T=0.55 which may have been the result of 

manufactured wall thickness discrepancy or stent placement.  

6.5. Conclusions 
This comprehensive in-vitro study of the KS was the first PIV study of a compliant phantom of the 

aorto-iliac bifurcation. Previous studies of the KS effect in both the aorta-iliac and coronary arteries 

used rigid models [204, 310]. Compliant models have been shown to reduce the risk of overestimated 

WSS [185] and enable phantom deformation with pulse pressure. Peak velocities at the inlet and 

outlet were within reported physiological ranges. Disturbed flow was identified during early diastole, 

immediately following a collapse in the sagittal plane which may be linked to early stent failure in 

some patients. The study aids the prediction of local flow behaviour proximal and distal to a stented 

aorto-iliac bifurcation across a full heartbeat cycle. The results provide confidence in the safety for 

implementation of a KS configuration as a first step repair for AIOD despite the area mismatch and 

rigidity of the stents. 
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7. Analysis of flow through extra-anatomic bypasses 
between supra-aortic branches using PIV 

This chapter investigates the haemodynamic behaviour within supra-aortic extra-anatomic bypasses. 

Bypasses are stent grafts used to revascularize arteries that would otherwise be unable receive 

sufficient blood. However, bypassing arteries that are not totally occluded introduces a potential for 

competitive flow which may cause the bypasses to failure. Competitive flow within the supra-aortic 

arteries has not previously been identified. This chapter aimed to identify deleterious haemodynamics 

due to prophylactic inclusion of bypasses from the brachiocephalic artery and left common carotid 

artery, and from the left common carotid artery and left subclavian artery. Four model setups 

investigated the necessity of intentionally blocking the proximal left subclavian and/or left common 

carotid artery.  

7.1. Introduction 
As introduced in Chapter 1, cardiovascular diseases of the aortic arch can be difficult to treat due to 

the complexity of the arterial geometry [6]. Thoracic endovascular aortic repair (TEVAR) is a popular 

repair method for stenosis, dissection and/or aneurysm of the aorta. The comparative simplicity of 

TEVAR to open arch repair methods leads to lower intra-operative mortality and shorter recovery 

times [8]. TEVAR is a minimally invasive stenting method that feeds a stent through a small incision in 

the groin up to the location of the arterial disease. TEVAR stent implants require a minimum 20 mm 

of healthy aorta proximal and distal of the disease region to effectively prevent endoleak. Depending 

on the location of the arterial dysfunction, the TEVAR graft may need to cover the supra-aortic arteries 

[311]. To maintain blood perfusion to the upper extremities, rerouting flow to the supra-aortic arteries 

is necessary.  

The aortic arch was introduced in Section 1.1.1.2. There are typically three arteries that branch from 

the aorta. The brachiocephalic artery (BCA) is the first and largest branch. The BCA bifurcates into the 

right common carotid artery (RCCA) and right subclavian artery (RSA). The left common carotid artery 
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(LCCA) is the second branch off the aortic arch, and the left subclavian artery (LSA) is the third branch. 

The BCA, LCCA and LSA provide blood to the upper limbs, thorax and brain [4]. Revascularisation of 

the affected arteries prevents cerebral malperfusion and upper limb ischemia [8, 312]. Sufficient blood 

perfusion is pivotal to prevent brain damage, organ necrosis and mortality. 

Thoracic extra-anatomic bypasses (EAB) are grafted stents used to revascularise supra-aortic arteries 

that blocked by the TEVAR graft. EAB create alternate pathways for blood to flow (Figure 7.1). EAB can 

be used to circumvent occlusion of proximal supra-aortic arteries [313], or when surgical intervention, 

such as TEVAR, leads to blockage of blood flow [314]. Bypasses between the BCA and LCCA (BC bypass) 

and between the LCCA and LSA (SC bypass) may be used for occlusive disease of the proximal LCCA 

and/or LSA, and for TEVAR that is situated over the LCCA and LSA inlets [314].  

 

Figure 7.1: Extra-anatomic bypass example 

Clinical studies have been conducted on the efficacy of revascularisation of the LSA via EAB [8, 51, 311, 

312, 315]. Failing to revascularise the limb has a higher incidence of upper extremity ischemia [311]. 

The effects of revascularisation of the LCCA via EAB has not been studied as frequently as 

revascularisation of the LSA. However, revascularising the LCCA is always necessary to prevent 
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neurovascular compromise [9, 316, 317]. EAB may be implemented prior to TEVAR surgery [314, 315]. 

Prophylactic revascularisation is encouraged in non-emergency cases [314]. Bypass grafts 

implemented prior to TEVAR surgery have been associated with lower incidence of neurologic 

complications and limb ischemia [8, 312]. However, it is not clear whether proximal limbs such as the 

LSA and LCCA should be embolized/ligated following prophylactic revascularisation. In particular, coil 

embolization or vascular plugs are sometimes located between the revascularisation and the aortic 

arch to intentionally prevent flow entering at the proximal LSA or LCCA prior to TEVAR placement [8, 

315]. Feezor and Lee [311] suggest failing to embolize the proximal limbs may result in bypass graft 

occlusion due to low intra-graft flow rates and high recirculation zones. This low flow rate can be 

caused by a phenomena termed ‘competitive flow’. Competitive flow can occur when the affected 

artery is not totally occluded, thereby enabling some flow through the anastomosed artery rather than 

the bypass  [52]. Thus, competitive flow can lead to low rates of perfusion through the graft, and may 

lead to intra-graft stenosis.  

The aim of this study was to identify the risk of competitive flow and evaluate the necessity for 

proximal limb ligation/embolization of the LCCA and LSA following the implementation of various BC 

and CS bypass. Competitive flow is defined as persistently low/stagnating flow in the BC or CS 

bypasses. Highly disrupted flow within the bypasses was also considered to result in an increased risk 

of stenosis. While competitive flow may cause stenosis formation in the bypasses, competitive flow 

within the BC and CS bypasses has not previously been investigated, in-vivo, in-vitro or in-silico. This 

study uses particle image velocimetry (PIV) to capture haemodynamic behaviour across the lateral 

plane in a silicone model of the aortic arch with prophylactic revascularisation of supra-aortic arteries.  
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7.2. Methods 

7.2.1. Model Design 

An idealised model of the aortic arch with three supra-aortic arteries was designed using geometric 

dimensions of the aortic arch, brachiocephalic, left common carotid and left subclavian artery from 

Hütter, et al. [96] (1.5x scale in Figure 7.2). Supra-aortic arteries were designed perpendicular to the 

aortic wall. Distal branching beyond the brachiocephalic bifurcation was omitted from the model and 

the branch lengths were increased to reduce the effects of rigid fixings on the fluid flow behaviour. 

Tortuosity of the aortic arch and branched arteries was also omitted to ensure planar illumination of 

the PIV system yielded meaningful full field results. A simplified model was used as there are some 

common mutations that alter the morphology, leading to high inter-patient variability [14, 318, 319]. 

Thus, the simplified model ensures generalisability.   

The phantom was manufactured with Sylgard 184 silicone (Dow Corning, MI, USA). Sylgard 184 has a 

Young’s modulus of 1.32 MPa. The model geometry was scaled to be 1.5x life scale to produce a 

consistently achievable wall thickness of 1.0 mm, using normalised compliance matching (Equation 

2.16). 
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Figure 7.2: Scaled in-vitro idealised geometry. All dimensions in mm except when specified 

An EAB from the BCA to LCCA and the LCCA to LSA artery was included 20 mm distal of the aorta-LCCA 

intersection. The bypass location was determined via clinical expertise of a cardiovascular surgeon 

collaborator. The EAB had a scaled diameter of 12 mm. This diameter is 1.5x of a typical diameter for 

carotid-subclavian bypass grafts (8 mm) [51]. The bypass was designed with a 2 mm wall thickness to 

achieve a compliance mismatch mimicking the mismatch between grafts and arterial tissue. The 

dimensions used and the potential in-vivo rangers are provided in Table 7.1. 
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Table 7.1: In-vivo and in-vitro arterial parameters for aortic arch and supra-aortic branches 

 In-vivo (range) In-vitro 1.5x scale 

Young’s modulus [MPa] 0.561   (0.4 – 1.071) 1.32 
Arterial wall thickness [mm] 1.2    (1.16 – 1.63) 1.0  
Bypass grafts wall thickness  [mm] N/A 2.0 
Ascending aorta Diameter  [mm] 25.0  (25.0 – 29.0) 37.5 
Descending aorta Diameter  [mm] 18.7  (18.3 – 25.0) 28.1 
BCA Diameter  [mm] 12.0  (8.5 – 12.4) 18 
BCA length  [mm] 28.0  (28 – 34) 42 
Right Subclavian Artery (RSA) Diameter  [mm] 9.0    (8.4 – 9.9) 13.5 
Right Common Carotid (RCCA) Diameter  [mm] 9.0    (7.4 – 9.5) 13.5 
LCCA Diameter  [mm] 9.0    (7.4 – 9.5) 13.5 
LSA Diameter  [mm] 9.0    (8.4 – 9.9) 13.5 
Bypass grafts Diameter  [mm] 8.0 12 

 

7.2.2. Phantom Manufacture 

The phantom was manufactured using a lost-core casting method, introduced in Section 2.8.2. A two-

part female mould and one-part male mould, with three concentric locating flanges, were designed 

using SolidWorks (DS SolidWorks, VIY, France). A cavity between the moulds created the negative 

phantom geometry (Figure 7.3). The moulds were fuse deposition moulded (FDM) using the Stratasys 

F370 3D printer (Stratasys, REH, Israel). The moulds were assembled, and the cavity filled by injecting 

Sylgard 184 silicone (Dow Corning, MI, USA) from the base, allowing air to vent from the top. The 

silicone was cured at room temperature for 48 hours. Following curing, the female mould was 

mechanically removed, and the male mould was dissolved in acetone.  
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Figure 7.3: 3D printed mould and resultant thin-walled silicone phantom 

The effects of ligation/embolization or atherosclerotic occlusion of proximal arteries was mimicked 

using a small silicone plug (Figure 7.4). The geometry of the silicone plug produced sufficient radial 

hoop stresses to remain located within the proximal supra-aortic LSA and LCCA during and between 

experiments. The plug protruded 1 mm into the aortic arch flow to create an effective seal. However, 

the protrusion into the aorta had a negligible effect on the flow within the supra-aortic arteries and 

bypasses. To model the potential presence of competitive flow, four model configurations were 

investigated: A) no blockages of any artery, B) blocked flow to the LCCA, C) blocked flow to the LSA, 

D) blocked flow to both the LCCA and LSA (Figure 7.5). Configuration 1 was used as the benchmark to 

compare the other configurations to. 

 

Figure 7.4: Silicone plug geometry 



158 
 
 

 

Figure 7.5: Model configurations A) no blockages of any artery, B) blocked flow to the LCCA, C) blocked flow to 
the LSA, D) blocked flow to both the LCCA and LSA 

7.2.3. Experimental Configuration: 

A three-part transparent working solution containing 45.6% (by mass) water, 28.8% glycerine and 

25.6% urea was used. The working solution had a refractive index of 1.41, matching that of Sylgard 

184 silicone, and a kinematic viscosity (𝜈) of 3.15x10-6 m2·s-1 [81]. The scale and fluid viscosity were 

matched to in-vivo geometry and blood viscosity (3.51x10-6 m2·s-1) via dynamic matching of the 

Reynolds (𝑅𝑒) and Womersley (𝑊𝑜) Numbers (Equations 2.12 and 2.13, respectively). Silver coated, 

hollow glass spheres, of nominal diameter 10 µm, were used to seed the flow.  

A pulsatile waveform was scaled from Stalder, et al. [239] for the proximal aortic arch averaged across 

30 young volunteers (23.8±3.3 years old), taken at rest (Figure 7.6). The waveform was achieved with 

a dual-pump system described in Section 2.6.3. The experiment had peak Reynolds and Womersley 

numbers of 3880 and 17.4, respectively. Figure 7.7 shows the flow circuit. A diaphragm pump with in-

built check valves (Figure 7.7.B) provided the mean flow to the system, whilst a piston pump driven 

by a stepper motor (Figure 7.7.C) modulated flow to form the pulsatile waveform. The piston was 

controlled by a DAQ acquisition system developed in LabVIEW (Figure 7.7.K). A Krohne IFC300 

electromagnetic flowmeter monitored the flow immediately proximal to the phantom inlet (Figure 
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7.7.E). A 1.5 m pipe connected the flow straightener and flowmeter to allow flow to fully develop prior 

to entering the phantom. Repeatable waves were maintained using a closed feedback loop from the 

electromagnetic flowmeter to the DAQ acquisition system. The outlet pressure was controlled by a 

head tank 150 mm above the model LSA outlet (Figure 7.7.G). A single head tank controlled the head 

pressure of all the model outlets. 

 

Figure 7.6: In-vitro waveform for proximal aortic arch 

Planar PIV was used to capture the fluid behaviour through the phantom. A Double Pulse EverGreen2 

Nd:YAG laser illuminated the particles within a 1 mm thick slice of the fluid flow along the centre 

lateral plane. Fifty image pairs were captured at seven discrete timesteps (τ) across the waveform 

(noted in Figure 7.6). To maintain accurate tracking of particles within the flow, the time delays 

between image pair captures varied depending on the flow rate of the fluid, from 200 µs to 1200 µs. 

A single TSI PowerView 4MP LS PIV camera (TSI Inc., USA) with 2360 × 1776 pixels resolution captured 

image pairs. TSI Insight 4G (TSI Inc., USA) was used for the initial processing of the image pairs and 

confirmed a minimum good vector validity of 92% across all image pairs. Full processing was carried 

out using PIVLab in MATLAB (MathWorks, MA, USA). Image pairs were spatially ensemble averaged 

using a two-pass recursive nyquist grid beginning with a 64x64 interrogation window resolution and 

reducing to 32x32 on the second pass. A local median threshold rejected vectors if they were more 
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than 0.05 m·s-1 different from over half of the surrounding vectors. Rejected vectors were replaced 

with interpolated estimates. 1.3% of vectors were rejected based on the local median threshold. 

 

Figure 7.7: The blue lines represent the fluid circuit. The red lines are the laser trigger and camera data cable. 
The orange circuit is the flow rate feedback loop. The components are: A Reservoir; B In-line Diaphragm pump; C 

Piston pump; D Flow Straightener; E Electromagnetic Flowmeter; F Phantom Model; G Head Tank; H Overflow 
Weir; I Nd:YAG Laser; J Camera; K Data Acquisition System; L DC Power Supply. 

Flow perfusion through the proximal supra-aortic arteries was evaluated for risk of ischemia to the 

head and upper limbs. Volumetric flow rate was determined at 6 locations in the aortic arch 

phantom: 1) the proximal arch, 2) the BCA, 3) the proximal LCCA, 4) the proximal LSA, 5) the BC 

bypass and 6) the CS bypass (Figure 7.8). Five segments were extracted from each location and 

averaged to improve accuracy. Volumetric flow rate was calculated with Equation 7.1. 

𝑄 = ∑ ∫ 𝜋𝐯(𝜌) ∙ 𝐛𝑑𝜌   (Eq. 7.1) 

Where: n is the number of segments used, b is a vector defining the distal axial direction, 𝐯(𝜌) is the 

velocity vector at some variable radius from the centre of the lumen (𝜌), the limits of 𝜌 are –r, and r. 
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Figure 7.8: Flow rate extraction locations: 1) the proximal arch, 2) the BCA, 3) the proximal LCCA, 4) the proximal 
LSA, 5) the BC bypass and 6) the CS bypass 

7.3. Results 

The vector profile for each of the configurations at τ2 showed normal flow through the aortic arch 

(Figure 7.9). The velocity profiles show the velocity profile through the BC bypass and CS bypass 

(labelled 5 and 6 in Figure 7.8) across the full waveform (τ1-τ7), for each of the configurations. The 

vector profiles show that flow velocity through the BCA was comparatively higher than the velocity 

through the proximal LCCA or LSA, regardless of the different configurations. Though, the velocities in 

the BCA did increase in configurations B-D, as to be expected. Configuration A had a low flow velocity 

through both the BC and CS bypasses. The low flow is confirmed in the velocity profiles, which, even 

at peak systole, did not exceed 0.1 m·s-1. The velocity vectors for configuration B had a much-

improved flow through the BC bypass at peak systole. However, there is very little flow through the 

CS bypass. The velocity profiles indicate that during late systole indicate there was retrograde flow 

through late systole. Blocking the proximal LSA for configuration C showed good flow through both 

the BC and CS bypasses at τ2. However, there does appear to be some disruption to the flow path in 

the CS bypass. The CS bypass velocity profiles throughout systole have an s-shaped curve that presents 

negative velocities on the lower edge and positive velocities on the upper edge. Configuration D had 

a high velocity flow through the BC bypass at τ2. The velocity, though lower, sustained the flow 
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through the CS bypass as well. The velocity profile through both bypasses peaked at a higher velocity 

that any other configuration. There were some s-shaped curves through the BC bypass during late 

systole. 

 

Figure 7.9: Velocity vector map at peak systole and respective systolic velocity profiles through the BC and CS 
bypasses for each configuration 

The low velocities identified through the BC bypass in configurations A (Figure 7.10a) and C (Figure 

7.10b) were inspected for stagnation and recirculation. At τ1 there was a clear stagnation of flow in 
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both configurations A and C. Reciprocating flow was identified through the bypass of configuration A 

at τ2-τ4. Configuration C also had clear disruption to the flow at τ3 and τ4. The flow disruptions and 

sudden flow direction changes were not present in configurations B and D. 

 
(a) 

 
(b) 

Figure 7.10: Flow through BC bypass during peak systole (τ1-τ4) for (a) configuration A and (b) configuration C 

Velocities within the CS bypass in configuration B had significant stagnations at τ1 and τ2 before 

establishing retrograde flow from the proximal LSA to distal LCCA (Figure 7.11a). The stagnation in the 



164 
 
 

SC likely occurred due to the distal LCCA being fed by both bypasses, but the flow from the BC bypass 

had a shorter distance to travel. There was no stagnation within the CS bypass for configuration C 

(Figure 7.11b). However, recirculating flow was observed within the CS bypass resulting in the s-curve 

identified in Figure 9. 

 
(a) 

 
(b) 

Figure 7.11: Flow through CS bypass during peak systole (τ1-τ4) for (a) configuration B and (b) configuration C 
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The net volume of flow through each of the six locations (identified in Figure 7.8) throughout systole 

is presented in Table 7.2. Configuration D had the lowest total volume of flow from proximal aorta to 

the supra-aortic arteries (6.0%). Perfusion through configuration A was similar to configuration D. 

Configuration B had the highest perfusion through the supra-aortic arteries of 8.0%. The net flow 

through both bypasses for all configurations is highest in configuration D. Configuration D had more 

than 4x the volume of flow through the BC bypass than any other configuration. The volume of flow 

through the bypasses of configuration A was far lower than any other configuration. 

Table 7.2: Volume of flow throughout systole 

Systolic 
Volume (τ1-τ7) 
[L] 

Proximal 
Aorta 

BCA LCCA LSA Flow through 
supra-aortic 

arteries (% of 
inlet flow) 

BC 
bypass 

CS 
bypass 

Configuration 
A 

0.1301 0.0050 0.0016 0.0016 0.0082 
(6.3%) 

-0.0003 -
0.0001 

Configuration 
B 

0.1403 0.0078 N/A 0.0034 0.0112 
(8.0%) 

0.0005 -
0.0015 

Configuration 
C 

0.1356 0.0069 0.0026 N/A 0.0095 
(7.0%) 

0.0006 0.0007 

Configuration 
D 

0.1408 0.0084 N/A N/A 0.0084 
(6.0%) 

0.0026 0.0020 

 

7.4. Discussion 

This experiment modelled the haemodynamics within extra-anatomic BC and CS. In-vitro analysis was 

carried out using a phantom aortic arch and bypasses to identify flow behaviour that may affect bypass 

patency. The potential for flow competition was investigated within the bypasses. The presence of 

stagnating flow and recirculation zones within the bypasses may indicate a high risk of graft occlusion 

therefore requiring further intervention to remedy [311]. The analysis focused on the supra-aortic 
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arteries, despite imaging the total aortic arch. The proximal aortic arch was measured to confirm inlet 

volumetric flow only. Artefacts within the arch flow and distal of the bypasses were not investigated.  

Figure 7.9 presented the velocity profiles and vector maps for each of the configuration at τ2. The in-

vitro peak velocities within the aortic arch were 0.48 m·s-1 Reynolds number scaling leads to in-vivo 

velocity of 0.75 m·s-1, which is within the expected physiological range of peak systolic velocities in-

vivo through the aortic arch for a patient at rest [320]. Configurations B-D showed higher flow 

velocities through the BCA as a result of blocking the other proximal arteries despite the geometry of 

the BCA and the outlet head pressure remaining the same across all configurations (Figure 7.9). 

Endothelial cells have strong regenerative properties enabling them to grow through some synthetic 

materials used in the manufacture of stents and bypasses. A newly deployed stent will typically be 

covered in a layer of cells within a few hours to days [54]. However, endothelial cell growth is highly 

dependent on the direction of fluid stimuli [4]. Stagnating and recirculating flow can result in multi-

directional shear stresses that change the growth patterns of endothelial cells through the bypasses 

[276]. This may lead to the abnormal aggregation of cells, which can result in narrowing the lumen of 

the bypass and potentially leading to total occlusion prior to TEVAR deployment. The low flow through 

the bypasses of configuration A indicate there is likely a risk of bypass failure due to low shear stresses. 

However, the stagnant flow was much more notable through the CS bypass of configuration B. The 

vector map in Figure 7.9 shows an almost total lack of flow through the bypass indicating a notable 

stagnation. The velocity profile through the CS bypass indicates that there was little flow until late 

systole. Figure 7.11a confirms the notable stagnation at τ1 and τ2 due to competing flow through the 

BC bypass and proximal LSA. Configuration C had improved flow through each of the bypasses, 

however, throughout mid to late systole the velocity across the CS bypass had an s-shaped profile. To 

have both positive and negative flow within the bypass there must be a recirculation occurring as was 

identified at τ4 in Figure 7.11b. Configuration D had the highest absolute velocities through each of 

the bypasses (Table 2). Typically, the flow was also parabolic indicating a much lower risk of flow 
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competition compared to other configurations (Figure 7.9).  High velocity flow indicates higher wall 

shear stresses. Typically, it is low wall shear stress that leads to aggregation of fatty lipids and cell 

growth, prone to causing occlusion. As such, it can be assumed that the higher velocity flow correlates 

to a lower risk of bypass failure in configuration D.  

Table 7.2 showed the net volume of fluid passing through both bypasses of configuration D was higher 

than any other configuration. Comparatively the flow through configuration A bypasses was almost 

zero. Low flow rates result in a low shear stress which has been linked to atherosclerotic lesion 

formation [25]. Flow through the CS bypass was similar between configurations B and D, though it 

flowed in inverse directions. The low flow through the CS bypass in configuration A and C implies a 

higher risk of bypass failure. However, Figure 7.11a shows that flow stagnated in the CS bypass of 

configuration B for two of the measured time steps. The comparatively low flow through the BC bypass 

of configurations A-C also indicates a risk of occlusion. Figure 7.10 identified flow stagnating within 

the BC bypass when none of the arteries were blocked (configuration A) and when the when the 

proximal LSA was occluded (configuration C). Stagnant flow indicates that the BC bypass of 

configuration A and C and the CS bypass of configuration B have a high risk of graft occlusion due to 

abnormal cell growth.  

This experiment used an idealised model that ignored the tortuosity of the aortic arch and positioned 

the bypasses based on the expertise of a cardiovascular surgeon collaborator. However, the 

positioning of the bypasses is often at the discretion of the surgeon and may not be aligned as they 

were in this experiment. Altering the alignments of the bypasses may change the momentum of flow. 

Any branching and bifurcations downstream of the BCA bifurcation was also ignored. The distal limbs 

were elongated beyond physiological lengths to reduce effect of wave reflection or fluid disturbances 

due to the rigid outlet fixings. However, the distal fluid flow behaviour was not evaluated in this 

experiment. Any downstream behaviour was assumed to have negligible effect on the flow through 

the proximal arteries or bypasses.  
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Understanding the behaviour of flow through SAB between the supra-aortic arteries is vital for 

determining the risks of flow competition for different configurations. Configurations A-C each 

presented with a stagnation zones and disrupted flow throughout systole. The disruptions may 

indicate the prophylactic use of the BC and CS bypasses prior to TEVAR deployment requires ligation 

of both the proximal LSA and LCCA to reduce the risk of bypass failure. Configuration A also had low 

flow throughout diastole which indicated that it had the highest risk of bypass occlusion. The results 

of this paper will aid cardiovascular surgeons in their decision to intentionally block the proximal LCCA 

and/or LSA. 

7.5. Conclusions 

Clinically relevant results were obtained in this experiment, despite flow through the supra-aortic 

arteries being lower than expected. The goal was to understand the flow behaviour and interactions 

across the arteries and bypasses within the four configurations. The use of the BC and CS bypasses 

allowed fluid to flow to the distal LCCA and LSA even when the proximal arteries were blocked. There 

was a risk of flow competition within the bypasses for model configurations A-C. Configuration A 

appeared to have the highest risk. Throughout systole, the flow rates in configuration A remained very 

low and stagnation and recirculation zones could be identified, particularly through the BC bypass 

(Figure 7.9). Flow stagnated for the longest period of time however in the CS bypass of configuration 

B (Figure 7.11a). The presence of competitive flow within the EAB has been suggested but has not 

previously been captured experimentally within the supra-aortic branches. The confirmation of 

stagnating and recirculating flow in the BC or CS bypasses of the configurations A-C (Figures 7.10 and 

7.11), indicated that ligating or embolization of proximal arteries after being revascularised may be 

necessary to reduce the loss of bypass patency or further progression of arterial disease. The 

identification of competitive flow through the BC bypass and CS bypass in configurations A-C but not 

in configuration D indicated that prophylactic use of the bypasses for TEVAR may require the ligation 

or coil embolization of the proximal LCCA and LSA.   
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8. Conclusions / Future Work 

This chapter summarises the main conclusions of this research as well as some potential future work 

that could use the content of this thesis as a foundation. 

8.1. Conclusions 

This thesis contributed to in-vitro research into some aorta stenting methods that are known to have 

associated risks. The research was carried out using PIV modelling methods. Experimental 

measurement of fluid dynamics within compliant phantom arteries with surrogate stents were 

investigated. 

Chapter 4 identified and compiled in-vivo Reynolds and Womersley Numbers for 14 of the major 

arteries. However, the chapter also identified a paucity of information for some of the smaller arteries. 

This represents a major limitation for in-vitro and in-silico modelling while modelling many important 

arteries within the human body. The in-vitro case studies presented in this chapter show that there 

are indications of potentially valid model inputs that enable small arteries to be modelled using 

surrogate models and transparent blood analogues. However, the lack of direct information for these 

arteries requires potentially incorrect estimates of Reynolds or Womersley numbers. These 

assumptions may lead to results that are not physiologically representative.  

Chapter 4 also identified a simple method for designing experimental setups required to model 

haemodynamics in certain arteries. For example, it was shown that effectively mimicking arterial 

compliance and the high flow and frequency demands of the large arteries is most attainable with a 

three-part working fluid. The case studies determined that the common carotid arteries required a 

higher level of scaling compared to the ascending aorta, despite the common carotid being a smaller 

and less compliant artery. Three working solutions commonly used in optical modelling methods for 

Newtonian modelling were compared on flow rate and time period for each of the case studies 
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conducted to physiologically match in-vivo flow to in-vitro waveforms. A 40/60 water and glycerine 

solution is a reasonably inexpensive solution that can be easily sourced. However, for modelling large 

arteries such as the aorta, there is a high pump demand to achieve physiological relevance due to the 

high viscosity of the working fluid. Both three-part solutions required a much lower pump demand, 

however, the 46/29/24 water, glycerine and urea solution was more cost effective. A smaller artery, 

such as the common carotid could easily use the 40/60 water and glycerine solution without requiring 

excessive pump demand. 

The FET stent is a hybrid endovascular device that may be implemented in the event of an aneurysm 

or aortic dissection of the aortic arch or superior descending aorta. A Type 1B endoleak can lead to 

intrasaccular flow during systole and has been identified as a known failure of the FET stent graft. The 

purpose of Chapter 5 was to develop an in-vitro modelling technique that enabled the investigation 

of the known failure mode. A silicone aortic phantom and 3D printed surrogate stent graft were 

manufactured to investigate the haemodynamics of a Type 1B endoleak. Physiological pulsatile flow 

dynamics distal to the surrogate stent graft were investigated in-vitro using Particle Image Velocimetry 

(PIV). PIV captured recirculation zones and an endoleak distal to the surrogate stent graft. The 

endoleak was developed at the peak of systole and sustained until the onset of diastole. The endoleak 

was asymmetric, indicating a potential variation in the phantom artery wall thickness, stent alignment, 

or secondary flow characteristic. Recirculation was identified on the posterior dorsal line during late 

systole. The identification of the Type 1B endoleak proved that in-vitro modelling can be used to 

investigate complex compliance changes and wall motions. The recirculation may indicate the 

potential for long term intimal layer inflammatory issues such as atherosclerosis. These results may 

aid future remediation techniques or stent design. Further development of the methods used in this 

experiment may assist with the future testing of stents prior to animal or human trial. 

The haemodynamics of the KS method for use in the aorto-iliac bifurcation were investigated using in-

vitro experimentation within Chapter 6. A compliant phantom of the aorto-iliac bifurcation was 
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manufactured for investigation. Two surrogate stent-grafts were manufactured and deployed into the 

phantom in the KS configuration to investigate effects of the compliance mismatch and position of the 

stents on the haemodynamics proximal and distal to the KS. The investigation used pulsatile flow 

through a flow circuit to simulate abdominal aortic flow. PIV identified peak proximal and distal 

velocity in-vitro was 0.71 m·s-1 and 1.40 m·s-1, respectively. These velocity values were within 

physiological ranges. Throughout systole, flow appeared normal and undisturbed. A lumen wall 

collapse in the sagittal plane formed during late systole and continued to early diastole proximal to 

the aorto-iliac bifurcation, distal to the inlet stent position. The wall collapse led to disturbed flow 

proximal to the stented region in early diastole producing potential recirculation zones and abnormal 

flow patterns. The normal systolic flow behaviour indicates the KS configuration is safe to use for 

repairing AIOD. The collapse has not been previously identified and requires further investigation. It 

may be possible this collapse could be linked to long-term patency reduction.  

Thoracic extra-anatomic bypasses (EAB) are grafted stents that may be used to prophylactically 

revascularize supra-aortic arteries that risk being blocked by thoracic endovascular aortic repair 

(TEVAR) methods. EAB enable flow to pass through the supra-aortic arteries via an alternate route. 

However, prophylactic use of EAB may potentially introduce a risk of failure due to competitive flow 

within the bypasses. Competitive flow is defined as abnormally low or disturbed flow within the EAB. 

The abnormal flow behaviour may result in the bypass becoming blocked. However, the presence of 

competitive flow within the bypasses between supra-aortic arteries has never been confirmed. In 

Chapter 7, the potential for competitive flow was modelled using an idealised compliant phantom 

aorta with three supra-aortic branches and two bypasses was produced out of Sylgard 184 silicone. A 

silicone plug was used to mimic four scenarios of ligation/occlusion of the proximal supra-aortic 

arteries. Particle image velocimetry (PIV) was used to assess each model configuration for flow 

abnormalities and potential for flow competition. This investigation found potential for competitive 

flow in the BC bypass when just the LSA was blocked and when no supra-aortic arteries were blocked. 
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Competitive flow was observed in the CS bypass when the LCCA was blocked. Flow stagnated at the 

initiation of systole within the BC bypass when just the LSA was blocked and when no supra-aortic 

arteries were blocked, along with notable recirculation zones and reciprocating flow occurring 

throughout the rest of systolic flow. Flow stagnated in the CS bypass at in early diastole when the LCCA 

was blocked. Blocking both the LSA and LCCA only suffered from mildly disrupted flow at the onset of 

diastole, potentially caused by the experimental setup rather than the model configuration. The 

presence of competitive flow in the other configurations indicated that it may be necessary to 

intentionally ligate or block flow entering the proximal supra-aortic artery, following prophylactic 

implementation prior to TEVAR. The results of Chapter 7 will assist cardiovascular surgeons in their 

decision in whether or not to intentionally block the supra-aortic arteries following prophylactic 

placement of EAB. 

8.2. Future Work 

Within this thesis the results are limited to instantaneous results. These results can be used to predict 

high risk areas of the arteries. However, they cannot be used to estimate the long-term effects of stent 

use as they cannot remodel in the ways that in-vivo arteries do. As such, the results from this research 

do require clinical validation. 

Chapter 4 identified that most research on the arteries of humans focuses on the aorta, common 

carotid and intra-cranial arteries due to a paucity of in-vivo research into the other human arteries. 

Meaningful PIV research of arteries requires the ability to match in-vitro model compliance and fluid 

parameters to the in-vivo parameters. As such, an area that requires future research is a survey of the 

human arterial compliance and fluid parameters for peripheral arteries. Currently, such a survey 

specifically lacks values for the distal extremities. A greater pool of in-vivo information will enable 

clinically relevant PIV research into arteries and improve future experimentations and results. 

Increased distal arterial modelling will also help to improve the downstream pressure modelling. One 
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of the major limitations identified within this thesis related to the downstream pressure modelling. 

The current flow circuit does not have a pressure gauge or downstream valves capable of dynamically 

controlling pressure. As such, the internal pressures within the model were not actively controlled or 

monitored, despite using a head tank to provide a static back pressure for each experiment. The 

introduction of pressure gauges and electronically controlled valves into the flow circuit downstream 

of the phantom outlets would enable better monitoring and control of the distal flow. However, a 

better understanding of the peripheral artery resistance is necessary for clinically relevant results.  

Furthermore, compliant in-vitro phantoms of arteries typically require scaling to reliably manufacture. 

Hence, the internal pressures may be changed. Another area for future research may be identifying a 

method to ensure that the pressure waveform for arterial models scales in concert with flow rate and 

frequency. Pressure can be very difficult to scale as there is no key dimensionless parameter that 

factors in the pressure other than the Euler number which has not been reported in many arteries. 

Potential research may include investigating the ratio of the change in diameter to the original 

diameter for multiple model scales each having dynamic similarity matching. Confirmation that the  

ratio is consistent between the different scales will provide reasonable confidence that dynamically 

matching the flow rate waveform for experiments will also preserve the pressure waveform. However, 

if the ratio changes at different scales, further research will need to be carried out into scaling the 

pressure waveform to ensure clinical relevance. 

Another alternative is to look at altering the mixture ratio of Sylgard 184. A study by Glover, et al. 

[321] indicates that changing the ratio of silicone to cross-linking agent from 10:1 to 20:1 resulted in 

the elastic modulus from 1.72 MPa decreasing to 0.62 MPa (much closer to the modulus of arterial 

walls). Changing the cross-link ratio presents the potential to carry out similar experiments as 

presented in this thesis, without having the scale to models to manufacture a normalised compliance 

matched phantom. This may simplify compliant in-vitro modelling and dynamic similarity matching in 

future experiments.  
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Chapters 5-7 each conducted experiments using surrogates in place of physical stents. Future research 

may carry out similar experiments to those in Chapter 5-7 using real stent grafts. A comparison of 

results between the surrogate and real stents would improve the clinical reliability of the results and 

aid future in-vitro research. Real stents may be difficult to access for some research groups, and hence, 

the comparison between the real and surrogate may allow vascular implant modelling to be more 

accessible to a wider research group. Furthermore, the attachment methods for real stents may not 

be suitable for location in silicone phantoms. Often stents and stent grafts have small external hooks 

which are used to fix the stent on to the artery wall. However, these hooks may puncture the silicone, 

causing the phantom to tear.  

Chapter 6 identified that it was difficult to track particles within a grafted stent, even when using a 

transparent graft. This led to unrealistic flow within the stented regions for the experiment that did 

not agree with conservation of mass principles.  Future research may use fluorescent particles and 

filters to reduce reflections and try improving particle visibility through the stented region. However, 

the density of stent wires may still result in particle loss. Lost particles may result in the identification 

of bad vectors that are not representative of the true flow.  

Planar and stereo-PIV are limited to capturing a 2-dimensional plane of flow, though, stereo-PIV can 

also identify if particles are moving transverse across the captured plane. However, blood flow in the 

aorta is often helical, resulting in significant 3-dimensional flow behaviour which cannot be captured 

using planar-PIV or stereo-PIV. Both Chapter 5 and 7 ignored the tortuosity of the aorta, and hence 

helical flow was not captured and may thus have miscalculated the appearance of abnormal flow. 

Future work may include looking at the potential to use tomographic PIV which would enable full 3-

dimensional flow capture of the entire domain. Tomographic PIV will eliminate the necessity to ignore 

tortuosity. However, tomographic PIV requires significant set up time and calibration to carry out 

accurately. Another potential would be to look at conducting PIV using multiple wave lengths of light 

to illuminate the flow across a much wider plane. Captured images could then the processed using 
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light filters to obtain the third dimension of particle motion. Careful alignment and calibration of the 

wavelength would allow multi-colour PIV to capture multiple planes could be obtained with one setup, 

thereby reducing capture time.   
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