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ABSTRAK 

Strok iskemia, keadaan yang dicirikan oleh pembentukan plak dalam arteri 

karotid yang membawa kepada stenosis arteri karotid, menimbulkan masalah asas yang 

ketara. Penyakit ini dipengaruhi oleh parameter hemodinamik dalam aliran darah, seperti 

profil halaju, tegasan ricih dinding, dan tekanan. Akibatnya, kajian ini bertujuan untuk 

menyiasat ciri aliran dalam bifurkasi arteri karotid menggunakan velocimetry imej zarah 

(PIV) dan model pengiraan. Ia juga bertujuan untuk menilai bagaimana lokasi stenosis 

mempengaruhi parameter hemodinamik. Bahagian pertama tesis melibatkan penyiasatan 

ciri aliran dalam geometri selepas stent hantu bifurkasi arteri karotid menggunakan 2D 

PIV dan 3D stereo-PIV (SPIV). Analisis kemudiannya dibandingkan dengan dinamik 

bendalir pengiraan (CFD), memfokuskan pada kawasan minat tertentu seperti kawasan 

masuk, bifurkasi dan stent. Selain itu, model ideal dengan stenosis di lokasi yang berbeza 

telah dicipta dan dianalisis berdasarkan profil halaju, tegasan ricih dinding dan tekanan 

di kawasan stenosis. Penemuan kajian menunjukkan perbezaan kecil kira-kira 16.66% 

dalam halaju aliran purata antara teknik 2D PIV dan 3D SPIV. Walaupun SPIV 

mempamerkan ketepatan yang lebih tinggi dalam menangkap lebih banyak vektor 

berbanding PIV, perbezaan yang diperhatikan kekal agak kecil dan berada dalam julat 

yang boleh diterima. Akibatnya, PIV masih boleh digunakan dengan berkesan untuk 

menjalankan perbandingan yang meluas dengan CFD dalam konteks kajian ini. 

Pengesahan kawasan pasca stent menggunakan vektor halaju daripada PIV dan CFD 

menunjukkan arah aliran yang sama, manakala kawasan salur masuk mempamerkan 

percanggahan yang lebih besar disebabkan oleh pengesanan halaju tinggi dalam CFD. 

CFD meramalkan halaju maksimum yang lebih tinggi sedikit sebanyak 0.98 m/s, kira-

kira 10% lebih tinggi daripada yang dicatatkan dalam PIV. Kehadiran halaju rendah di 

sekeliling bifurkasi dan kelengkungan menggalakkan aliran peredaran semula, 

menyumbang kepada perkembangan aterosklerosis. Tambahan pula, kajian menunjukkan 

bahawa stenosis jenis I (stenosis hulu) lebih berkemungkinan mengakibatkan pendarahan 

intraplak (IPH), yang boleh memberi kesan buruk kepada pesakit. Hasil kajian ini yang 

boleh menyumbang kepada pemahaman yang lebih baik tentang kesihatan vaskular dan 

membimbing amalan klinikal dalam pengurusan penyakit arteri karotid. 
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ABSTRACT 

Ischemic stroke, often precipitated by the development of plaque within 

the carotid arteries leading to carotid artery stenosis, represents a significant 

health concern. This condition is heavily influenced by hemodynamic parameters 

such as velocity profiles, wall shear stress, and pressure within the blood flow. 

Addressing this, the current study endeavors to elucidate the flow characteristics 

at carotid artery bifurcations by employing particle image velocimetry (PIV) and 

computational models, and to ascertain the impact of stenosis placement on these 

hemodynamic parameters. The initial phase of this research involves the 

examination of flow patterns in a post-stent carotid artery bifurcation phantom 

using both 2D PIV and 3D stereo-PIV (SPIV). These findings are subsequently 

juxtaposed with those derived from computational fluid dynamics (CFD) 

analyses, concentrating on areas of interest that include the inlet, bifurcation, and 

stented segments. Additionally, this study constructs and examines idealized 

models of varying stenosis locations, evaluating them based on the velocity 

profiles, wall shear stress, and pressure at the sites of stenosis. Results reveal a 

reduced flow velocity in the bifurcation area, with consistent trends between PIV 

and SPIV methodologies. A notable yet acceptable variance of about 16.66% in 

average flow velocity was discerned between the 2D and 3D PIV approaches. 

Despite SPIV's enhanced precision in vector capture, this minor disparity 

validates the use of PIV for comprehensive CFD comparison within the purview 

of this research. Comparative analysis of velocity vectors in the post-stent area 

demonstrates analogous trends between PIV and CFD, while the inlet region 

displays more significant differences, notably the higher velocities detected by 

CFD. Here, CFD anticipates a maximum velocity of 0.98 m/s, approximately 

10% higher than that measured by PIV. The observed low-velocity zones around 

bifurcations and curvatures are conducive to recirculatory flow, fostering 

atherosclerotic progression. Moreover, the research identifies that Type I stenosis 

upstream stenosis is more prone to result in intraplaque hemorrhage (IPH), 

potentially exacerbating patient outcomes. The insights from this study enhance 

our comprehension of vascular mechanics and hold the potential to refine clinical 

approaches to managing carotid artery disease. 
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CHAPTER 1 

 

 

INTRODUCTION 

1.1 Introduction 

In 2016, a staggering 15.2 million individuals succumbed to cardiovascular 

disease (CVD), accounting for nearly half of global deaths that year, as reported by the 

World Health Organization (WHO)(Velasquez-Valencia et al., 2018). This trend 

continued, with WHO estimating 17.9 million CVD-related deaths in 2019, where 85% 

of fatalities resulted from heart attacks and strokes. Atherosclerosis, characterized by the 

formation of arterial plaque or carotid stenosis, emerges as a significant contributor, 

constricting blood flow within arterial walls. The gravity of atherosclerosis intensifies 

when it impacts pivotal arteries like the carotid or coronary vessels, elevating the risk of 

stroke and heart attack. Figure 1.1 illustrates the top 10 global causes of deaths in 2019, 

emphasizing the prominence of CVD in the global health landscape.  

As per the Department of Statistics Malaysia (DOSM), as depicted in Figure 1.2, 

ischemic heart disease continues to stand out as a primary cause of death even in the post-

COVID-19 era of 2022. Other notable contributors to mortality include pneumonia 

(11.1%), cerebrovascular disease (8.3%), transport accidents (2.9%), and malignant 

neoplasm of the trachea, bronchus, and lung (2.5%). 

Patients grappling with CVD often necessitate invasive treatments, involving 

surgeries aimed at restoring and enhancing blood flow. Procedures such as 

endarterectomy, angioplasty, stent placement, and arterial bypass graft surgery are 

considered, taking into account factors such as the patient's age, anatomical 

considerations, surgical risk, and clinical experience (Johari et al. 2020). Notably, stent 

implantation emerges as a less invasive technique for addressing narrowed arteries and 

restoring blood flow to the brain (Paisal et al., 2019). In contrast, endarterectomy involves 

an open surgical procedure designed to address narrowed or obstructed blood vessels 

supplying blood to the heart. 
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Figure 1.1 Top 10 global deaths in the world based on World Health Organisation 

(WHO) 

Source: https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death 

 

Figure 1.2 The statistics on causes of death in Malaysia 2022 

Source: https://www.dosm.gov.my/portal-main/release-content/statistics-on-causes-of-death-

malaysia-2022 

 

https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.dosm.gov.my/portal-main/release-content/statistics-on-causes-of-death-malaysia-2022
https://www.dosm.gov.my/portal-main/release-content/statistics-on-causes-of-death-malaysia-2022
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Figure 1.3 Carotid artery stenosis 

Source: https://ufhealth.org/conditions-and-treatments/angioplasty-and-stent-placement-carotid-

artery 

Hemodynamic analysis has been extensively investigated through in-vitro 

techniques utilizing physical representations for measuring blood flow in the arterial 

system. Numerous in-vitro studies have been conducted for both qualitative and 

quantitative flow visualization. The hemorheologic and hemodynamic features are 

closely linked to geometric factors of vessels, such as artery size and shape (Hong et al., 

2017), (Dolan et al., 2013). Previous research indicates that the initiation of 

atherosclerosis often stems from disturbed flow and low wall shear stress (WSS) (Sun et 

al., 2009) , (Hong et al., 2017), (Zarins et al., 1983). Conversely, other studies suggest 

that high wall shear stress gradient (WSSG) and a high oscillatory shear index (OSI) are 

associated with CVD (Chen et al., 2020), (Arzani & Shadden, 2016),(Hoving et al., 

2020).  

The bifurcation and curvature arterial such as carotid artery (Figure 1.3), are 

recognized as sites where atherosclerosis or plaque formation occurs (Tayefi et al., 2011). 

Due to increased bifurcation angles, WSS values decrease. The branching of the carotid 

artery introduces significant secondary flow motion with flow separation and reversal, 

particularly in the external carotid artery. WSS is measured along the inner and outer 

vessel walls, typically being higher in the internal carotid artery and lower in the external 

https://ufhealth.org/conditions-and-treatments/angioplasty-and-stent-placement-carotid-artery
https://ufhealth.org/conditions-and-treatments/angioplasty-and-stent-placement-carotid-artery
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carotid artery (Buchmann & Jermy et al., 2009a). These parameters are intricately linked 

to the likelihood of cardiovascular diseases, making the measurement and analysis crucial 

for a deeper understanding of conditions like atherosclerosis. This is where Particle Image 

Velocimetry (PIV) imaging techniques and computational modelling become invaluable. 

PIV is a commonly selected technique for understanding key parameters in 

medical and physiological phenomena such as arterial hemodynamics and respiratory 

mechanics (Yazdi et al., 2018). PIV measurements provide insights into the internal and 

external flow characteristics of 3D flow phantom models, offering parametric data like 

velocity and WSS at different locations and time points. PIV equipment includes a high-

speed camera, laser, geometry specimen, blood mimicking fluid (BMF), dynamic studio, 

seeding particles, and a flow system circuit that includes a pump (Noor & Johari, 2022), 

(Y. Li et al., 2020). 

Computational modelling has also been widely employed to assess blood flow 

behaviour in stenotic arteries, offering insights into cardiovascular disease conditions, 

progression, and therapeutic optimization (Carvalho et al., 2021), (Lopes et al., 2020). 

Simulations, aided by medical imaging techniques for geometry and realistic boundary 

conditions, are performed using computational fluid dynamics (CFD) or fluid-structure 

interaction (FSI). CFD focuses on hemodynamic parameters in geometries with rigid 

walls, while FSI considers both fluid and solid wall domains, particularly when the wall 

is compliant. The hemodynamics in the artery are investigated using CFD research, 

emphasizing the temporal and geographical distribution of blood pressure acting on the 

arterial wall (Buckler et al., 2022),(Carvalho et al., 2021).  

To fully utilize capability on CFD for modelling blood flow within stents 

deployed in patient-specific aneurysm models, validation against physical measurements, 

validated with PIV is essential (Y. Li et al., 2020). The validation process, involving 

computational modelling and PIV, allows researchers to assess the trustworthiness and 

legitimacy of the computational model. This validation is crucial to ensure accurate 

comparisons between physical measurements obtained from both analyses. The 

integration of PIV with CFD in the study of stenosed carotid arteries stands as a valuable 
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approach serving multiple purposes: ensuring accuracy, validating models, gaining 

insights into intricate flow physics, and enhancing the credibility of research findings. 

1.2 Problem statement 

 The primary challenge in visualizing blood flow in diseased carotid artery 

bifurcation lies in mitigating the stenosis issue, particularly for clinical treatments. 

Current clinical diagnostic techniques for assessing the degree of stenosis in carotid 

arteries include X-ray angiography, magnetic resonance imaging (MRI), computed 

tomography angiography (CTA), and duplex ultrasound. However, these techniques face 

limitations, particularly in temporal and spatial resolution. To address these 

shortcomings, researchers have recently turned to PIV as a potential solution. PIV offers 

full-field measurement of instantaneous velocities with high spatial and temporal 

resolution, reaching down to the micron range and providing high-speed frame rates in 

the order of kilohertz (Kefayati et al., 2013). 

 This experimental approach, utilizing PIV, is vital for the validation and 

refinement of CFD simulations. Previous studies have delved into the risk factors of 

atherosclerosis, such as the size, eccentricity, and precise location of stenosis, by 

employing either experimental or computational methodologies. Nonetheless, a 

significant gap persists in the literature due to the lack of validation between 

computational predictions and experimental observations, which hinders a complete 

understanding of post-stenotic flow behavior (Buckler et al., 2022),(Carvalho et al., 

2021).  For instance, (C. Li et al., 2019) studied CFD through carotid artery stenosis 

without validating the computational results with experimental data.  

 Moreover, while various studies have delved into the size of stenosis through 

repeated research, the specific location of stenosis within the carotid artery has received 

comparatively less attention. Understanding the influence of different locations of 

stenosis on patient risk, as highlighted by (Lu et al., 2019), is crucial. The hemodynamics 

may also play a role in determining the location of plaque within the carotid artery (Woo 

et al., 2020). Therefore, insights into the location of stenosis are highly relevant for 
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medical treatment and for comprehending flow patterns to reduce the incidence of 

cardiovascular diseases globally. 

1.3 Research Objective 

Based on the problem statement, the objectives of this research are: 

1. To investigate flow profile in post stent geometry of carotid artery bifurcation 

phantom using PIV and SPIV.   

2. To investigate computational model of post stent carotid artery bifurcation for 

evaluation of flow features in comparison with PIV measurement data. 

3. To evaluate the influence of different location of high degree stenosis in the 

internal carotid artery on the hemodynamic parameters. 

1.4 Research Scope 

This research focus on: 

1. The flow pattern measured in PIV was focused on the pre- and post-stenotic 

carotid area as it was expected to see an adverse haemodynamics. 

2. Blood-mimicking fluid will be used in the PIV experiment to see the  flow feature 

in different size, eccentricity and location of the stenosis.  

3. Computational modelling study was based on computational fluid dynamics 

(CFD) using ANSYS FLUENT 19.0. 

1.5 Thesis Overview 

 Chapter 1 introduces the causes of cardiovascular disease and the statistics 

reported by the WHO, carotid stenosis, and treatment of CVD. Others studied 

haemodynamic factors of cardiovascular disease, particle image velocimetry in 

experiments, and simulation for visualising the blood flow are also diccussed in this 

chapter. Finally, this chapter describes the research objective, problem statement, scope 

of the study, and overview of each chapter. 

 Chapter 2 is a literature review that provides an outline of the clinical and 

engineering background of carotid artery stenosis. The clinical background covers the 



 

 20 

carotid vasculature, pathophysiology, risk factors of atherosclerosis, evaluation of 

patients and finally treatment options for atherosclerosis. The role of haemodynamic 

forces in regulating the progression of atherosclerosis in the carotid artery bifurcation is 

also discussed. In the engineering context, the background of fluid mechanics and 

computational methodologies for modelling blood flow and arterial wall mechanics are 

described, with a specific focus on laminar to turbulent transition modelling strategies. 

Lastly, a review of the literature regarding the evaluation of post-stenotic flow is based 

on experimental and computational modelling is offered. 

 The method used to reconstruct the 3D rigid phantom of a specific geometry 

carotid artery is evaluated in Chapter 3. The in vitro studies to study steady flow patterns 

used PIV and stereo-particle image velocimetry (SPIV). Moreover, PIV setups such as 

blood-mimicking fluid, pumps, 3D phantoms, circuit flow, lasers, and high-speed 

cameras, are also discussed in this chapter. Computational fluid dynamics (CFD) used in 

ANSYS Fluent will be analysed using post stent geometry of carotid artery. Both 

experimental and simulation results will be compared and analysed for post-stenotic flow 

features. Next, the study on different locations of stenosis that influence the risk for 

patients by simulation in CFD using idealised carotid artery geometry is described as 

well. 

 The fourth chapter investigates the flow behavior analysis for both experiment 

and simulation on the post stent geometry of the carotid artery with steady flow. The 

validation will analyse the flow conditions in the experiment and simulation with the same 

boundary conditions. The analysis of the comparative result focuses on the velocity 

profile, velocity vector, scalar map of velocity and velocity on cross sectional line of 

interest area region. The influence flow through the different locations of stenosis also 

explain in this chapter. The results will be discuss based on the velocity profile, WSS and 

pressure. 

 Chapter 5 summarises the key findings and gives the conclusion of the research. 

Next, the chapter discusses on the limitation of the study and gives recommendations for 

the future research. 
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CHAPTER 2 

 

 

LITERATURE REVIEW 

2.1 Introduction 

The literature review comprises two main components. The initial segment 

provides a clinical background on the carotid artery, elucidates medical treatments for 

carotid stenosis, and delineates the role of hemodynamic factors in the development of 

this disease. The second portion delves into fluid mechanics, detailing experimental 

procedures, and elucidating computational methodologies, specifically, computational 

fluid dynamics (CFD) and particle image velocimetry (PIV). 

2.2 Carotid Artery Bifurcation 

2.2.1 Circulatory System and Carotid Artery 

The circulatory system which can also be called as a haemodynamic system is an 

organ system that permits blood to circulate blood and transport nutrients. The circulatory 

system can be divided into two major systems, the systemic circulation and pulmonary 

circulation (Figure 2.1). The systemic circulation transport oxygen-rich blood from the 

left ventricle of the heart to the body and returns oxygen-depleted blood back to the heart. 

Oxygen-depleted blood is subsequently transported by the pulmonary circulation from 

the right ventricle of the heart to the lungs, where gas exchange occurs, and oxygen-rich 

blood is then returned to the heart via the left atrium.  

The left ventricle of the heart subsequently pumps the oxygenated blood through the 

aorta, the biggest and most important artery in the human body. Blood from the aorta's 

branches is delivered to all major organs, including the head, neck, arms, and kidney, 

through smaller arteries. One of the main blood vessels that nourishes the brain and a 

frequent location of vascular illness is the carotid arteries (Onaizah et al., 2017). The 

carotid arteries, which are found at the right and left necks and are among the arteries that 
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branch from the aortic arc, are in charge of feeding the brain, faces, and neck with 

oxygenated blood.  

 

Figure 2.1 Cardiovascular system in human  

Source: https://sphweb.bumc.bu.edu/otlt/mph-modules/ph/ph709_heart/ph709_heart2.html 

The common carotid artery further divides into the internal carotid arteries (ICA) and 

external carotid arteries (ECA) as shown in Figure 2.2. The carotid bulb, which is a small 

enlargement of the ICA immediately distal to the bifurcation point, serves as the brain's 

direct blood supply. The face muscle and external skull structure are supplied with blood 

through the ECA, which has a reduced luminal diameter. 

https://sphweb.bumc.bu.edu/otlt/mph-modules/ph/ph709_heart/ph709_heart2.html
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Figure 2.2 A set of carotid arteries in the neck. CCA, ICA, and ECA represent the 

common, internal, and external carotid artery, respectively (Moradicheghamahi et al., 

2020) 

The carotid arteries are composed of three layers of tissue, namely tunica intima, 

tunica media and tunica adventitia which include all arteries [(Yazdi et al., 2018),(S. Li 

et al., 2023)]. The vessel wall receives strength from these three layers, enabling it to 

endure high blood pressure. The inner layer, known as the intima, is endothelium, a 

smooth tissue. The media is a layer of muscle that enables arteries to withstand the intense 

heartbeat pressure. The adventitia, which is the last layer, is a connective tissue that 

anchors arteries to the adjacent tissues. 

2.2.2 Carotid Artery Stenosis 

Carotid artery stenosis is a narrowing of the lumen of the carotid artery and may 

block blood supply to the brain. The lipid and fatty acid deposits that result in the 

formation of atherosclerotic plaque, which narrows the artery wall. It could result in 

thromboembolism, one of the main causes of ischemic stroke, if untreated (Figure 2.3). 

Stroke has consistently recorded the second highest mortality rate globally for the last 15 

years (WHO, 2016) and is a leading cause of long-term disability.  
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The risk of stroke is directly correlated with the severity of carotid stenosis, 

according to the NASCET research (North American Symptomatic Carotid 

Endarterectomy Trial). According to the study, internal carotid artery stenosis was linked 

to strokes at varied rates (70-79%, 80-89%, and 90-99%). ACAS (Asymptomatic Carotid 

Atherosclerosis Study) and ACST (Asymptomatic Carotid Surgery Trial), two additional 

important studies, also showed that stroke risks were increased in asymptomatic patients 

with at least 60% stenosis. A second randomised trial, the European Carotid Surgery 

Trial, looked at 3,024 symptomatic patients with above 80% stenosis and found that there 

was a 26.5% chance of having a major stroke or dying after three years without surgery. 

The areas of artery bifurcation and curvature are more likely to be the first places 

atherosclerosis or stenosis develops and are frequently disturbed by WSS and flow 

disturbance (Sousa et al., 2016).  

One of the main risk factors for atherosclerosis is the high plasma content of low-

density lipoprotein (LDL), which is transported in the blood. Atherosclerosis is also 

known as hardening of the arteries, where plaque build-up results in an inflammatory 

disease (Tarbell et al., 2003). Due to the deposition of LDL molecules, the inner artery 

wall (intima) stiffens, which promotes further LDL accumulation and the development 

of plaque. If the plaque breaks, releasing its contents into the bloodstream, the cerebral 

artery may become blocked. Blood flow to the area supplied by that artery may be 

reduced by a stenosis if the degree of restriction is severe enough. There are three key 

stages of the on development of atherosclerosis in Figure 2.3 (Libby & Plutzky et al., 

2000). In the early stage, fatty streaks in the intima that include lipid deposits both within 

and outside of cells begin to emerge. There are no symptoms at this moment, and the fatty 

stripe may even become smaller with time. However, the altered layer of lipids creates a 

pro-inflammatory environment that allows leukocyte migration and foam cell growth 

since this step involves lipid entry and modification as a result of probable endothelial 

dysfunction. 
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Figure 2.3 The formation of atherosclerosis. formation of fatty streaks (right) (Libby 

& Plutzky et al., 2000) 

 

Figure 2.4 Fibrous cap formation and necrotic core (left) and plaque rupture (right) 

(Libby & Plutzky et al., 2000) 

The second stage of the plaque's development occurs in the inner layer of the 

vessel wall. The bulk of the plaque is composed of the proteoglycan-collagen matrix, 

smooth muscle cells, and very few to no invading inflammatory cells. Because 

endothelial function is compromised, circulating LDL can also reach the intima. 

Following its attachment to the proteoglycan, LDL builds up in the intima layer, which 

is an important phase because LDL may undergo chemical alterations while residing in 

the inner layer of the vessel wall. A fibrous crown and a necrotic core that is lipid-rich 

are developing at this stage (Figure 2.4). The plaque contains dead foam cells, 

macrophages, smooth muscle cells and extracellular matrix. 
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Finally, in the last stage, continuous plaque growth may cause fibrous cap to 

rupture. A vulnerable plaque contains a large lipid-rich necrotic core covered by a thin 

fibrous cap (Stroud et al., 2000). Fragility of the fibrous cap may be caused by several 

factors, including inflammation, size of lipid core, fibrous cap thinning, plaque 

calcification and haemorrhage in the plaque. 

2.3 Treatment for Carotid Artery Stenosis 

Carotid artery stenosis can be treated by either open surgery called carotid 

endarterectomy (CEA) or by a non-invasive procedure called carotid artery stenting 

(CAS) as shown in Figure 2.5. Stent implantation is a less invasive technique for treating 

the narrowed artery and can restore blood to the brain (Ho et al., 2020) whilst 

endarterectomy is an open surgery procedure to open narrowed or blocked blood vessels 

that supply blood to the heart. 

Carotid artery stenting (CAS) is a recognised alternative procedure to Carotid 

Endarterectomy (CEA) for the treatment of severe carotid stenosis (Johari & et al., 2020). 

In-stent restenosis has been reported as a long-term complication that can arise from 

CAS. After 30 days following stent implantation, re-blockage or restenosis of the artery 

frequently occurs, which results in complications with the geometrical stent strut 

arrangement. (Paisal et al., 2019). On the other hand, CEA is open surgery that removes 

plaque that accumulates inside the artery. During the surgery, a tiny cut or incision on 

patient neck and the wall of artery affected to remove plaque (Figure 2.5).  

Because CAS is less invasive and preferred by patients with high risk of surgery 

or restenosis compared to CEA, the number of patients who have had CAS has been rising 

(Sardar et al., 2017). However, due to the need to know the long-term effectiveness and 

safety results employing CAS and CEA, the therapy for carotid stenosis is still debatable 

and contentious. Another significant disadvantage of CAS and CEA is restenosis, which 

can result in an ipsilateral stroke, stenosis greater than 70%, or complete occlusion (Brott 

et al., 2016). 
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Figure 2.5 The procedure surgery carotid endarterectomy (CEA)  

Source: https://surgery.ucsf.edu/conditions--procedures/carotid-endarterectomy.aspx 

2.4 Role of Haemodynamic Factor 

Many studies have highlighted the role of haemodynamic forces on the vessel 

wall in the development of vascular pathologies such as atherosclerosis, aneurysm, post-

stenotic dilation and arteriovenous malformations (Wood et al., 1999). Local geometric 

features of the artery are key factors in determining the biomechanical stresses that 

regulate the atherosclerotic lesion progression in the carotid artery bifurcation. 

2.4.1 Wall Shear Stress and Related Parameters  

There are several haemodynamic variables to evaluate performance of pulsatile 

flow in human body. Wall shear stress is a metric that is frequently studied in 

haemodynamic systems. Wall shear stress for typical arteries ranges from 10 to 70 

dyne/cm2. WSS values between -4 and 4 dyne/cm suggest a location that is prone to the 

development of atherosclerosis, whereas WSS values more than 70 dyne/cm2 indicate a 

https://surgery.ucsf.edu/conditions--procedures/carotid-endarterectomy.aspx
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severe shear thrombosis of the artery wall (Paisal et al., 2019). Wall shear stress is a drag 

exerted by following blood arterial wall. Wall shear stress can be calculated using the 

following equation: 

τ = µ
du

dr
 

                                      2.1 

where τ is the shear stress, µ is the fluid or blood viscosity, u is the blood velocity, 

r is the radial position. 

In addition to the disease states of stenosis (constriction) and aneurysm, 

geometrical characteristics of the channel, such as bifurcation, branching, bending, 

curvature, and tortuosity, may also cause local flow disruptions [(Fukuda et al., 2022) 

and (N.H.Johari et al, 2019)]. Numerous studies have demonstrated how geometric 

parameters affect WSS and pressure distribution at various circulatory system vessels. 

There might be areas of divided flow, recirculation, high and low shear stress, and 

reattachment. High WSS at the stenosis site might weaken the fibrous cap, causing it to 

break and release the plaque's contents into the bloodstream (Slagger et al., 2005). The 

results of this circumstance might lead to a stroke and are quite dangerous.  

2.4.2 Velocity Profile  

The velocity profile of a fluid is the distribution of velocities across the cross-

section of the flow. It is affected by many factors, including the viscosity of the fluid, the 

geometry of the flow, and the velocity of the flow itself. One of the most important factors 

affecting the velocity profile is the Reynolds number. 

The Reynolds number is a dimensionless parameter that characterises the flow 

regime of a fluid. It is defined as the ratio of inertial forces to viscous forces and is given 

by: 

Re =
𝜌VD

𝜇
 

                                           2.2 

where ρ is the density of the fluid, V is the velocity of the fluid, D is the 

characteristic length of the flow, and μ is the dynamic viscosity of the fluid. Previous 

studies have investigated Reynolds number before and after endarterectomy of carotid 
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artery stenosis (Guerciotti et al., 2016). After endarterectomy, the carotid artery becomes 

normal and the Reynolds numbers becomes low and laminar flow.  

The Reynolds Number is important to predicting the flow behaviour either 

laminar flow, transitional flow and turbulent flow. At low Reynolds Number (Re˂2000), 

flow moves in laminar flow. Next, transitional flow occurs in an intermediate range of 

Reynolds numbers (2100 < Re < 4000). The flow is unstable and alternates between 

laminar and turbulent. While turbulent flow occurred when Re ˃ 4000. The turbulent 

flow is inertial forces take over the fluid movement becomes chaotic and hard to predict. 

Turbulent flow is marked by swirling patterns, eddies and a greater degree of mixing. 

In conclusion, the interaction between velocity patterns and the stress on the walls 

offers information about the development of atherosclerosis. Knowing how blood flow 

factors impact the building up and advancement of plaques is crucial, for creating 

treatments and approaches to prevent or lessen the impact of cardiovascular disease 

caused by atherosclerosis. 

2.5 Recent studies on Particle Image Velocimetry 

Previous studies in computational modelling have used different medical imaging 

techniques in capturing the flow domains such as magnetic resonance imaging (MRI), 

computational tomography (CT) scan, optical coherence tomography (OCT) and 

intravascular ultrasound (IVUS). The acquired medical image were segmented based on 

thresholding and region growing technique using an available software such as MIMICS, 

CAD and Segment. Blood vessels are not homogeneous in diameter or wall thickness and 

have surface complexity and irregularity especially at bifurcation.  

Majority of previous studies have used idealised or simplified model for PIV 

experiments with the aims to compare different phantom geometry cases. A realistic 

patient-specific phantom requires special attention to the irregularities of the wall surface 

and its thickness (Johari et al., 2020). In carotid geometries, bifurcation and curvature are 

also essential considerations and are difficult to be created as a 3D phantom (Chen et al., 

2020). 
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The only study with patient-specific phantom as shown in Table 2.1 reconstructed 

the geometry based on the MRI images using MIMICS software (N. H. Johari et al., 

2019). Other studies used idealised phantom geometries due to the difficulties in the rapid 

prototyping (RP) of the mold and casting techniques that require advancement of the 

process. During the mold casting, the structure must be bubble-free, the wall must be 

transparent with a proper refractive index, suitable for PIV analysis. Conventional 

phantom-making process involve both mold and core fabrication and casting procedure. 

Four studies used lost-core casting technique without specific information on the core 

making process (N. H. Johari et al., 2019), (Medero et al., 2018), (Sharma et al., 2020), 

(DiCarlo et al., 2019) whilst three studies constructed the cores using steel or alloyed 

using computer numerical control (Yazdi et al., 2019), (P. H. Geoghegan et al., 2012),  

(Zhou et al., 2017) before the casting.  

The advancement of technology in 3D printing has enabled manufacturing of low-

cost 3D flow phantom to be used with a mold casting technique. Three studies have 

involved 3D printer in the printing the phantom core for the mold [(Yazdi et al., 2019), 

(P. H. Geoghegan et al., 2012), (Zhou et al., 2017)]. (Patrick H. Geoghegan et al., 2017) 

and (P. H. Geoghegan et al., 2012) are among the earliest researchers that utilised 3D 

printing in the core and mold making for the rigid and compliant phantoms. The core for 

the mold was usually printed usually using polylactic acid (PLA) materials. For the rapid 

prototyping (RP) of phantom materials, polydimethylsiloxane (PDMS), polyvinyl 

alcohol (PVA) and silicone (Sylgard-184) were mostly used. (DiCarlo et al., 2019) show 

the PIV-compatible carotid bifurcation phantoms were produced like a box in the square 

PDMS compartment using lost-core casting. The study varied the stenosis size in the 

internal carotid artery at 30%, 50% and 70% according to NASCET to see the post-

stenotic flow conditions.  
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Articles Geometry 
Image 

source 
Software RP technique RP material 

Wall 

characteristics 
Analysis Method 

(Zhou et al., 

2017) 

Idealised, 

stenotic 
  Alloyed mold 

Polyvinyl alcohol 

(PVA) cryogel 
Rigid Echo PIV 

 (Medero et al., 

2018) 

Idealised, 

normal 
  

Lost-core 

casting 

Polydimethylsiloxane 

(PDMS) 

Silicone 

Rigid Stereo-PIV 

 (N. H. Johari 

et al., 2019) 

Patient-

specific, 

stenotic 

MRI MIMICS 
Lost-core 

casting 

PDMS 

Sylgard-184 silicone 
Rigid PIV 

(Sharma et al., 

2020) 

Idealised, 

stenotic 
  

Lost-core 

Casting 
Acrylic Rigid PIV 

(DiCarlo et al., 

2019) 

Idealised, 

stenotic 

NASCET 

criteria 

(Barnett, 

1991) 

 
Lost-core 

casting 
PDMS, Silicone Rigid Stereo-PIV 

(Yazdi et al., 

2019) 

Idealised 

(Aortic 

arch) 

 SolidWorks 

FDM 3D 

printed, CNC 

mold, 

Casting 

ABS plastic, PVA, 

Sylgard-184 silicone 
Compliant Stereo-PIV 

(Hong et al., 

2017) 

Idealised, 

stenotic 
  

FDM 3D 

printed and 

PLA 

PDMS Rigid PIV 

(Patrick H 

Geoghegan et 

al., 2016) 

Idealised, 

stenotic 
 SolidWorks 

3D Printed, 

CNC mold 
Sylgard-184 silicone Compliant Stereo PIV 

Table 2.1 Recent studies on carotid artery using PIV 



 

 32 

2.6 Computational Fluid Dynamic Simulation on Carotid Artery 

The use of advanced Computational Fluid Dynamics techniques has the potential 

to shed more light in the further understandings of the causes of the disease and perhaps 

in its early diagnosis (Kumar et al., 2020). Moreover, CFD and FSI are currently widely 

applied in the study of blood flow parameters and their alterations under pathological 

conditions, which are important indicators for diagnosis of atherosclerosis (Lopes et al., 

2020). 

Computational fluid dynamics can be used to study and analyse the flow of blood 

in the human body (Kamada et al., 2022). This can be useful for understanding the flow 

patterns and hemodynamic in various parts of the body, as well as for predicting the 

effects of different factors on blood flow. Moreover, CFD simulations of blood flow are 

typically based on mathematical models that describe the motion of blood as it moves 

through the vascular system. These models often include factors such as blood viscosity, 

vessel geometry, and the presence of obstacles or stenoses. The results of CFD 

simulations can be used to visualise the flow patterns and to predict quantities such as 

blood velocity, pressure, and shear stress at different points in the vasculature. There are 

many potential applications of CFD in the study of blood flow, including the analysis of 

arterial stenoses [(Stroud et al., 2000),(Schirmer & Malek et al., 2007)], the design of 

stents [(Johari & et al., 2020),(Elshin Joel & Anburajan et al., 2013)] and other medical 

devices, and the prediction of the effects of different interventions on blood flow (Syed 

et al., 2023).  

Computational fluid dynamic is numerical method to obtain physical properties 

of mass and momentum such as velocity and pressure of fluid flow by solving 

conservation equations – the continuity and Navier-Stokes equation (Kamada et al., 

2022). Furthermore,  studies have provided valuable results for understanding the 

pathology of carotid artery Conditions such as flow separation or flow recirculation in 

areas with low or high shear stress have shown to play a role in the formation or 

development of atherosclerosis [(DiCarlo et al., 2019)  , (N. H. Johari et al., 2019).  & 

(Sousa et al., 2016)]. The areas susceptible to atherosclerosis at carotid bifurcation point 

are identified as the point from where CCA is bifurcated to ICA and ECA and the carotid 
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sinus (Akagawa et al., 2016). In addition to parameters such as hypertension, 

hyperglycemia and hyperlipidemia, the carotid geometry can affect the pattern of blood 

flow and increase (Moradicheghamahi et al., 2020). Numerical simulations such as 

computational fluid dynamics (CFD) based on medical imaging have been employed to 

analyse blood flow in different arteries with and without luminal stenosis (Mendieta et 

al., 2020) 

Recent studies on the carotid artery spanning from 2018 to 2022, encompassing 

both patient-specific and idealized geometries, are summarized in Table 2.2 . In terms of 

geometry type, the simulations predominantly focus on healthy cases and those involving 

stenosis. However, only one study (Yao et al., 2019) has explored stented geometries. 

Notably, in this case, although the geometries were derived from patients who had 

undergone stent placement, they did not include the indentations caused by the stent 

struts.  

As for the flow types considered in these studies, blood flow simulations have 

primarily modeled laminar flow, with only one instance of pulsatile flow being 

investigated. Laminar flow is characterized by a fluid moving through a tube in such a 

manner that it exhibits a parabolic flow velocity distribution. This results in higher 

velocities at the tube's center, gradually decreasing towards the edges (Lopes et al., 2020). 

While (Fukuda et al., 2022) delved into the hemodynamic risk factors leading to the 

development of carotid artery stenosis by employing CFD to simulate pulsatile flow, 

offering a critical insight into the dynamic nature of blood flow and its implications for 

arterial health.  

The hemodynamic parameters mostly investigated on velocity profiles, and wall 

shear stress (WSS) and indices, i.e. time-average wall shear stress (TAWSS), time-

average wall shear stress gradient (TAWSSG), oscillatory shear index (OSI), relative 

residence time (RRT), as shown in Table 2.2. Validation of the results is a very important 

step in any kind of simulation and, unfortunately, it is frequently overlooked (Lopes et 

al., 2020). CFD is commonly used and powerful tool for researching the role of blood 

flow in disease processes (Campbell et al., 2017) but requires a rigorous validation with 
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experimental data. Table 2.2 shows none of the selected articles investigate the validity 

of their CFD results with experimental measurements.   
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Table 2.2 Recent studies on carotid artery bifurcation using CFD 

Articles Artery 
Type 

Geometry 
Viscosity model 

Flow 

type 
Parameters  

(Fukuda et al., 2022) Carotid Stenosed  Newtonian  Pulsatile WSS/TAWSS/ TAWSSG/OSI 

(Ningappa et al., 2022) Carotid Healthy Newtonian Laminar  
V, P, Vorticity, TAWSS, 

Helicity 

(Hernández-López et al., 

2021) 
Carotid Healthy Newtonian 

Laminar 

Transient 
TAWSS, OSI 

(Sia et al., 2019) Carotid Stenosed Newtonian Laminar V, VS, WSS, OSI, P 

(S. H. Lee et al., 2019) Carotid Healthy 

Newtonian, Casson, 

Carreau, HCT-

based equation 

Laminar V, WSS 

(Azar et al., 2019) Carotid Healthy Newtonian,  Laminar  V / WSS 

(Yao et al., 2019) Carotid 
Post-Stent 

placement  
Newtonian Laminar 

WSS, 

TAWSS, OSI, RRT 

(Kumar et al., 2019) Carotid Stenosed 
Newtonian, 

Carreau 

Laminar 

 
V, VS, VV, WSS 

(C. Li et al., 2019) Carotid 
Healthy and 

Stenosed 
Newtonian Laminar 

V, VS, VV, VO, WSS, 

TAWSS, P 
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2.7 In Vitro Technique to Analyse Haemodynamic  

2.7.1 Experimental Analysis of a Haemodynamic  

In experimental analyses, there are many methods to analyse the blood flow such 

as particle image velocimetry (PIV) and laser doppler fusion. Particle image velocimetry 

is a laser based optical measurement technique to capture fluid velocity fluids. This 

technique uses a light source of high intensity to illuminate small tracer particle across 

plane of interest within phantom. The PIV setup consists of a laser source to highlight the 

plane for the highspeed camera to record, 3D phantom geometry, a set of pumps for the 

flow profile generator and a computer interface for the data processing (Yazdi et al., 

2018). 

Successful PIV analysis includes transparent and physiological relevant phantoms 

because the blood flow can be easily observed during experiment (Yousif et al., 2011). 

The assumption of flow symmetry is commonly used to obtain the velocity vector field 

in PIV measurements. This indicates that symmetry of the flow with regard to a certain 

plane or axis is expected. Viewing the 3D model from any angle can cause the optical 

distortion across image. Thus, need a proper calibration step is needed by placing 

Cartesian grid calibration on a target plane during the experiment.  

2.7.1.1 Particle Image Velocimetry (PIV) and Stereo-Particle Image velocity 

(SPIV) 

Particle image velocimetry is a laser-based optical two dimensions (2D) 

measurement technique to capture fluid velocity fluids.  On the other hand, SPIV employs 

on three-dimension (3D) measurement technique on fluid flow shown in Figure 2.6. This 

technique uses a light source of high intensity to illuminate small tracer particle across 

plane of interest within phantom. The PIV measurement may determine 3D flow phantom 

model’s internal and external flow characteristics and provide parametric data such as 

velocity and wall shear stress data.  

Moreover, PIV also could be useful for evaluating and validating numerical works 

that differ in their solutions according to the assumptions made (Yazdi et al., 2018). The 
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PIV setup consists of a laser source to highlight the plane for the highspeed camera to 

record, 3D phantom geometry, a set of pumps for the flow profile generator and a 

computer interface for the data processing (Yazdi et al., 2018). The difference of mean 

velocity data measured by the 2D PIV and SPIV techniques is nearly proportional to the 

mean out-of-plane velocity component (Yoon & Lee et al., 2002). 

 

Figure 2.6 SPIV experimental setup that includes flow circuits and carotid 

bifurcation with different stenosis sizes (Akagawa et al., 2016) 

2.7.1.2 Micro-Particle Image Velocimetry  

Micron resolution particle image velocimetry (Micro-PIV) is a tool for measuring 

the velocity profile across a plane in a microfluidic device illustrate in Figure 2.7. Because 

of the small dimensions of the flow field in micro channel flow, it is impossible to use 

the conventional PIV systems to obtain two orthogonal planes for optical access to the 

flow field. Instead, Micro-PIV systems use a volume illumination technique where the 

light source and the view field are introduced through the same optics. With this approach 

the focal plane is moved down through the flow field to map the entire volume. Micro-

PIV and PIV is a whole-field, non-intrusive measurement technique where the fluid 

velocity is measured by recording the displacement of small tracer particles added to the 

fluid. 
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Figure 2.7 Micro-PIV used for analysing a micro-particle. 

Source: https://images.app.goo.gl/84DSJN2LiVvVRXdK7 

2.7.1.3 Tomography Particle Image Velocimetry (TPIV) 

Tomographic Particle Image Velocimetry (Tomo-PIV) is an advanced technique 

for obtaining three-dimensional velocity measurements, as illustrated in Figure 2.8. This 

method expands upon the traditional PIV approach by enabling the measurement of 

velocity across a volumetric space within a fluid. Unlike conventional PIV, which 

provides two-dimensional planar data, Tomo-PIV captures comprehensive three-

dimensional flow information. This is achieved through the simultaneous use of multiple 

high-speed cameras, typically four, arranged to observe the fluid volume from different 

angles. The images captured are then reconstructed to provide a detailed three-

dimensional velocity field of the fluid. Tomo-PIV is particularly advantageous for 

studying vortical structures, turbulent flow, and intricate interactions within the fluid, 

providing insights into phenomena like flow separation, mixing processes, and the 

development of turbulence. 

However, most tomographic measurements are conducted at a relatively low 

frequency or within a small volume of measurement. This limitation arises from the 

computational and logistical challenges associated with capturing and processing the vast 

amounts of data required for high-resolution, three-dimensional flow visualization. 

Despite these challenges, Tomo-PIV stands as a powerful tool for fluid dynamics 

research, offering unprecedented detail and accuracy in the study of three-dimensional 

https://images.app.goo.gl/84DSJN2LiVvVRXdK7
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flow patterns. The integration of Tomo-PIV into experimental fluid mechanics has paved 

the way for significant advancements in our understanding of complex flow phenomena. 

 

Figure 2.8 Tomographic Particle Image Velocimetry (TPIV) 

Source: https://images.app.goo.gl/stw6bFCs5oeLoxLu8 

2.8 The studies on different location of stenosis 

Previous studies have investigated the effect of severity size of stenosis to the 

blood flow (DiCarlo et al., 2019), the influence of bifurcation angle (Hong et al., 2017), 

and turbulence model for stenosis cases. (DiCarlo et al., 2019) has analysed the effect of 

different stenosis sizes i.e. 30, 50 and 70% on the hemodynamic parameters. The study 

reported that only the 70% stenosis size affects the blood flow to become abnormal at the 

downstream of the stenosis. Hence, a proper turbulent model is required to visualize the 

flow vorticity and eddy viscosity at that area. (N. H. Johari et al., 2019) has compared the 

effectiveness of two promising turbulence models, i.e. Reynold-averaged Navier-Stokes 

(RANS) shear stress transport- transitional model (SST-Tran) and large eddy simulation 

(LES). 

 Both SST-Tran and LES models were compared with particle image velocimetry 

(PIV) measurement to evaluate the velocity profiles in a patient-specific carotid 

bifurcation model with 80% stenosis size. Both SST-Tran and LES predicted the 

https://images.app.goo.gl/stw6bFCs5oeLoxLu8
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experimental velocity profiles reasonably well, with LES being slightly superior 

especially at the post-stenotic area. However, SST-Tran also managed to capture 

important flow features as observed in the experiment although slightly differed distal to 

the stenosis. Other studies like in (Banks & Bressloff et al., 2007; Tan et al., 2011) also 

reported the influence of stenosis sizes in idealized straight carotid and patient-specific 

carotid geometry (N. H. Johari et al., 2019) that extend the flow separation and 

recirculation zone distal to stenosis.  

Based on the previous carotid stenosis studies, the severity of stenosis size is 

reported to cause different levels of disturbed flows especially in the downstream of the 

stenosis. However, the study on the effect of location of the severe stenosis is still lacking. 

Hence, the present study aimed to investigate the influence of stenosis locations (Lu et 

al., 2019) that contribute to higher risk of flow disturbances. The decrease of velocity 

field and flow separation zone will result in low wall shear stress that could potentially 

initiate progression of atherosclerosis (Nagargoje & Gupta et al., 2020). 

2.9 Summary  

This research is centered on the carotid artery, conducting experimental and 

computational studies to explore and compare the relationship between hemodynamic 

parameters and arterial diseases. Geometric features and hemodynamic parameters, 

including flow patterns, wall shear stress, and pressure distribution, are widely 

acknowledged as crucial indicators of stenosis formation and in-stent restenosis. In both 

particle image velocimetry and stereo particle image velocimetry (SPIV), the 

construction of geometry has been extensively investigated, encompassing comparisons 

between patient-specific and idealized geometries. 

Additionally, the boundary conditions of wall geometry are examined, 

distinguishing between compliant and rigid models. The specification of boundary 

conditions, particularly at the velocity inlet, is determined based on the Reynolds number, 

categorizing the flow as laminar, transitional, or turbulent. 

Moreover, these studies hold significant importance in understanding flow 

patterns, particularly for mitigating cardiovascular diseases in worldwide. Addressing the 
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problem statement, the influence of different stenosis locations on patient risk is 

highlighted. Varied stenosis locations can induce complex and chaotic flow disturbances, 

correlating with plaque rupture and thromboembolic events. In essence, both CFD and 

PIV studies offer clinically relevant insights into hemodynamic factors affecting the 

development of atherosclerosis. 
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CHAPTER 3 

 

 

METHODOLOGY 

3.1 Introduction 

 This chapter outlines the methodology employed throughout the study, organized 

into several phases aligned with the specific objectives. The initial phase involves the 

establishment of the experimental setup for particle image velocimetry measurements. 

This encompasses the preparation of the geometry phantom, configuration of the high-

speed camera, calibration of lasers, and setup of related equipment. Following this, a 

comparative analysis is conducted on PIV measurements obtained through standard 2D 

PIV and Stereo-PIV, aimed at validating their accuracy. Subsequently, the PIV 

measurements serve as a means to validate computational fluid dynamics simulations 

performed on the identical geometry. In the final phase, the study delves into a 

comparative discussion of hemodynamic parameters across different stenotic geometries. 

This comprehensive approach ensures a systematic and rigorous investigation, aligning 

with the specific goals outlined in the study.  

3.2 Flow Chart of the Research 

 Figure 3.1 illustrates the comprehensive methodology adopted in this research, 

with a primary focus on investigating and analyzing flow features in the carotid artery 

using both patient-specific and idealized geometries. The study incorporates the 

utilization of particle image velocimetry measurements and computational fluid dynamics 

analysis. 

 A rigid phantom wall, replicating patient-specific carotid geometry, was 

fabricated to facilitate experimentation. Specifically, was semi-transparent polylatic acid 

(PLA) 3D printed phantom was employed in this experiment and undergo surface 

finishing to get better transparent than others phantom. The outcomes of both 

computational and experimental studies on patient-specific carotid arteries were 
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meticulously compared to analyze blood flow behavior. The subsequent phase of the 

study focused on assessing the impact of high-risk location stenosis in the carotid artery 

on blood flow within the patient's artery. This aligns with the third objective, which 

involves a comparative analysis of different stenosis locations.  

 

Figure 3.1 Flow chart of overall methodology in this study 
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3.3 Geometry Construction 

 This study employed two carotid artery geometries based on the modified patient-

specific and idealised carotid geometry for both PIV and CFD modelling. For the patient-

specific carotid geometry, the model is based on the stented carotid of a 68-year-old male 

patient with asymptomatic chronic stenosis (90%). Comprehensive details regarding 

patient information can be found in (Johari et al., 2020).  In parallel, the idealized model 

involves the reconstruction of three carotid artery bifurcations with different types of 

stenosis, referencing a recent clinical report by (Lu et al., 2019). These geometries feature 

a 70% stenosis size at the common carotid artery (CCA) to internal carotid artery (ICA), 

primarily situated in the carotid bulb but with variations in shape and location. Further 

details on the idealized geometry are available in 3.9, titled "Influence of Different 

Stenosis Locations." 

3.3.1 Fabrication of Rigid Phantom for PIV experiment 

 To date, the most common method of flow phantom construction includes the core 

or mold making, casting using silicone and extraction (Yazdi et al., 2019). As the process 

is laborious and time-consuming, recent advances of 3D printing technology has enabled 

the flow phantoms to be constructed using transparent resin. The 3D printing techniques 

could print optically clear wall resolution, typically using PolyJet and Stereolithography 

(SLA) and PLA (Ho et al., 2020). This is an alternative low-cost option to study an 

internal flow in complex geometries. However, it requires special attention to meet the 

suitable refractive index as compared to conventional cast silicone. 

 In this PIV study, the CAD file created from the segmented post-stent geometry 

was scaled up to double of its original size. The scaled up geometry is required to enable 

the flow visualization using the high speed camera during PIV experiments. The same 

scaled-up geometry was used in all experiments and simulations to avoid flow 

comparison discrepencies. The phantom was 3D printed using SLA material. However, 
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the transparent SLA was not fully transparent for this experiment. The reflective index 

was in between 1.3 – 1.6, as also reported by (Ho et al., 2020),. 

 Figure 3.2 shows different transparent phantoms A and B. The phantom A only 

undergo finishing outer surface of phantom, while phantom B underwent two finishing 

processes by cleaning its inside and outside using the splitting process on two parts which 

were internal carotid artery (ICA) and before bifurcation area. The geometry of carotid 

artery phantom was hollow with thickness of wall of around 2 mm. This study, both the 

geometry was not fully transparent of phantom.  But, phantom B was used because it was 

more transparent than phantom A. Phantom A not used in the research because only 

finishing outside but phantom B undergo finishing both side inside and outside to get 

clear view of phantom.  

 

Figure 3.2 Carotid artery phantom. 

3.4 Blood mimicking fluid (BMF) 

 A blood-mimicking fluids (BMF) is  liquid substances that are designed to closely 

mimic the physical and chemical properties of human blood. In addition to research and 

development of medical equipment and procedures, these fluids are frequently utilised in 

medical simulations and training exercises. The viscosity and flow properties of blood 

are modelled in blood analogues.  

 Blood is a non-Newtonian fluid that is almost 3 to 4 times more viscous than water 

at high shear rates and considerably more so at low shear rates. Blood viscosity changes 

according to gender, age, health, and shear rate (Yazdi et al., 2018). In the PIV 
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experiment, blood-imitating fluid is typically utilised to approximate the realistic 

characteristics of blood material. The fluid used in optical experiments to simulate blood 

has a refractive index, which is another crucial consideration. Optical refraction happens 

at each interaction of the model and liquid. By matching the refractive indices of the 

phantom and the fluid that simulates blood, this problem may be avoided.  

 The blood-mimicking fluid usually a mixture of glycerine (47.38%), water 

(36.94%) and sodium iodide (15.68%) (Shuib et al., 2011), (Noor & Johari et al., 2022) 

using a magnetic stirrer (Muda et al., 2019) by range of working temperature from 20 to 

25°C (Yousif et al., 2011). The properties of this solution should replicate the human 

blood to get real flow feature especially in human body. The viscosity and density are 

mostly comparable with human blood as shown in Table 3.1. The range of refractive 

index blood-mimicking fluid is around 1.40-1.43 (Yousif et al., 2011),(P. H. Geoghegan 

et al., 2012),(Shuib et al., 2011). The refractive index blood-mimicking fluid use in this 

experiment was 1.334 using refractometer (anton paar/abbemat 300), which is slightly 

lower than in the previous studies. During this study,  the BMF was used based on on the 

mixture of 60% of water and 40% glycerine (Webb et al., 2020) using magnetic stirrer at 

room temperature. 

 

Table 3.1 Properties of blood-mimicking fluid  

Blood-mimicking fluid 

properties 

Composition 
Glycerol, water and 

NaI salt 

Density, ρ ≈ 1050 - 1100 kg/ m3 

Refractive index 1.334  

Viscosity, µ ≈ 0.00400 – 0.00350 Pa.s 
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 The BMF was added with polyamide seeding particles, 5µm  (PSP) (Medero et 

al., 2018) as shown in Figure 3.3. The seeding particle was used to increase the visibility 

of flow in the phantom. It was mostly used for flow investigations in liquid and offered 

suitable tracers to generate sufficient light scattering (Huang et al., 2010), high visibility 

signals, particle density close to water density and excellent traceability to the flow. A 

safe handling of these particles is guaranteed because of their non-toxic, non-water 

polluting nature.  

 The seeding particles in the PIV experiment are illuminated with a light source 

i.e. laser, and images of the particles are captured using a high-speed camera (Yazdi et 

al., 2019). By analysing the movement of the seeding particles in successive images, it 

was possible to determine the velocity and flow patterns of the fluid at different points 

within the field of view. 

 

Figure 3.3 Polyamid seeding particles (PSP) 

3.5 Equipment Preparation for PIV experiment 

 The equipments for the PIV experiment included a high speed camera with proper 

camera lens, steady flow pump, transparent connector tubes, transverse control for the 

camera positioning, dual laser machine and the geometry phantom. The carotid artery 

phantom was properlly attached to a holder throughout the experiments (Figure 3.4). The 
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carotid artery was assembled and connected with transparent tubes at the inlet and outlets. 

A black cardboard was used to reduce the reflection during the experiment. 

  

Figure 3.4 The equipment had been used during PIV. (1) The laser light, (2) 

connecting tubes, (3) flow pump and reservoir tank, (4) transverse platform, (5) high 

speed camera, (6) dual laser machine, and (7) the carotid phantom. 

The equipment setup for the PIV experiment is depicted in Figure 3.4, showcasing 

the essential components required to conduct the experiment. These include a geometry 

phantom, a transparent tube facilitating fluid flow through the phantom, a simple 

centrifugal pump (EJET 6800 Pump), a transverse control connected to a high-speed 

camera with a lens, blood mimicking fluid, and a laser. In this particular experiment, the 

pump generated a steady flow of 0.82 m/s through the carotid artery geometry phantom. 

It's noteworthy that while the average blood velocity in the human carotid artery typically 

ranges between 0.3-0.4 m/s (W. Lee et al., 2014), and it was expected that the steady flow 

is no longer laminar.  

The inlet velocity was deliberately doubled to ensure dynamic similarities with the 

geometry. The calculation of velocity is detailed as follows: 

𝑄 =  𝐴𝑉                   3.1 

𝐴 =
𝜋𝑑2

4
 

                3.2 
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𝑄𝑖𝑛 =  𝑄𝑜𝑢𝑡                 3.3 

𝑅𝑒 =
𝑉𝐷

µ
 

                3.4 

 

where Q is the flow rate, A refers to area and V refers to velocity profile. D refer 

to the diameter of carotid artery phantom (inlet). Next, Re refer to Reynolds number while 

µ refer to viscosity in 3.4. The conservation of mass principle for fluid systems asserts 

that the mass flow rate into a control volume must equal the mass flow rate out of the 

control volume. In the PIV experiment, the BMF flow was estimated with a Reynolds 

number of approximately 4260. 

The setup involved connecting a transparent tube to the phantom, pump, and tank, 

forming a complete system flow circuit. This tube, featuring both an inlet and an outlet, 

comprised three different diameters: 1.8 cm for the common carotid artery, 1.6 cm for the 

internal carotid artery, and 1.4 cm for the external carotid artery. The BMF flowed 

through the common carotid artery, internal carotid artery, and external carotid artery 

before returning to the tank.  

 

Figure 3.5 Transverse platform control monitor. 

 Figure 3.5 illustrates the Transverse System (Dantec Dynamics) that connected 

to the high-speed camera. This dynamic system is equipped with the capability to move 

along the x-, y-, and z-axes, allowing for specific height adjustments and positioning 
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parallel to the region of interest on the phantom, facilitating image capture (refer to 

Figure 3.6). The transverse platform is additionally outfitted with a dual high-speed 

camera and adjustable lenses to ensure optimal positioning. The transverse system 

boasts a range of approximately 610 mm and a maximum speed movement of 25 mm/s. 

 

Figure 3.6 Calibration plane 

Figure 3.6 shows the calibration plane for the image calibration purpose. To 

calibrate PIV images, it is important to ensure that the spatial and temporal calibration 

parameters, i.e., the pixel size and time interval, are accurately determined and applied 

during the image acquisition and processing stages. 

The camera used for the PIV experiment was a high-speed camera (FlowSense 

EO 2M, Dantec Dynamics, Denmark) with the resolution of 1600 × 1200 maximum 

pixels at 44 fps (Figure 3.7). The study also employed two types of camera lenses: Carl 

Zeiss lens and a micro lens (Nikon, AFS-S VR Micro-Nikkor lens) to increase the particle 

images visibility. The specification of lens used in this study shown in Table 3.2. The 

micro lens was used in 2D experiments to focus on a specific area of the phantom, 

whereas the Carl Zeiss lens was used in 3D. The micro lens was coated with an optical 

coating that absorbed or blocked light. 

 

 



 

 51 

Table 3.2 The specification of the lens 

Specification Normal Lenses Micro lenses 

Type of lens Carl Zeiss lens G-type AF-S 

Micro-Nikkor lens 

Focal length 50 mm 105mm 

Maximum aperture f/2 f/2.8 

 

In this study, dual power laser system with the capacity of 135-15Hz was used. 

The system is a green continuous wave diode laser (Nd:YAG 800 mJ, Dantec Dynamics, 

Denmark) a class 4 laser category that could be harmful to individuals especially eyes 

and skins, depending on the power of laser density and the duration of exposure. Figure 

3.8 shows that the dual laser system included the on/off laser button, internal and external 

laser. The dual laser system can be controlled by internal and external system during PIV 

experiment. The internal system can be controlled by system controller while the external 

system manually controlled on Dynamic studio.  

 

Figure 3.7 High speed camera (FlowSense EO 2M). (1) the micro lens, and (2) the 

camera. 

The specification of the dual power laser of PIV experiment includes of maximum 

output, pulse duration, wavelength and laser medium. The laser used in the experiment 

had a maximum output of 800 mJ and a pulse duration of 4ns. It operated at two 

wavelengths, i.e. 1064 nm and 532 nm, utilizing a Nd:YAG laser medium.  

 Next, the Dynamic studio (V8, Dantec Dynamics) software was used for PIV to 

analyse the character flow in the carotid artery phantom. The equipment connected to 

Dynamic Studio included transverse agent, FlowSenseEO, DualPower laser l35-15 and 
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high-speed camera Figure 3.9. Figure 3.10 shows the Dynamic Studio on PC screen with 

its functionality.  

 

(a)  

(b)  

(c)  

Figure 3.8 Dual power laser Nd:YAG, (a) continuous green diode dispenser, (b) the 

dual laser system, and (c) the system controller 
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Figure 3.9 The device connected to the Dynamic Studio 

 

Figure 3.10 The Dynamic Studio software screen 
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3.5.1 Stereo-Particle Image Velocimetry (SPIV) and Particle Image Velocimetry 

 Particle Image Velocimetry is an optical measurement technique that utilizes 

laser-based technology to capture fluid velocities in experimental setups. This method 

employs a high-intensity light source to illuminate small tracer particles within a plane of 

interest in the phantom. The PIV and SPIV procedure illustrated in Figure 3.11 from the 

setup PIV to analysis of flow profile.  

 The PIV system is equipped with a dual high-speed camera (Flowsense EO 

camera 2MP, 1600 × 1200 pixels), a dual-power laser (135-15Hz), a 3D transverse system 

(inclusive of a transverse controller and an emergency stop button), a set of pumps for 

generating flow profiles, and a computer interface for data processing and the phantom 

(representing the post-stent geometry of the carotid artery bifurcation). To be ensure 

optimal performance, the laser is warmed up for approximately 20 minutes. Additionally, 

the distilled water level in the laser system is carefully monitored, as a low water level 

could impact the laser's functionality (refer to Figure 3.12). All hardware components and 

the PC system, running the Dynamic Studio software, are powered on. 

Figure 3.12 shows the laser system should was pushed to become external so we can 

control by the software on pc. The internal system can be used for calibration purposes 

and to set the thickness of laser. The power of laser set around 5 to run the experiment. 

The thickness of the laser light sheet determined the effective size of the depth dimension 

over which tracer particles contributed the velocity measurement (Roloff et al., 2018). 

The environment was closed with a dark curtain to make sure the room was dark because 

the light would affect reflection on the phantom during the experiment. The speed of 

frequency of laser was 15 Hz (Shuib et al., 2011). 
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Figure 3.11 Procedure of PIV and SPIV experiment. 
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Figure 3.12 Dual laser system  

3.6 PIV Experiment Procedure 

 The experiment setup played a crucial role in obtaining clear views, ensuring 

effective seeding of particles throughout the phantom, and minimizing reflection effects 

on the images. The calibration plane was adjusted to align with the phantom setup, which 

was suspended horizontally on a plate connected to a transparent tube (as illustrated in 

Figure 3.4). The holder for the carotid artery phantom was linked to the transparent tube 

(inlet and outlet), placing the phantom perpendicular to both the camera and laser. The 

external button on the laser setup was configured for control through Dynamic Studio, 

and the software was initiated with the opening of a new project. 

To ensure optimal image capture, a duo high-speed camera setup was employed 

with two lenses-Carl Zeiss and a micro lens (Micro-Nikkor lens). Suggestions for 

capturing better images included three critical components: manual control of laser 

power, adjusting the camera aperture, and positioning the laser through the phantom. 

Adjusting the aperture on the camera increased light intake, improving visibility. Proper 

laser positioning was crucial to minimizing reflections from the patient-specific carotid 

artery. The laser was centrally positioned within the geometry, and the pump circulated 
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blood-mimicking fluid through the suspended carotid artery phantom, as depicted in the 

following figure. 

In consideration of schematic diagrams for PIV and SPIV, differences in camera 

requirements were noted. PIV utilizes one camera, initiating a 2-Dimensional view, while 

SPIV provides a 3-Dimensional perspective. The system equipment required for the 

experiment included the phantom, blood-mimicking fluid, transverse control, laser, and 

camera, as illustrated in Figure 3.13 and Figure 3.14. The method had been used through 

PIV in room temperature like [(Buchmann & Jermy et al., 2009a) & (Shuib et al., 2011)] 

but another method can submerged in same working fluid such as BMF like [(Yazdi et 

al., 2019) & (Ho et al., 2020)].  

 

Figure 3.13 PIV experiment systematic diagram. 
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Figure 3.14 Stereo-PIV (SPIV) systematic diagram. 

 

Figure 3.15 The top view SPIV captured the carotid artery phantom. 
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Figure 3.16 The top view PIV capture the carotid artery phantom. 

 

  

Figure 3.17 Top view of laser through the carotid artery. 

From a top view, as illustrated in Figure 3.15 and Figure 3.16, the PIV and SPIV 

experimental setup offers a comprehensive visualization of fluid flow dynamics through 

the carotid artery bifurcation. These figures capture velocity patterns, revealing flow 

separation and turbulence within this vascular geometry. Figure 3.17 and Figure 3.18 

provide a top view of the laser through the phantom. In patient-specific cases, addressing 

the challenge of the complex and curved vascular geometry is crucial. To obtain optimal 

results, precise balancing of the laser's focal line in the middle of the region of interest is 

required to minimize reflections on the phantom. 

The higher points in the graph (see Figure 3.19, Figure 3.20 and Figure 3.21) 

indicate successful capture of seeding particles through the phantom. However, due to 

the phantom not being fully transparent, reflections in the external carotid artery (ECA) 

area are not clearly defined by the camera. The method was repeated to analyze other 

areas, such as the bifurcation area, post-stenotic area, inlet area, and the full geometry. 
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For SPIV, the process was captured only for the full image geometry of the carotid artery 

due to technical limitations, as the micro lens was not suitable for 3D. The micro lens 

required more light from the back of the camera during the experiment. 

To ensure optimal image capture, the software's preview feature was utilized to 

observe seeding particle flow passing through the phantom, and particle density was 

checked to confirm that the camera could capture the flow vector. The color gradient was 

unchanged during image capture to avoid blurry images. The double-frame mode was 

activated, and 100 images were captured. During the experiment, a dark room condition 

was necessary to minimize reflections and produce higher-quality results. Subsequently, 

the images were acquired with lasering, and the database was saved in the Dynamic 

Studio software. 

 

  

Figure 3.18 Laser light passing through the middle of carotid artery phantom. 
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Figure 3.19 The preview of the seeding particle through phantom 

 

Figure 3.20 The preview of seeding particle around the split method fabrication on 

phantom 

 

Figure 3.21 The preview full image of carotid artery phantom 
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3.7 PIV Post Processing Procedure 

Following the image capture, a series of post-processing steps were performed, 

involving the editing and analysis of a sequence of 100 images. These operations 

encompassed establishing minimum and maximum image values, as well as generating a 

mean image that combine the sequence into a cohesive composite image. This approach 

markedly enhanced the clarity and overall quality of the final image. Additionally, 

adjustments to the brightness gradient were applied to further refine the clarity of the 

phantom. 

After the capture phase, the geometry of the carotid artery was masked to isolate 

specific regions of interest, as illustrated in Figure 3.22. The masking method was 

employed to exclude areas not relevant to the investigation, resulting in the removal of 

the green coloration and leaving only the investigated geometry of the carotid artery. 

Various methods were available for analysis in the software, including adaptive 

PIV, adaptive correlation, cross-correlation, auto-correlation, and others. Adaptive PIV 

was chosen for analysis, focusing on vector images, scalar maps of the velocity vector, 

and velocity along a cross-sectional line. Meanwhile, SPIV analysis required the 

integration of two PIV analyses from the duo high-speed camera results, combining both 

analyses. 

Successful PIV or SPIV analysis necessitated the use of transparent and 

physiologically relevant phantoms to facilitate the observation of blood flow during the 

experiment. Therefore, a proper calibration step was essential, accomplished by placing 

a Cartesian grid calibration on the target plane during the experiment.      
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Figure 3.22 The masking process of carotid artery bifurcation model. 

3.8 Region of interest for Carotid artery 

 Figure 3.23 illustrates the points and data collected and analyzed during PIV and 

SPIV experiments on the patient-specific carotid artery. The experimental data were 

scrutinized at different points along the artery to discern distinct flow characteristics using 

Dynamic Studio software with steady flow conditions. 

Point A: Represents the blood flow entering from the common carotid artery (CCA) 

through the inlet. 

Point B: Indicates the position in the bifurcation area, which is the stented area of the 

CCA-ICA. 

Point C: Illustrates the blood flow passing through the downstream of stented area. 

 

 The analysis focused on the specific geometry of the carotid artery, emphasizing 

velocity vectors and velocities along cross-sectional lines. This study involved a 

comparison and validation of flow behavior in 2D PIV and 3D PIV. The regions of 

interest were investigated for velocity profiles along cross-sectional lines in bifurcation 
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and curved areas. Data from the regions of interest were derived from previous research 

on stenosis development. 

 The analysis encompassed both the full image and regions of interest along cross-

sectional lines, resulting in velocity profiles displayed in Figure 3.22,Figure 3.23,Figure 

3.24 and Figure 3.25. The choice of vertical lines was deliberate, as these lines 

represented regions of interest for atherosclerosis development around the bifurcation, 

curve, and sinus bulb. These cross-sectional lines were strategically positioned based on 

the intricacies of flow dynamics, particularly around the curve area, sinus bulb, and 

bifurcation area, which are prone to atherosclerosis development (Chen et al., 2020).. 

 The specific location lines chosen were inspired by studies such as (Zhao et al., 

2000), who employed two lines to delineate the curve area in the internal carotid artery 

(ICA) concerning Wall Shear Stress (WSS) for comparative purposes using CFD. 

Additionally,(Medero et al., 2018) used different cross-sectional lines with Particle Image 

Velocimetry (PIV) to investigate flow profiles at the ICA, comparing the results with 

MRI. 

 

Figure 3.23 Several interest point / regions of carotid artery 
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Figure 3.24 Full image captured of carotid artery geometry.  

 

 

Figure 3.25 The cross-sectional line in CCA region. 

 

 

Figure 3.26 The cross-sectional line in bifurcation region of phantom 
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Figure 3.27 Cross line in the downstream of stented area of the phantom. 

3.9 Computational Modelling of Blood Flow in Carotid Artery 

 The flowchart on computational modelling had been shown in Figure 3.28. There 

three steps of run the computational modelling such as pre-processing, solver and post-

processing. The pre-processing is initial stage where input data is prepared which data 

geometry carotid artery of patient specific. Next, the solver performs numerical 

calculations to solve equations for fluid flow. Lastly, post-processing was analysed and 

visualized on simulation results.  

 The specific geometry of carotid artery from software MIMICS was used to build 

the carotid bifurcation geometry and exported to ANSYS FLUENT for the Computational 

fluid dynamics. The specific geometry was initially reported in (Johari et.al, 2019). The 

geometry was chosen a 68-years-old male patient with post-stenting after inflammation 

of asymptomatic chronic stenosis (90%). The STL file was converted to parasolid file and 

exported to the ANSYS 19.0. The geometry was scaled up by double size from normal 

size. All simulations were conducted using Intel ® Core (TM) i5-4500 CPU@3.30GHz, 

8.00GB and 64-bit Operating system.  
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Figure 3.28 The procedure of computational modelling using ANSYS FLUENT. 

 

Figure 3.29 The post-stented carotid artery geometry.  
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All geometries employed unstructured tetrahedral parts (Kumar et al., 2019) & 

(Usmani & Muralidhar et al., 2016) with size of elements at the stenosis. By contrasting 

post-stenotic velocity profiles obtained with various mesh sizes, grid independence for 

simulations employing the SST-Tran turbulence models in post stent geometries. On 

other hand, SST-Tran model able to capture important flow features (N. H. Johari et al., 

2019). A mesh with about 2 million elements was determined to be appropriate in this 

scenario after the element size was changed and a mesh independence test was carried 

out. The importance of mesh independence in obtain the accurate and reliable results. 

Hence, the size element was 0.45 mm had been investigated based on mesh quality 

compare with another size elements. All geometries utilized unstructured tetrahedral 

meshing, as suggested by [(Kumar et al., 2019) & (Usmani & Muralidhar et al., 2016)], 

with a specific focus on controlling element size at the stenosis. To ensure the reliability 

and accuracy of simulations using the SST-Tran turbulence models in post-stent 

geometries, a grid independence study was conducted by comparing post-stenotic 

velocity profiles across different mesh sizes. 

Contrasting post-stenotic velocity profiles across various mesh sizes was crucial 

to establishing grid independence. Through this process, a mesh with approximately 2 

million elements was identified as suitable for this scenario. This determination followed 

adjustments to the element size and the execution of a mesh independence test. The 

significance of achieving mesh independence lies in obtaining results that are both 

accurate and reliable. To specify, a mesh size of 0.45 mm was thoroughly investigated, 

considering mesh quality in comparison with other element sizes. This investigation 

aimed to highlight the critical significance of achieving mesh independence, also known 

as mesh convergence in ensuring the accuracy and reliability of the simulation results. 
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Figure 3.30 Mesh model for ANSYS Fluent simulation. 

 Assuming a blood density of 1060 kg/m³ and a viscosity of 0.0035 Pa·s, as 

reported (Noor & Johari et al., 2023), the blood flow conditions were considered constant, 

steady, and adhering to incompressible Newtonian flow, mirroring the conditions of the 

experimental steady flow pump. A velocity of approximately 0.82 m/s was imposed at 

the common carotid artery (CCA) inlet, aligning with the inlet conditions of the PIV 

experiment. The CCA inlet featured a fully evolved flow profile with a Reynolds number 

(Re) of 4260. At the outlets of the external carotid artery (ECA) and internal carotid artery 

(ICA), a relative gauge pressure of 0 Pa was applied. The walls were modeled as rigid, 

assuming a no-slip condition. All simulations were executed using ANSYS Fluent, a 

finite volume-based CFD code. The simulation parameters involved running calculations 

with 250 iterations, and the solver would automatically halt upon meeting either the 

completion of 250 iterations or the achievement of specified convergence criteria. 

 In the post-processing phase, the simulation analysis delved into flow 

characteristics, examining velocity vectors, contour maps of velocity, pressure 

distributions, and velocity profiles along cross-sectional lines. Placing the cross-sectional 
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line in the middle of the carotid artery geometry posed challenges in patient-specific cases 

due to the intricate geometry, as depicted in Figure 3.17.  

3.10 Influence the Different Location of Stenosis in Carotid Artery 

 The third objective aimed to elucidate the impact of stenosis location on patients 

through a comprehensive computational fluid dynamics (CFD) analysis. Three distinct 

stenosis locations and a geometry representing a healthy carotid artery were scrutinized. 

The internal carotid artery (ICA), external carotid artery (ECA), and common carotid 

artery (CCA) exhibited diameters of 4.6 mm, 5.6 mm, and 8 mm, respectively. Stenosis 

severity was consistently set at 70%, a threshold associated with a heightened risk and 

confirmed presence of separated flow adjacent to the jet in the post-stenotic zone, as 

reported by (N. H. Johari et al., 2019). 

 The chosen geometries for investigation featured a 70% stenosis size from the 

CCA to the ICA, predominantly situated in the carotid bulb but with variations in shape 

and location. Figure 3.31 illustrate the classification into types I, II, and III was based on 

atherosclerotic plaques observed in carotid arteries through magnetic resonance imaging 

(MRI). In type I, the arc-length of the plaque extended upstream, type II exhibited equal 

plaque distribution upstream and downstream, and type III showed plaque extension 

downstream. Due to a lack of statistical dimensions for patients' carotid geometries in (Lu 

et al., 2019), an idealized carotid bifurcation geometry served as the basis for the fluid 

domain (refer to Figure 3.32). Subsequently, atherosclerotic plaque shapes corresponding 

to types I-III were reconstructed and integrated into the idealized geometry. Additionally, 
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a healthy carotid bifurcation geometry was reconstructed as part of the idealized 

representation.  

 

 

Figure 3.31 The different types of atherosclerosis plaque shape at the area of CCA-

ICA. WT-max is the maximum wall thickness measured (Lu et al., 2019) 

 

 
 

(a) 

 

(b) 
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Figure 3.32 a) Model Type I (upstream stenosis), (b) Type II (equal upstream and 

downstream), (c) Type III (downstream stenosis) and (d) healthy carotid artery. 

The stenosed carotid geometries were exported to ANSYS for mesh generation. 

Unstructured tetrahedral elements were adopted for all geometries around the area of 

stenosis. Simulations using the SST-Tran turbulence model in stenotic geometries were 

conducted to evaluate grid independence. To assess how the mesh affected the outcomes, 

the post-stenotic velocity profiles obtained with varied mesh sizes were compared.  

Mesh independence research was carried out to determine that the results were 

not influenced by the mesh size. The size of elements of meshing was changed ranges 

globally from 0.3 mm to 0.15 mm. It is shown that all the results of total element 

generated in range of 800K to 2M number of elements respectively. The mesh quality 

such as orthogonal quality, skewness and aspect ratio were applied to determine suitable 

type of mesh to be use throughout the study. The fine mesh with size of element of 0.2mm 

globally was determined adequately precise for the computations study. 

(Moradicheghamahi et al., 2020) studied on mesh independence in computational studies 

through patient specific carotid artery. Their research emphasized achieving mesh 

independence, finding that the third mesh element are satisfied finding mesh from fourth 

mesh element. The mesh refinement is reached mean that the geometry was already 

converged and not necessary additional mesh to obtain accurate results.  

(c) 

 

(d) 
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The SST-Tran model combines 𝑘 − 𝜀  and 𝑘 − 𝜔  models where the 𝑘 − 𝜀  is 

dedicated to resolve flow in the inner region of boundary layer whilst the 𝑘 − 𝜔 is for the 

outer region and free shear flows. The model has additional of a transitional model 

comprising two additional formulated transport equations for intermittency and the 

transition onset criterion in terms of the momentum thickness Reynolds number (Menter 

et al., 2006). The correlation between the 𝑘 − 𝜀 and 𝑘 − 𝜔 together with the transition 

model has been successfully employed in cardiovascular flow applications with 

promising results (N. H. Johari et al., 2019), (Johari & et al., 2020), (Tan et al., 2011). 

For the healthy model laminar model was adopted in the simulation. 

 

 

Figure 3.33 The setup for idealised geometry of stenosis carotid artery 

The blood flow was assumed to be steady and incompressible Newtonian flow 

with blood density of 1060 kg/m3 and viscosity of 0.0035 Pa.s. Based on Figure 3.33 

shown the boundary condition setup for inlet and outlet of carotid artery in CFD. The 

inlet velocity around 0.8 m/s was applied in CCA. The fully developed flow profile was 

specified at the CCA inlet with typical Reynolds number of Re =1940. At the ECA and 

ICA outlets, a relative 0 Pa of gauge pressure was applied. The walls were assumed to be 

rigid with no-slip conditions. All simulations to solve the governing equations were 

completed using a finite volume based CFD code ANSYS Fluent. The analysis of CFD 

simulation for different location stenosis and healthy of carotid artery has focused on 

velocity profiles, wall shear stress, pressure distributions around the stenosis area. 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION  

4.1 Introduction 

This chapter undertakes a comprehensive exploration of the study's outcomes, 

aligning them with the predefined research objectives. The focal analysis focuses on the 

validation of outcomes derived from particle image velocimetry (PIV) experiments and 

their association with computational fluid dynamics (CFD) simulations. The primary 

analysis encompasses velocity profiles within specified regions of interest within the 

carotid artery. The focal point of investigation is the concordance between PIV 

experimental results and CFD simulations, seeking to discern similarities, disparities, and 

the overall reliability of the methodologies employed. Furthermore, this chapter delves 

into an examination of risk factors associated with the occurrence of stenosis, particularly 

at specific locations within the idealized geometry of the carotid artery. These locations 

are identified as high-risk areas for the initiation and progression of stenosis in patient 

scenarios. By elucidating these factors, the study contributes to a deeper comprehension 

of the intricate relationship between hemodynamic and the development of arterial 

stenosis. 

4.2 Flow Profiles in Carotid Phantom using PIV and SPIV Measurements 

Following the post-processing phase, the Dynamic Studio software was employed 

to apply the geometry for PIV instructions. It's pivotal to observe the distinctions between 

the 2D and 3D procedural setups, equipment utilization, and subsequent analyses. 

Notably, calibration processes and high-speed cameras played integral roles in both 

procedures. The data for analysis were extracted from velocity vector statistics. Steady 

flow from a pump facilitated the passage of blood-mimicking fluid through the carotid 

artery, extending from the common carotid artery (CCA) to both the internal carotid 

artery (ICA) and external carotid artery (ECA). 
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Table 4.1 reveals the intricacies of flow profiles in a post-stent carotid artery, 

gleaned through both PIV and SPIV techniques. It is paramount to acknowledge that the 

interpretation of the data may exhibit subtle differences due to the disparity in 

dimensionality between the two techniques. A visible variance in colour gradients is 

discernible around the inlet and bifurcation zone. 

In PIV, where velocity vectors are predominantly represented in two dimensions, 

a relatively uniform distribution is observed, characterized by analogous yellow and 

green colours. Conversely, SPIV capturing velocity vectors in three dimensions, exhibits 

a higher degree of accuracy. This is particularly evident in the colour gradient at the CCA 

inlet, where red hues signify elevated velocity vectors. This divergence underscores the 

enhanced precision offered by SPIV, contributing to a more nuanced understanding of 

flow dynamics, especially in regions of high complexity such as the carotid bifurcation. 

Table 4.1 Velocity vectors in 2D (PIV) and 3D (SPIV) 

2D (PIV)  3D (SPIV) 
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Figure 4.1 Velocity vectors at (a) bifurcation and (b) curve area.  

 

Figure 4.1 illustrates the identified region of interest in the research, which 

focuses on the velocity profile within a post stent carotid artery. The arrows in the figure 

indicate the direction of flow, while the colour represents the velocity. Due to the irregular 

shape or geometry of the artery, there can be regions where the velocity is higher, 

particularly in the common carotid artery (CCA) region. It is observed that the velocity 

tends to increase in the CCA as blood accelerates.  

The analysis reveals a low velocity region in the bifurcation area, primarily due 

to the flow distribution between the internal carotid artery and external carotid artery. 

This finding is consistent with previous studies conducted by (Ningappa et al., 2022), 

(Johari et al. 2020), (Sharma et al., 2020) and (Nagargoje & Gupta et al., 2020), which 

also reported low velocities in the bulb of a post stent carotid bifurcation. The observed 

low velocities are attributed to a localized enlargement of the lumen region, leading to 

flow separation and recirculation phenomena.  

A 

B 
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Figure 4.2 The velocity for cross sectional line on curve area in A 

Figure 4.2 and Figure 4.3 present the velocity graphs along a cross-sectional line 

on the carotid artery geometry depicted in Figure 4.1. The y-axis displays velocity 

readings across the x-axis, representing a point in the cross-sectional line within the 

interest of region. The percentage difference in velocity profiles between PIV and SPIV 

using formula 4.1 is found to be only around 16.66%, indicating a relatively small 

disparity between the two techniques. This observation aligns with the study conducted 

by (Roloff et al., 2018), which reported smaller differences in averaged velocity between 

SPIV and PIV, typically below 5%.  These findings suggest that exploring additional 

dimensions can lead to more accurate results. The value taken from maximum value 

velocity for both methods to get the error difference between PIV and SPIV at point 4.  

% 𝐸𝑟𝑟𝑜𝑟 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
𝑉𝑆𝑃𝐼𝑉 − 𝑉𝑃𝐼𝑉

𝑉𝑃𝐼𝑉
 𝑥 100% 

4.1 

 

A fluctuating flow profile is detected in the curved area due to a slight increase in 

the velocity of the blood-mimicking fluid (BMF) flowing downward along the curved 

geometry and the normal flow from the common carotid artery (CCA) to the bifurcation 

area. The line graph indicates a significant decline in velocity magnitude between points 

11 and 13, attributed to the disturbance caused by the interaction of the BMF flow and 
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the wall, resulting in low velocities around the bifurcation area. Beyond point 15, the 

flow pattern demonstrates a stable trend as the flow can pass through the bifurcation 

without further disruptions. The zero-velocity observed along the carotid artery wall is 

due to the no-slip condition, which states that the velocity of a fluid at the surface of a 

solid object is zero. 

 

Figure 4.3 The velocity on cross sectional line on bifurcation area B 

The line graph indicates that the velocity from points 1 to 11 are slightly lower 

compared to points 13 to 17, which can be attributed to the presence of a low-velocity 

region in the curved section of the carotid artery. This low-velocity region is associated 

with increased recirculation of flow. The occurrence of recirculation flow in this region 

can initiate the progression of atherosclerosis. In contrast, points 13 to 17 exhibit higher 

velocities since the flow remains undisturbed along the cross-sectional line. 

The results obtained from PIV and SPIV techniques show a relatively small 

difference in the velocity vector patterns. However, SPIV has the advantage of potentially 

providing velocity pattern data with higher spatial resolution due to its ability to capture 

flow in three dimensions. This improved spatial resolution enables a more accurate 

depiction of flow characteristics and allows for a more comprehensive visualization of 

the velocity field. 
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4.3 Comparison of PIV Measurement and CFD  

This study also dedicated to analysing distinct regions of interest within patient-

specific carotid artery geometries using both PIV measurement and CFD. The 

investigation examines the flow profile in the inlet area, bifurcation area, and post-stent 

area. The analysis of the flow profile encompasses an assessment of several velocity 

parameters, including velocity vectors, velocity scalar maps, and velocity measurements 

along cross-sectional lines Figure 4.4. 

The geometries of the carotid artery in this study were characterized by their non-

symmetrical and complex shapes. In the PIV measurement process, a laser was directed 

through the middle of the carotid artery geometry to illuminate the fluid containing 

seeding particles, which were then captured by a high-speed camera. Conversely, in CFD 

simulations, a cross-sectional plane was created in the middle section of the carotid artery 

geometry to analyse the flow results (Figure 4.4). For PIV, vector statistics are derived 

from a mean image obtained from a series of 100 captured images. 

  

Figure 4.4 Cross-sectional line of carotid artery  

Table 4.2 presents the results detailing the flow patterns acquired PIV and CFD 

simulations in the carotid artery bifurcation. Overall, velocity vector values in all areas 

exhibit comparability between PIV and CFD. However, an evident dissimilarity emerges, 

notably the presence of more higher velocity areas in CFD compared to PIV. This 

variance can be ascribed to various limitations inherent in each method, encompassing 

aspects such as experimental setup, numerical modelling, and measurement techniques.  
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The precision of PIV data may be influenced by factors like spatial and temporal 

resolution, camera capabilities, and the accuracy of the calibration method employed. 

The limitation on the cross-sectional line through the patient-specific model could lead 

to inaccuracies in velocity measurements, failing to capture the complete range of 

velocities in the flow field. In a study by (Roloff et al., 2018), the average velocity 

magnitude difference between PIV and CFD was found to be less than 5%. Comparable 

investigations have been conducted to assess flow patterns in intracranial aneurysms, 

employing diverse techniques such as PIV, CFD, and MRI (Roloff et al., 2018). 

 The uncovered disparities in velocity patterns between PIV and CFD 

methodologies highlight a nuanced interplay of strengths and limitations. This highlights 

the importance of developing a comprehensive understanding of the details inherent in 

interpreting flow dynamics within the carotid artery bifurcation. To delve deeper into the 

comparison of flow dynamics, it is imperative to scrutinize the specific regions of interest 

in the carotid geometry. Such a focused exploration aims to discern any distinctive 

similarities or disparities between PIV and CFD results. This approach ensures a more 

comprehension of the intricacies involved in elucidating the complex flow behaviours 

within the sophisticated vascular geometry of the carotid artery bifurcation.  

Table 4.2 Comparison of PIV and CFD on full geometry 

PIV  CFD 
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4.3.1 Flow Profiles in Region of Interest 

Table 4.3 meticulously outlines the comparison of velocity vectors in distinct 

areas of the carotid artery between PIV and CFD. The recorded velocity values range 

from a minimum of 0 m/s to a maximum of 1.178 m/s, with both methodologies utilizing 

an inlet velocity of 0.82 m/s at the common carotid artery inlet.  

 As mentioned earlier, velocity vector in all areas exhibit comparability between 

PIV and CFD. Nevertheless, subtle disparities emerge in terms of distribution, where 

alignment between CFD and PIV is not entirely uniform. Notably, a pronounced 

difference manifests in the inlet position (Table 4.3,Area A). CFD demonstrates higher 

velocity skewed toward the bottom wall, while PIV portrays higher velocity skewed to 

both the top and bottom walls. This discrepancy is anticipated, given the non-uniform 

and slightly chaotic blood flow attributed to the bending and curved shape in area CCA 

towards the bifurcation. 

Within the stented region (Area B), both PIV and CFD illustrate a marginal 

increase in velocity at the entrance of the External Carotid Artery (ECA) due to flow 

splitting in the bifurcation. Pre-bifurcation, low velocities are evident, and upon contact 

with the artery wall, CFD reveals recirculation flow atop the Internal Carotid Artery 

(ICA) wall. (Johari et al. 2020) reported the existence of low-momentum fluid near the 

wall, giving rise to symmetrical counter-rotating vortices known as Dean vortices in the 

outer ICA. Intriguingly, these intricate flow patterns elude detection in the PIV 

measurements. (Buchmann & Jermy et al., 2009b) similarly observed non-uniform 

velocity profiles in the bifurcation area based on MRI data. Nevertheless, the flow 

patterns predicted by CFD in Area C are more consistent with PIV. A noticeable higher 

velocity is recorded, skewed towards the bottom wall immediately after the curved and 

bent shape of the stented ICA.  
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4.3.2 Velocity Contours Comparison 

Table 4.4 illustrates the velocity contours measured in the patient-specific carotid 

artery, revealing the impact of branching and vessel curvature on the radial pressure 

gradient and the formation of secondary flows. The curvature, radius, and flow velocity 

collectively contribute to the generation of secondary vortex pairs in this dynamic system 

(Buchmann & Jermy et al., 2009a).  

Area PIV  CFD 

 

 
 

 

 

 

   

    

 

Table 4.3 Velocity vector on different area using PIV and CFD 

A) 

B) 

 

C) 
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Given the higher curvature of the internal carotid artery (ICA) compared to the 

external carotid artery (ECA) in bifurcation models, flow separation predominantly 

occurs along the outer wall of the ICA, directing increased flow toward its inner wall, 

consistent with clinical observations (Ningappa et al., 2022).  While the colour contour 

map in the PIV measurement may not distinctly indicate flow separation in the bifurcation 

regions, the concentration of higher velocity flow in the 'waist' shape post-bifurcation 

highlights the influence of the radial pressure gradient resulting from sudden diameter 

reduction. In the CFD analysis, the ICA section reveals higher velocity near the inner 

wall, reaching approximately 1.178 m/s. 

These findings align with research by (Nagargoje & Gupta et al., 2020) who 

explored the impact of sinus size and position in the carotid artery on hemodynamic 

parameters. Their CFD study observed low-recirculating velocity near the sinus bulb 

compared to other regions, suggesting that the sinus bulb areas may be susceptible to 

atherosclerotic changes (C. Li et al., 2019). 
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4.3.3 Velocity on Cross Sectional Line Comparison 

Table 4.5 and Table 4.6 present a cross-sectional analysis of interest regions in 

the carotid artery using two cross-sectional lines for each geometry in both PIV and CFD. 

The graph's display length corresponds to the cross-sectional line in both PIV and CFD, 

and velocity values are extracted from both methods. 

Area PIV RANGE CFD 

 

   

  

  

 

 

  

Table 4.4 Velocity contour map of interest region between PIV and CFD. 
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In the common carotid artery area, the axial velocity recorded by PIV does not 

synchronize with CFD in both lines A and B. PIV fails to capture the velocity towards 

the bottom of the wall, resulting in very low velocity. However, both PIV and CFD record 

the highest velocity at similar locations, not far from the top wall of the artery. CFD 

predicts a slightly higher maximum velocity of 0.98 m/s, about 10% higher than recorded 

in PIV. Both PIV and CFD show an 'm-shaped' axial velocity at the middle of the cross-

sectional line, indicating that the flow struggles to settle for full uniformity. 

In the bifurcation area, low velocity is clearly recorded close to the top wall on 

the line A, consistently increasing towards the bifurcation and the top wall of the external 

carotid artery (ECA). The velocity then immediately decreases at the bottom of the ECA 

wall. Both PIV and CFD record almost similar maximum velocity values in this area, 

approximately 0.65 m/s. On the line B, both PIV and CFD predicted similar highest 

velocity value even though the location is slightly different. The flow seems to skew to 

the bottom wall where the flow is starting to split into ECA and ICA. This finding 

supports (Tada & Tarbell et al., 2005) study, which concluded that low velocity occurs 

around the bifurcation in a compliant carotid artery. The presence of recirculation flow 

and low velocity zones in this region may promote the accumulation of inflammatory 

compounds, such as low-density lipoprotein (LDL) particles, on the artery wall, 

potentially leading to the formation of atherosclerotic plaques. Meanwhile, downstream 

of the stented region, both CFD and PIV results accurately replicate the velocity 

magnitudes with slight variations, demonstrating the flow pattern's shape near the center 

and indicating the influence of the flow divider. 

As reported by (N. H. Johari et al., 2019) in their investigation comparing LES, 

SST-Trans, and PIV on the stenosed carotid artery bifurcation, a small dent in the axial 

velocity profile near the center was observed. At all points, the PIV measurements 

showed slightly lower velocities compared to CFD predictions. 
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Table 4.5 Velocity profiles on cross-sectional line A, comparing CFD and PIV. 
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Table 4.6 Velocity profiles on cross-sectional line B, comparing CFD and PIV. 

Interest region Velocity Profiles 
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4.4 Hemodynamic Parameters Through Different Location of Stenosis.  

4.4.1 Velocity Streamlines. 

Figure 4.5 presents the velocity streamlines patterns in three different models of 

stenotic carotid arteries with varying locations of stenosis patches, as well as a healthy 

carotid model. In the healthy model, low velocity profiles are observed in the carotid bulb 

due to localized expansion of the lumen area, resulting in flow recirculation. However, 

the presence of stenosis significantly alters the flow pattern, particularly downstream of 

the stenosis. The velocity is higher at the stenosis throat, followed by flow separation 

immediately after the stenosis, and the formation of a strong helical flow structure distal 

to the stenosis (also shown in Figure 4.6). Similar observations have been reported in 

previous studies by (N. H. Johari et al., 2019), (Banks & Bressloff et al., 2007), (Tan et 

al., 2011), (Lancellotti et al., 2017), and (Z. Y. Li et al., 2015). 

 In general, the flow patterns in Type I-III geometries exhibit some similarities 

but differ in the proximal and distal regions of the artery. Type I geometry displays a 

complex helical post-stenotic flow pattern, with low velocity streamlines before 

reattaching to the axial flow stream. This indicates an area prone to stenosis growth and 

extension (Z. Y. Li et al., 2015). The prediction also demonstrated that carotid plaques 

located above the bifurcation (upstream) exhibited a higher likelihood of experiencing 

intraplaque haemorrhage (IPH). On the other hand, the velocity streamlines in Type II 

and III geometries are comparable, featuring a large area of low velocity flow 

recirculation distal to the stenosis. 

To further analyse the velocity profiles, Figure 4.7 depicts the velocity vectors in 

all carotid models. It is evident that a 70% stenosis significantly alters the flow, leading 

to distinct recirculation zones compared to the healthy model. However, a detailed 

comparison between Type I-III geometries is not readily apparent, possibly due to the 

similar sizes of the stenoses. Nonetheless, Type I geometry exhibits a higher density of 

velocity vectors immediately after the stenosis and closer to the outer wall. Low velocities 

are indicated by the blue coloration observed along the artery wall, sinus bulb, and 
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bifurcation area. Conversely, high velocities are observed in the internal carotid artery 

(ICA) and around the stenosis region shown in  

Figure 4.7. As the flow exits the throat of the stenosis, flow separation takes place 

due to the decrease in velocity and increase in pressure in the expansion region (Shuib et 

al., 2011).   

 

 

 

 

 

 

 

 

Figure 4.5 Velocity streamline at mid-plane in (a) Type I, (b) Type II, (c) Type III 

and (d) Heathy models. 

  

(a) (b) 

(c) (d) 
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Figure 4.6 Velocity contours map at mid-plane in (a) Type I, (b) Type II, (c) Type 

III and (d) Heathy models. 

 

 

 

  

 

 

Figure 4.7 Velocity vectors in (a) Type I, (b) Type II, (c) Type III and (d) Heathy 

models. 

4.4.2 Velocity Profile Development 

Figure 4.8 provides an overview of the steady flow patterns observed using CFD 

analysis in the four carotid models, namely the healthy, Type I, Type II, and Type III 

geometries. The analysis includes volumetric and central plane flow patterns, with 

(c) (d) 

(a) (b) 

(c) (d) 
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velocity profiles obtained from cross-sectional lines along the carotid artery, including 

the inlet common carotid artery (CCA), the bifurcation area, and the stenosis region. 

 To ensure consistency, the greatest velocity value at the centreline of the CCA 

inlet was used to normalize all the velocities (Dong et al., 2013). The laminar model 

employed in the numerical simulation accurately captures flow separation and the 

formation of recirculation zones resulting from the sudden expansion of the cross-

sectional area at the internal carotid artery (ICA) sinus region. The graph illustrates that 

the presence of stenosis significantly alters the flow pattern, leading to high velocity 

regions. As demonstrated by (Johari et.al, 2019), the flow pattern exhibits a high-velocity 

jet emanating from the stenosis throat, followed by flow separation shortly after the 

stenosis, and the emergence of a strong helical flow structure downstream of the stenosis. 

Notably, the flow pattern is greatly influenced by the presence of a 90% stenosis in the 

pre-stent model. 

 

 

 

  

 

 

Figure 4.8 Velocity pattern in (a) Type I, (b) Type II, (c) Type III and (d) Heathy 

models. 

(a) (b) 

(c) (d) 
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4.4.3 Wall Shear Stress  

Wall shear stress (WSS) is a critical hemodynamic factor that plays a significant 

role in the development of atherosclerosis. Figure 4.9 illustrates the maximum WSS 

contour set at 10 Pa to ensure consistent comparisons between different models and to 

focus on WSS within the carotid bulb and the internal carotid artery (ICA). 

Within the carotid bulb, high WSS values (represented by the red colour) are 

observed along the outer curvature, where the blood flow accelerates and sharply turns 

toward the external carotid artery. On the other hand, the inner curvature of the bulb, 

where the blood flow slows and divides into the internal and external carotid arteries, 

exhibits the lowest WSS values. The maximum and minimum value of WSS are 10 Pa 

and 0 Pa. 

Compared to the healthy model, the stenotic carotid models display greater spatial 

variation in WSS. The presence of 70% stenosis leads to high WSS at the throat of the 

stenosis and in the distal region along the inner wall impacted by high-velocity flow. 

Similar observations were previously reported by [(N. H. Johari et al., 2019), (Z. Y. Li et 

al., 2015).  While areas of stenosis in the carotid artery exhibit regions of low wall shear 

stress causing flow separation, recirculation zones and disturbed flow patterns of the 

stenosis area [(Malek & Alper et al., 1999) and (Slagger et al., 2005)]. Low WSS is 

associated with endothelial dysfunction, increased permeability, inflammation, and the 

accumulation of lipids and immune cells within the arterial wall, promoting the 

progression of atherosclerosis and plaque destabilization (Trigui et al., 2021). 

In a study conducted by (Yang et al., 2023), the investigation focused on various 

degrees of stenosis in the carotid artery under steady flow conditions using plane wave 

vector Doppler. The areas with stenosis exhibited the highest WSS values. As the degree 

of stenosis increased, the separation zones in the post-stenotic region, characterized by 

recirculation flow, became larger. 
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4.4.4 Pressure Distribution 

The normal pressure range at the carotid artery bifurcation in adults is typically 

between 60 and 80 mmHg for diastolic pressure and 100 to 120 mmHg for systolic 

pressure, as reported by (Liu et al., 2021). However, it's important to note that blood 

pressure can be influenced by various factors such as age, gender, level of physical 

activity, and underlying medical conditions, leading to variations in individual cases. 

In the presence of stenosis, particularly in Type I, Type II, and Type III 

geometries, lower pressure regions can be observed (Figure 4.10). As can be seen, the 

pressure had been dropped in stenotic area. It shown and analysed by other  research like  

(Filardi et al., 2013). Generally, and particularly upstream of the stenosis, the pressure 

within a stenotic artery may be higher compared to a non-stenotic artery. This is because 

 

 

 

  

 

Figure 4.9 Wall shear stress (WSS) in (a) Type I, (b) Type II, (c) Type III and (d) 

Heathy models 

(a) (b) 

(c) (d) 
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the stenosis restricts blood flow, leading to increased turbulence and a decrease in 

pressure across the constricted area (Kumar et al., 2022). The severity and location of the 

stenosis, the flow rate, and the compliance of the artery wall are among the variables that 

determine the extent of pressure elevation.  

These alterations in pressure and flow can have clinical implications, including 

the development of downstream ischemia, the formation of blood clots, or the occurrence 

of aneurysms. In addition to increased pressure, stenosis can also cause changes in blood 

flow velocity and direction, further influencing the pressure distribution within the 

affected arterial segment. Blood pressure at the carotid artery bifurcation tends to be 

higher compared to other regions of the artery due to the presence of the bifurcation and 

the resulting changes in blood flow patterns. The bifurcation can induce variations in 

blood flow velocity and direction, leading to the generation of turbulence and an 

increased risk of plaque formation and other vascular diseases.  

 

Figure 4.10 Pressure distribution in (a) Type I, (b) Type II, (c) Type III and (d) 

Heathy models 
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CHAPTER 5 

 

 

CONCLUSION 

5.1 Conclusion 

Cardiovascular diseases (CVD) are the leading cause of mortality worldwide, 

resulting in 17.9 million deaths annually according to the World Health Organization 

(WHO). In Malaysia, there has been a recent 5% increase in CVD cases every year, as 

reported by the National Heart Institute. Atherosclerosis, a significant contributor to 

CVD, leads to the thickening and hardening of vessel walls due to plaque formation. 

 The flow characteristics of the carotid artery bifurcation were investigated 

through fabrication and examination using Particle Image Velocimetry (PIV) and Stereo 

Particle Image Velocimetry (SPIV). The results obtained from cross-sectional lines 

around the bifurcation and curved areas were used to verify the flow characteristics. The 

analysis reveals a low velocity region in the bifurcation area, primarily due to the flow 

distribution between the internal carotid artery and external carotid artery. SPIV, with its 

capability to capture three-dimensional data, provided higher spatial resolution and more 

accurate results compared to PIV. The difference in velocity between PIV and SPIV data 

was found to be approximately 16.66%. 

The study aimed to compare and validate the PIV results with CFD simulations 

of patient-specific carotid artery models under healthy conditions. Various regions of 

interest, including velocity vectors, scalar maps of velocity, and cross-sectional lines, 

were analysed. The velocity vectors in the post-stent area exhibited similar flow behavior 

between PIV and CFD. However, noticeable differences were observed, particularly in 

the inlet region, where high velocities were present in the Common Carotid Artery 

(CCA). CFD predicts a slightly higher maximum velocity of 0.98 m/s, about 10% higher 

than recorded in PIV. These differences can be attributed to the limitations and 
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deficiencies in the experimental setup, boundary conditions of the blood-mimicking fluid, 

and other factors.  

Moreover, the study investigated the flow characteristics in idealized geometries 

representing various stenosis locations, as well as in a healthy geometry without stenosis. 

Stenosis levels of 70% were introduced at three different positions: upstream, middle, 

and downstream of the carotid bifurcation. The results demonstrated that carotid plaques 

located above the bifurcation (upstream) exhibited a higher likelihood of experiencing 

intraplaque hemorrhage (IPH). This characteristic, IPH, is associated with vulnerable 

plaques and plays a crucial role in risk stratification for patients with carotid 

atherosclerosis, indicating a heightened susceptibility to future events. Thus, Type I 

stenosis, situated at the upstream region of the carotid artery, represents the most critical 

high-risk location. 

This study has made significant contributions to the fields of medicine and 

engineering, particularly in improving the understanding of atherosclerosis progression 

through the results obtained from PIV and CFD. The investigations have provided 

valuable insights into the underlying pathophysiology of this condition by identifying 

areas of low shear stress and flow recirculation in the carotid artery bifurcation, which 

are associated with atherosclerotic plaques. Additionally, the studies have enhanced our 

knowledge of fluid dynamics in blood flow within the carotid artery bifurcation, aiding 

in the design of medical devices such as stents and grafts used in treatments. 

5.2 Recommendation 

Based on the findings of this research, there are several recommendations that can 

be made to enhance and improve future studies, particularly in relation to PIV 

measurements and model geometry. 

Firstly, it is suggested to shift from using rigid geometries to compliant geometry 

phantoms. Compliant geometries offer a more complex and flexible representation of 

human arteries, closely replicating their behavior. However, during the casting process 

of the compliant geometry, issues were encountered when attempting 3D printing of the 

carotid artery using Polyvinyl alcohol (PVA) as the material. The soft nature of PVA 
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made it fragile and unable to support vertical printing without additional support 

structures. As a result, the 3D printed models ruptured. To address this, it is recommended 

to incorporate support structures during the 3D printing of carotid artery geometries in 

future endeavours. 

Furthermore, future research in PIV should strive to use fully transparent 

phantoms. In the present study, the fabrication of the carotid artery geometry resulted in 

only semi-transparent phantoms. This limited transparency can adversely affect the 

quality of captured images and velocity vectors during experimental studies. To 

overcome this limitation, it is advisable to employ fully transparent materials for phantom 

fabrication. Additionally, the use of a spotlight to support the micro lens during SPIV 

experiments is recommended. The lack of sufficient lighting can make it challenging to 

capture high-quality images, especially during the calibration process and image capture. 

Lastly, it is proposed to investigate turbulent flow by utilizing a different pump 

in PIV experiments and CFD simulations. Turbulent flow more accurately simulates the 

realistic and complex flow behavior observed in the cardiovascular system, particularly 

under complicated geometries and physiological conditions. By incorporating turbulent 

flow, more precise and realistic predictions of hemodynamic variables such as wall shear 

stress and pressure can be obtained, providing valuable insights for clinical applications. 

By implementing these recommendations, future research can advance the 

understanding of carotid artery flow dynamics and contribute to improvements in 

experimental techniques and model simulations, ultimately benefiting the field of 

cardiovascular research and medical device development. 
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Appendix A: Publication of paper 

Publication of paper: 

1. Humens Engineering (HUMENS) Symposium 2021. Title paper: Brief review 

on recent technology in particle image velocimetry studies on hemodynamics in 

carotid artery 

-  

2. International Conference on Mechanical Engineering Research (6th ICMER 

2021). Title paper: Modeling the Effect of Different Locations of Carotid 

Atherosclerosis on Hemodynamics Parameters 
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Appendix B: Mesh independence on patient specific and idealised geometry  

1) Patient specific carotid artery 

Table 1: Mesh quality analysis for healthy model between different size of elements for 

healthy carotid artery 

Element size 

(mm) 

Number of 

elements 

Number of 

nodes 

Mesh Quality 

Orthogonal 

Quality 

(1.0> X >0.2) 

Skewness  

(X < 0.85) 

Aspect Ratio 

(X < 5.0) 

0.6  1272651 250290 0.17222 0.82778 1.1614 

0.5  1637297 321029 0.16894 0.83106 1.1595 

0.45  1882313 367847 0.19436 0.80564 1.1598 

0.4  2004357 392864 0.20046 0.79954 1.1601 

 

2) Idealised carotid artery 

Table 1: Mesh quality analysis for healthy model between different size of elements for 

healthy carotid artery 

Element size 

(mm) 

Number of 

elements 

Number of 

nodes 

Mesh Quality 

Orthogonal 

Quality 

(1.0> X >0.2) 

Skewness  

(X < 0.85) 

Aspect Ratio 

(X < 5.0) 

0.3  852211 190124 0.20903 0.79097 1.8523 

0.25  1264832 279256 0.20731 0.79269 1.8529 

0.2  1692437 367583 0.20638 0.79362 1.8545 

0.15  2142593 501620 0.20644 0.79356 1.8362 
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Table 2.  Mesh quality analysis for stenosed model between different size of 

elements for stenosis on top of carotid artery. 

Element size 

(mm) 

Number of 

elements 

Number of 

nodes 

Mesh Quality 

Orthogonal 

Quality 

(1.0> X >0.2) 

Skewness  

(X < 0.85) 

Aspect Ratio 

(X < 5.0) 

0.3  838194 166794 0.20051 0.79949 1.1602 

0.25  921172 183176 0.16035 0.83965 1.1589 

0.2  1260796 249224 0.206954 0.79406 1.1576 

0.15 1982582 389391 0.20279 0.79721 1.1576 

 

Table 3: Mesh quality analysis for stenosed model between different size of elements 

for stenosis mid position of carotid artery. 

Element size 

(mm) 

Number of 

elements 

Number of 

nodes 

Mesh Quality 

Orthogonal 

Quality 

(1.0> X >0.2) 

Skewness  

(X < 0.85) 

Aspect Ratio 

(X < 5.0) 

0.30  993697 197056 0.20161 0.79839 1.1595 

0.25  1055902 209263 0.20432 0.79568 1.1592 

0.20  1670938 330913 0.20218 0.79782 1.1602 

0.15 2372329 464401 0.20396 0.79604 1.1587 
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Table 4: Mesh quality analysis for stenosed model between different size of elements 

for stenosis downstream position of carotid artery. 

Element size 

(mm) 

Number of 

elements 

Number of 

nodes 

Mesh Quality 

Orthogonal 

Quality 

(1.0> X >0.2) 

Skewness  

(X < 0.85) 

Aspect Ratio 

(X < 5.0) 

0.3  973612 193202 0.20306 0.79694 1.1646 

0.25  1187230 234818 0.20309 0.79691 1.1605 

0.20  1565482 308096 0.20233 0.79767 1.1607 

0.15 2306114 454564 0.20212 0.79788 1.1599 

 

 




