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ABSTRACT

Understanding the hemodynamics of the cardiovascular system and associated diseases is
important for mitigating health risks. We applied flow diagnostic techniques to investigate
pulsatile flow characteristics past sidewall cavities, which have implications to two biomedical
problems in the cardiovascular system: sidewall aneurysms and the left atrial appendage.
Superhydrophobically-coated mesh diverters and synthetic slippery surfaces were studied for their
effects on flow diversion and cavity flow enhancements. The study of pulsatile flow over a coated
mesh diverter showed that the formation of the primary vortex was prevented which prevents flow
stagnation and downwash flow in the cavity. The second study indicates that the healthy heart
cycle is essential to reducing flow stasis inside the left atrial appendage. After applying a synthetic
slippery surface to the interior of a side wall cavity model, this surface reduced the wall shear

stress and allowed vortical flow to reach deeper into the cavity.
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CHAPTER 1. INTRODUCTION
1.1. Objective

Hemodynamics, by definition, is the study of the dynamics of blood flow through the body.
Since blood flow is vital to the survival of any living animal, including humans, it is an extremely
important topic to research. The study of blood flow can be split into categories based on the
conditions in which blood is flowing. This thesis looks specifically at the hemodynamics when
flowing through a unique geometry, side wall cavities.

Side wall cavities are defined as structures where there is a chamber or pocket attached to
a channel, tube, or similar geometry. These side wall cavities can be found naturally in a few
locations inside the cardiovascular system, notably in the form of aneurysms and the left atrial
appendage. Both structures are found within the cardiovascular system of humans and are
important to study because of their unique location away from the main flow of blood. Due to this,
aneurysms exhibit an increased likelihood of rupture as well as an increased likelihood of blood
clot formation, and the left atrial appendage exhibits an increased likelihood of blood clot
formation while under atrial fibrillation conditions.

The objective of this thesis is to investigate the pulsatile flow characteristics in side wall
cavity cases of aneurysms and the left atrial appendage based on an in vitro pulsatile flow simulator
using planar and tomographic Particle Image Velocimetry. In this thesis, particle image
velocimetry (PIV) experiments were performed to investigate the pulsatile flow characteristics
over a rectangular side wall cavity model as well as an in vitro left heart model. As well, implanted
meshes with and without superhydrophobic coatings/SLIPS surfaces were investigated within the
rectangular side wall cavity model. The rectangular side wall cavity model is a simplified scaled-

up model from the actual aneurysm/LAA sizes while the dynamic similarity parameters were



matched. The in vitro left heart model was a 1:1 silicone model of the average human left side of
the heart and was analyzed using 3D tomographic PIV. The organization of the thesis can be
summarized as follows:

Chapter 1. The objective, background and literature review of the thesis research was
summarized

Chapter 2. A breakdown of the PIV study of mesh diversion in the side wall cavity model
for aneurysm conditions, including the equipment and methods, as well as results, discussion, and
conclusions. This chapter focuses on the phase-to-phase variations of flow characteristics over the
rectangular side wall cavity and the impact of a regular mesh and a superhydrophobic surface
coated mesh on the cavity flow.

Chapter 3. Looked at the PIV study of flow structures in side wall cavity models strictly in
atrial fibrillation flow conditions. This includes the equipment and methods alongside the results,
discussion, and conclusions. This chapter focuses on the atrial fibrillation flow conditions
experienced in the left atrium and left atrial appendage by using both the rectangular side wall
cavity model and the in vitro silicone left heart model.

Chapter 4. Summarized the P1V study of flow structures with the SLIPS surface insert in
the simplified rectangular side wall cavity model in atrial fibrillation flow conditions. This chapter
goes over the equipment, methods used, results, discussion, and conclusions of this study and
focuses on the phase-to-phase variations of flow characteristics inside the rectangular side wall
cavity model and the impact of the SLIPS surface insert lining the walls of the cavity.

The thesis will conclude with a section on future work, areas of improvement, limitations,

and a summary of conclusions to be expanded upon and discussed.



The similar geometries between aneurysms and left atrial appendage, meaning that they
can be modeled in similar fashion, are the common linkage between the different studies discussed
in this thesis. Common issues associated with both are also similar and point towards the ability to
similarly model them: both have an increased likelihood of blood clot formation inside of them.
Aneurysms have that additional risk of an increased likelihood of rupture. The first study (Chapter
2) looks specifically at aneurysms under normal heart conditions. The other two studies look
specifically at the left atrial appendage under normal and atrial fibrillation heart conditions, with
the difference between the two being that the third study (Chapter 4) looks at enhancing flow
observed in the second study (Chapter 3).

1.2. Background and Literature Review

The cardiovascular, or circulatory system, is the organ system that carries blood throughout
the body. Blood is pumped throughout the body by the heart via a system of blood vessels [1]. The
heart itself is the central part of the cardiovascular system, and it is broken up into four chambers:
the left and right atria and left and right ventricles, and a basic layout of the whole system can be
seen in Figure 1 [2].

Blood rheology is the study of blood and its elements, and changes to the properties of
blood play a significant role in disease processes. The viscosity of blood is determined by plasma
viscosity, the volume fraction of red blood cells, and the mechanical properties of red blood cells.
And, because of the mechanical properties of red blood cells, blood behaves as a non-Newtonian
fluid, and blood becomes less viscous at high shear rates, or with increased flow through the

cardiovascular system [3].
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Figure 1. Basic Layout of the Cardiovascular System [4]

Reynolds and Womersley numbers are the only nondimensional parameters required for
dynamic similarity in internal pulsatile flow experiments [5]. Womersley number is the relation
between pulsatile flow frequency to viscous effects of the fluid flow, and Reynolds number is the
relation of inertial forces in a fluid to viscous forces. Normal arterial Womersley numbers range
from 4.7-13.0 depending on the size of the artery [6], and left atrium Womersley numbers range
between 10 and 20 [5,6]. Average Reynolds number in veins/arteries and the heart tend to be ~100
and ~1000, respectively [7, 8].

There has been a lot of previously completed hemodynamics research, both using
computational fluid dynamics (CFD) and experimental studies. As is the case in Hoi, Y., CFD
simulations and experimental studies involving hemodynamics are used because of their non-
invasive alternative to in vivo measurements to estimate hemodynamic parameters. As well, they

can be altered from a general form to be more patient-specific than in medical studies [9]. As well,



in vivo measurements of blood velocity profiles are difficult to obtain and interpret, and because

of this in vitro flow models have often been better to understand vascular hemodynamics [10].

1.2.1. Aneurysms

Aneurysms form on the blood vessels themselves and take on the appearance of an
outwardly bulging bubble on the vessel, and they are caused by a localized weak spot on the vessel
wall [11]. One risk of aneurysms is that they are prone to rupture, which can lead to uncontrollable
bleeding inside the body. The neck of the aneurysm is most at risk because of the combination of
thin wall thickness and high wall shear stress due to the blood flowing past and into the aneurysm.
Figure 2 depicts a general blood vessel with an aneurysm. Another risk is that blood flow can
stagnate inside the aneurysm and form an embolism, or a blood clot. These blood clots can detach
from the aneurysm and travel to other parts of the body which could lead to a heart attack or stroke
[12]-[14].

Fareat
Artery

Neck

Figure 2. lllustration of a Genefz;i Blood Vessel with an Aneurysm [15]
Endovascular flow diversion is an increasingly popular treatment option for large cerebral
aneurysms because of its effectiveness and minimally invasive nature [16]-[19], compared with
traditional surgical clippings and coil embolization [20]. This procedure deploys an expandable
mesh structure via a catheter over the neck of the aneurysm to divert the blood flow away from the

sac, as illustrated in Figure 3. Early experimental results suggest the placement of a mesh



redirected most of the flow away from the cavity and reduced the hemodynamic loading on the
cavity walls [21]-[23]. Consequently, it reduces the risk of rupture and allows gradual intra-
aneurysmal embolization and resorption to occur while also preventing leakage of any blood clot

inside the aneurysm [24].

(A) Aneurysm (B) Flow Diversion
( > \ Side " - \
W\ Vessel .
(C) Embolization (D) Aneurysm Resorption

T o

Figure 3. lllustration of Endovascular Flow Diversion

In the case of aneurysms, despite endovascular treatments (Figure 3) being a promising
clinical intervention strategy, they currently face some technical barriers. First, stents/grafts are
sensitive to platelet activation and protein binding, in part because of the induced shear stress on
the device’s surfaces, which lead to thrombus and plaque formation and increased arterial stenosis
[16], [25]. Patients who received endovascular treatments require life-long anticoagulant
medication to mitigate their risk of arterial stenosis and stroke [26]. Second, the deployment of
diverters sometimes causes significantly altered local hemodynamics, which may result in life-
threatening rupture events during or after procedures [27].

There have been several studies to begin with that utilize PIV to study models of side wall
aneurysms [8, 26-31]. Most of these previous studies compare PIV results with CFD results and
generally find a good relationship between those results [28, 31]. Each of these studies show the

same general flow inside the aneurysm with a clockwise rotating swirl being induced within.



However, studies involving the hemodynamics of mesh flow diverters across aneurysms
are even less common. These mostly consist of purely CFD studies [19, 32, 33]., in a recent CFD
study, Dholakia et al. [19] claimed that “there is poor standardization of study variables” in terms
of interpreting the hemodynamic effects of the mesh flow diverters. There are also some in vitro
PIV studies that look at flow diversion in aneurysms [34, 35]. However, they utilize non-
physiological flow conditions [35] and don’t mention the technical barriers faced by endovascular
flow diversion techniques [34, 35].

1.2.2. Superhydrophobic Coatings

The proposed superhydrophobic (SHB) mesh is motivated by the superior biological (anti-
platelet [36]) and fluid dynamic (drag-reducing [37]) properties of SHB surfaces and their potential
to provide transformative solutions, overcoming the current technical barriers of flow diversion
treatments. Superhydrophobic surfaces repel water and water-based liquids because of the micro-
surface structures. This is done through the creation of an air-liquid interface being created by the
micro-surface structures. The-low-surface energy creates slip wall boundaries, which dramatically
reduce surface friction and flow drag [37]. An illustration of the structure of these hydrophobic
coatings can be seen in Figure 4. Hydrophobic coatings in general increase the contact angle of a
water droplet on a surface. Superhydrophobic coatings are unigue in the way that this contact angle

exceeds 150° [38].

nanostructure microstructure hierarchical structure

Flgure 4. An lllustration of the Structure of Hydrophobic Coatings [39]



And, in recent years, SHB materials have been studied in a variety of in vitro biomedical
applications. The anti-adhesion property of SHB surfaces made them attractive in applications in
which protein and bacteria adsorption to biomaterial surfaces need to be inhibited [40]-[42]. SHB
surfaces are also incorporated in microfluidic devices to control flow in lab-on-a-chip diagnostics
[43] and in drug delivery platforms to enable more efficient delivery of therapeutic agents [44].
Novel flexible tubes made from SHB-materials show significant drag reduction and excellent self-
cleaning properties: in a sliding and free falling water droplet experiments, SHB tubes showed an
up to 5000 times increase in droplet acceleration and 99% friction reduction [37]. SHB
polydimethylsiloxane (PDMS) tubes with titanium-oxide layers also showed excellent blood
repellency and sliding blood droplets on an inclined tube did not leave any blood stain [37].
Recently, the potential application of SHB coating on mechanical bi-leaflet prosthetic heart valves
have been investigated [45] via a bioengineering experiment. The work showed dramatically
reduced cell adhesion and minimized fluid shear stress on the mechanical heart valve, indicating
its potential for reducing the thrombotic risk caused by blood-material interactions.

Using hydrophobic or similarly superhydrophobic surfaces coatings for various uses in the
medical field has been around for about a decade. This includes coating the tops of various medical
devices with hydrophobic coatings [46]. As well, stents having hydrophobic properties have been
studied [47, 48], but how these properties modify the flow of blood through a vessel has not been
investigated. And to the best of our knowledge, no studies have investigated the effects of
hydrophobic coatings on mesh flow diversion for aneurysms.

1.2.3. Left Atrial Appendage
The left atrium is one of the four chambers of the heart, and it receives newly oxygenated

blood from the lungs via the four pulmonary veins, denoted as the left and right superior and



inferior pulmonary veins (LSPV, LIPV, RSPV and RIPV) with two veins bringing newly
oxygenated blood from each lung. It is connected to the left ventricle by the mitral valve.

The left atrial appendage (LAA) is a small, ear-shaped pouch that can be found high on the
body of the left atrium. Its physiological function is to serve as a decompression chamber during
the systolic portion of the heartbeat, when left atrial pressure is high [49]. It also often serves as
an approach for surgery involving the mitral valve, which is connects the left atrium and left
ventricle [50]. A model of the left side of the heart, including the left atrium and LAA can be seen
in Figure 5.

During a normal heartbeat, the LAA functions without an issue. However, during atrial
fibrillation, blood flow may stop flowing into and out of the LAA, which can lead to the formation

of a blood clot [49].

—— Anterior Posterior ¢——

Left
Ventricle

Figure 5. A Model of the Left Side of the Heart
Atrial Fibrillation (AFib) is an abnormal heart rhythm characterized by the rapid and

irregular beating of the atria [51]. AFib is estimated to affect between 2.7 million and 6.1 million



people in just the United States, and it is the most common type of arrhythmia worldwide [52],
[53]. AFib is caused by the regular impulses produced by the sinus node, which acts as the heart’s
natural pacemaker, being overwhelmed by rapid discharges from the atria. This results in irregular
and random electrical signal pathing to the atrioventricular node, which electrically connects the
atria to the ventricles [54, 55]. The result of this is the rapid atrial rhythms that disrupt the normal
beating of the heart. Figure 6 depicts normal electrical pathing compared with the abnormal
electrical pathing of AFib, along with accompanying electrocardiogram (ECG) records, which

monitor the electrical signal from the heart.

Atriovantricular—"
Jinode!

)

Normal sinus rhythm Atrial fibrillation

Figure 6. A Comparison of Normal and AFib Electrical Pathways and ECG Records [56]
The variables known to cause blood clot formation, like LAA size and flow pattern are all
known to be changed due to AFib [49]. And it is estimated that about 90% of the blood clots that
cause strokes develop within the LAA [57]. However, implants can be used as left atrial appendage
closure devices (WATCHMANT™, Boston Scientific), which is designed to prevent leakage of

blood clots and subsequent stroke in patients with atrial fibrillation [58].
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Implants like this are used to completely close the LAA in patients with AFib to prevent
blood clots from forming [58]. However, after the implant has been placed in the LAA, blood clots
may form on the surface of the implant, which may later detach and cause a stroke [57]. As well,
by completely blocking off the LAA, the functionality of it being a decompression chamber during
periods of high pressure in the heart is lost [49].

Like the aneurysm case, in vitro studies looking at flow inside the left atrial appendage are
mostly limited to CFD [59, 60]. And all indicate the left atrial appendage to be associated with a
higher risk of blood clot formation. Particle image velocimetry cases involving the left atrial
appendage are seldom found, with only one other group looking at flows in an anatomically shaped
left-atrium [61]. However, they stated that further studies including multi-planed three components
PIV are necessary to correctly visualize the flow through the left atrium. To the best of our
knowledge, there is not any other literature looking at enhancing the flow inside of the left atrial
appendage using a hydrophobic or similar surface.

1.2.4. SLIPS Surface

Hydrophobic surfaces, in general, can still show some problems that can restrict their
applications, most notably, their failure to maintain the air-liquid interface between the surface and
in this case, the water droplet, as well as a reduction in usefulness upon physical damage. The
trapped air in the structured solid shown in Figure 4 is there to act as a cushion to the liquid on top,
and liquids can easily penetrate this layer, breaking it down [62]. Because of this, a self-healing,
slippery liquid-infused porous surface (SLIPS surface) was also analyzed for use in these
experiments. SLIPS surfaces have been shown to have excellent omniphobic properties and exhibit
low contact angle hysteresis and low sliding angles [63, 64] The SLIPS surface uses a

nano/microstructured substrate to lock in place a fluid to form a liquid-liquid interface between
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the surface and in this case, the water droplet [63]. As well, it has been shown that SLIPS surfaces
can keep their properties, even after withstanding both laminar and turbulent flows for a significant
period of time [65]. However, no studies use a SLIPS surface to enhance stagnated flow inside of
a cavity.

The SLIPS surface utilizes a low-surface-energy structured material, a porous Teflon
membrane, and infuses it with an inert lubricating fluid. This inert lubricating liquid has
preferential wetting to the Teflon compared with water and does not easily break down under flow.
This combination forms a stable slippery surface that acts similarly to (super)hydrophobic
surfaces. This surface exhibits a more stable barrier between the surface and the liquid, and
therefore is less likely to breakdown under pressure or physical damage [63]. An illustration of the

SLIPS surface can be seen in Figure 7.

Functionalized y Lubricating film Test liquid
porous/textured solid (quuic\j B)

Figure 7. An Illlustration of the SLIPS Surface [63]
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CHAPTER 2. PIV STUDY OF MESH DIVERSION IN THE SIDE WALL CAVITY

MODEL FOR ANEURYSM CONDITIONS!

2.1. Chapter Overview

Pulsatile flow over an open cavity represents one type of physiological phenomenon related
to cerebral sidewall aneurysms. In recent years, endovascular treatments using mesh-based
implants have become increasingly popular. In this study, we investigate the characteristics of
pulsatile flow over a simplified sidewall cavity under specific Reynolds/Womersley number
conditions using Particle Image Velocimetry. The impacts of a regular mesh and a
superhydrobobically-coated mesh on the cavity flow are investigated. Our results quantify the
phase-to-phase changes of the flow fields and reveal the formation and the transport of the primary
vortex over the ostium of the rectangular cavity. Results suggest the meshes diverted the main flow
away from the cavity and prohibited the development of the primary vortex. A penetrated jet flow
was formed near the front side of the cavity due to the presence of the mesh. The superhydrophobic
mesh dramatically reduced the kinetic energy of the penetrated jet into the cavity. It indicates the
mesh flow diversion is effective because of the destruction of the shear-induced vortex dynamics
that causes flow stagnation on the rear cavity wall. Our results also indicate the superhydrophobic

coating is potentially beneficial in terms of reducing the hemodynamic loading inside the cavity.

1 The content in this chapter was co-authored by Benjamin Eichholz, Ruihang Zhang and Dr. Yan
Zhang and was also published and copyrighted by ASME under the title “Diversion of Pulsatile
Flow Over a Rectangular Sidewall Cavity Using Superhydrophobic Mesh.” For this chapter
specifically, Benjamin Eichholz had the primary responsibility for constructing the models,
running experiments, gathering data, developing conclusions, and drafting of the chapter itself.
Ruihang Zhang assisted with experimental setup and data acquisition, and Dr. Yan Zhang assisted
with data processing and proofreading of the chapter.
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2.2. Materials and Methods
2.2.1. The Pulsatile Flow Simulator and Cavity Model

A closed-loop cardiovascular flow simulator, as illustrated in Figure 8, was used to provide
flow conditions for this experiment. The pulsatile flow was generated by a programmable piston
pump (PD-1100, BDC Laboratories). A pump head module equipped with a left ventricular
diastole module (BDC Laboratories) was connected to the pump to generate the tuned flow
outputs. Compliance and resistance units were used downstream of the test model to tune pressure-
flow conditions. A fluid tank was used upstream of the pump head to receive the return flow and

a magnetic stirrer was used to mix the PIV seeding particles.
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The working fluid is a mixture of water and glycerin with a volumetric ratio of 0.67:0.33.
The mixture has a density and dynamic viscosity that closely resembled the properties of blood
plasma. The non-Newtonian property of blood was not considered in this study. The flow rate and
frequency of the flow was set to provide appropriate Reynolds and Womersley numbers for the
dynamic similarity of a large cerebral aneurysm flow [66]. The two dimensionless numbers are

defined as, and, respectively, where is the width of the channel (0.025 m); u represents the average
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velocity of the flow; represents the density of the working liquid; is the dynamic viscosity and is
the angular frequency of the pulsatile flow. More details regarding the simulator can also be found
in [67]. A square channel with a rectangular sidewall cavity model with aspect ratio of 1.5

(depth/width) was constructed using acrylic sheets, as shown in Figure 9.

Figure 9. Rectangular Sidewall Cavity Model

The width (D) of the channel and the cavity (L) are both 1 inch (25.4 mm) and the depth
(H) of the cavity was 1.5 inches (38.1 mm). The geometric scale of the model is approximately
10:1 if considering an aneurysm ostium size of 2-3mm and approximately 2:1 if considering a left
atrial appendage ostium size of 12-16 mm. The aspect ratio was selected according to the clinical
finding of the statistical threshold [68], [69] regarding aneurysms rupture, which suggests that an
aspect ratio greater than 1.6 is associated with increased risk of aneurysm rupture. Dimensions are

detailed in Figure 10.

Figure 10. Schematic and Picture of the Cavity Model
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2.2.2. Waveform Models

The waveform utilized for aneurysm flow comes from the built in, programmable
waveform of the pulsatile flow pump through a user-defined skewed sinusoidal function. In the
experiments, a time ratio of 40% between systolic (contraction) and diastolic (relaxation) period
was programmed to the pump to generate a physiological flow waveform [70].

It is also important to note the Womersley Number. The Womersley Number (Wo), as
mentioned previously, is a dimensionless number used in biofluids that shows the relationship
between pulsatile flow frequency and viscous effects of the flow. It is very important to match the
Womersley number between the experiments done in this study to the Womersley number found
in real-life cases to achieve dynamic similarity in the flow. The Womersley number and other
similarity parameters is presented in Table 2 in the Results section.

2.2.3. Mesh Structure and Superhydrophobic Coating

An aluminum wire mesh with diamond-shaped pores was used to model the flow condition
induced by flow diverters (Figure 11a). The mesh has a porosity (total pore areas/total area) of
70% and a pore density of 9.4 pores/cm?. The weave pattern and porosity of the mesh closely
resemble those in commercial flow diverters [19]. The detailed dimensions of the mesh pores are
shown in Table 1. Note that these dimensions were measured from digital images using ImageJ
and each dimension was measured from ten sample pores to calculate the average and relative
errors. To apply the mesh over the cavity, a square piece of the mesh was cut and inserted into the

cavity to cover the cavity ostium.
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Table 1. Detailed Dimensions of the Mesh
Pore Density | Porosity (%) | Pore Area Length L Length L2 Lengtha | Angle g (deg.)
(#/cm?) (mm) (mm) (mm) (deg.)

9.4 70.0 7.4+0.2 34+0.1 3.1+0.1 70.3+2.6 1159+2.2

The superhydrophobic mesh was prepared by applying a commercial superhydrophobic
spray coating (Rust-Oleum® NeverWet®). The spray consists of a base coat of hydrocarbon resin
and a topcoat of acetone. The effectiveness of coating was first tested on a flat solid surface. The
static contact angle was measured using an optical goniometer, as shown in Figure 11b-d. After
the coating was applied, the static contact angle is >150° Figure 11c shows the results of contact
angle measurements of the coated surface using different volumetric ratios of water- glycerin
mixture. It suggests that the coating exhibited superhydrophocity to varied mixtures and was
relative insensitive to the mixing ratio. Figure 11d shows the contact angle of the coated surface

remained relatively stable after being pulled out from prolonged water immersion.
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Figure 11. The Mesh Model and Superhydrophobic Coating

2.2.4. Particle Image Velocimetry
A PIV system with a double-pulsed Nd:YAG laser (NewWave Gemini 200, 100mJ,
532nm) was used in these experiments. A set of concave and cylindrical lenses were applied to
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convert the laser beams into thin sheets with a thickness of approximately 1mm. The laser sheets
pass thought the mid-plane of the simplified rectangular cavity model vertically from the side wall.
A 2M-pixel CCD (charge-coupled device) camera was placed on the top of the test section, and
the lasers and camera were synchronized by a delay generator (BNC Model 577, Berkeley
Nucleonic Corp.), which was externally triggered by the pump digital output signal. The delay to
the trigger signals was then controlled specifically for each test case to obtain phase shifts. The
uncertainty of the synchronizing (based on the rise time of TTL signal) was less than 3
nanoseconds. The working fluid was seeded with hollow glass microspheres with a seeding density
of 0.1 ppm. These particles have an average diameter of 50um. The Stokes number of the particle
flow was much less than 1, which indicates that the particle could follow the flow streamline very
well. An illustration of a general PIV setup that can be used to measure flow velocity over time by

tracking the glass microspheres through the flow can be seen in Figure 12.
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Figure 12. A General PIV Setup [71]
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For the post-processing, instantaneous PIV velocity vectors were computed using cross-
correlation algorithms provided by the LaVision Davis software. The computation of cross-
correlation involved successive pairs of raw images in a multiple-pass process with interrogation
window sizes of from 32x32 to 16x16 pixels. An overlap of 50% was used for the cross-
correlation and the Nyquist criterion was satisfied. Per cycle, 20 phases for the aneurysm flow
conditions were captured, with a sampling rate of 10 frames/sec. One hundred instantaneous
velocity samples were captured and used for averaging flow field information for each case.

2.3. Results and Discussion
2.3.1. Pulsatile Flow over an Open Cavity

The flow conditions were simulated in the present study to establish the dynamic similarity
for the cerebral aneurysm. Calculated from the PIV results, the bulk average velocity of a cycle
(Uayg) for the condition is 0.027 m/s. The peak systolic mean velocity is 0.09 m/s. The
characteristic length was the width of the channel, i.e. 0.025m. The corresponding dimensionless
number for the aneurysm study case is listed in Table 2. Note that the average Reynolds number
was calculated based on the bulk average flow velocity, while the peak flow Reynolds number was
calculated based on the mean flow.

Table 2. Dimensionless Numbers of the Aneurysm Flow Condition
Case Average Re Peak flow Re Wo

Aneurysm 206 725 6.2

Figure 13 presents the normalized velocity magnitude and normalized out-of-plane

vorticity of the sidewall aneurysm case averaged at multiple phases during 10%-60% of the cycle.

v a

The vorticity magnitude was calculated using the equation w, = Py ﬁ. The velocity magnitude

was normalized by the bulk average velocity of a cycle (U/Uayg), while the vorticity magnitude
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was normalized using the width of the channel and the bulk average velocity (wzL/Ugyg4). The
results show that at the beginning of the systolic phase (10%), a primary vortex with a clockwise
rotation was developed due to the shear force between the accelerating main flow and the flow
inside the cavity. The vortex then was transported towards the rear side of the cavity and impinged
on the rear wall (20%-30%), causing a downwash flow on the back side. At the end of the systole
(40%), the primary vortex was enlarged, strengthened, moved out of the cavity due to the
deceleration and decreasing pressure in the main flow. The strengthened vortex was evidenced by
the increased velocity magnitude near both front and rear side of the cavity ostium. The enlarged

vortex persisted but started to dissipate during the early diastolic phases (50%-60%).
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Figure 13. Normalized Velocity & Vorticity Contours of the Aneurysm Flow
2.3.2. Effects of the Mesh Flow Diverter
The effects of the regular mesh and the SHB mesh on the cavity flow are examined. Figure
14 shows the normalized vorticity contours and streamlines near the ostium of the cavity during
the systole phases of the aneurysm case. The white dashed line shows the location of the mesh

over the ostium. The slight curvature was caused by the force applied to the mesh to firmly attached
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it into the cavity. The results show that both mesh diverters significantly altered the hemodynamics
around the cavity. The mesh over the ostium diverted the main stream away as evidenced by the
altered streamlines and vorticity layers and prohibited the formation of the primary vortex in the
meantime. The destruction of shear-induced vortex is particularly beneficial for the aneurysm
hemodynamics as it would reduce the pressure and shear stresses on the real wall of the cavity.
The presence of the mesh also caused a penetrated jet flow near the front side of the cavity due to
the interaction between the main flow and the mesh struct. The penetrated jet also caused a vortex
that rotates in counterclockwise direction between the mesh and the jet. Furthermore, the SHB-

coated mesh reduced such jet flow penetration as shown by the decreased vorticity magnitudes.
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Figure 14. The Normalized Vorticity Fields of Two Mesh Models

The reduction of jet flow penetration can be seen more clearly in terms of specific kinetic
energy profiles shown in Figure 15. These profiles were extracted in X direction (horizontally) at
0.2H (depth) below the ostium of the cavity from the PIV results. The specific kinetic energy was
defined as the kinetic energy (KE) per unit mass of the flow, i.e., where U is the local velocity

magnitude. The results show that in contrast to the no-mesh case where the KE was concentrated

21



near the rear wall, the regular mesh caused a strong downward jet flow that contributed to an
increased KE near the center of the cavity and away from the rear cavity wall. The location of the
high KE varied under the flow conditions. Furthermore, the results consistently show that the KE

in the cavity with SHB mesh is of order-of-magnitude weaker than the regular mesh and no mesh

case.
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Figure 15. Specific Kinetic Energy Distribution 0.2H Below Cavity Ostium
Overall, the results of this suggest that the presence of the mesh prohibits the formation of
the primary vortex and therefore prevents the flow stagnation and downwash flow at the real cavity
wall. Instead, the mesh structure promotes the formation of penetration jets near the front side of
the cavity, causing the increase of flow kinetic energy near the middle of the cavity ostium. The
SHB mesh significantly reduces the penetrated jet flow energy compared to the regular mesh,
which might be beneficial to further mitigate the risks of hemodynamic loading immediately after

the deployment of the diverter.
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2.4. Conclusions

An experimental study of pulsatile flow over a rectangular cavity with different mesh
diverters using a cardiovascular flow simulator and particle image velocimetry was performed.
The flow condition studied here is: average Re=206, W0=6.2, to reach dynamic similarity to
aneurysm flow. A scaled-up rectangular cavity was used, and aluminum meshes with a porosity of
70% with and without superhydrophobic coatings were deployed over the ostium of the cavity
during the experiments. PIV results revealed the formation and transport of the primary vortex
over the open cavity and different flow patterns at different phases of the pulsatile flow. The
aneurysm flow case showed a persisting primary vortex that was intensified and elevated from the
cavity towards the end of the systole and into the early diastole phases. The presence of the mesh
diverted the main flow and prohibited the formation of the primary vortices. With mesh implanted,
a penetrated jet flow was developed near the front end of the cavity. The superhydrophobic mesh
significantly decreased the kinetic energy of the jet flow penetrating the cavity. The results imply
potential benefits of superhydrophobic mesh for reducing hemodynamic loading inside the
aneurysm cavities after the deployment, besides other anticoagulation, and anti-platelet properties
of superhydrophobic surfaces that has been studied by previous research. Future studies are needed
to quantify the effects of pore density, porosity, and realistic geometries on the flow diversion

outcomes of superhydrophobic diverters.
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CHAPTER 3. PIV STUDY OF FLOW STRUCTURES IN SIDE WALL CAVITY
MODELS IN ATRIAL FIBRILLATION FLOW CONDITIONS

3.1. Chapter Overview

The second study strictly focused on flow around the left atrial appendage, and was
designed to research how atrial fibrillation conditions changed the flow field inside the simple
square channel and rectangular cavity model as well as an in vitro 3D silicone left heart model.
Measurements were gathered using 2D PIV and 3D Tomographic PIV for the simplified model
and 3D model, respectively, while investigating three Womersley number conditions over the
range of Womersley numbers found in the heart. The impacts of atrial fibrillation conditions on
sidewall cavities are investigated. Our results quantify the phase-to-phase changes of the flow
fields and indicate that compared with the “single-peak” AFib waveform, the “double-peak”
waveform of the normal health LA helps maintain the momentum of the vortical flow and reduce
flow stasis inside LAA cavity throughout the cardiac cycle. Flow velocity was also seen to be
much lower deep within the side wall cavities in both the in vitro 3D model and the 2D simplified
rectangular cavity model in the normal case. These results emphasize the importance of high
pulsatility in the left atrium for reducing blood flow stagnation within the left atrium appendage
cavity.

3.2. Materials and Methods
3.2.1. The Pulsatile Flow Simulator and Models

The same closed loop cardiovascular flow simulator as seen in section 2.2.1 (Figure 8) was
used again here. The flow rate and frequency of the flow was set to provide appropriate Reynolds
and Womersley numbers for the dynamic similarity of the left atrial flow. The square channel with

rectangular sidewall cavity model was again used for the first part of this experiment. The second
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part utilized a 1:1 silicone left heart model as seen in Figure 16. The plane to be investigated is

shown in the middle picture of this figure, with the LAA clearly marked.
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Figure 16. Model of the LA and LAA (3D CAD View Alongside an Actual Model View)

3.2.2. Waveform Models

To generate a realistic waveform for the left atrial flow, a lumped-parameter numerical
model was utilized, and the results of the simulation were compared with those obtained from
clinical research literatures. The computer model was modified from an open-source program,
CVSim, which is a closed-loop, lumped parameter model based on an electrical-circuit analogy.
The model has 21 Windkessel compartments representing the major functioning organs inside the
human cardiovascular system, including four chambers of the heart (Figure 17 below).
Mathematically, the dynamical system is expressed as a system of 21 ordinary differential
equations with set-point baroreflex feedback controls and is solved using the 4th-order RungeKutta
method in time domain. More details regarding the numerical model can be found in [72], [73].
The simulated waveform and its comparison with clinically obtained waveforms are compared in
the Figure 17. The results show that our simulation results closely matched the major

characteristics of the LA flow waveform.
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Figure 17. CVSim Model (left), and the Simulated LA Waveform Compared with Clinically
Obtained Waveforms (right) [74]-[76]

Itis important to characterize the differences between regular heartbeat and AFib heartbeat.
This is also commonly done using echocardiography, which can be used to determine the velocity
of blood ejected from the heart with respect to time. In a healthy individual, this produces a double
peak waveform that represents the ratio of peak blood flow from left ventricle relaxation, known
as the E wave, to peak flow from atrial contraction, known as the A wave [76]. Since the A wave
is dependent on atrial contraction, individuals who experience AFib lack any type of second peak
and results in a reduced blood flow through the heart [49]. Examples of regular and AFib doppler

echocardiogram waveforms can be seen in Figure 18.

Figure 18. Clinical Doppler Echocardiogram Waveforms of a Healthy Individual (Left) and an
Individual Experiencing Atrial Fibrillation (Right) [74, 77]. Note the Loss of the A Wave in the
Right Image
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Using this information, the previously obtained simulated LA waveform could then be
modified into a waveform that matches clinical Afib waveforms. This was done by “chopping” off

the A-wave of the simulation waveform, as seen in Figure 19.
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Figure 19. A Comparison of the Two Generated Simulation Waves
Again, the Womersley number is investigated for these cases. When looking at the left
atrium specifically, the Womersley number varies depending on which reference length is chosen,
however it varies between 10-20. Therefore, three cases were investigated, ranging from
Womersley numbers of 10.2-17.7. Figure 20 compares the normalized flow rate of the input wave

of the pump for both normal and atrial fibrillation conditions with the measured centerline velocity

using the three different Womersley numbers used in this study.
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Figure 20. Comparison of the Flow Rate of the Input Waves to the Measured Centerline
Velocities of Three different Womersley Numbers for the Normal Waveform (left) and the AFib
Waveform (right)
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3.2.3. 2D Particle Image Velocimetry

When using the square channel and rectangular cavity model, the same P1V set up as stated
in section 2.2.4 and Figure 12 was used here for the 2D planar PIV measurements with the
simplified model, following rules for LAA flow conditions, to quantify the flow characteristics in
this model.

3.2.4. 3D Tomographic Particle Image Velocimetry

For the case of the 3D silicone left heart model, Tomographic Particle Image Velocimetry
was used to quantify the flow characteristics. Tomographic PIV differs from regular PIV in that it
enables the instantaneous measurement of all three velocity components in a complete 3D
measurement volume.

The tomo-PIV setup used the same double-pulsed Nd:YAG laser (NewWave Gemini 200,
100mJ, 532nm) as the previous experiment. A set of concave and cylindrical lenses were applied
to convert the laser beams into planes with a thickness of approximately 1cm, with this being one
of the two main differences between the types of PIV. The other main difference being the usage
of four 2M-pixel CCD (charge-coupled device) cameras that were placed around the test section,
and the lasers and camera were synchronized by a delay generator (BNC Model 577, Berkeley
Nucleonic Corp.), which was externally triggered by the pump digital output signal.
Postprocessing was completed using LaVision DaVis PIV software. An illustration of the

Tomographic PIV setup can be seen in Figure 21.
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Figure 21. Tomographic Particle Image Velocimetry

To eliminate optical distortions with the silicone 3D model, refractive index matching was
used. The refractive index was 1.43 and the matching was completed using a 40-60 water-glycerin
mixture. An image of the model after refractive index matching can be seen at the bottom, here it
is obvious that the model is very easy to see through, and near invisible for the camera. The
refractive index matching can be seen in Figure 16. The system was then seeded with 50 um glass
microspheres so that the laser could be used to reflect off the microspheres and their direction and
velocity could be tracked over time by the camera.
3.3. Results and Discussion
3.3.1. Atrial Fibrillation Flow in the Simplified Rectangular Model

Within the simple square channel with rectangular cavity model, when compared with the
regular thythm “double peak” mitral flow, AFib-induced mitral flow waveform significantly
reduces the vortex momentum inside the “appendage” cavity, particularly towards the end of the
ventricular diastole phase. This can be seen in Figure 22 where images (b-d) show an increased
vortex strength due to the presence of the A wave in the normal conditions compared to the same
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timeframes in the AFib conditions. In images (e-g), there is a significantly lower vortex strength

presence, especially towards the end of the cycle (image g vs image d).
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Figure 22. Flow Structures in the Rectangular Cavity Under Normal and AFib Conditions

This results in a significantly decreased flow velocity in the deep cavity that favors blood
stasis which can be seen in the graph in Figure 23. These graphs show the mean velocity of blood
vs time over one cycle of both the normal and AFib conditions. Each graph shows a different cavity
orifice depth. With the cavity being a total of 1.5” deep, the first graph is right at the orifice, the
second is 0.5” into the cavity, and the third is 1.0” into the cavity. It is obvious from these graphs
that the flow velocity is much lower deeper in the cavity. As well, the peak seen around T/t = 0.5-
0.6 where the A Wave occurs under normal flow is not seen in the AFib flow, and results in a
much lower velocity at those time steps in every case. This flow stagnation is the mechanism which

leads to the formation of blood clots inside side wall cavities.
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Figure 23. In-Cavity Flow Velocity Under Normal and AFib Conditions

3.3.2. Atrial Fibrillation Flow in the Silicone Left Heart Model

Similar results can be found when looking at the left atrial appendage in the 1:1 3D silicone
left heart model. Figure 24 shows the instantaneous 3D vorticity fields show highly turbulent flow
structures throughout the fluid transport cycle. As well, in the regular LA flow, high vorticity
structures are still observed in the LAA at 43% of the cycle (caused by atrial pumping — 2" peak/A
wave). That is compared to AFib flow, where the flow dissipates fast and less vorticity is observed

in the LAA after 43% of the cycle, due to the lack of the 2" peak.
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Figure 24. Flow Structures in the 3D Silicone Model Under Normal and AFib Conditions

31



And again, similarly to the simple square channel with rectangular cavity model, velocity
profiles at different phases within the 3D silicone left heart model were also analyzed. Flow
velocity was analyzed over 100 frames, and as shown in Figure 25, the average velocity magnitude
within the normal LA flow is shown to be much higher compared to the AFib flow, especially
much later through the cycle. Again, this is due to the lack of the second peak/A wave. This
reduction in blood flow velocity would result in blood flow stagnation which would increase the

likelihood of blood clot formation.
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Figure 25. Average Velocity Magnitude Iso-Surfaces at Early and Late Cycle Times in the
Silicone Model

3.4. Conclusions

An experimental study of pulsatile flow with normal and atrial fibrillation conditions was
performed for both a simple square channel with rectangular cavity model as well as a 1:1 3D
silicone left heart model. The results indicate that compared with the “single-peak” AFib
waveform, the “double-peak” waveform of the normal health LA helps maintain the momentum

of the vortical flow and reduce flow stasis inside LAA cavity throughout the cardiac cycle. As
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well, flow stasis inside the LAA is believed to be one of the major causes of AFib-induced stroke,
and the results of the study emphasize the important role of high pulsatility of the main LA flow
in determining the flow momentum inside the cavity. This means that enhancing the flow inside
the LAA cavity during AFib could potentially reduce the risks of flow stasis and thrombi

formation.
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CHAPTER 4. STUDY OF SLIPS SURFACE AND ITS EFFECT ON PULSATILE FLOW
IN THE SIDE WALL CAVITY MODEL IN ATRIAL FIBRILLATION CONDITIONS

4.1. Chapter Overview

This study was designed to research how a unique slippery surface could be used on the
inner walls of a cavity model to enhance the flow and prevent flow stagnation discussed in Chapter
3. Measurements were gathered using 2D PIV with the simplified model while investigating three
Womersley number conditions. The impacts of a SLIPS surface inserted on three walls of the
simplified rectangular cavity model. This experiment was necessary because it could provide
useful insight to stopping flow stagnation within biological side wall cavity models without
outright blocking the cavity itself. This is most useful in the case of the LAA, where normal
treatment of AFib caused blood clots in the LAA involves simply closing it off from the rest of the
heart. The results show that a SLIPS surface, particularly on the rear side of the cavity, is helpful
to reduce the wall shear and to allow the vortical flow to reach deeper towards the bottom of the
cavity.

4.2. Materials and Methods
4.2.1. The Pulsatile Flow Simulator and Cavity Model

The same closed loop cardiovascular flow simulator as seen in section 3.2.1 (Figure 8) was
used again here. The flow rate and frequency of the flow was set to provide appropriate Reynolds
and Womersley numbers for the dynamic similarity of the left atrial flow. The square channel with
rectangular sidewall cavity model was again used for the first part of this experiment. The only
difference is that the two side walls, and lower wall of the cavity were covered in the SLIPS

surface. Those walls are marked in Figure 26.

34



Figure 26. Simple Cavity Model with the SLIPS Surface Walls Marked by Red Lines

4.2.2. SLIPS Surface

The novel self-healing, slippery liquid-infused porous surface (SLIPS) was developed by
the Wong Laboratory for Nature Inspired Engineering at Pennsylvania State University. This
surface utilizes the liquid-repelling microtextured surfaces of other hydrophobic and
superhydrophobic surfaces while also being lubricated by a fluid that repels many other fluids.
This kind of surface can be very useful as it can withstand pressures inside a flow field while also
maintaining a fluid-fluid boundary between water and the surface of SLIPS, even under flow [64].
Figure 7 depicts the SLIPS surface. As well, the SLIPS surface is naturally hydrophobic, even after

prolonged static immersion, as seen in Figure 27.

—

Contact
Angle ~106 deg.

A 2dd
Figure 27. SLIPS Surface Exhibiting Hydrophobicity

However, verification of the ability for the infused fluid to maintain stability even under
flow needed to be verified. This was done by running a 12 in. strip of the SLIPS surface inside the
closed loop cardiovascular flow simulator seen in section 3.2.1 (Figure 8) for times of 5, 10, 15,

20, 30, 40, 50 and 60 minutes. The flow conditions were the built-in programmable waveform of
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the pulsatile flow pump through a user-defined skewed sinusoidal function as described in section
3.2.2 at a volumetric flow rate of 5L/min. At each of those times, the surface was removed and
placed on an inclined surface where velocity measurements of water droplets flowing down the
surface were gathered. For each timestep, 10 velocity measurements were gathered and averaged
and compared to velocity measurements of droplets flowing down the same kind of silicone used
in the 1:1 3D left heart model.
4.2.3. Waveform Models

This study utilized the same normal and atrial fibrillation waveforms as seen in the
previous chapter. These waveforms can be seen in Figures 17-19 in Section 3.2.2 and followed
all conditions discussed in that section.
4.2.4. Particle Image Velocimetry

Since this experiment only used the square channel with a rectangular cavity model, the
same PIV set up as stated in Section 2.2.4 and Figure 12 was repeated, following rules for LAA
flow conditions, to quantify the flow characteristics in this model.
4.3. Results and Discussion
4.3.1. SLIPS Surface Verification Under Flow

First, the SLIPS surface had to be verified that it did not break down under pulsatile flow.
This was done by immersing the surface under flow for various timesteps and then measuring the
velocity of a water droplet as it flows down the surface set at an incline. The average velocity of
droplets stayed near constant no matter how long the surface was under flow, with an average
velocity of 2.09m/s for no time under flow and 2.07m/s after an hour in the closed loop
cardiovascular flow simulator. This means that the infused fluid would not break down under our

flow conditions for extended periods of time. Meanwhile, droplets flowing down the silicone
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surface had a velocity 0.627m/s. Results comparing the silicone with the SLIPS surface after being
immersed for a 0, 10, and 60 minutes can be seen in Figure 28. The rest of the results can be seen
in Table 3 below. This means that the SLIPS surface increased the velocity on average by 3.33
times. With this completed, the SLIPS surface was then deemed usable within the model without
risk of breakdown of the surface itself. Figure 29 shows a water droplet flowing down the SLIPS
surface at two different frames, the first being just before the timer starts, and the next being just

before it ends.

SLIPS Surface Verification Experiment

2.5

N

1.5

[En

0.5

Velocity of Water Droplet (m/s)

Silicone 0 min 10 min 60 min

Time spent under Flow

Figure 28. Results of the SLIPS Surface Verification Experiment

Table 3. Slippery Surface Verification Results
Silicone | Omin | 5min | 10min | 15min | 20min | 25min | 30min | 40min | 50min | 60min

Avgt 0.2431 0.0728 0.075 0.072 0.0728 0.0717 0.072 0.0743 0.0726 0.0722 0.0733

\Y 24.68120 | 82.4175 80 83.3333 | 82.4175 | 83.6820 | 83.3333 | 80.7537 | 82.6446 | 83.1024 | 81.85538

(in/s) 8 3 8 0 3 0 3 9
\% 0.62690 2.09341 | 2.0320 | 2.11667 | 2.09341 | 2.12552 | 2.11667 | 2.05114 | 2.09917 | 2.11080 | 2.0791310
(mfs) 0 3
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Figure 29. Water Droplet Flowing Down the SLIPS Surface After Immersion

4.3.2. Effects of the SLIPS Surface Insert

Results of gathering pulsatile flow velocity data in the simple cavity model with the slips
surface are shown in Figure 30, with this being the lowest Womersley number case. Results from
without the SLIPS surface are shown on top with the SLIPS surface shown on bottom. These
images again show out-of-plane vorticity contours with velocity vectors throughout the cycle
(10%-60%). From these graphs, it is obvious that when comparing velocity vectors and vorticity
fields, vorticity difference and shear stress, especially on the right side of the cavity is much lower
when the SLIPS surface is present. This is especially obvious at the 10 and 15% of cycle cases
where the amount of “blue” is lower in the cases with the SLIPS surface present. It should also be
noted that because of the SLIPS surface, flow seems to go deeper into the cavity. This observation

is most noticeable in the last two sets of images for these results
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Figure 30. Velocity Vectors and Out-of-Plane Vorticity Fields of Pulsatile Flow Comparing the
AFib Case with and without the SLIPS Surface Present at Wo0=10.2

Figure 31 shows velocity vectors and out-of-plane vorticity fields of pulsatile flow
comparing the AFib case with and without the SLIPS surface present as well. Looking at the next
higher Womersley number case, Wo = 12.5, meaning that this flow has higher frequency than the
one before it, it shows the same lower vorticity on the back side of the model, however the change
is less significant here. This difference is most noticeable in the first three sets of images again.
The same observation can be made about the flow going deeper into the cavity as well. This is

most noticeable in the last set of images for this set of results.
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Figure 31. Velocity Vectors and Out-of-Plane Vorticity Fields of Pulsatile Flow Comparing the
AFib Case with and without the SLIPS Surface Present at Wo=12.5
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Finally, Figure 32 shows the same kind of data as Figures 30-31, but with the highest
Womersley number case at Wo=17.7. Again, this just means that the frequency of the pulsatile
flow has increased. This case shows not as much difference between the images with the SLIPS
surface compared to the ones without. This could indicate that the SLIPS surface is more effective
under lower frequency pulsatile flow conditions rather than higher frequency conditions.

Wo =17.7 10%of Cycle [EEE)  20%ofCycle [EEEE) 60% of Cycle

toewes NS | AN e

p—

AFib No SLIPS

AFib SLIPS

Figure 32. Velocity Vectors and Out-of-Plane Vorticity Fields of Pulsatile Flow Comparing the
AFib Case with and without the SLIPS Surface Present at Wo=17.7

4.4. Conclusions

Overall, looking at these images of velocity vectors and vorticity fields for pulsatile flow
past the simple cavity under normal left atrial and AFib flow with and without inserted SLIPS
surfaces, the comparison does show a notable difference in vorticity and shear stress, especially
along the backside of the cavity in the first three sets of images. This results in vortical flow being
able to reach lower into the cavity when the SLIPS surface is present. However, this trend is not
as noticeable as Womersley number increases. In conclusion, the results from these chapters
indicate that the double peaked normal waveform helps maintain the momentum of vortical flow

and reduces flow stasis inside the left atrial appendage throughout the cardiac cycle. And since
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flow stasis is believed to be one of the major causes of AFib induced stroke, this puts an emphasis
on the importance of high pulsatility of the main left atrial flow in determining the flow momentum
inside the cavity. As well, it shows that a SLIPS surface, particularly on the rear side of the cavity,
is helpful to reduce the wall shear and to allow the vortical flow to reach deeper towards the bottom

of the cavity.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

To summarize the conclusions, Chapter 2 concluded that the presence of the mesh diverted
the main flow and prohibited the formation of the primary vortices. With mesh implanted, a
penetrated jet flow was developed near the front end of the cavity, and the superhydrophobic mesh
significantly decreased the kinetic energy of the jet flow penetrating the simple cavity. Chapter 3
concluded that compared with the “single-peak” AFib waveform, the “double-peak” waveform of
the normal health LA helps maintain the momentum of the vortical flow and reduce flow stasis
inside LAA cavity throughout the cardiac cycle. And Chapter 4 shows that a SLIPS surface can be
helpful to reduce the wall shear and to allow the vortical flow to reach deeper towards the bottom
of the cavity when under the same conditions observed in Chapter 3.

It is important to note the limitations of this kind of experiment so that they can be
discussed and improved upon for the future. One such limitation includes the use of the glycerol-
water mixture in place of blood. This mixture was chosen, in part, because of its compatibility with
the PIV system, but there are notable differences between it and blood. One of the major
differences is that our mixture is a Newtonian fluid, while blood is a non-Newtonian fluid. This
means that the viscosity of blood changes depending on how much stress is put on it while in the
water-glycerol mixture, the viscosity is independent of the shear rate.

Another difference involves the silicone model: while it is geometrically similar to the left
side of the heart, the silicone/acrylic used in the two models does not represent the real tissue
properties seen inside blood vessels and the heart. The lining inside of the heart and blood vessels
allow for exchanges between the blood stream and surrounding tissues and are also made up of

biological material rather than artificial ones [78].
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As well, atrial fibrillation involves the chaotic beating of heart wall tissue, which was not
simulated for in these studies. While our atrial fibrillation waveform accounted for the loss of the
A wave, it still beat in regular intervals, which would not be seen in clinical AFib cases. This can
be observed in Figure 6 where the echocardiogram shows no rhythm to the beating.

And, the PV measurement system was unable to measure more than a 10mm thick volume
in 3D tomographic PIV. This means that the current set up does not allow for the obtaining of the
entire flow field inside the silicone left heart model at one time.

The current research can be extended in a few directions in the future, which includes
remedying some of the previously mentioned limitations. There are some ideas that | would have
liked to try to expand on the results explained already in Chapters 2, 3, and 4. The following ideas
could be used to improve upon already obtained results:

1. Even though the waveform used for AFib involved the removal of the A wave, which
matches clinical representations of AFib in the heart, the waveform itself still “beat” in regular
intervals. Meanwhile, while experiencing actual AFib, the heart beats sporadically with no specific
rhythm. This applies to all experiments run that involve modeling the left atrium and left atrial
appendage but not aneurysms.

2. The SLIPS surface could be used in a similar fashion to Chapter 4, but inside of the 1:1
3D silicone left heart model. However, fixing the surface inside of such a small area has proven
difficult, as using glue, silicone, or staples to adhere the surface to the model would damage it or
block the view of the cameras. As well, having the surface on the inside of the model would block
the view of the cameras for gathering tomographic PIV data.

Using these ideas, the idea of using hydrophobic surfaces to improve blood flow via flow

diversion or enhancement devices could be further improved upon.
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