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ABSTRACT OF THE DISSERTATION 
 
 

Selective Flow Diversion for the Treatment of Intracranial Aneurysms 
 
 

by 
 
 

Ryan A. Peck 
 

Doctor of Philosophy, Graduate Program in Mechanical Engineering 
University of California, Riverside, March 2020 

Dr. Masaru P. Rao, Chairperson 
 
 

Flow diverters have generally been successful in the treatment of intracranial aneurysms; 

however, their utility has been limited by the device’s tendency to divert flow from 

healthy structures in the vicinity of the lesion site. Here, we show the potential for 

achieving flow diversion in a selective manner by utilizing an alternative approach in 

which high aspect-ratio microscale structures are intentionally designed to work 

congruently with an intermediate porosity flow diverter. We demonstrate this design 

principle through the realization of a microfabricated flow diverter with finely controlled 

cross-sectional elements. Using an in vitro basilar trunk model, we demonstrate 

comparable intra-aneurysmal flow reduction to commercially available flow diverters, 

while also demonstrating that such devices minimally affect flow into a “jailed” 

perforating artery (i.e., twelve-fold lower perforator flow reduction than commercial 

device). This may provide an additional design parameter by which the indication of flow 

diversion devices may be extended into more delicate structures in the neurovasculature 

which currently lack a treatment option.  
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1.1. Stroke Pathology and Epidemiology 
 

In 2016, stroke was the fifth leading cause of death in the United States, accounting for 

approximately 142,000 deaths (Benjamin et al., 2019). Within this general classification, 

conditions can be broken down into two main subtypes: ischemic and hemorrhagic, with 

the former comprising approximately 87% of all cases and the latter comprising the 

remainder. Although hemorrhagic stroke is less prevalent, it is significantly more deadly, 

with over a third of all cases associated with mortality and another third associated with 

significant morbidity. In many ways this is due to the mechanism of action for each type. 

Ischemic strokes arise from a blockage of the neurovasculature, which prevents blood flow 

from delivering nutrients to the surrounding brain tissue. Because of the systemic nature of 

the issue, less targeted treatment approaches (e.g. tPA injections) have had great success 

in improving patient outcomes. In contrast, hemorrhagic strokes refer to pathologies 

associated with internal intracranial bleeding, typically brought on by the rupture of 

weakened vessel walls at sites of localized dilations in arteries; termed intracranial 

aneurysms. Intracranial aneurysms are relatively common, with estimates of incidence 

ranging from 4% - 6% of the population (Keedy, 2006) . The presence of an aneurysm in 

itself isn’t intrinsically very harmful, however the potential for severe outcomes associated 

with rupture is the main cause of concern. The remote anatomic location of these 

pathologies in combination with the highly-localized treatment-site has historically been 

the cause of poor prognoses, even for patients in whom aneurysms have been discovered 

before rupture. For the majority of the time, the surgical solution to treating these disease-

states was predicated upon a highly-invasive, direct-access approach (e.g. craniotomy). 



 3 

However, minimally-invasive techniques (i.e. endovascular catheterization) have begun to 

challenge the established paradigm as this underlying clinical need continues to drive 

innovative approaches to improve treatment options and expand the eligible patient 

population. To this end, the aim of this work centers on the development of a next-gen 

minimally-invasive device, intended for the endovascular treatment of unruptured 

intracranial aneurysms. 

 

1.2. Neurovascular Anatomy 
1.2.1. Circle of Willis 
The Circle of Willis refers to the vascular structure at the base of the brain where the major 

blood-supplying neuro-arteries meet.  This structure is significant to clinicians for several 

reasons. Firstly, due to the pressure and velocity gradients present in the vasculature arising 

from this structure, it is frequently the site of intracranial aneurysms, as evidence suggests 

that asymmetry in this structure could be a driver of imbalanced hemodynamic factors 

leading to aneurysm formation (Kayembe, Sasahara, & Hazama, 1984). Secondly, for 

patients in which there is a complete and symmetric Circle of Willis, there exists a source 

of collateral circulation from anterior to posterior. Patients with this entire structure are 

sometimes considered to be better insulated against ischemia due to procedural 

complications; although recent clinical reports have shown outcomes suggesting that 

collateral circulation can reduce pressure gradients necessary to maintain patency of 

perforating arteries in the vicinity of intravascular devices (Zsolt et al., 2010).  

The anterior circulation, composed of the anterior cerebral arteries, internal carotid arteries, 

and anterior communicating artery, is generally characterized by larger vessels and higher 
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volumetric flow rates. It is also the most common site for aneurysms to occur, accounting 

for roughly 85% of aneurysms in one review (Keedy, 2006). 

The posterior circulation is supplied by the vertebrobasilar complex; where the vertebral 

arteries join to form the basilar trunk. This structure is characterized by a much slower flow 

rate and an abundance of delicate branching vessels which supply blood to the pons. While 

aneurysms are found less frequently in this region, prognoses are poorer, as there is 

currently no approved treatment option. The dearth of therapies in this area is likely due to 

the challenges posed by slower flows in a region rich with tiny branching arteries which 

supply blood to a critical area of the brain involved with autonomous function. Anteriorly, 

the basilar artery again bifurcates into the left and right posterior cerebral arteries, which 

connect to the anterior segment of the Circle of Willis via the posterior communicating 

arteries.  

 

1.2.2. Morphological Characteristics of Aneurysms 
The flow characteristics and clinical indications of intracranial aneurysms depend heavily 

on their physical and geometric characteristics. The general morphology of an aneurysm 

can be classified as one of two major types; saccular or fusiform. Saccular aneurysms, in 

which a localized point dilation occurs at a vessel sidewall, make up about 90% of all 

diagnoses. (Keedy, 2006) The remainders are generally fusiform or dissecting, in which a 

vessel segment experiences a full circumferential dilation. When selecting amongst 

available treatment options, clinicians consider a variety of metrics deriving from 

aneurysm geometry. Neck size, Dome Height, and the Dome-to-Neck ratio are amongst 

the most common of these.  This last metric has become especially important in selecting 
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amongst the available minimally-invasive treatment options, the majority of which are 

deployed into the aneurysm sac. As this figure approaches 1, the aneurysm morphology 

approaches a perfect hemisphere in which there exists no “shoulder” upon which an intra-

saccular device would rest.  Clinicians therefore rely heavily on this measure for predicting 

the success of such devices. Aneurysms in which this ratio is smaller than 2 are typically 

termed “wide-necked” and the degree to which this morphological characteristic is present 

is highly correlated with outcome (Debrun et al., 1998). 

 

1.2.3.  Biology of the Artery 
In general, healthy arteries are composed of three main layers of tissue; the tunica intima, 

the tunica media and the tunica adventia. The intima contains a monolayer of endothelial 

cells (EC’s) on a specialized extracellular matrix of collagen IV fibrils referred to as the 

basement membrane. EC’s are in direct contact with blood flow and as such are heavily 

involved in signaling complexes and sensing of the various mechanical (e.g. fluid shear) 

and chemical (e.g. NO) cues present in the bloodstream. The foreign-body response 

associated with the implantation of intravascular devices is often initiated by inflammation 

incurred when this layer is disrupted (Libby & Simon, 2001). The tunica media consists of 

Smooth Muscle Cells (SMC’s) adhered to an ECM of elastin. This layer gives the vessel 

wall structural integrity and is also involved with mechanical adaptive responses in 

signaling complexes with EC’s (e.g. vasodilation, vasoconstriction). The tunica externa is 

the outermost layer and contains additional collagen fibrils and an elastic lamina.  
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1.2.4. Aneurysm Pathophysiology 
The means by which aneurysms initiate and lead to rupture are not completely 

understood although several common characteristics have been observed in a large 

number of studies. Broadly, the propensity for an aneurysm to form and/or rupture can be 

considered as a force balance between the tensile strength of the vessel wall and the 

imparted physiological forces from blood flow. However, on a more detailed level there 

are a multitude of mechanical and biological factors that feed into these two forces. A 

large and evolving breadth of literature exists examining the interplay between these 

factors and clinical outcomes and will be briefly discussed here. 

Factors Impacting Vessel Wall Integrity 

Several studies of aneurysms at varying stages of development have begun to shed light 

on the pathology associated with the vascular remodeling that occurs over the course of 

disease state. Post-mortem histological comparisons of unruptured and ruptured 

aneurysms found the former was characterized by a smooth continuous endothelium 

while the later displayed a sparsity of ECs, disorganized mural cells (which provide 

structural integrity), and luminal thrombus. Other studies found overexpression of 

collagenases such as matrix metallinoproteinase-9; involved in the dissolution of the 

basement membrane. While immunostaining has revealed high levels of inflammation 

within these tissues, this is generally considered to be effect rather than cause, as this is a 

common indicator of endothelial dysfunction (Frosen et al., 2012). Largely, this paints a 

picture of degraded structural integrity as a result of adverse cellular response. 
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Factors Influencing Physiological Forces 

Many studies have examined the relationship between arterial and aneurysmal 

geometries, flow rates, and outcomes.  Most of these studies have the aim of advancing 

toward a threshold value by which rupture can be predicted. While several of these 

factors (e.g. dome-to-neck ratio, Circle of Willis abnormalities) are discussed elsewhere 

in this text in terms of their applicability to clinical practice and device selection, no 

single geometry-based metric has been able to predict rupture with enough sensitivity and 

specificity to merit clinical use on a diagnostic basis. Although no strong signal has 

emerged above the noise of anatomic variation, a host of individual studies have 

confirmed that bifurcation angles, tortuosity and aneurysm morphology significantly 

impact the intra-aneurysmal velocity and distribution of wall shear stress across the 

aneurysm tissue. 

One commonality to both physiological force (e.g. pressure, velocity) and vessel wall 

integrity (via EC phenotype) is that both are affected by the magnitude and qualitative 

characteristics of blood flow. This coupling in applied force and reaction force arises due 

to the contact between circulating blood and the endothelium, which is responsible for 

translating sensed shear into biochemical signals as a means to reorder the vasculature 

and minimize strain on the cell’s cytoskeleton (Galbraith, Skalak, & Chien, 1998). 

Therefore, whether the primary mechanisms of rupture risk are via transport of 

biochemical factors, a result of EC mechanotransduction, or simply an increase in applied 

mechanical stress, modification of flow characteristics is central to restoring homeostasis. 

As a first-order approximation of this behavior, the work described in this text presumes 
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minimization of intra-aneurysmal flow and shear stress to be a predictor of successful 

occlusion and resorption. However, it should be noted that the role of shear-stress in EC 

biology as it pertains to hemorrhagic stroke is not entirely understood and is somewhat 

context-dependent. As the present study is focused on the development of a flow 

diversion device which is able to affect changes equivalent to those of a conventional 

flow diverter at increased porosities, minimization of intra-aneurysmal wall shear stress is 

a natural goal. If future studies in different contexts were to determine a required 

minimum wall shear stress, it follows that the present design could easily be modified via 

the design parameters explored herein (e.g. porosity, strut aspect-ratio) to increase wall 

shear stress to a desired level.  

 

1.3. Current State of the Art in Hemorrhagic Stroke Prevention 
1.3.1. History of Treatment Options 
The surgical treatment of intracranial aneurysms is nearly eighty years old, with the first 

case reported by Walter Dandy in 1938. In this work Dr. Dandy described a frontotemporal 

approach to directly access an aneurysm arising out of the posterior communicating artery. 

In order to exclude the thin-walled dilation from the circulation, Dr. Dandy placed a 

malleable V-shaped hemostatic clip across the neck and deformed it shut (Dandy, 1938). 

From this general approach, the first generation of medical devices for aneurysm treatment 

was born. Since their inception eight decades ago, aneurysm clips have undergone 

significant development: from the inclusion of springs for an elasticity-based closing 

mechanism, to the addition of serrated teeth on the clip faces for greater mechanical 

purchase. In many regards, surgical clipping is still viewed as the treatment option of 
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choice, as it’s been shown in the long-term to be highly effective against poor outcomes 

such as aneurysm re-bleeding (Mitchell, et al. 2008). However, more recent developments 

in device technology have threatened to upset this traditional framework.  

 

1.3.2. Current State of the Art in Minimally Invasive Devices 
The highly invasive nature of performing a craniotomy had previously meant that surgical 

intervention for aneurysm treatment would require significant recovery times and exclude 

a large portion of the patient population based on anatomic location. These issues have 

largely been addressed by the advent of the Seldinger technique (Seldinger, 1953) and its 

development into what’s now commonly referred to as endovascular catheterization. In this 

approach, a catheter is percutaneously introduced into the vasculature, typically via the 

superficial femoral artery. Once inside the lumen, the catheter is navigated through the 

vasculature to the treatment site, under the guidance of an accompanying imaging 

technique (typically fluoroscopy). Once at the intended location, the hollow catheter lumen 

can be utilized to deliver drugs or devices directly to the treatment site. The success of this 

technique has drastically reduced procedural intrusiveness and enabled entirely new classes 

of devices. One of the first of these to gain popularity is the Guglielmi embolic coil. This 

device is typically composed of a long wire which is heat-set to a pre-determined, basket-

like shape. Using the endovascular approach, this wire is navigated to the site of an 

aneurysm and deployed into the aneurysm sac. Once in contact with fluid at body 

temperature, the wire begins to return to its original shape, ultimately forming a dense 

webbing within the aneurysm sac. This structure serves to exclude the interior wall of the 

aneurysm from the shear stress of blood flow in the parent artery and to form a pro-
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thrombotic scaffold, eventually resulting in the complete exclusion of the aneurysm from 

the circulation (Strother, 2001). 

 

1.3.3. Current State of the Art in Flow Diversion Devices 

The few flow diverters that are currently on the market are of some variation of the braided 

design pioneered by the Pipeline Embolization Device. This device consists of a dense 

braid made from 30-micron diameter wires held in place at the proximal and distal ends by 

removable components on the delivery wire, termed the “bumper” and “capture coil” 

respectively. In contrast to predicate devices, which are generally deployed into the 

aneurysm sac, a flow diversion device is intended to be deployed into the segment of parent 

artery from which the aneurysm arises. This minimizes the need for physical contact with 

already weakened tissue and provides an endovascular approach to aneurysm 

morphologies which otherwise aren’t amenable to intrasaccular devices (e.g. wide-necked, 

fusiform). The mechanism by which flow diverters reduce the risk of aneurysm rupture is 

multi-faceted and can be thought of as occurring in three distinct stages: flow disruption, 

transient thrombosis, and neointimal remodeling. 

The first and most immediate effect is a disruption of flow. The low porosity of the device 

alters the local fluid velocity profile so that flow largely passes longitudinally through the 

device rather than radially into the aneurysm sac. However, that the device is porous is 

itself significant, as this is the basis for maintaining patency in perforating arteries and 

allowing nutrient transfer across the tissue in contact with the device.  
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The second stage of flow diversion is aneurysm occlusion. After intra-aneurysmal blood 

flow is sufficiently disturbed, a thrombus begins to form in the aneurysm sac. During this 

stage, a patient’s presenting symptoms may appear to worsen due to mass effects or the 

expression of inflammatory cytokines associated with thrombosis and disturbed flow 

(Berge, Tourdias, Moreau, Barreau, & Dousset, 2011; Fiorella et al., 2009; Pober & Sessa, 

2007). Total occlusion of flow should occur on the order of days to weeks, and 

inflammatory symptoms typically subside as the aneurysm thromboses completely. 

The last stage can be considered the biological integration of the device. When the 

aneurysm is completely occluded from flow, the device mesh acts a scaffold for 

endothelialization to occur. After a period on the order of months, this newly formed 

intimal layer bridges the proximal and distal segments surrounding the aneurysm neck. At 

the completion of this process, the thrombosed aneurysm is completely excluded from the 

circulation by healthy tissue. This newly quiescent endothelium, well-known to 

constitutively express anti-thrombotic factors, will ultimately dissolve the thrombus and 

resorb the aneurysm (Fiorella et al., 2009; Martin, Murphy, & Cummins, 2013). Follow-

up angiograms are frequently indistinguishable from those of a healthy native vasculature. 

This design represents a significant departure from that of conventional stents which are 

generally laser-cut from one solid piece of Nitinol or Stainless-Steel tubing. These 

variations in design and manufacture give rise to a pattern of deformation which is often at 

the root of clinical complications. In contrast to traditional stents which are typically 

radially compressed for endovascular delivery, a commercial flow diverter is stretched 
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lengthwise to reduce its diameter. When sheathed in this manner, the device elongates up 

to two and a half times its free length (Lylyk et al., 2009). It is then deployed using the 

bumper to push it out. The inward lengthwise displacement that accommodates the device’s 

radial expansion, termed “foreshortening”, can be a cause of device migration post-

implantation if sufficient vessel wall apposition is not achieved (Fischer et al., 2012). 

Moreover, successful deployment does not ensure device stability as variations in arterial 

diameter, tortuosity and morphology can cause residual longitudinal forces which may later 

contribute to the device dislodging. While initial clinical studies have shown efficacy in 

placement, more recent longitudinal studies suggest migration could be a cause of concern 

in the long-term (Chalouhi et al., 2013; Fargen, Velat, Lawson, Mocco, & Hoh, 2012; 

McAuliffe et al., 2012) 

Device mechanics are also closely intertwined with the resultant hemodynamics. The low 

porosity of the device alters the local fluid shear profile to prevent high-shear flow from 

entering the aneurysm sac. However, that the device is porous is itself significant, as this 

is the basis for maintaining patency in perforating arteries which experience a pressure 

gradient between the implant’s luminal and abluminal side. Thus porosity is a value which 

must be optimized for the particular environment. Yet, porosity is also a function of 

localized implant geometry, and is therefore also impacted by placement. Because of this, 

foreshortening that doesn’t result in migration can still have deleterious effects on flow 

diversion (Shapiro, Raz, Becske, & Nelson, 2013).  

Lastly, this device, like most commercial devices, induces post-implantation inflammation 

on varying time scales. This is one reason for its co-indication for use with dual antiplatelet 
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therapies (DAPT) for a period that is variable and potentially unending (Lylyk et al., 2009). 

This dependence on a drug co-therapy confounds the device’s efficacy with variability in 

patient compliance (Mauri et al., 2010), renders patients for whom DAPT is 

contraindicated ineligible, and still increases the risk of major bleeding in those deemed 

able to tolerate it (Yusuf et al., 2001). Endothlelialization of the device is a promising 

mechanism for reducing its thrombogenic potential. Recent studies which confirm that 

endothelial bridging is largely driven by inward endothelial cell (EC) 

migration/proliferation rather than the adhesion of endothelial progenitor cells (EPC’s), 

also suggest that macroscale characteristics such as wall apposition have consequences for 

the microscale biological mechanisms that drive device integration (Kadirvel et al., 2014). 

These observations have motivated the development of a solid-construct flow diversion 

device, with the intent of reducing these harmful mechanical properties (e.g. 

foreshortening, malapposition, etc.) 

1.4. Scope of this Work 
 
This first effort exhibits the potential for inducing intra-aneurysmal flow reduction on a 

scale comparable to that of commercial devices while offering several mechanisms to 

address the risks associated therewith. We establish this through three key objectives, 

namely: 1) The design, development and fabrication of a high aspect-ratio, intermediate-

porosity flow diversion device; 2) Development of an in-vitro hemodynamic 

characterization method; and 3) In-vitro hemodynamic characterization and 

benchmarking of this design against a representative current-generation flow diverter in 

an anatomical model for which current flow diverters are not indicated. Collectively these 
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results indicate the potential benefit of this new design concept and provide a platform for 

future optimization efforts. 

This work demonstrates the ability to use a unique Ti micromachining process to produce 

the first flow diversion device fabricated via subtractive manufacturing with micron-scale 

features. This production approach has previously been shown to enable the monolithic 

integration of macroscale structural elements with rationally designed sub-micron-scale 

surface topography. Within these previous studies it has been demonstrated that this 

surface topography has the potential for accelerating endothelial migration and 

proliferation (S. Gott, 2014). As it’s understood that endothelial function plays an 

important role in inflammation, neovascularization, and aneurysm resorption, it suggests 

the potential for improving the biocompatibility of these devices. Thus, while studies of 

endothelialization are out of scope of this work, it represents a bridging link between 

previous EC studies done in the context of coronary stenting and potential new works 

which may examine this behavior in the context of neurovascular flow diversion. 

Also discussed within this text is a flexible method for constructing optically-clear 

vascular replicas. From this, a complementary experimental technique for observing the 

effect of device geometries on local hemodynamics is developed, and later employed to 

characterize the effect of the aforementioned design on biological flows in a model which 

represents one of the currently most challenging anatomies for flow diversion. 

The fulfillment of these objectives represents a first step toward the longer-term, 

overarching goal of developing the tools to design, fabricate and optimize a multi-scale 

architecture in which mechanical cues are optimized on several length-scales to enrich 
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the local hemodynamic niche in such a means as to accelerate aneurysm occlusion and 

resorption. The tools and concepts outlined within this work could find future utility in 

extending previous studies of cell-substrate interactions in static culture into a more 

physiologically-relevant, three dimensional context where apical cues (i.e. fluid shear) 

are simultaneously present with basal cues (i.e. surface topography). Ultimately, the 

results of these studies may lead to a better understanding of cell-substrate interactions in 

the context of thrombosis and intravascular intervention.   
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2.1. Introduction 
All important materials and characterization tools are outlined within this section with an 

introduction outlining their importance to this work. More information relating to the 

specific implementation of these tools/materials within this work can be found in the 

appendix. 

2.2. Titanium 
Titanium (Ti) has found wide use as a biomaterial and is already heavily employed in the 

design of dental implants, orthopedics and pacemakers. This is largely owed to its ability 

to grow native surface oxides on the order of 2-6 nm thick, which serves several 

purposes. Of most relevance to vascular devices is this oxide’s impact on the free surface 

energy, which in effect reduces the energetic favorability for thrombogenic events such 

as platelet adhesion (Jantzen, Achneck, & Truskey, 2013).  This material’s limited 

utilization in endovascular applications is therefore more likely due to its macroscale 

mechanical properties than characteristics intrinsic to its chemistry, as evidenced by the 

rise of the superalloy NiTiNol. Currently, a majority of neurovascular stents opt to utilize 

this alloy, which combines titanium with near-equiatomic amounts of Nickel; well-

known to initiate toxic and immunologic effects (Assad, Lemieux, Rivard, & Yahia, 

1999; Shabalovskaya, 2002). Despite these concerns, Nitinol has the unique and 

attractive properties of supelasticity and tunable thermal shape-memory actuation across 

a range of temperatures typically encountered in the human body. After machining, these 

devices are typically made more biologically tolerable by immersing them in acids to 

induce the growth of oxide films, in a process referred to as passivation. A device which 

can accommodate similar amounts of strain while intrinsically possessing this 
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biocompatible barrier may represent a more elegant solution for this class of device. An 

aim of this work, therefore, is to extend the application of titanium into the endovascular 

space by increasing the amount of macroscale deformation it can tolerate via ordered 

micron-scale designs. 

2.3. Lithography 
In general, subtractive micromachining techniques use a lithographic approach to 

material removal. In this approach, a desired pattern is defined on a substrate and the 

exposed material is removed by chemical or physical means.  Photolithography is the 

most commonly employed of these techniques.  Using this method, a substrate is coated 

with photoresist (PR); a photosensitive polymer which is exposed to a high-energy light 

source (typically UV) through a mask which contains the desired pattern. These 

substances are tuned to the wavelength of the light source such that excitation causes 

either cross-linking or scission of the polymer chains in the exposed areas. Resists which 

undergo cross-linking upon exposure are referred to as “negative” resists, while resists in 

which exposure results in polymer chain scission are referred to as “positive”.  After 

exposure the substrate is immersed in a developer solution. In positive resists, the 

exposed region becomes soluble in this solution whereas the effect of exposure is 

opposite for negative resists. After development, the substrate, now with the pattern 

defined, can be exposed to etch media in order to transfer the pattern down into the 

substrate. Typically these etching solutions are chosen to preferentially remove the 

substrate material while minimizing the amount of photoresist removed. This proportion 

of substrate-to-PR removal is referred to as the mask selectivity and is an important 

parameter in MEMS process development.  
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2.4. Deposition 
While lithographic patterning is often done by applying photoresist directly onto the 

substrate, its use is typically restricted to more shallow etches. As this work deals with 

the through-etching of bulk titanium on the order of 100µm, PR selectivities are 

insufficient. For deeper etches, a “hard mask” is often employed. In this technique, an 

etch-resistant film is deposited onto a substrate before lithographic patterning. The 

substrate and PR are first exposed to an etch medium preferential to the thin film in order 

to transfer the pattern from the PR into the hard mask. Subsequently, the substrate and 

hard mask are exposed to an etch medium preferential to the substrate to transfer the 

mask pattern down through the bulk of the material. There are varying methods of 

depositing these thin films which typically utilize some physical or chemical means of 

doing so. The most prevalent of these techniques is some form of chemical vapor 

deposition (CVD). In the most simplistic implementation of this method, the mask layer 

forms by bringing the substrate into contact with a gaseous or vaporized reagent which, 

upon reaction, results in the formation of a film of the desired chemistry.  This purely 

chemical process has been improved upon by the employment of plasma-aided 

techniques. In Plasma-Enhanced Chemical Vapor Deposition (PECVD) the gaseous 

reagent is ionized, and capacitively coupled to the substrate. The plasma, which is formed 

by stripping electrons from the gaseous molecules, contains positively-charged ions 

which are attracted to the negatively charged substrate in a highly directional manner. 

This anisotropy greatly reduces the amount of imperfections (e.g. pinholes) in the film 

and increases uniformity (Liu, 2000).  In the context of hard masks, this is important for 

complete pattern transfer and improved selectivity. This mechanism for deposition is 
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further enhanced by placing entire reaction within an induction coil. Inductively Coupled 

Plasma (ICP) PECVD utilizes a more uniform electric field, which creates a denser 

plasma, and in turn allows for deposition processes at lower temperatures.  As a result, 

these processes enable even greater mask film quality and reduce the residual stresses 

across the interface due to mismatches in the coefficient of thermal expansion. This latter 

improvement is significant because residual stresses impose a limit on the film thickness 

which can be deposited. Since this work is enabled by the through-etching of bulk 

titanium, it has therefore required relatively thick masks with high selectivity. Using ICP 

PECVD we’ve been able to deposit films of SiO2 at thicknesses of 4.7 um, which have 

shown a selectivity on the order of (30-36):1 Ti:SiO2; enabling the through-etching of 

titanium foils on the order of 100s of microns (S. Gott, 2014). 

2.5. Reactive Ion Etching 
Similar to PECVD, Reactive Ion Etching (RIE) uses an ionized gas to induce reactions 

with the surface of a substrate. In contrast, these plasma species react in such a manner as 

to remove material rather than adsorbing onto the workpiece surface. While anisotropy is 

similarly achieved using charge coupling between the plasma and workpiece, in RIE 

processes the substrate is significantly more negatively charged. As a consequence, the 

positively-charged gaseous ions accelerate toward the substrate and remove material by a 

physical means (i.e. dislodging due to impingement) as well a chemical means. The 

directionality of this process is also enhanced by the use of electromagnetic induction to 

create the plasma.  This denser plasma, containing more ions, enables a higher number of 

collisions with the substrate surface per unit time and therefore increases the etch rate and 

allows for deeper penetration. These enhanced capabilities are critical to the through-
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etching of bulk titanium, and ICP Deep Reactive Ion Etching (DRIE) has been employed 

to create the designs in bulk titanium described in this work.  

2.6. Device Characterization 
Flow diverters are different from conventional stents in that successful treatment is 

indicated not only by arterial lumen patency, but additionally by a marked alteration to 

local hemodynamics. These flows are complex and dynamic, involving both chemical 

and mechanical stimuli. As this work deals with the development of a first-generation 

device, characterization has centered on the large-scale fluid mechanical alterations 

induced by device implantation.  

2.7. Computational Fluid Dynamics 
In order to inform our design and expedite future improvement efforts, Computational 

Fluid Dynamics (CFD) models were developed and experimentally validated in this 

work. As with a majority of numerical techniques, these models proceed by discretizing 

and solving coupled systems of intractable partial differential equations to some arbitrary 

amount of precision.  In order to be solvable, these models require boundary conditions, 

and equations that describe the behavior of fluids within the solution domain. The goal of 

these solutions is to spatially describe the fluid velocity everywhere in the domain. One 

of the most commonly used ways of describing this local velocity is in terms of the sum 

of a dissipative diffusion due to its viscosity and the remaining potential energy (i.e. 

pressure). Most solvers utilize the Navier-Stokes equations; which assume the 

momentum of the fluid is conserved everywhere.  The fluid domain is typically then 

discretized using the Finite Volume Method. In this technique, a continuous domain is 

discretized to an arbitrary amount of precision. The momentum equations are then solved 
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for each element and conservation is applied at each finite volume boundary using the 

divergence theorem. An initial condition is applied, and the entire domain is solved. This 

process is iterated using each previous state to guide the current estimate and the residual 

error between iterations is calculated.  For a well-posed problem, this term should 

approach zero in the limit, although in practicality when this value reaches a predefined, 

sufficiently small value, the solution is considered to be “converged”. Solution 

convergence is not necessarily an indicator of the model’s application to real-world 

physics and the appropriate value for convergence tolerance varies by application. Flow 

regime and length-scale should both be considered when defining this parameter. 

2.8. Particle Image Velocimetry 
Particle Image Velocimetry can be considered the experimental analog to CFD in that it 

is also utilized to generate velocity vector fields with high spatial resolution. In this 

technique a fluid is seeded with neutrally-buoyant microparticles which either emit or 

scatter light from an applied light source. A flow is applied, and the trajectories of 

particles are captured using a high-speed camera. Since the frame rate is known, the 

trajectories of these particles can be used to determine local velocities using a technique 

borrowed from signal processing. Each frame of this video can be thought of a two-

dimensional matrix of light intensities with peaks at particle locations. For analysis, this 

frame is subdivided into regions termed “interrogation windows”. Each of these windows 

contains a distinct light intensity signature which, in the presence of flow, ideally is not 

altered in scale or shape, but instead is translated some distance within the interrogation 

window. In order to determine the displacement for each interrogation frame, the cross-

correlation of two subsequent frames at the same location is calculated. This value is 
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computed as the integral of the dot product of both the original and time-lagged signal 

across all possible displacements within the interrogation window. At the true 

displacement of the particles, the signals are most closely in-phase and their summation is 

therefore most additive. For this reason, the resultant cross-correlation signal has a 

maximum peak whose distance from (0,0) represents the displacement of the 

interrogation window (M. Raffel, C. Willert, S. Werely, 2007).  In order for this cross-

correlation technique to work, the original signal peaks should be well-defined, easily 

distinguished from background noise, and undergo a sufficient but not excessive 

displacement between subsequent frames. For this this reason, particle seeding 

concentration, frame rate, flow regime, light intensity, and magnification factor are all 

important parameters to consider when developing an experiment.   
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3. DESIGN AND FABRICATION OF HIGH-PROFILE FLOW DIVERTER 
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3.1. Introduction 
In 2016, stroke was the fifth leading cause of death in the United States. Hemorrhagic 

subtypes, typically arising from the rupture of intracranial aneurysms (IAs), comprised 

approximately an eighth of all cases, with the remainder being ischemic. Despite their 

reduced prevalence, hemorrhagic strokes are significantly more deadly; with a mortality 

rate of approximately a third, and significant morbidity associated with an additional third 

of all cases(Benjamin et al., 2019). The remote location of these pathologies has 

historically required a highly invasive treatment approach (i.e., craniotomy); however, the 

past three decades have seen promising developments in minimally invasive approaches 

(i.e., endovascular catheterization).  

Most recently, the advent of Flow Diverters (FDs) has shown the potential for treating a 

wide patient segment with a smaller range of complications than predicate techniques (e.g., 

aneurysm clipping or coiling). These densely-braided, stent-like, mesh cylinders are 

endovascularly deployed across the neck of an aneurysm within the parent artery in order 

to reduce the shear strain rate into the aneurysm, transiently induce thrombosis, and finally 

act as a scaffold for neointimal growth, once the thrombosed aneurysm is excluded from 

the circulation. This behavior is enabled by a much higher degree of metal coverage, and 

thus, lower porosity of FDs when compared to conventional vascular stents (i.e., ~70% vs. 

~93% porosity, respectively). However, current FDs must strike a fine balance with regard 

to porosity, since aneurysms frequently arise next to healthy vessels. FD porosity must 

therefore be low enough to significantly reduce flow into the aneurysm, but also high 
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enough to allow radial pressure-driven flow into perforating arteries whose inlet may be 

covered by the device (referred to as “jailed” perforators).  

Conventional FDs rely on an axially and radially symmetric braided assembly of fine 

circular cross section wires (hereafter referred to as Conv-FDs) whose pitch defines the 

device porosity (i.e., % open area within a 2-D unit cell projection), and thus, the flow 

diversion performance (Stancampiano et al., 1997). Optimization of this sole causal 

parameter (i.e. porosity) is complicated by the fact that it has been shown to be highly 

sensitive to local variations in anatomy and deployment technique; owing largely to the 

resultant mechanics of its braided construction (Shapiro, Raz, Becske, & Nelson, 2014). In 

contrast, we’ve developed a solid-construct device that exhibits a fixed, intermediate 

porosity roughly halfway between a conventional stent and a FD (Figure 3-1); a design 

regime previously unexplored for flow diversion but which has shown potential both 

clinically and experimentally(Bouillot et al., 2016). Braiding has been the only amenable 

manufacturing option for current-generation flow diverters, owing to the small crossing 

profiles necessary to navigate the tortuous anatomy required to reach the neurovasculature. 

The diameter of these devices can be drastically reduced by stretching them lengthwise; up 

to 250% of their free length. However, the recoil in length that accommodates radial self-

expansion (termed “foreshortening”) can be unpredictable and dangerous; with 

complications ranging from malapposition to late-migration. Clinically the resultant 

outcomes in the presence of these factors can be as mild as reduced device efficacy or 

severe as patient death (Chalouhi et al., 2013).  
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In contrast, balloon-deployable intravascular devices (e.g. transcatheter heart valves, 

coronary stents) which utilize a plasticity-based delivery mechanism have a much longer 

clinical history and appear to suffer from less complications related to foreshortening 

(Duerig & Wholey, 2002). It may be the case that these designs have not yet found utility 

in the neurovasculature because of the length-scales involved. A successful plasticity-

based flow diverter needs to accommodate the large radial strains necessary to enable 

successful endovascular navigation and sufficient wall apposition; as well as allow 

adequate strut density for flow diversion to occur. Auxetic materials; which 

macroscopically exhibit negative Poisson’s ratios as a result of intentionally-ordered 

microscale structures, offer a promising mechanism for addressing these issues. The 

design proposed herein uses an auxetic unit cell design (Figure 3-2) in order to 

accommodate the requisite strain and mitigate the current issues flow diverters have with 

foreshortening. Additionally, rather than relying solely on the assembly’s porosity to 

induce flow diversion, this high aspect-ratio design aims to demonstrate improved 

selectivity in reducing IA velocity while enabling a greater degree of flow into 

perforating arteries. This is enabled by the use of high-profile struts which increase 

microscale impedances to shear-driven flow along structural elements which repeat less 

frequently (i.e. have higher porosity). These impedances are intended to be achieved by 

creating flow separation zones at strut trailing edges. Previous studies have shown that 

rectangular cross-sections normal to the direction of flow induce flow separation zones 

for downstream distances which increase with strut aspect ratio (Duraiswamy, 

Schoephoerster, Moreno, & Moore, 2007; Jiménez & Davies, 2009). These numerical 
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simulations, done in the context of coronary stenting, suggest that the aspect-ratio of 

struts should be minimized to diminish the impact on the local hemodynamics and reduce 

the potential for thrombogenic cues near the vessel wall (e.g., low shear, recirculation). 

However, in the context of neurovascular flow diversion, the goal is to intentionally 

create thrombogenic cues intra-aneurysmally by significantly altering the local 

haemodynamics across the neck of an aneurysm. Therefore, it may be more advantageous 

in this application to increase the aspect ratio of struts, so as to produce the largest 

amount of fluidic resistance and flow separation across this region.  In order to 

investigate the potential of aspect ratio for selective flow diversion, we fabricated devices 

with struts 30 μm wide x 80 μm tall for an aspect ratio over twice that of a Conv-FD.  
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Figure 3-1: Side-by-side comparison of HP-FD and Conv-FD Designs. 
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Figure 3-2: Device Flat Pattern and Auxetic Unit Cell 
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3.2. Methods 
 
3.2.1. Finite Element Analysis 
Finite element analyses were conducted to corroborate initial geometry-based estimates 

of the radial strains accommodated by the auxetic unit cell design and to determine 

whether it would be robust to the associated stresses therewith. A commercial solver 

(Femap with NX Nastran Advanced Nonlinear, Siemens PLM, Cypress, CA) was 

employed. Previous results from uniaxial stress testing on commercially-pure Ti 

“dogbones” were used to define this stress-strain relationship. Additional relevant 

material properties such as Young’s Modulus (E = 102.3 MPa), Poisson’s Ratio (n = 

0.32) and density (r = 4510 kg/m3) were obtained from the literature (Welsch, Boyer, & 

Collings, 1994). 

 
3.2.2. Device Fabrication 
 
Realization of this design concept has been made possible by the development of the Ti 

DRIE (Titanium Deep Reactive Ion Etching) fabrication process, which demonstrates an 

order of magnitude increase in machining resolution from the current state-of-the-art in 

techniques for subtractive manufacturing of intravascular devices (e.g., laser-cutting with 

a minimum spot size of 25 μm). The Ti DRIE process allows for the batch-scale 

fabrication of high-profile FDs (HP-FDs) with micron-scale resolution and, consequently, 

the first balloon-deployable FD produced via subtractive machining. Double-side 

polished, 80 µm thick, Grade 1 commercially-pure Ti foil substrates (99.6% Ti, Tokyo 

Stainless Grinding Co.) were prepared for device fabrication by first subjecting them to 
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standard solvent cleaning. Subsequently, a 4.2 µm thick SiO2 etch mask was deposited 

via Inductively Coupled Plasma, Plasma Enhanced Chemical Vapor Deposition (ICP-

PECVD, VLR, Unaxis) at the following process conditions: 15 mT Chamber Pressure, 

400 W ICP source power, 5 W substrate power, 5.9 sccm 100% SiH4, 20 sccm Ar, 10 

sccm O2 and 100 ºC lower electrode temperature. Next, the substrate and oxide-mask 

were primed with hexamethyldisilane (HMDS) and spin-coated with photoresist 

(AZnLOF 2070, Clariant). The flow diverter flat pattern was then transferred into the 

resist by contact lithography (MJB 3 UV400, Suss MicroTec). The developed resist 

pattern was transferred into the underlying oxide mask at the following process 

conditions: 3.75 mT chamber pressure, 900 W ICP source power, 200 W substrate power, 

40 sccm CHF3. The mask oxide pattern was transferred through the bulk of the titanium 

using a modified version of the Ti DRIE process (E620 R&D, Panasonic Factory 

Systems) at the following parameters: 15 mT chamber pressure, 400 W ICP source 

power, 100 W substrate power, 100 sccm Cl2, 5 sccm Ar and 1 sccm O2. Lastly, the 

remaining mask oxide was removed by using another fluorine-based dry etch at the 

parameters described above. The inherently planar nature of material removal associated 

with these processes results in a flat pattern in which two side beams are connected by a 

series of cross beams (Figure 3-3).  For deployment, a balloon catheter is interleaved 

between these cross beams and the device is expanded upon balloon inflation with a 

locking syringe (NDEFLATOR PLUS 20, Guidant, Santa Clara, CA) at a pressure of 6 

atm (Mohammadi, Mohamed Ali, Lappin, Schlosser, & Takahata, 2013).  
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Figure 3-3: Process Flow Diagram. a) Lithographic Patterning, PR development and O2 
descum. b) PR removal and pattern transfer to SiO2 by F-based dry etching. c) Pattern 
definition in Ti by DRIE. d) Residual SiO2 removal by F-based dry etch. e) Tapered 
needle interleaved between cross-beams of flat pattern to form lumen. f) Crimped FD 
mounted on deflated balloon catheter for delivery. g) Balloon inflated to deploy FD. 

   



 34 

 

 
3.2.3. Porosity Characterization 
In order to confirm the porosity of the device, HP-FD’s were deployed into a 3mm ID 

silicone tube to mimic the designed vessel size. These silicone tubes were then 

submerged in acetone until they swelled enough for the device to be removed. 

Subsequently, devices were cleaned with 99% IPA and DI water, then dried and scanning 

electron micrographs were taken. These images were imported into ImageJ where the 

device area was manually masked and thresholded. The software was then used to 

determine the percentage area per unit cell which was metal coverage as an area fraction 

of the thresholded grayscale value. This value was subtracted from 1 to obtain the 

porosity. A similar approach was taken to benchmark against a current-gen flow diverter. 

However, because the device’s porosity can vary by deployment technique it must be 

measured in-situ. This made optical microscopy a more compelling candidate for 

obtaining images, but the characterization in ImageJ was performed by using the same 

technique for thresholding and measuring area fraction. 

 
3.3. Results 
3.3.1. Device Fabrication and Deployment  
Figure 3-4 and Figure 3-5 show scanning electron micrographs of the resultant FD flat 

pattern after dry etching; and a pre-expanded stent ready for mounting on a balloon 

catheter, respectively. It can be seen that through-etching, with smooth vertical sidewalls 

is achieved even in regions of diminutive feature sizes. Of particular concern was 

whether sufficient etch media transport would occur with this design as a much smaller 

total surface area is exposed and exposed gap widths between the smallest features are an 
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order of magnitude smaller than previous efforts in our lab to etch coronary stents (5 um 

vs. 50 um). This was able to be offset by simply lengthening the etch duration from 55 

minutes to 75 minutes while maintaining same chemistry. Figure 3-6 shows that the 

device maintains good cylindricity through deployment, although each honeycomb unit 

cell does not open entirely. We’ve seen that this allows for potential overdeployment into 

the aneurysm sac where no vessel wall is present to constrain the device and clinically 

may represent a vessel-rupture risk. While we’ve mitigated this by controlling the balloon 

pressure for deployment, a more robust solution may be to alter the design such that the 

cells are close to being fully opened upon contact with the vessel wall. However, it’s 

likely that some degree of margin would want to be preserved to ensure sufficient wall 

apposition. The interplay between these factors is worthy of future study. 
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Figure 3-4: Flat Pattern Resulting from Ti DRIE Etch (Scale bar = 250 μm) 
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Figure 3-5: Flow Diverter After Interleaving for Deployment (Scale bar = 500 μm) 

 

 
Figure 3-6: a) Fully Deployed Flow Diverter (Scale Bar = 1 mm) b) Deployed High-
Profile Unit Cell (Scale Bar = 200 μm) 
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3.3.2. Finite Element Analysis  
Previously, our group has reported on the mechanical characterization of the plasticity-

based deployment of coronary stents fabricated in a similar manner, observing that even 

in the regions of highest strain no signs of fracture were present(S. C. Gott, Jabola, Xu, & 

Rao, 2012). In the FD unit cell, the largest Von Mises stress was observed to occur on the 

central pivot points of the honeycomb. This is an intuitive result as this point is 

intentionally designed to allow for large scale strains of the rest of the structure. 

However, the magnitude of the stresses predicted are near the ultimate tensile strength 

reported for commercially-pure Titanium (~400 MPa) (Hampel, Clifford, 1968); 

suggesting that fracture may occur in this area. This may be an artifact of the mesh size 

and/or quality as scanning electron micrographs taken in the region of highest strain show 

an absence of fracture (Figure 3-7). Interestingly, several sets of parallel striations can be 

observed to originate from these points of high strain; potentially indicative of a network 

of deformation-induced twin boundaries in this region. This may offer a microscale 

explanation as to a competing mechanism for minimizing interfacial energy rather than 

crack nucleation/propagation (Yoo, 1981) which would not be considered by the 

computational model; which is based off bulk material properties. Finally, it’s possible 

that constraining the analysis to a single unit cell which is assumed to open entirely could 

represent a worst-case, as underdeployment can have the collective effect of reducing the 

actual strains experienced by each individual unit cell. In any case, this confirms the 

ability of the device to survive the stresses necessary for endovascular navigation and 



 39 

deployment and may help to inform future efforts to design stress-relieving features into 

balloon-deployable FD’s.  

3.3.3. Porosity Characterization 
Figure 3-9 shows the achieved porosities for each device. It can be observed that the 

thresholding accurately replicates each device’s unit cell geometry. Using the technique 

described above, the measured porosities of the HP-FD and Conv-FD were observed to 

be 85% and 60% respectively. While in the case of the HP-FD, the measured porosity 

agrees well with the simple geometric prediction, the measured porosity of the Conv-FD 

is lower than typically indicated (although within the realm of what has been observed by 

others)(Shapiro et al., 2014).  This is due to the deployment technique, which even in a 

straight vessel can impart residual compression into the device; effectively reducing the 

porosity. Thus these results demonstrate that a balloon-deployable design may more 

effectively decouple porosity from anatomy and provide for more predictable porosity in-

vivo. 
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Figure 3-7: FEA Showing Unit Cell Stress Distribution and Region of Highest Strain 
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Figure 3-8: Region of highest strain showing absence of fracture(Scale Bar = 50μm) 
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Figure 3-9:  a) Scanning Electron Micrograph of HP-FD (Scale Bar = 200μm) b) 
Thresholded Image of HP-FD c) Optical Micrograph of Conv-FD (Scale Bar = 200μm) 
d) Thresholded Image of Conv-FD 
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4. DEVELOPMENT OF MESO-SCALE PARTICLE IMAGE VELOCIMETRY 
FOR  IN-VITRO STUDIES OF NEUROVASCULAR FLOWS 
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4.1. Introduction 
 
Particle image velocimetry (PIV) is widely used in experimental fluid mechanics for flow 

visualization and quantitative investigations of fluid motion that vary in length-scale from 

atmospheric to microcirculatory flows (Grant, 1997; Hove et al., 2003; Lindken, Rossi, 

Große, & Westerweel, 2009). While the specifics of its implementation can vary as 

widely as its applications, one aspect common to nearly all PIV studies is the use of video 

imaging of tracer particles seeded within the working fluid, followed by pair-wise 

analysis of consecutive image frames to extract desired flow characteristics. Typically, 

this is accomplished by first sub-dividing each image frame into smaller regions termed 

interrogation windows. As a consequence of the random positions of the dispersed 

particles, each interrogation window contains a unique distribution of pixel intensities. If 

the window size and data acquisition rate are chosen appropriately, cross-correlation of 

the intensity signal in each window can be used to estimate the average displacement 

within that region. Finally, given that the magnification and frame rate are known 

experimental parameters, an instantaneous velocity vector field can be readily computed.  

 

A major advantage of PIV over single-point measurement techniques is its ability to map 

vector fields across a two- or three-dimensional domain. Hemodynamic applications, in 

particular, have benefited from this capability, since it allows a thorough investigation of 

local flows, which are known to play a significant role in vascular disease or remodeling 

(e.g., atherosclerosis, angiogenesis)(Ando & Yamamoto, 2009; Conway et al., 2013; 

Kuhlencordt et al., 2001). This has also been true for the evaluation of neurovascular 
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flows, and the interactions thereof with endovascular devices (e.g., flow diverters, stents, 

intra-saccular coils, etc.), since the relevant lengths-scales in such applications can often 

span one or more orders of magnitude (e.g., micrometer to mm-scale), and device 

geometry and placement can significantly impact the local fluid mechanics(B. Lieber, P. 

Stancampiano, & K. Wakhloo, 1997).   

 

Most groups conducting PIV-based hemodynamics studies have relied on experimental 

setups that closely mimic some of the earliest investigations of stent influence on 

vascular flow(B. Lieber et al., 1997; Bulusu & Plesniak, 2016). Typically, these include: 

a) pulsed lasers and high-speed cameras, to capture high velocity flows; b) synchronizers, 

to prevent aliasing between the pulse frequency of the laser and the camera acquisition 

frame rate; c) cylindrical optics, to form a light sheet, and thus, minimize background 

fluorescence from tracer particles above and below the interrogation plane; and d) in the 

case of commercial turn-key systems, proprietary software packages, to perform the 

cross-correlation analyses. However, while some applications require the performance 

and/or versatility collectively afforded by these components, many others do not. 

Moreover, the high cost of commercially-sourced tissue phantoms that recapitulate 

desired vascular structures can also prove limiting for many in vitro studies, particularly 

for phantoms with features that bridge the meso-scale regime (> $500/phantom). Herein, 

we report the development of a simplified protocol for implementing PIV for in vitro 

visualization of neurovascular flows, which typically lie both spatially and temporally 

within the meso-scale regime (i.e., length-scales ranging from sub-mm to mm, and 



 46 

velocities up to tens of mm/s). The protocol seeks to leverage resources already at the 

disposal of many bioengineering researchers, thus lowering the barrier to entry for non-

experts. 

 

The first element of this protocol involves the use of an investment casting technique to 

enable in-house fabrication of transparent, polydimethylsiloxane (PDMS)-based tissue 

phantoms from 3D-printed sacrificial molds. By leveraging the increasing availability of 

3D printers in recent years, particularly those in shared/multi-user facilities (e.g., 

institutional facilities or public makerspaces), this methodology cuts cost significantly 

(e.g., < $100/phantom in our case), while enabling rapid turnaround for fabrication of a 

wide variety of designs and geometries. In the current protocol, a fused deposition 

modeling system is used with acrylonitrile butadiene styrene (ABS) as the build material, 

and the printed part serves as a sacrificial mold for the subsequent phantom casting. Our 

experience has shown that ABS is well-suited for such use, since it is soluble in common 

solvents (e.g., acetone), and it has sufficient strength and rigidity to maintain mold 

integrity after removal of the support material (e.g., to prevent deformation or fracture of 

diminutive mold features). In the current protocol, mold integrity is further ensured 

through the use of solid printed models, although this comes at the expense of increased 

dissolution time. Use of hollow models may also possible in some cases, to enhance 

solvent access, and thus, reduce dissolution time. However, careful consideration should 

be given to the effect this may have on mold integrity. Finally, while the phantoms 

fabricated herein are based upon idealized representations of neurovascular structures 
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generated using a common CAD software package, the protocol is expected to be 

amenable to the fabrication of more complex, patient-specific geometries as well (e.g., 

via use of model files generated by conversion of clinical imaging data into the .STL file 

format used by most 3D printers). Further details regarding the phantom fabrication 

process are provided in Section 4.2.1 of the Protocol. 

 

The second element of the protocol involves the use of an open-source plug-in for ImageJ 

to conduct the cross-correlation analyses(Tseng et al., 2012). This is coupled with the 

implementation of a simple statistical thresholding scheme (i.e. intensity capping)(Shavit, 

Lowe, & Steinbuck, 2007) to improve image signal prior to cross-correlation, as well as a 

post-correlation vector validation scheme, the normalized median test (NMT), to 

eliminate spurious vectors through comparison of each to its nearest neighbors(M. Raffel, 

C. Willert, S. Werely, 2007). Collectively, this allows imaging to be accomplished using 

equipment commonly found in many bioengineering laboratories, thus eliminating the 

need for acquisition of many of the costly components of typical PIV systems (e.g., 

pulsed laser, synchronizer, cylindrical optics, and proprietary software). Further details 

regarding the video collection, image processing, and data analysis are provided in 

Section 4.2.5 of the Protocol. 

 

Figure 4-1 illustrates the PIV setup used in this protocol, which relies upon a 

fluorescence microscope equipped with a high-speed camera for imaging, as well as an 

external, continuous white-light source (i.e., metal halide lamp) for through-objective 
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volumetric illumination. A variable-speed gear pump is used to impose recirculating flow 

of a transparent mock blood solution through the neurovascular tissue phantoms. 

 
 

 
Figure 4-1: Inexpensive Particle Image Velocimetry Setup. Reliance upon an open-
source image analysis and a pre-/postprocessing framework reduces the demand upon the 
instrumentation for measuring mesoscale flows, thus eliminating the need for many of the 
costly components of typical PIV systems (e.g., pulsed laser, synchronizer, cylindrical 
optics, and/or proprietary software). 
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The solution is composed of a 60:40 mixture of DI water and glycerol, which is a 

common substitute for blood in hemodynamics studies (Charonko, Karri, Schmieg, 

Prabhu, & Vlachos, 2009; Kerl et al., 2014; Lieber, Livescu, Hopkins, & Wakhloo, 

2002),  due to: a) its similar density and viscosity, i.e. 1080 kg/m3 & 3.5 cP, vs. 1050 

kg/m3 & 3.0 – 5.0 cP for blood(Kenner, Leopold, & Hinghofer-Szalkay, 1977; P. W. 

Rand, Lacombe, Hunt, & Austin, 1964); b) its transparency in the visible range; c) its 

similar refractive index as PDMS (1.38 vs. 1.42 for PDMS)(Bouillot et al., 2014; Cai, 

Qiu, Shao, & Wang, 2013; Hoyt, 1934; Trager, Sadasivan, & Lieber, 2012) , which 

minimizes optical distortion; and d) the ease with which non-Newtonian behavior can be 

introduced, if needed, via the addition of xanthane(Clauser et al., 2018). Finally, 

fluorescent polystyrene beads are used as tracer particles (10.3 μm diameter; 480 nm/501 

nm excitation/emission). While neutrally-buoyant beads are desired, sourcing tracer 

particles with optimal fluid mechanical properties (e.g., density, size, composition) and 

emission wavelength can prove challenging. For example, the beads used herein are 

slightly less dense than the glycerol solution (1050 kg/m3 vs. 1080 kg/m3). However, the 

hydrodynamic effects thereof are negligible, given that the duration of a typical 

experiment is far shorter than the time scale associated with buoyancy effects (i.e., 5 min 

& 20 min, respectively). Further details regarding the mock blood solution formulation 

and in vitro circulatory system setup are provided in Sections 4.2.2 and 4.2.3. 

 
4.2. Methods 
4.2.1. PDMS-Based Vascular Phantom Fabrication 
First an inverse model of the desired tissue phantom is designed using CAD software. 

The model is printed using a 3D printer with ABS as the build material. The PDMS 
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prepolymer base is mixed with the curing agent in a 10:1 ratio (by weight). A 66 g 

mixture provides sufficient material for fabrication of phantoms with volumes up to 50 

cm3. The mixture is then placed in a vacuum desiccator for 60 min to degas and minimize 

bubble entrapment. Cyclic pressurization/depressurization can be used to facilitate bubble 

rupture. The printed ABS mold is mounted on a glass slide using molding putty to seal 

the interface and the PDMS mixture is carefully into the mold while trying to minimize 

bubble entrapment. Lingering bubbles can be manually ruptured using a needle. The cast 

is phantom is then cured at room temperature (25°C) for at least 24 h. At higher 

temperatures this process can be accelerated(Johnston, McCluskey, Tan, & Tracey, 

2014). The ABS negative is dissolved by submerging the phantom in acetone and 

sonicating for at least 15 min using powers up to 70 W.  Acetone has high vapor pressure 

at room temperature and low flash point. Consequently, work should always be 

performed under a fume hood and away from potential ignition sources. Additionally, 

proper personal protective equipment should be worn (e.g., goggles or face shield, lab 

coat, acetone-resistant gloves, etc.). The phantom is thoroughly rinsed with isopropyl 

alcohol, and then DI water to remove solvent residues.  PDMS swells upon exposure to 

acetone; however, swelling subsides once the phantom is rinsed and dried sufficiently 

(Lee, Park, & Whitesides, 2003). Optical phantom fidelity is confirmed by using an 

optical microscope with attached camera and image capture software to capture an image 

of a critical feature within the phantom under a magnification that maximizes the feature 

within the field of view. At the same magnification, an image of an appropriate 

calibration reticle is then captured. Both images are loaded into ImageJ by dragging them 
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onto the “Toolbar”. Using the mouse, a line is drawn along a feature of a known distance 

and “Analyze” > “Set Scale…” is selected from the ImageJ menu. In the “Set Scale” 

window, the field labeled “Distance in pixels” should be pre-populated with the length of 

the drawn line in units of pixels. The length of the known feature is entered in the field 

labeled “Known Distance”, and its units in the field labeled “Unit of Length”. The box 

labeled Global” is checked to apply this calibration factor to all open images. Next, the 

image of the phantom critical feature is made active and the “Line” tool is used to draw a 

line along a feature of interest. Lastly, from the ImageJ menu, “Analyze” > “Measure” is 

selected to measure the length of the line. The result is compared against the expected 

value to confirm phantom fidelity. 

 
4.2.2. Mock Blood Solution Formulation 
DI water and glycerol are mixed in a 60:40 ratio (by volume). A 100 mL volume is 

sufficient for the in vitro circulatory system described herein. 1 mL of 2.5% w/v 

fluorescent polystyrene bead solution (i.e., tracer particles) is added to the mock blood 

solution.  The mixture is then homogenized on a magnetic stir plate at 400 rpm for 10 

min.  

 
4.2.3. In-Vitro Circulatory System Setup 
A circulating gear pump is used to simulate biological flows. In order to fabricate the 

pump setup, a wire stripper tool is used to cut off the DC-end plug from the AC to DC 

adapter power source. Next, the coating is stripped off the power and ground wires and 

they are connected to the input terminal of the pulse width modulation (PWM) voltage 

regulator. Lastly, the power and ground wires are connected from the pump’s DC motor 
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to the output terminal of the PWM voltage regulator. The PWM’s 7-segment display 

outputs the duty cycle (0% - 100%) used to achieve a variable voltage to the DC motor. 

The duty cycle is then correlated to a volumetric flow rate using a linear regression. First, 

200 mL of mock blood solution is prepared (see Section 4.2.2). Next, tubing is placed 

from the pump inlet to the beaker holding the mock blood solution and tubing from the 

pump outlet is placed in an empty beaker. A desired duty cycle set-point (0% - 100%) is 

selected and the “On” button is pressed while starting a timer. The timer is stopped once 

the pump has transferred the entire volume of mock blood solution. The volume 

dispensed is divided by the time to determine the volumetric flow rate. These steps are 

repeated for at least 5 different duty cycle set points to establish a least-squares regression 

curve. A minimum of three replicate points per duty cycle set-point is recommended. 

This relationship can then be used to correlate the desired flow rate to the required PWM 

duty cycle. For reference, the calibration curve obtained for the pump used with the 

studies described herein is shown below: 
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Figure 4-2: PWM Gear Pump Wiring Diagram 
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Figure 4-3: Least-Squares Regression for PWM Duty-Cycle vs. Volumetric Flow Rate 
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4.2.4. Video Collection Image calibration 
First the calibration ratio for the video imaging is determined (see Section 4.2.1). Next, 

the PDMS phantom is placed on the stage of the fluorescence microscope, connected to 

the gear pump, and the mock blood solution is introduced. (Optionally, the model may be 

pre-filled with ethanol to facilitate full wetting, then flushed and filled with mock blood 

solution. This may be particularly beneficial for models with smaller vessels and/or blind 

features.) The pump motor controller is set for the desired flow rate based on the pump 

calibration curve and run for 1 - 5 min prior to the experiment to ensure steady-state 

conditions. The external lamp is then turned on to illuminate the field of view and an 

appropriate filter is applied based upon the excitation wavelength of the fluorescent 

beads. The imaging focal plane is next adjusted to the vessel mid-plane. This can be 

achieved by using a focal length that maximizes the imaged vessel cross-section (e.g., 

when using phantoms with circular vessel cross sections); and/or indexing off of a 

phantom feature designed to facilitate identification of the vessel mid-plane. 

 

Video recording parameters are selected to optimize signal-to-noise ratio (SNR). Key 

parameters include exposure time, frame rate, and gain. In this protocol we use a frame 

rate of 2000 fps, and a gain of 1.0. However, these parameters may vary based on 

application (see Discussion section for further details). Video is saved in AVI format. If 

bead-sticking is observed after an experiment, the vascular phantom can be sonicated in 

an aqueous detergent solution using powers up to 70 W.  
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4.2.5. Image Processing and Data Analysis 
4.2.6. Image pre-processing 
The saved AVI file is dragged onto the ImageJ window to import it and the box marked 

“Convert to Grayscale” is selected. A histogram of grayscale pixel intensities is generated 

by selecting  “Analyze” > “Generate Histogram” from the ImageJ menu. The mean and 

standard deviation for the unprocessed image are then recorded for use in the subsequent 

step. At high frame rates, it is not unusual for the distribution to be skewed heavily toward 

zero (i.e., no signal). A brightness and contrast filter is applied by selecting “Image” > 

“Adjust”> “Brightness and Contrast” from the ImageJ menu. The minimum value should 

be set to be the mean value plus one standard deviation, and the maximum value should be 

the maximum intensity of the image (both based on statistics obtained in the previous step.) 

This typically eliminates all but the top 10% of pixel intensities, however the number of 

standard deviations may be varied depending on the desired distribution of pixel intensities 

(a custom macro script for performing the intensity capping operation is provided in 

Appendix ). After applying this filter, saturated pixels may be created within the image and 

these can increase the potential for spurious vectors to be detected during the cross-

correlation. In order to reduce the number of satured pixels, a despeckling is performed by 

selecting “Process” > “Noise” > “Despeckle” from the ImageJ menu. A Gaussian blur 

operation is next performed to smooth the resulting signal and reduce artifacts arising from 

the occasional removal of illuminated pixels in a 3x3 neighborhood by the prior 

despeckling operation.  This is performed by selecting “Process” > “Filters” > “Gaussian 

Blur” with a radius of 1.5. Lastly, signal is completely removed from regions where it’s 

known that there is no flow (i.e. outside the fluid domain). In order to perform this, the 
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“Polygon” tool, is used to outline the region of interest (ROI) and “Edit” > “Clear Outside” 

is selected. 

4.2.7. PIV Calculation 
This portion of the protocol employs a third-party PIV plug-in for ImageJ, which relies 

upon Gaussian peak-fitting to enable estimation of displacement with sub-pixel accuracy. 

A macro provided in Appendix B must first be saved into the ImageJ macros folder. Once 

this is complete it can be run by selecting “Plugins” > “Macros” > “Run…” and navigating 

to the saved macro to cross-correlate successive image pairs. The macro proceeds as 

follows:1) Cross-correlation of the intensity field within consecutive images is first 

performed to determine the local displacement of advected tracer particles, i.e. the first 

image pair consists of the first and second images, the second image pair consists of the 

second and third images, etc.; 2) a two-step multi-pass evaluation is then performed with 

initial and final interrogation window sizes of 256 x 256 pixels and 128 x 128 pixels, 

respectively; and finally, 3) the macro performs a temporal average to further reduce the 

appearance of spurious vectors. 

 

4.2.8. Normalized median test (NMT) 
Similar to the previous section, a macro provided in Appendix C must first be saved into 

the ImageJ macros folder. This macro can be run in the same fashion (i.e. selecting 

“Plugins” > “Macros” > “Run…” and navigate to the saved macro). The macro proceeds 

as follows: 1) each vector in an instantaneous vector field is first compared to its eight 

nearest neighbors to compute the median value; 2) the array of residual errors is then 

calculated as the difference between each neighboring vector and the calculated median; 



 58 

3) the difference between the vector under investigation and the median neighboring vector 

value is then normalized by the median of the residuals; 4) this is then compared to a 

threshold value (typically 0.2 pixels), which can be varied based on a priori knowledge of 

noise during image acquisition; and finally, 5) a temporal average of all validated 

instantaneous vector fields is performed to produce a composite field, as this has been 

shown to increase the vector field quality(Carl D. Meinhart, Wereley, & Santiago, 2000). 

4.3. Representative Results 
Figure 4-4 illustrates the PDMS tissue phantom fabrication process. The phantoms 

designed herein are intended for the study of flow in idealized wide-necked, saccular, 

intracranial aneurysms, as well as proximal branching perforator arteries. Important 

additional design features include: 1) a common reservoir that all vessels drain into, to 

ensure unencumbered fluid egress from the phantom, otherwise droplet formation may 

occur at the smaller vessel outlets; 2) a bubble trap, to facilitate bubble removal; 3) an 

outer cavity wall, to ensure parallelism of the vessel with the horizontal plane, as well as 

precise definition of the final phantom slab height, length and width; and 4) use of a 21 

gauge hypodermic needle shank (820 µm nominal outer diameter) for molding of the 

perforator artery, due to our printer’s inability to define such features with sufficient 

fidelity. Faithful reproduction of all design features is observed throughout. 
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Figure 4-4: PDMS-based tissue phantom fabrication process. The images illustrate (a) a 
CAD model of the neurovascular phantom mold, (b) the printed ABS mold after the 
removal of the support material, (c) the casting and curing of PDMS within the ABS 
mold, (d) partial dissolution of ABS mold material, and (e) the completed PDMS 
phantom, with the inset showing the final dimensions of critical features, as well as the 
region of interest (ROI) in the perforator artery where the PIV measurements were made. 
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Representative results for PIV-based flow characterization performed using the current 

protocol are presented in Figure 4-6. These studies were performed using phantom inlet 

flow rates of 100 mL/min, data acquisition rates of 2000 fps, and temporal averaging over 

spans of 0.05 s. Figure 4-5 shows representative image frames within the perforator 

artery, before and after intensity capping as well as corresponding surface plots of the 8-

bit pixel intensity values. Both demonstrate that intensity capping significantly increases 

peak definition above the noise floor (i.e., increases SNR), which is critical to ensuring 

accuracy when performing subsequent cross-correlation. Figure 4-6 shows the effects of 

intensity capping and NMT operations on the velocity vector field. Marked improvement 

in field uniformity is observed, thus further underscoring the importance of maximizing 

SNR to minimize data dropout.  
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Figure 4-5: Effect of the intensity capping operation on the image SNR. These panels 
show representative image frames and the corresponding pixel intensity surface plots 
within the perforator artery, (a and b) before and (c and d) after applying the intensity 
capping operation 

 
 
 

 
Figure 4-6: Effects of intensity capping and NMT operations on velocity vector fields. 
These panels illustrate the representative instantaneous velocity vector field within the 
perforator artery derived from (a) unprocessed image data, (b) intensity-capped data, and 
(c) intensity-capped data + NMT postprocessing	
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4.3.1. Discussion 
The protocol described herein outlines a simplified method for performing PIV studies to 

visualize neurovascular flows at physiologically-relevant dimensions and flow conditions 

in vitro. In doing so, it serves to complement protocols reported by others that have also 

focused on simplifying the quantification of vector fields, but within very different 

contexts that require consideration of far larger length-scales(Bosbach, Kühn, Wagner, 

Raffel, & Resagk, 2006) or lower flow rates(Lima et al., 2008; C. D. Meinhart, Wereley, 

& Santiago, 1999)(e.g. atmospheric or microcirculatory flows), and thus, reliance upon 

schemes that are incompatible with the current application.  

The most important considerations for successful implementation of PIV lie in the 

minimization of flow field artifacts and maximization of image quality. Several steps in 

the tissue phantom fabrication process are critical to both of these criteria. For example, 

thorough degassing is crucial since air entrained within the PDMS during mixing can 

lead to bubble formation within the final phantom, which can adversely affect both 

feature fidelity and optical clarity. Additionally, minimization of surface roughness of the 

ABS mold is desired, since the PDMS casting process faithfully reproduces even the 

most minute imperfections (e.g., build lines, surface pores, scratches, etc.), thus resulting 

in surface roughness in the final phantom that can decrease optical clarity and increase 

potential for bead accumulation. While the protocol described herein has proven 

sufficient for the current application, there are numerous reports in the literature of means 

for reducing such roughness, should there be need (e.g., acetone vapor smoothing(Kuo & 

Mao, 2016), or optimization of layer thickness and part orientation with respect to build 

direction)(Kang, Oh, Yi, Han, & Hwang, 2018). 
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Parameter selection for video capture is also critical to ensure a high-fidelity vector field. 

Optimal SNR is typically achieved at the highest achievable frame rate that still allows 

sufficient bead exposure (maximum frame rate being limited by minimum exposure 

time). Gain can be used to amplify the signal, but this also increases sensor noise. If the 

maximum velocity can be estimated from other flow parameters (e.g., inlet volumetric 

flow rate), then a lower bound on the required frame rate can be estimated using the 

following relation(Prasad, 2000): 
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where fsampling is the camera acquisition rate (Hz), vmax is the maximum expected velocity 

(mm/s), ccalibration is the calibration constant (pixels/mm), and hinterrogation window is the size of 

the interrogation window (pixels). However, more optimal values can be determined 

using so-called correlation quality estimation techniques, such as the zero-normalized 

correlation coefficient(M. Raffel, C. Willert, S. Werely, 2007). In this technique, the 

averages of complementary signals from each frame-pair are first subtracted, and then 

normalized by the standard deviation of their intensities(M. Raffel, C. Willert, S. Werely, 

2007). If a displacement of the original signal exists, such that all peaks and valleys 

match, the time-shifted value of this signal will be equal to one. Conversely, if there is no 

displacement that can align these signals, the value will be zero. This information is 

included in the ImageJ PIV output for each vector, and it can be plotted as its own field to 

verify whether there are spatial effects contributing to poor correlation (e.g., uneven 

lighting). The correlation coefficient can also be averaged over a field as an overall 
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estimate of its quality. Finally, this quantity may also be plotted against varying frame 

rates or interrogation window sizes to determine an optimum. Figure 4-7 illustrates the 

results from such an analysis using a Monte-Carlo synthesized particle field with 

displacements consistent with our experimentally-measured flows (a typical technique for 

characterizing correlation quality(M. Raffel, C. Willert, S. Werely, 2007)). The results 

show that the interrogation window size and frame rate should be chosen such that a 

particle field is displaced by ≤ 20% of the interrogation window size per frame-pair to 

maximize the correlation coefficient, while minimizing its variability.  
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Figure 4-7: Effect of interrogation window sizing on correlation quality. Optimal 
window sizing occurs when the value of the zero-normalized correlation coefficient is 
maximized, and the standard deviation is minimized 
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Although the protocol described herein has proven sufficient for meeting the needs of the 

current application, it is important to acknowledge its limitations. For example, while 

contrast enhancement via intensity capping offers ease of implementation, 

transformations of the entire distribution of pixel intensities may improve SNR further 

(Dellenback, Macharivilakathu, & Pierce, 2000). Similarly, although correlation-based 

tracking is well-established and provides sufficient resolution for reliably estimating first-

order flow characteristics relevant to hemodynamics (e.g., intra-aneurysmal velocity), 

other techniques may offer higher spatial resolution (e.g., hybrid PIV/PTV, least squares 

matching)(Cowen & Monismith, 1997; Gruen, 1985), and thus greater accuracy when 

considering characteristics that are more sensitive to velocity field resolution (e.g., wall 

shear stress, in-plane vorticity). Likewise, while the NMT provides a means for 

improving the velocity vector field after cross-correlation, it is important to emphasize 

that this is just one of many vector validation techniques that could be used(Carl D. 

Meinhart et al., 2000; Nogueira, Lecuona, & Rodríguez, 1997), each with their own 

unique advantages and disadvantages that may make their use more suitable for 

applications beyond those described here. Lastly, while our experimental setup seeks to 

mimic physiologically-relevant flow rates and length scales for the neurovasculature, it 

does not currently allow the analysis of pulsatile flows. This has not been a limitation for 

our current application, since the range of Womersely numbers in much of the 

neurovasculature tends to be ≤ 1 (i.e., there is minimal additive effect of multiple cardiac 

cycles)(Loudon & Tordesillas, 1998), which suggests that steady-state conditions are 

sufficient to recapitulate discrete time points along the cardiac waveform in which the 



 67 

flow rate is comparable. However, for applications where the Womersely number is 

larger (e.g., vasculature closer to the heart), we envision potential for introducing 

pulsatility through the use of an Arduino, which could be used to send the pump a time-

varying PWM voltage waveform that enables mimicking of a cardiac flow profile(Drost, 

de Kruif, & Newport, 2018; Kato et al., 2002; Tsai & Savaş, 2010). 

4.3.2. Improvement of Particle Image Velocimetry System 
For many of the flow ranges encountered within the present study, the aforementioned 

protocol should achieve sufficient resolution and signal correlation as to produce reliable 

results. However, it is likely that some physical aspects of this system place a limit on the 

maximum velocities that are able to be measured. This may become significant for future 

studies trying to expand the present scope into new areas of the anatomy where 

geometries and flow rates can differ appreciably. While the system outlined above has the 

benefit of cost-effectiveness and a relatively easy implementation, it is important to 

acknowledge its limitations. Firstly, the energy provided by incoherent arc light sources 

(e.g. metal halide), the majority of which is absorbed by a filter, will naturally be less 

efficient than laser light. For a given input power this decreases the irradiation energy 

density, which has significant impact on the amplitude of the input signal for cross-

correlation. Secondly, since this light is continuous, at elevated velocities particles may 

“streak” which can stretch the peaks of the input signal; resulting in larger uncertainties 

in the cross-correlated signal. The inclusion of a pulsed laser largely addresses these 

concerns by providing a much greater radiated power and a much smaller duration of 

illumination (Figure 4-8). 
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Figure 4-8: Improved Particle Image Velocimetry Setup 
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5. FLUIDIC CHARACTERIZATRION OF HIGH PROFILE FLOW-DIVERTER 
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5.1. Introduction 
Previous studies have mostly focused on characterizing flow diversion as a result of 

porosity in highly symmetric devices and have elucidated the mechanism behind a current 

clinical challenge; decreasing porosity increases the efficacy of flow diversion but this 

applies equally to lesions as to neighboring healthy anatomy(Dong, Wong, Sun, & Tu, 

2011; Kim, Xu, & Lee, 2010). Clinically, this lack of discrimination has translated into a 

limited indication for commercial FDs; restricting their use to regions of larger diameter 

arteries with higher volumetric flow rates which are more robust to jailing. However, this 

excludes a significant segment of the patient population (e.g., posterior segment lesions). 

While devices have found off-label use in this region in several reports, the prognosis for 

perforating arteries remains poor(Adix, Kaminsky, & Choi, 2017; Bhogal, Ganslandt, 

Bäzner, Henkes, & Pérez, 2017; Lall, Crobeddu, Lanzino, Cloft, & Kallmes, 2014; Phillips 

et al., 2012; Siddiqui et al., 2012; van Rooij & Sluzewski, 2010). This motivates the 

investigation into means for achieving IA flow diversion while sparing perforators.  

Current computational reports on the optimization of the flow diversion response have 

been limited by the underlying assumption that devices would leverage available 

fabrication techniques (i.e., wire braiding). As such, these studies have largely focused on 

macroscale characteristics of large symmetric assemblies (i.e., braid porosity)(Janiga et 

al., 2015; M. Zhang, Anzai, Chopard, & Ohta, 2016; Y. Zhang, Wang, Kao, Florez-

Valencia, & Courbebaisse, 2019). In contrast, we’ve demonstrated that there exists the 

potential for achieving the flow diversion effect while also allowing for greater 

directional discrimination by increasing local anisotropy in device design. As a first step 

toward optimizing this multi-faceted phenomenon, we show that higher-porosity FDs 
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with high-aspect ratio struts can produce flow reductions comparable to those of 

significantly less porous commercial FDs in aneurysm morphologies in which IA flow is 

largely shear-driven, while producing significantly less flow diversion in “jailed” 

perforating arteries. While typical devices consist of fine round wires which repeat 

frequently enough to reduce IA velocity, here we show the potential for a high aspect 

ratio strut design to achieve comparable reductions. Although traditional, high-porosity 

stents have previously been observed not to affect significant changes to aneurysm shear 

strain rate, we show that increased porosity can be offset by using pressure gradients 

induced by high aspect ratio struts to divert flow selectively.  

As a result, less struts are required to induce flow diversion, decreasing the amount of 

metal coverage and reducing the risks associated therewith (e.g. ischemia/infarct, 

inflammation, nickel sensitivity). The evaluation of this concept has recently been 

enabled by a ground-breaking microfabrication technique borrowed from semiconductor 

manufacture and adapted to titanium; a well-understood biomaterial(Aimi, Rao, 

MacDonald, Zuruzi, & Bothman, 2004; Parker, Thibeault, Aimi, Rao, & MacDonald, 

2005; Woo et al., 2017) 

 

5.2. Methods 
5.2.1. Experimental Methods 
Experiments were conducted by inducing flow through the silicone models using a 

circulating pump (GA Model, Micropump, Vancouver, WA) at approximately 100 mL/min 

and measuring the flow through the aneurysm sac and perforating artery via particle image 

velocimetry (PIV). Similar to previous hemodynamic studies, a 60:40 deionized water-
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glycerol solution was employed with a viscosity and density similar to that of blood (3.5 

cP, and 1080 kg/m3, respectively). The viscosity of the solution was quantified using a 

Cannon-Fenske viscometer tube (Sigma Aldrich, St. Louis, MO). Prior to experiments, the 

water-glycerol solution was seeded by adding and thoroughly mixing a stock of neutrally 

buoyant fluorescent polystyrene microspheres (10.3 µm, maximum emission wavelength 

of 584 nm; PSF-010UM, Magsphere, Pasadena, CA) to the water-glycerol solution at a 

concentration of 2% by volume. The particles were excited using a 527 nm double-pulsed 

Nd:YLF laser (DualPower 10-1000, Litron, UK). The model was illuminated from below 

by coupling the laser head to an optical collimator via a liquid light guide (Figure 4-8). 

High definition video was acquired at 1450 Hz using a high-speed CMOS camera 

(SpeedSense VEO640, Vision Research, Wayne, NJ) and a 2.5x zoom lens oriented such 

that the focal plane coincided with the midplane of the model. In each experiment, a total 

of 750 frames (approximately 0.5 s) were collected at a resolution of 2560x1660 pixels^2. 

Velocity fields were retrieved by processing the raw PIV image sequence using 

DynamicStudio (Dantec Dynamics, Holtsville, NY). First, images were pre-processed by 

subtracting the entire image set’s temporal mean from each frame (Figure 5-1). 

Consecutive image pairs were then cross-correlated and sub-pixel displacements were 

estimated using a Gaussian curve fit. Finally, spurious vectors were excluded by 

implementing a standard normalized median test(Carl D. Meinhart et al., 2000).   
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Figure 5-1:PIV Pre-Processing Scheme:  a) Raw Video b) Temporal Mean c) 
Background Subtracted Image 
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5.2.2. Computational Methods 
Numerical simulations were employed to characterize the hemodynamic effect of 

implantation of a HP-FD. Model parameters were based on values typically encountered 

in the posterior circulation(Bogren, Buonocore, & Gu; Buijs et al., 1998). The same CAD 

models used to fabricate the silicone models used for PIV measurements where imported 

as the geometry for computations. 

The vascular lumen was modelled as a rigid non-slip wall as is common within the 

literature, due to negligible distensibility of cerebral vasculature. Blood was modelled as a 

Newtonian fluid with density ⍴ = 1064 kg/m3 and viscosity μ = 3.5 cP(Kenner et al., 1977; 

P. P. W. Rand, Lacombe, Hunt, & Austin, 1964). While blood is known to exhibit non-

Newtonian properties, largely due to viscoelastic effects arising from the increased volume 

fraction of hematocrit in smaller vessels, these effects don’t become significant at the 

diameter ranges considered within this study(Waite & Fine, 2007). Additionally, these 

parameters have been used widely in computational modelling of intravascular 

stenting(Aenis, Stancampiano, Wakhloo, & Lieber, 1997; Kim et al., 2010; Ohta et al., 

2005; Valencia & Solis, 2006) in addition to having been validated experimentally(Cho & 

R. Kensey, 1991; LaBarbera, 1990). At the inlet and linear velocity boundary condition of 

.235 m/s was chosen, corresponding to a volumetric flow rate of 1.6 mL/s; typical of the 

arterial segments being simulated(Lindegaard et al., 1987). Upstream length was chosen to 

remove entrance and boundary layer effects, Laminar=.05ReD. 

The Womersley number is a measure of dynamic similitude used commonly within the 

vascular system to describe the viscous damping behavior of blood relative to the time-
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varying pressure gradient induced by the heart. This number is defined as α=d√(ωρ/μ), 

where ω is the angular frequency of the heart rate, ρ is the blood’s density and μ is its 

dynamic viscosity. For typical heart rates (between 60-100 bpm) this value is less than two 

in the neurovasculature; indicating that the flow is dominated by viscous forces rather than 

oscillating inertial forces (i.e. the flow is quasi-steady). Flows within this regime have a 

parabolic velocity profile at peak flow rate and a peak flow rate which is roughly 80% of 

the steady-state flow rate which would be observed for the same pressure 

gradient(Womersley, 1955). In contrast, for α > 2 the fluid core is dominated by inertial 

forces and toward the centerline has a much more uniform velocity distribution than near 

the walls; where these values rapidly approach the no-slip condition (u=0). Flows at high 

Womersley numbers also have peak flow rates that are significantly lower than steady-state 

flow rates under the peak pressure differentials. Since this study is largely concerned with 

the resulting changes to IA properties resulting from fluid shearing against stent struts near 

the vessel wall, a steady-state model using the volumetric flow rate near peak systole was 

considered a conservative but appropriate “snapshot” for comparing the effects of device 

geometry on the time-averaged magnitudes of fluid mechanic parameters relating to 

aneurysm rupture(Barnes, Townsend, & Walters, 1971; Perktold, Gruber, Kenner, & 

Florian, 1984). Parent boundary condition was set to zero gage pressure as is common in 

the literature(Anzai et al., 2015; Moon, Suh, Lee, Kim, & Lee, 2014; Vignon-Clementel, 

Figueroa, Jansen, & Taylor, 2010; Xu et al., 2015) and perforator pressure outlet was set 

to -120 Pa for all cases to match experimentally-observed nonstented perforator mass flow.  
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The mesh was constructed using ANSYS Meshing 17.1 (Ansys, Canonsburg, PA, USA). 

Mesh independence was reached with saccular average velocity differences across mesh 

refinement of 4% or less. Each device was designed in Solidworks (Solidworks, Concord, 

MA) to mimic as closely as possible experimental geometries and virtually deployed within 

aneurysm model. Tetrahedron-dominant mesh was used in stent deployed geometry and 

aneurysm sac, which has a 5-layer boundary inflation at the wall, leading to a 15 million 

element mesh for Conv-FD and 7 million for HP-FD. ANSYS FLUENT (Canonsburg, PA) 

was used to solve the discretized steady-state Navier-Stokes equations using the SIMPLE 

(Semi-Implicit Method for Pressure-Linked Equations) algorithm.  

For comparison, studies that have observed significant differences in wall shear stress 

between steady-state and pulsatile models have been in flow regimes with Womersley 

Numbers of 13-22(Yu, 2000). It should be noted that even at this low Womersley number, 

there are significant differences between pulsatile and steady-state flow, and certain time 

dependent phenomena were neglected (e.g. vortex nucleation and decay). However, as the 

overarching objective of this study was to develop relative measures for device 

characterization, a steady-state model was considered appropriate as a first-pass technique 

for analysis of device performance. 

 
5.2.3. Experimental and Computational Comparison 
For each case, the spatially averaged velocity magnitude was computed within the region 

of interest: 

 

𝒗 = -
.
∫/01	|𝒗|	𝑑𝐴  ( 2 ) 
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Eq.  2 was evaluated numerically within the aneurysm boundary using the PIV/CFD vector 

spacing to discretize the domain: 

 

𝒗 = -
.
∑ ∑ ,𝑣&,4,#

456
'
&56  ( 3 ) 

 

Where n and m are the numbers of rows and column in the region of interest. For PIV, the 

area of each element is equal, whereas for CFD a weighting was applied based on the size 

of the element being summed. Using these values for the control and FD-implanted cases, 

the percent reduction in intra-aneurysmal velocity was computed as: 

 

%	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)7%8+&9: =
)$*+)(*%;)12	

)$*+)(*%
   ( 4 ) 

 

In order to better characterize the effect on the vessel wall, the wall shear stresses (WSS) 

for both cases were also computed. These stresses were calculated by first obtaining the 

shear rate in the fluid, given and multiplying it by the viscosity: 

 

𝜏 = 𝜇�̇� = 𝜇 ;<=
<:
+ <)

<>
=  ( 5 ) 

 

In order to determine the max wall shear stress, an edge detection algorithm was used to 

determine the boundary and a cubic spline curve was fit to the resulting coordinates. The 

wall shear stress tangent to the wall was calculated by determining the tangential 

components of the U, V velocity components and x and y coordinates of each point along 
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the fitted boundary by multiplying them by the following rotation matrix: 

 

𝑹 =	 ?𝑐𝑜𝑠	(𝜃) −𝑠𝑖𝑛	(𝜃)
𝑠𝑖𝑛	(𝜃) 𝑐𝑜𝑠	(𝜃) E ; 𝑛

? = 𝑛 ∙ 𝑹  ( 6 ) 

 

Where theta is the angle between the element and a line tangent to the boundary at that 

point and n’ is the variable of interest (e.g. x,y,U,V) to be transformed. In this way the 

shear rate from Eq. 5 was transformed from global coordinates into tangential coordinates 

and was discretized using an expression equivalent to the central difference method on a 

bilinear interpolation of a 3x3 vector field (M. Raffel, C. Willert, S. Werely, 2007) then 

solved within the entire fluid domain using the vector spacing from the resultant PIV 

velocity fields: 

 

𝛾@,Ȧ =	 

−
𝑈&;-,4;-? + 2𝑈&,4;-? + 𝑈&B-,4;-?

8𝛥𝑌? +	
𝑈&B-,4B-? + 2𝑈&,4B-? + 𝑈&;-,4B-?
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−
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+

!!&#,%"#
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'
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   ( 7 ) 

 

Wall shears were considered to be any of these values found within a 3-pixel band around 

this boundary.. The percent reduction for maximum WSS in this boundary was computed 

in a similar fashion to intra-aneurysmal velocity:  
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%	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛CDDE.F =
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For both metrics, PIV results were compared against the CFD simulation results at the 

model mid-plane using equations 4 and 8. Python code to perform wall shear stress 

calculations is provided in Appendix F. 

5.3. Results 
5.3.1. Benchmarking Against Conventional FD’s 
In order to evaluate the efficacy of our high-profile strut design on flow diversion, we 

deployed HP- and Conv-FDs in in vitro silicone models in best, worst, and nominal 

placement cases. Using a technique previously described (Peck et al., 2018), these models 

were custom designed and fabricated with an idealized wide-necked saccular sidewall 

aneurysm geometry (Figure 5-2)  with a perforating artery in close proximity, and subjected 

to flow conditions chosen to mimic that of the basilar artery; a region for which Conv-FDs 

have been have seen  severe complications arising from perforator occlusion. Using 

Particle Image Velocimetry (PIV), we measured the average velocity before and after 

device implantation in the aneurysm sac and in the perforating artery at the model’s 

symmetry plane. Using the same CAD files from silicone model fabrication, we developed 

CFD models and applied boundary conditions mimicking the flow condition in the 

unstented models from the experiment in order to draw inferences about device behaviors 

which may not be directly observed. Specifically, we were interested in whether the greater 

heterogeneity of the HP-FD architecture would contribute to adverse flow conditions due 

to out-of-plane motion that may not be captured by the 2-D PIV mid-plane measurements. 

CFD results show good agreement with PIV data at the midplane. Figure 5-3 and Figure 
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5-4 show comparisons at the midplane for both the perforator and aneurysm sac for all 

cases considered and qualitative flow fields and velocity magnitudes show very close 

agreement for all cases, as does fluidic shear stress observed in Figure 5-7. 
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Figure 5-2: a) HP-FD in Custom-Fabricated Vascular Phantom b) Conv-FD in Custom-
Fabricated Vascular Phantom (Scale bars = 2 mm) 



 82 

 

Figure 5-3: PIV and CFD comparisons for intra-aneurysmal velocity with and without HP-
FD and Conv-FD in worst-case deployment position 
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Figure 5-4: PIV and CFD comparisons for perforator velocity with and without HP-FD 
and Conv-FD in worst-case deployment position 
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Figure 5-5: Near-strut velocity fields for HP-FD and Conv-FD 
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Figure 5-6: Comparison of average intra-aneurysmal flow reduction across all deployment 
cases for HP-FD and Conv-FD 
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Without any device implanted, IA flow regimes are shear-driven with high velocity 

rotational motion and flow from the parent artery impinging on the distal wall of the 

aneurysm neck. The most immediate goal of FD therapy is to disrupt shear into the 

aneurysm sac, and it can be observed that the implantation of either device reduces the IA 

velocity by roughly an order of magnitude. Implantation of the HP-FD realigns the IA flow 

from a regime of high rotational flow to a proximal-to-distal direction, as the FD struts 

reduce the area available for shear transmission and the flow regime at the neck is instead 

dominated by a radial pressure differential into and out of the aneurysm sac (Fig 2b). This 

phenomenon is also observed in the Conv-FDs and has been remarked upon in greater 

detail by other groups in previous studies of commercial flow diverters(Bouillot et al., 

2014; Seshadhri, Janiga, Beuing, Skalej, & Thévenin, 2011; Stancampiano et al., 1997). 

Though more of the aneurysm sac exhibits realignment with the Conv-FDs, this result 

indicates that porosity alone may not be an effective predictor of flow diversion efficacy, 

since the HP-FD (with 10-15% greater porosity than the Conv-FD) induces similar 

structural changes in the flow field and reduces the magnitude by roughly the same amount. 

Most significantly, while the HP-FD appears to produce comparable IA flow reduction to 

the Conv-FD, it negligibly affects perforator flow, unlike the Conv-FD. Furthermore, when 

grouping data across all placements, we observed a fourfold decrease in the variance of 

perforator flow diversion with the HP-FD implanted relative to the Conv-FD case. This 

demonstrates the benefit of a high-profile, solid-construct design in which an increased 

porosity is largely unaffected by deployment technique and consequently, pressure-driven 

flow into perforating arteries is largely maintained. Clinically this may indicate a path 
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forward by which flow diversion therapy can be extended into the posterior regions of the 

neurovasculature; which are often more perforator-rich and characterized by lower 

volumetric flow rates.  

 
5.3.2. Device Characterization 
Disruption of IA flow induces curative mechanisms on varying timescales. First, the 

reduction in velocity has the effect of reducing stresses on the already weakened tissue of 

the aneurysm sac. Secondly, this stagnated flow has the effect of prompting thrombogenic 

cues. This effectively forms a feedback loop where a growing thrombus assists the FD in 

continuing to reduce flow into the aneurysm sac(Fiorella et al., 2009). Shear stresses (both 

within the blood and at the vessel wall) play an integral role in the signaling complexes 

involved in this phenomenon. Using PIV and CFD, we examined how differences in device 

design may influence velocity and shear stress fields and consider the implications for 

shear-associated behavior.  

Our CFD models showed that the HP-FD creates much steeper near-strut velocity gradients 

relative to Conv-FDs (Figure 5-5) and creates larger, stronger and more frequent saccular 

in-jets into the aneurysm (Figure 5-7). While the Conv-FD induces greater IA flow 

reduction, most of that is in the neck where velocities for the HP-FD are much higher. 

Thus, differences in IA flow reduction are due to a localized region of moderately elevated 

velocities away from the aneurysm wall. Implantation of either device significantly reduces 

the magnitude of the maximum wall shear stresses (WSS) observed, but both device groups 

show elevated WSS at the distal segment of the aneurysm neck where slower, IA flow 

recombines with the higher velocity flow in the parent artery. This effect is most 
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pronounced for the HP-FD, where the strut trailing edge low-pressure region may serve to 

accelerate the fluid back into the parent artery. While the Conv-FD exhibits this same 

characteristic, the region of increased shear and the magnitude of maximum WSS are both 

smaller than in the HP-FD case. The implications of this are unclear, as both magnitude 

and direction of applied shear stress are known to affect endothelial cell behavior; with the 

expression of atheroprotective factors observed in laminar flows at moderately elevated 

shear stresses with a consistent applied direction(Chien, 2007). In contrast, turbulent or 

reversing flows of low magnitude have been shown to induce the endothelial expression of 

inflammatory cytokines(Ando & Yamamoto, 2009). It’s difficult to extrapolate these 

results to tissue within and surrounding a lesion; where phenotype may vary by location, 

but this may suggest that flow-aligned, elevated shear along the distal neck segment post-

device-implantation is less harmful than stresses of the same magnitude due to recirculation 

(as in the unstented case). That a region of elevated distal-segment WSS is also present in 

the Conv-FD suggests this may be true, although the degree to which increased magnitude 

is tolerated is not well-understood. 

Both devices affect significant flow stagnation in the dome, though as remarked above 

Conv-FD has a more prominent pressure-driven realignment. Figure 5-7 shows that 

although both devices exhibit realignment, they differ in the magnitude of near-strut 

velocity and the uniformity of the velocity field passing through the device into the 

aneurysm zone. We also observed this as elevated fluid shear for the HP-FD case relative 

to the Conv-FD (Figure 5-8). While fluid shear in the Conv-FD case is due to one main in-

jet at the proximal aneurysm wall and exit on the distal wall, the HP-FD case exhibits many 
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more areas of elevated fluid shear due to significant inflow around the struts. Several 

thrombogenic cues have been linked to elevated shear stresses within the blood (e.g., 

platelet activation)(Alevriadou et al., 1993), so it may be possible that high aspect ratio 

struts can find utility as a mechanism for inducing and/or localizing thrombus. In any case, 

the influence on the IA flow suggests the potential for HP-FD to induce comparable flow 

diversion at higher porosities.  
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Figure 5-7: In-Vitro Comparison of HP-FD and Conv-FD Wall Shear Stress. (a) PIV and 

CFD comparisons for IA WSS with and without HP-FD and Conv-FD in worst-case 
deployment position 
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Figure 5-8: a) Max Intra-Aneurysmal WSS magnitude for No Device, HP-FD, Conv-FD 
b) Percent Reduction from control in Max WSS averaged across all deployment cases for 

HP-FD and Conv-FD  
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The fluid mechanic factors influencing IA flow reduction for Conv-FDs have been the 

subject of many studies and are fairly well-understood. On the other hand, the HP-FD 

represents a region of porosity not before implemented in the context of flow diversion. 

Reductions in this space are largely due to a mixture of increased shear strain rate from 

high porosity, lower pore density and the increased hydrodynamic drag that’s induced by 

the presence of less-streamlined, higher aspect ratio structures. Exactly how these factors 

interact, or if there are additional factors to consider, still warrants investigation. We 

believe the aspect ratio of the struts may enhance flow diversion selectivity as this is 

essentially also the ratio of effective areas seen by flows in bifurcating vessels (i.e. frontal 

areas inducing form drag). This enhanced control is especially compelling for a region such 

as the basilar trunk, where pontine arteries generally branch at right angles; maximizing 

the difference between these frontal areas. For many other regions of the neurovasculature 

the angle between the parent and perforating artery is more obtuse and this effect may not 

be as prominent. Nevertheless, aspect ratio manipulation via Ti DRIE may offer a 

mechanism for optimization in these anatomies as well. 

5.3.3. Discussion 
This novel device design concept demonstrates the feasibility of a higher porosity flow 

diversion device with high aspect ratio cross-sectional structural elements. Furthermore, 

this device represents an unprecedented degree of machining resolution for the application 

of neurovascular flow diversion. We believe this level of control should afford the ability 

to induce flow diversion in a selective manner. Clinically, this may translate into better 

control over flow diversion for cases in which flow is desired to be excluded preferentially 
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from certain structures but not others (e.g., shear-driven flow near jailed perforators). This 

may be enabled by manipulating device permeability selectively.  

This device exhibits an intermediate porosity between traditional stents and flow diverting 

stents. In previous transient studies modelled after the anterior circulation, traditional 

neurovascular stents within this range of porosity (85%-90%) had shown behavior 

associated with FDs (i.e. realignment of flow) at lower diastolic flow rates, before reverting 

to exhibit more traditional stent haemodynamics (i.e. shear-driven IA flow) at peak systole. 

This led the authors of the study to characterize this region of stent porosities as one of 

“hemodynamic transition”. This begins to suggest that the amount of metal coverage 

required to induce flow diversion may be less than current embodiments of FDs and hints 

at the suitability of more porous designs for the posterior circulation. While there is a 

precedent for the use of high-porosity stents in treating posterior circulation aneurysms, 

reports have been sparse and the results have been mixed(Kaku, Yoshimura, Yamakawa, 

& Sakai, 2003; Zenteno et al., 2008). High aspect ratio strut design may be a method of 

further augmenting the flow diversion effect at intermediate-to-high porosities in order to 

broaden this region of hemodynamic transition while preserving selectivity. The degree to 

which AR can modulate the effect of increased porosity on the flow diversion effect 

deserves further study. 

There has long been interest in characterizing the hydraulic permeability of synthetic 

structures as a function of unit cell geometries for various applications (e.g. filtration 

design). Analyses proceeding from geometric assumptions of isotropic unit cells 

containing cylindrical crossing fibers have concluded that the permeability constant in 
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Darcy flow scales proportionally to the square of fiber spacing (i.e. pore size)(Clague, 

Kandhai, Zhang, & Sloot, 2000; Sobera & Kleijn, 2006) Where:  

< 𝑣 >	= 	− 𝜿
K
∙ 𝛻𝑃 and  𝜿𝛼𝛿L  ( 9 ) 

Bouillot et al. have taken this a step further, applying this concept specifically to 

intracranial flow diversion and finding that experimental IA velocity reductions correlate 

fairly well with FD permeability when defined in this way(Bouillot et al., 2014). This 

corroboration may be because all devices included in the study contained struts whose 

aspect ratio ≅ 1 and therefore maintained the underlying assumption of isotropy in the 

permeability tensor. The impact of increased strut profile on IA flow properties may be 

considered macroscopically as simply a change to the thickness of the porous medium but 

may also potentially be modelled on a more local scale as variations to the permeability 

tensor with respect to different spatial dimensions.  

In either case, these results indicate that although porosity affects flow diversion most 

strongly, additional mechanisms remain for modifications to this response. Ti DRIE offers 

a unique approach for exploring the potential to anisotropically modify device permeability 

as it allows for independent manipulation of the factors affecting unit-cell strut geometries. 

To that end, this work may motivate future studies where in-plane and out-of-plane strut 

features (e.g. pore width/length, strut thickness, respectively) can be independently varied 

while maintaining a constant, top-down projection of porosity. While the percentage of 

metal coverage relative to tissue area may be an adequate predictor of flow diversion 

success for more homogenous and symmetric designs, we suspect this value may offer an 

incomplete description of flow diversion in heterogeneous designs within a certain length-
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scale. Future studies leveraging this fabrication technique may be able to more rigorously 

examine the influence of FD geometry on the relationship between fluidic resistance and 

shear reduction. A better understanding of this interaction may eventually serve as a 

mechanism to fine-tune flow diversion for more challenging physiological conditions (e.g., 

delicate posterior segment aneurysms, aneurysms arising near small perforators, etc.). 
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6. CONCLUSIONS 
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Within this work we have demonstrated the capability for fabricating an intermediate-

porosity flow diversion device with high aspect-ratio cross sectional elements. This 

single-piece construct is achieved using subtractive machining via the Ti DRIE process 

and to the authors’ knowledge represents the first embodiment of a balloon-deployable 

flow diversion device. We’ve shown that by utilizing an auxetic unit cell design, these 

devices can accommodate large radial strains without fracturing; a key prerequisite for 

endovascular navigation and compatibility with balloon deployment. Consequently, these 

designs exhibit minimal foreshortening and enhanced reliability in wall apposition. 

We’ve developed an in-vitro test setup which is predicated on a 3-D printing and 

investment casting technique, and as such allows for wide flexibility in mimicking 

various regions of the vasculature spanning several length scales. We then used this 

technique to show that in certain anatomies (i.e. basilar trunk aneurysms) high aspect 

ratio struts can achieve equivalent intra-aneurysmal flow reductions to commercial 

devices at increased porosities. Additionally, we’ve shown this device enables the added 

benefit of greater flow allowance into perforating arteries and more consistent flow 

diversion behavior; owed to its solid construction and the resultant porosity which is 

effectively fixed. 

Collectively these improvements show that our intermediate-porosity, auxetic high-

profile design can be used to mitigate several of the most critical concerns with the 

current generation of flow diversion devices and may work congruently as part of an 

architecture which spans several length-scales in order to optimize the local mechanical 
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cues in order to elicit an optimum cellular response. Ultimately this may lead to reduced 

dependence on concomitant drug regimens and device efficacy. 

 
Recommendations for Future Flow Diverter Designs 
 
This work demonstrates that an intermediate-porosity, high aspect-ratio flow diverter can 

cause roughly equivalent IA flow diversion to conventional flow diverters, while 

allowing for greater flow into perforating arteries jailed by the device. The use of Ti 

DRIE for manufacture of these types of devices effectively decouples porosity from strut 

width and height and consequently provides a new design parameter for flow diverter 

design. This should enable a host of new optimization studies which can independently 

examine strut height and porosity as they interact with commonly encountered clinical 

variables (e.g. anatomic location, aneurysm morphology, tortuosity, etc.). While this 

work deliberately selects a very specific and challenging case to highlight the potential 

benefit of the difference in device behavior, much work remains to understand if an 

optimal design range exists to ensure robustness against the broad anatomical diversity 

that exists clinically. This may also motivate additional investigation into scaled or 

brand-new auxetic unit cell designs to enable the accommodation of varying degrees of 

radial strains that may be necessary to address different vessel sizes and segments. 

 
Improvements to Experimental Setup 

Steady-state flow conditions are sufficient for looking at macroscale behavior of device 

placement (e.g. IA flow reductions) and for benchmarking these against currently 

available devices. Over the course of this work we’ve observed that, whereas the 
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macroscale characteristics of intra-aneurysmal flow (i.e. reductions, realignment) are 

similar between the conventional and high-profile flow diverters, the near-strut flow 

fields are starkly different. We believe that because these steep shear gradients are 

sequestered from the vessel wall, they should not have a significantly adverse impact on 

the aneurysm. However, more work is needed to understand the impact of this shear on 

bloodborne cells (e.g. red blood cells, platelets) and what, if any, are the implications for 

rupture. This requires the examination of phenomena specific to multiphase flow (e.g. 

platelet deposition/aggregation) for which steady-state flow conditions may no longer be 

an appropriate assumption. The in-vitro circulatory system described in this work is 

amenable to integration with pulsatile flow with fairly minimal modifications. Rather 

than using a static pulse wave modulator, this input signal can be varied with respect to 

time. Figure 6-1 shows how this may be done using an Arduino Uno and an optocoupler 

relay switch. Arduino has 8-bit resolution and as such can send a value from 0-255 

corresponding to 0%-100% PWM duty cycle (or 0-24VDC).  Using a similar technique 

as described in Section 4.2.3 this input signal can be correlated to a volumetric flow rate. 

This correlation can then be mapped onto a desired time-dependent waveform to mimic 

the cardiac cycle. As an illustrative example, Figure 6-2a shows an example of the 

temporal flow curve for an arteriovenous fistula described in (Sivanesan, How, Black, & 

Bakran, 1999). It’s clear that the pump utilized for this work is able to achieve flow rates 

well above those in the neurovasculature, which may pose problems for sufficient 

resolution when discretizing into 8-bit depth. This can be observed in Figure 6-2b which 

shows the required input signal that would result scaling the waveform to the correlation 
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in Figure 4-3. In addition to a loss of resolution, it can be observed that the current 

regression equation would predict negative flow rates; an obvious artifact of generating 

the data over a small region. However, this is more than merely an artifact of the 

statistics, as at low PWM duty-cycles the effective voltage is not enough to overcome the 

necessary startup torque for the DC motor. This likely has the effect of truncating the 

waveform at the PWM duty cycle necessary to overcome this torque. It’s likely that to 

extend this current set up to include pulsatility, a pump with a lower maximum flow rate 

would need to be selected and the correlation repeated over a larger range of its 

capability. The use of a gear pump (as described in this study) would likely be hemolytic 

for whole blood, but other groups have successfully used peristaltic pumps for similar 

studies(Kealey et al., 2010). Additionally, a recently described method for developing a 

platelet-rich plasma amenable to integration with PIV which may provide a simple means 

of coupling flow fields to biological responses (e.g. platelet aggregation)(Clauser et al., 

2018). It should also be possible to integrate the Arduino with the PIV-system’s 

synchronizer trigger to ensure that the resultant video is synced with the input waveform. 

Further refinements such as closed-loop control via integration with an ultrasonic sensor 

are described in (Drost et al., 2018). PIV parameters would almost certainly need to be 

reevaluated and altered in this new context. The use of temporal averaging with transient 

flows will require the selection of some time duration over which the flow can be 

considered to be steady-state. This effectively represents another discretization of the 

input waveform, so empirical studies evaluating the data acquisition rate relative to the 

PWM input rate are likely necessary. The Nyquist theorem provides a good starting point 
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for these studies; stating that to avoid aliasing the sampling rate should be at least twice 

the rate of signal being sampled.  However, the authors speculate that the actual required 

rate is much higher as there are additional physical aspects to the system (e.g., fluidic 

damping, distribution of light intensity) that can cause deviations from the idealized input 

waveform and are therefore more likely to be rate-limiting. A method for quantifying the 

quality of the data acquired is described in Appendix D. 
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Figure 6-1: Schematic for Arduino-Controlled Gear Pump. Modified from Bildr.com 
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Figure 6-2: a) Cardiac Waveform PWM input signal (full scale) b) Cardiac Waveform 

PWM Input Signal (Scaled to Approx. 100mL/min Max Flow Rate) 
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APPENDIX A – INTENSITY CAPPING IMAGEJ MACRO 

 
/*This code performs image thresholding based on pixel intensity 
distribution*/ 
 
for (i=1; i<=nSlices; i++) { 
 setSlice(i); 
 
 getStatistics(area, mean, min, max, std); 
 setMinAndMax(mean + std, max); 
 run("Apply LUT", "slice"); 
 run("Despeckle", "slice"); 
 run("Gaussian Blur...", "sigma=1.5 slice"); 
 
} 
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APPENDIX B – BATCH PIV CALCULATION IMAGEJ MACRO 

/*This code runs PIV on an image sequence and performs a temporal 
average of each velocity vector*/ 
 
macro "Run PIV on Stack [f1]"{ 
 
id0 = getImageID(); 
slices = nSlices; 
outputStr = ""; 
xcomp = 0; 
ycomp = 0; 
mag = 0; 
 
 
//creates dialog boxes to enter important parameters, these may 
vary by experimental setup 
Dialog.create("Multi-slice PIV"); 
Dialog.addNumber("Interrogation window 1", 256); 
Dialog.addNumber("search window 1", 512); 
Dialog.addNumber("vector spacing 1", 128); 
Dialog.addNumber("Interrogation window 2", 128); 
Dialog.addNumber("search window 2", 256); 
Dialog.addNumber("vector spacing 2", 64); 
Dialog.addNumber("Interrogation window 3", 0); 
Dialog.addNumber("search window 3", 0); 
Dialog.addNumber("vector spacing 3", 0); 
Dialog.addNumber("correlation threshold", 0.8); 
Dialog.addNumber("Video Frames Per Second", 2000); 
Dialog.addNumber("Pixels per mm", 475); 
Dialog.show; 
 
piv1 = Dialog.getNumber(); 
sw1 = Dialog.getNumber(); 
vs1 = Dialog.getNumber(); 
piv2 = Dialog.getNumber(); 
sw2 = Dialog.getNumber(); 
vs2 = Dialog.getNumber(); 
piv3 = Dialog.getNumber(); 
sw3 = Dialog.getNumber(); 
vs3 = Dialog.getNumber(); 
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corr = Dialog.getNumber(); 
fps = Dialog.getNumber(); 
pixelspermm = Dialog.getNumber(); 
 
path = getDirectory("select a folder to save PIV results"); 
 
for(s=1;s<slices;s++){ 
 selectImage(id0); 
 call("java.lang.System.gc"); 
 run("Duplicate...", "title=[seq_"+s+"] duplicate 
range="+s+"-"+s+1+""); 
 run("iterative PIV(Advanced)...", "  piv1="+piv1+" 
sw1="+sw1+" vs1="+vs1+" piv2="+piv2+" sw2="+sw2+" vs2="+vs2+" 
piv3="+piv3+" sw3="+sw3+" vs3="+vs3+" correlation="+corr+" batch 
path=["+path+"]"); 
 for(p=1; p<=2; p++){ 
  selectWindow("seq_"+ s + "_PIV" + p); 
  close(); 
 } 
  selectWindow("seq_"+ s); 
  close(); 
} 
 
 
for(i=1;i<slices; i++){ 
  
 dataPath = File.openAsString(path + 
"seq_"+i+"_PIV2_disp.txt"); 
 rows = split(dataPath, "\n"); 
 
 //On first pass initialize displacement arrays to be same 
size as PIV data arrays 
 if(i ==1){ 
  print ("outputting average..."); 
  xcoords = newArray(rows.length); 
  Array.fill(xcoords, 0);   
  ycoords = newArray(rows.length); 
  Array.fill(ycoords, 0); 
  mags = newArray(rows.length); 
  Array.fill(mags,0); 
  xdisp = newArray(rows.length); 
  Array.fill(xdisp, 0); 
  ydisp = newArray(rows.length); 
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  Array.fill(ydisp, 0); 
  xZeros = newArray(rows.length); 
  Array.fill(xZeros, 0);   
  yZeros = newArray(rows.length); 
  Array.fill(yZeros,0); 
 
 } 
  

 for(j=0; j<rows.length; j++){ 
   cols = split(rows[j], " "); 
 
   xcomp = 0 + cols[2]; 
   ycomp = 0 + cols[3]; 
   mag = sqrt(xcomp*xcomp + ycomp*ycomp); 
 
   //if no velocity vector at point, exclude it from 
the noise averaging 
    if(mag == 0){ 
    xZeros[j]++; 
    yZeros[j]++; 
   }else{  
   //otherwise, sum in time to be averaged later 
  
    xdisp[j] = xdisp[j] + cols[2]; 
    ydisp[j] = ydisp[j] + cols[3]; 
   } 
 
 
  if(i == slices-1){ 
   //on last pass divide summed velocities by number 
of frames to average 
   if(i-xZeros[j] !=0){ 
    xdisp[j] = xdisp[j]/abs(i-xZeros[j]) * 
fps/pixelspermm; 
   } else{ 
    xdisp[j] = 0; 
   } 
 
   if(i-yZeros[j]!= 0){ 
    ydisp[j] = ydisp[j]/abs(i-yZeros[j]) * 
fps/pixelspermm; 
   } else{ 
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    ydisp[j] = 0; 
   } 
   xcoords[j] = cols[0]; 
   ycoords[j] = cols[1]; 
 
   mags[j] = sqrt( xdisp[j]*xdisp[j] + 
ydisp[j]*ydisp[j] ); 
   outputStr += xcoords[j] + " " + ycoords[j] + " " 
+ xdisp[j] + " " + ydisp[j] + " " + mags[j] + " " + "\n"; 
    
  } 
 } 
 
 
} 
 
 
File.saveString(outputStr, path + "\\averaged.txt"); 
print("Done!!!!"); 
 
 
function closeAllWindows(){ 
 
 for(i=1; i< nImages; i++){ 
  selectImage(i); 
  if(getImageID()!=id0){ 
   close(); 
  } 
 } 
} 
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APPENDIX C– NORMALIZED MEDIAN TEST IMAGEJ MACRO 

/*This code performs the normalized median test on ImageJ PIV 
output*/ 
 
 
function median(a){ 
 Array.sort(a); 
 med = 0.0; 
 if(a.length%2 == 0){ 
  med = (0 + a[(a.length/2 - 1) ] + a[(a.length/2)])/2; 
 
 }else{ 
  med = 0 + a[a.length/2 -1]; 
 } 
  
 return med; 
} 
   
 
function setElement(myArray, height, row, col, value){ 
//hashes 2-D array values in a 1-D array in row major order  
 
 myArray[col * height + row] = (0 + value); 
 
} 
 
function getElement(myArray, height, row, col){ 
//returns values from the hashed 1-D array 
 return (0 + myArray[col * height + row]); 
 
 
} 
 
 
    
Dialog.create("Normalized Median Test"); 
Dialog.addNumber("eta (Noise Parameter)", 0.2); 
Dialog.addNumber("threshold", 2); 
Dialog.addNumber("magnitude threshold (lower bound)", 0); 
Dialog.addNumber("magnitude threshold (upper bound)", 99999); 
Dialog.addNumber("Video Frames Per Second", 2000); 
Dialog.addNumber("Pixels per mm", 475); 
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Dialog.addNumber("frames", 2000); 
Dialog.show; 
 
eta = Dialog.getNumber(); 
rthresh = Dialog.getNumber(); 
magThreshLower = Dialog.getNumber(); 
magThreshUpper = Dialog.getNumber(); 
fps = Dialog.getNumber(); 
pixelspermm = Dialog.getNumber(); 
slices = Dialog.getNumber(); 
replacedVectors = 0; 
totalVectors = 0; 
 
path = getDirectory("select a folder with Multiple PIV Results"); 
 
for(z=1; z <=slices; z++){ 
 call("java.lang.System.gc"); 
 dataPath = File.openAsString(path + "seq_" + z + 
"_PIV2_disp.txt"); 
 outputStr = ""; 
 rows = split(dataPath, "\n"); 
 cols = split(rows[0], " "); 
 temp = split(rows[rows.length-1], " "); 
 
 xlength = 0 + temp[0]; 
 ylength = 0 + temp[1]; 
 
 //initialize 2-D arrays  
 u = newArray((xlength+1) * (ylength+1)); 
 Array.fill(u, 0.0); 
 v = newArray((xlength+1) * (ylength+1)); 
 Array.fill(v, 0.0); 
 height = ylength; 
 width = xlength; 
 
 
 xcoords = newArray(rows.length); 
 Array.fill(xcoords, 0);   
 ycoords = newArray(rows.length); 
 Array.fill(ycoords, 0); 
 
 
 for(i=0; i< rows.length; i++){ 



 124 

 
  temp = split(rows[i], " "); 
  xcoords[i] = temp[0]; 
  ycoords[i] = temp[1]; 
 
  setElement(u, height, temp[0], temp[1], temp[2]); 
  setElement(v, height, temp[0], temp[1], temp[3]); 
 
 } 
 
 step = 0 + xcoords[1] - xcoords[0]; 
  
 uNeighbs = newArray(8); 
 vNeighbs =newArray(8); 
 uResiduals = newArray(8); 
 vResiduals = newArray(8); 
 
 // 
 for(x = xcoords[0] ; x<=xlength; x+= step){ 
  for(y = ycoords[0]; y<=ylength; y+=step){ 
 
   utmp = getElement(u,height,x,y); 
   //if vectors are on edges, set the appropriate 
neighbors to zero 
   if(x-step <= 0){ 
    uNeighbs[0] = 0; 
    vNeighbs[0] = 0; 
    uNeighbs[3] = 0; 
    vNeighbs[3] = 0; 
    uNeighbs[5] = 0; 
    vNeighbs[5] = 0; 
   } 
 
   if(y - step <= 0){ 
    uNeighbs[0] = 0; 
    vNeighbs[0] = 0; 
    uNeighbs[1] = 0; 
    vNeighbs[1] = 0; 
    uNeighbs[2] = 0; 
    vNeighbs[2] = 0; 
   } 
   
   if(x+step >= xlength){ 
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    uNeighbs[2] = 0; 
    vNeighbs[2] = 0; 
    uNeighbs[4] = 0; 
    vNeighbs[4] = 0; 
    uNeighbs[7] = 0; 
    vNeighbs[7] = 0; 
   } 
 
   if(y + step >= ylength){ 
    uNeighbs[5] = 0; 
    vNeighbs[5] = 0; 
    uNeighbs[6] = 0; 
    vNeighbs[6] = 0; 
    uNeighbs[7] = 0; 
    vNeighbs[7] = 0; 
   } 
 
   //if vector is in the middle, populate an array 
of all its neighbors 
   if(x-step > 0 && y-step > 0 && x+step < xlength 
&& y+step < ylength){ 
    uNeighbs[0] = 0 + getElement(u,height, x-
step, y-step); 
    uNeighbs[1] = 0 + getElement(u,height,x, y-
step); 
    uNeighbs[2] = 0 + 
getElement(u,height,x+step, y-step); 
    uNeighbs[3] = 0 + getElement(u,height,x - 
step, y); 
    //print("getElement (" + (x + step) + ", " 
+ (y+step) + "): " + getElement(u,height, x + step, y)); 
    uNeighbs[4] = 0 + getElement(u,height, x + 
step, y); 
    uNeighbs[5] = 0 + getElement(u,height,x-
step, y+step); 
    uNeighbs[6] = 0 + getElement(u,height,x, 
y+step); 
    uNeighbs[7] = 0 + 
getElement(u,height,x+step, y+step); 
    uMedian = 0 + median(uNeighbs); 
 
   } 
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   vtmp = getElement(v,height,x,y); 
 
    vNeighbs[0] = 0 + getElement(v,height, x-
step, y-step); 
    vNeighbs[1] = 0 + getElement(v,height,x, y-
step); 
    vNeighbs[2] = 0 + 
getElement(v,height,x+step, y-step); 
    vNeighbs[3] = 0 + getElement(v,height,x - 
step, y); 
    vNeighbs[4] = 0 + 
getElement(v,height,x+step, y); 
    vNeighbs[5] = 0 + getElement(v,height,x-
step, y+step); 
    vNeighbs[6] = 0 + getElement(v,height,x, 
y+step); 
    vNeighbs[7] = 0 + 
getElement(v,height,x+step, y+step); 
    vMedian = 0 + median(vNeighbs); 
 
   for(p=0; p<8; p++){ 
    //calculate array of residuals 
    uResiduals[p] = abs(uNeighbs[p] - uMedian); 
    vResiduals[p] = abs(vNeighbs[p] - vMedian); 
   } 
 
   if( abs(utmp - uMedian)/(median(uResiduals) + 
eta) > rthresh || abs(vtmp - vMedian)/(median(vResiduals) + eta) 
> rthresh){ 
    //perform normalized median test 
 
    setElement(u,height, x,y, 0); 
    setElement(v,height, x,y, 0); 
 
    //Uncomment the following four lines to 
replace the vector with a bilinear interpolation 
    //uinterp = 0.25* (uNeighbs[0] + 
uNeighbs[2] + uNeighbs[5] + uNeighbs[7]); uncomment this line 
to  
    //setElement(u,height, x,y, uinterp); 
    //vinterp = 0.25* (vNeighbs[0] + 
vNeighbs[2] + vNeighbs[5] + vNeighbs[7]); 
    //setElement(v,height, x,y, vinterp); 
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    replacedVectors = replacedVectors + 1; 
 
   } 
  } 
 } 
 
 for(j=0; j< rows.length; j++){ 
  //selectWindow("U"); 
  uout = getElement(u,height, xcoords[j], ycoords[j]); 
 
  //selectWindow("V"); 
  vout = getElement(v,height, xcoords[j], ycoords[j]); 
 
  if(uout != 0 || vout != 0){ 
   totalVectors = totalVectors + 1; 
  } 
 
  outputStr += xcoords[j] + " " + ycoords[j] + " " + 
0+uout*fps/pixelspermm + " " + 0+vout*fps/pixelspermm + " " + 
"\n"; 
 
 } 
 
 File.saveString(outputStr, path + "\\NMT" + z + ".txt"); 
 print("Iteration " + z + " complete"); 
 call("java.lang.System.gc"); //garbage collection 
} 
 
outputStr2 = ''; 
 
//open each NMT'ed frame and perform a temporal average 
for(q=1;q<slices; q++){ 
 call("java.lang.System.gc"); //garbage collection 
 NMTdata = File.openAsString(path + "NMT" + q + ".txt"); 
 NMTrows = split(NMTdata, "\n"); 
 
 //On first pass initialize displacement arrays to be same 
size as PIV data arrays 
 if(q ==1){ 
  print ("outputting average..."); 
  NMTxcoords = newArray(NMTrows.length); 
  Array.fill(NMTxcoords, 0);   
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  NMTycoords = newArray(NMTrows.length); 
  Array.fill(NMTycoords, 0); 
  mags = newArray(NMTrows.length); 
  Array.fill(mags,0); 
  xdisp = newArray(NMTrows.length); 
  Array.fill(xdisp, 0); 
  ydisp = newArray(NMTrows.length); 
  Array.fill(ydisp, 0); 
  xZeros = newArray(NMTrows.length); 
  Array.fill(xZeros, 0);   
  yZeros = newArray(NMTrows.length); 
  Array.fill(yZeros,0); 
 
 } 
 
 for(h=0; h<NMTrows.length; h++){ 
   cols = split(NMTrows[h], " "); 
    
 
    
   xcomp = 0 + cols[2]; 
   ycomp = 0 + cols[3]; 
   mag = sqrt(xcomp*xcomp + ycomp*ycomp); 
 
   //if no velocity vector at point, exclude it from 
the noise averaging 
 
    if(mag ==0){ 
    xZeros[h]++; 
    yZeros[h]++; 
   } 
    
   if(mag != 0){    
    xdisp[h] = xdisp[h] + cols[2]; 
    ydisp[h] = ydisp[h] + cols[3]; 
   } 
 
 
  if(q == slices-1){ 
 
 
   if(i-xZeros[h] !=0 && q != xZeros[h]){ 
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    //if there are zeros for some, but not all 
vectors at this location throughout the stack then only average 
non-zero vectors 
    xdisp[h] = xdisp[h]/abs(q-xZeros[h]); 
   } else{ 
    xdisp[h] = 0; 
   } 
 
   if(i-yZeros[h]!= 0 && q != yZeros[h]){ 
    //if there are zeros for some, but not all 
vectors at this location throughout the stack then only average 
non-zero vectors 
    ydisp[h] = ydisp[h]/abs(q-yZeros[h]); 
   } else{ 
    ydisp[h] = 0; 
   } 
   NMTxcoords[h] = cols[0]; 
   NMTycoords[h] = cols[1]; 
 
   mags[h] = sqrt( xdisp[h]*xdisp[h] + 
ydisp[h]*ydisp[h] ); 
 
   outputStr2 += NMTxcoords[h] + " " + NMTycoords[h] 
+ " " + xdisp[h] + " " + ydisp[h] + " " + mags[h] + " " + "\n"; 
 
 
  } 
 } 
 
 
 
} 
 
 
File.saveString(outputStr2, path + "\\NMTaveraged(No 
Interpolation).txt"); 
//uncomment to report vector calidation statistics 
//File.saveString("Number of Replaced Vectors:" + replacedVectors 
+ "\n Number of Total Vectors: " + totalVectors + " Percent 
Replaced: " + replacedVectors/totalVectors, path + 
"\\replacedVectors.txt"); 
 
print("Done!!!!"); 
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APPENDIX D - PIV ERROR ANALYSIS 

As part of the PIV validation scheme employed within this work, each vector in each 

instantaneous vector field is compared to its nearest neighbors and is rejected if the 

normalized difference from the median value is greater than a prescribed threshold. 

Vectors failing this criterion can be considered as outliers and removed from the dataset. 

Since temporal averaging is employed to observe the steady-state conditions of the flow 

field, the incoming data quality should be sufficient as to maintain an adequate sample 

size for estimating the mean. Thus, one way of considering the quality of the original PIV 

signal is the proportion of outliers in the data set which were rejected. In essence, this is a 

verification that the sample size in the temporal average is not misrepresented by the 

large number of frames acquired; the majority of which are excluded from the average. 

For this purpose, heat maps of the proportion of frames included in the analysis were 

generated for each data set (see Figure D-3, Figure D-4, Figure D-5). It can be observed 

that for all datasets, over 90% of the original vectors were of sufficient quality to be 

included in the temporal mean. Interestingly, for the perforator data it appears the 

implantation of a device slightly reduces the amount of valid vectors in the sample 

dataset. This may be due to a confluence of several factors. First, this region is imaged at 

a higher magnification; meaning each particle occupies a larger proportion of pixel array 

and thus the seeding density is effectively reduced. Secondly, the implantation of a 

device has been shown generally to slow the flow. Lastly, sampling frequency was 

chosen to be the same for the no-device and device-implanted cases. Thus it may be that 
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in the device-implanted cases, the slower flow with less particles per unit area at the same 

sampling rate results in a greater number of image pairs where no particles are present for 

image correlation. 

For comparison, Figure D-6, Figure D-7, and Figure D-8 show a heat map of the standard 

error of the mean for each condition. First, it can be observed that even the largest error is 

orders of magnitude lower than the signal being measured, demonstrating that the 

differences observed in the datasets are well above the detection thresholds. Secondly, it 

can be observed that device implantation does not affect the standard error of the mean in 

the same way it does the percent of vectors removed. This demonstrates that although 

fairly large temporal variances can be observed, the estimate for the mean has low error, 

due to the large sample sizes taken. 
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Figure D-3: Intra-Aneurysmal Outlier Heat Map for HP-FD 

 
 

 

Figure D-4: Intra-Aneurysmal Outlier Heat Map for Conv-FD 
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Figure D-5: Outlier Heat Map for Perforating Artery 
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Figure D-6: IA Standard Error of the Mean (HPFD) 

 
 

 
Figure D-7: IA Standard Error of the Mean (Conv-FD) 
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Figure D-8: Standard Error of the Mean (Perforator) 
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APPENDIX E – ARDUINO CODE FOR PULSATILE FLOW PUMP 

/*This is simplified code adapted from Drost et al. (2018) */ 
 
const int SignalLength = 101; //length of input signal from 
Matlab 
double ff0[] = { 23.,  14.,   7.,   3.,   1.,   0.,   1.,   3.,   
6.,  10.,  14.,19.,  23.,  26.,  30.,  33.,  35.,  37.,  39.,  
41.,  43.,  45., 47.,  50.,  54.,  58.,  63.,  69.,  75.,  81.,  
87.,  93.,  99.,104., 108., 111., 113., 113., 113., 110., 107., 
103.,  97.,  92.,86.,  80.,  75.,  71.,  67.,  65.,  64.,  65.,  
67.,  71.,  76.,82.,  89.,  97., 106., 114., 123., 132., 141., 
149., 157., 164.,171., 178., 184., 190., 196., 202., 208., 215., 
221., 227., 233.,239., 244., 249., 252., 254., 255., 254., 251., 
245., 237., 228.,216., 202., 186., 169., 151., 132., 114.,  95.,  
78.,  62.,  47.,34.,  23.}; //This is the waveform for a 
heartbeat hardcoded as a power signal from 0-255. Can be scaled 
based on desired flow rate 
 
double waveTime[] = {0.  , 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 
0.07, 0.08, 0.09, 0.1 , 0.11, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 
0.18, 0.19, 0.2 , 0.21, 0.22, 0.23, 0.24, 0.25, 0.26, 0.27, 0.28, 
0.29, 0.3 , 0.31, 0.32, 0.33, 0.34, 0.35, 0.36, 0.37, 0.38, 0.39, 
0.4 , 0.41, 0.42, 0.43, 0.44, 0.45, 0.46, 0.47, 0.48, 0.49, 0.5 , 
0.51, 0.52, 0.53, 0.54, 0.55, 0.56, 0.57, 0.58, 0.59, 0.6 , 0.61, 
0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7 , 0.71, 0.72, 
0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, 0.8 , 0.81, 0.82, 0.83, 
0.84, 0.85, 0.86, 0.87, 0.88, 0.89, 0.9 , 0.91, 0.92, 0.93, 0.94, 
0.95, 0.96, 0.97, 0.98, 0.99, 1.  }; 
int Tstart = 0; 
int ic = 0; 
int pumpPin = 3; 
int tcnt = 0; 
float Fs = 100.0;      //sample frequency (Hz) 
float ts = 1000./Fs;  //sample timestep (ms) 
 
void setup() { 
  Serial.begin(9600); 
  tcnt = 0; 
  Tstart = millis(); 
} 
 
void loop() { 
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  if ((millis()-Tstart) - tcnt*ts > ts){ 
   
    // so we go for a next run  
    tcnt ++; 
    int pwm = round(ff0[ic]); 
    // increment wave counter 
    ic++; 
    analogWrite(pumpPin,constrain(pwm,0,255)); 
    Serial.println(pwm); 
    //Serial.println(waveTime[ic]); 
    if (ic>SignalLength-1){ 
      ic = 0; 
    } 
     
 
    } 
} 
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APPENDIX F – PYTHON CODE FOR CALCULATING AND DISPLAYING 

FLUIDIC SHEAR STRESS 

import scipy as sp 
import numpy as np 
import cv2 
from matplotlib import pyplot as plt 
from scipy.interpolate import CubicSpline 
from scipy import stats 
import pandas as pd 
import os 
import matplotlib.cm as cm 
from matplotlib.colors import Normalize 
from matplotlib.ticker import LogFormatter  
from matplotlib import pyplot as plt 
from matplotlib.path import Path 
import cv2 
from scipy import ndimage 
from matplotlib.colors import LogNorm 
from scipy.interpolate import make_interp_spline, BSpline, griddata 

def filteredDf(numRows, numCols, df): 
    #filters the amount of vectors displayed. Assumes df is in csv form
at output by DynamicStudio 
    X_vectors = df['x'].values 
    Y_vectors = df['y'].values 
     
    df2 = df[df['y']>=numRows][df['x']>=numCols] 
     
    X = df2['x (mm)[mm]'].values 
    Y = df2['y (mm)[mm]'].values 
     
    return df2 

def rotatecoords(x,y,R): 
    #find centroid 
    center_x = 1/2 * (max(x) - min(y)) 
    center_y = 1/2 * (max(y) - min(y)) 
    R =  R * np.pi/180 
    newx = x * np.cos(R) - y * np.sin(R) 
    newy = x * np.sin(R) + y * np.cos(R) 
    return(newx, newy) 

def filterField(numRows, numCols, df): 
    #filters the amount of vectors displayed. Assumes df is in csv form
at output by DynamicStudio 
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    X_vectors = df['x'].values 
    Y_vectors = df['y'].values 
     
    df2 = df[df['y']>=numRows][df['x']>=numCols] 
     
    v_tmp = df2['V[m/s]'].values * 1000 
    u_tmp = df2['U[m/s]'].values * 1000 
    X = df2['x (mm)[mm]'].values 
    Y = df2['y (mm)[mm]'].values 
     
    return X,Y,u_tmp,v_tmp 

def plotWSS(ax, WSS,x_offset,y_offset): 
    #this function contains parameters for plotting shear streses 
    #set colormap for WSS 
    colormap = cm.jet 
    colormap.set_under('black') 
    #show WSS's 
    im = ax.imshow(WSS, cmap=colormap, origin='lower', norm=LogNorm(vmi
n=1e-3, vmax=1)) 
    im2 = cv2.imread('/Users/ryanpeck/Downloads/border.png',0) 
    y,x = np.where(im2>0) 
    y = -y + max(y) #flip horizontal 
    x1 = len(WSS[0]) 
    y1 = len(WSS) 
    x_scale = x1/max(x) 
    x_scale = x_scale*1.3 
    y_scale = y1/max(y) 
    y_scale = y_scale*.8 
    ax.set_ylim(bottom=0, top=y1) 
     
    colors = WSS 
    ax.axis('off') 
    return im 

def returnShearStresses(df3, mu, lower_limit): 
    xlength = max(df3['x'].values+1) 
    ylength = max(df3['y'].values+1) 
 
    U = np.zeros((ylength,xlength)) 
    V = np.zeros((ylength,xlength)) 
 
    for x in np.unique(df3['x'].values): 
        for y in np.unique(df3['y'].values): 
            U[y,x] = df3[(df3['x'] == x) & (df3['y'] == y)]['U[m/s]'].v
alues[0] * 1000 #convert to mm/s 
            V[y,x] = df3[(df3['x'] == x) & (df3['y'] == y)]['V[m/s]'].v
alues[0] * 1000 #convert to mm/s 
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    #Calculate WSS first in cartestian coordinates#####################
##### 
    epsilon = np.zeros((ylength, xlength)) 
    epsilon2 = np.zeros((ylength, xlength)) 
 
    Y = df3['y (mm)[mm]'].values 
    X = df3['x (mm)[mm]'].values 
 
    dy = np.unique(Y)[1] - np.unique(Y)[0]  
    dx = np.unique(X)[1] - np.unique(X)[0]  
 
    for j in range(xlength): 
        for i in range(ylength): 
            #print('x: ' + str(j) + ' y: ' + str(i) + ' U: ' + str(U[i,
j]) ) 
 
            if(i>0 and j>0 and i+1< ylength and j+1< xlength): 
                #calculate shear rate using central difference method 
                #U-values and nearest neighbords for central difference 
                U00 = U[i,j] 
                U10 = U[i+1,j] 
                U01 = U[i,j+1] 
                U11 = U[i+1,j+1] 
                U_10 = U[i-1,j] 
                U_01 = U[i,j-1] 
                U_11 = U[i-1,j-1] 
                U1_1 = U[i-1,j+1] 
                U11_ = U[i+1,j-1] 
 
                #V-values and nearest neighbors for cenrtral difference 
                V00 = V[i,j] 
                V10 = V[i+1,j] 
                V01 = V[i,j+1] 
                V11 = V[i+1,j+1] 
                V_10 = V[i-1,j] 
                V_01 = V[i,j-1] 
                V_11 = V[i-1,j-1] 
                V1_1 = V[i-1,j+1] 
                V11_ = V[i+1,j-1] 
 
                #Central difference for shear rate (Ref. Raffel et al. 
p 196) 
                # U's and V's are flipped from this formula because ori
ginal video is rotated 90 degrees 
                epsilon2[i,j] = (1/(8*dx))* -(V_11 + 2*V_01 + V11_) + \ 
                (1/(8*dx))*(V11 + 2*V01 + V1_1) + \ 
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                (1/(8*dy))* -(U1_1 + 2*U_10 + U_11) + \ 
                (1/(8*dy))*(U11_ + 2*U10 + U11)  
 
 
    ###################################################################
#### 
    #####Now use that field to detect edges########################## 
 
    threshold = 0 
    WSS = np.abs(epsilon2) 
     
    mask = np.uint8(np.where(WSS<=threshold,255,0)) 
    edges = cv2.Canny(mask,0,255) #use Canny edge-detection to detect e
dges  
 
    kernelSize = 6 
 
    edges[0,mask[0]<255] = edges[edges>0].mean() #check top edge for RO
I on the boundary, set equal to mean value 
    edges[len(mask[:,0])-1,mask[len(mask[:,0])-1]<255] = edges[edges>0]
.mean() #check bottom edge for ROI on the boundary, set equal to mean v
alue 
    #edges = cv2.blur(edges,(kernelSize,kernelSize)) #use 5x5 kernel to 
blur image, this is used to create band  
    # edges = 1*((edges>0) & (mask<20)) #only keep the part of the band 
where the blur overlaps the image 
    boundary = np.where(edges>0) #boundary is wherever the value is gre
ater than 0 
     
    inside = np.where(edges!=1,1,0) & (np.where(WSS<=0,0,1)) 
     
     
    #rotate matrix 90 degrees to convert it into coordinate pairs (pre-
req for sorting function) 
    fitted_boundary = np.rot90(boundary) 
    #sort by x values (pre-req for cubic spline fitting) 
    fitted_boundary = fitted_boundary[np.argsort(~fitted_boundary[:, 1]
)] 
    #rotate back to original orientation 
    fitted_boundary = np.rot90(fitted_boundary,3) 
 
    #take lower half of image 
    xx_lower = fitted_boundary[1][fitted_boundary[0]<22] 
    yy_lower = fitted_boundary[0][fitted_boundary[0]<22] 
 
    #take upper half of image 
    xx_upper = fitted_boundary[1][fitted_boundary[0]>=22] 
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    yy_upper = fitted_boundary[0][fitted_boundary[0]>=22] 
 
    #remove duplicate x values for curve fitting 
    xx_lower,indices = np.unique(xx_lower, return_index=True) #remove d
uplicates 
    yy_lower = yy_lower[indices] 
 
    xx_upper,indices = np.unique(xx_upper, return_index=True) #remove d
uplicates 
    yy_upper = yy_upper[indices] 
 
    offset = 0 
    skip_step = 5 
 
    #coarsen to smooth fitted curve 
    xx_lower = xx_lower[offset::skip_step] 
    yy_lower = yy_lower[offset::skip_step] 
 
    xx_upper = xx_upper[offset::skip_step] 
    yy_upper = yy_upper[offset::skip_step] 
 
    #fit cubic spline to points to define boundary 
    cs_lower = CubicSpline(xx_lower, yy_lower) #curve fit boundary usin
g cubic spline 
    cs_upper = CubicSpline(xx_upper, yy_upper) #curve fit boundary usin
g cubic spline 
 
    ###################################################################
#### 
    #NOW USE THOSE CURVES TO CALCULATE WSS IN TANGENTIAl COORDINATES###
#################### 
    #rotation matrix for U,V 
    R = lambda u,v,theta: ((u*np.cos(theta) - v*np.sin(theta)), (u*np.s
in(theta) + v*np.cos(theta)))  
    epsilon = np.zeros((ylength, xlength)) 
 
    centerline = 0 
 
    for j in range(xlength): 
        for i in range(ylength): 
 
            if(i>0 and j>0 and i+1< ylength and j+1< xlength): 
                #calculate shear rate using central difference method 
                #U-values and nearest neighbords for central difference 
                if(U[i,j] > 0 and V[i,j] >0): 
                    alpha = np.arctan(U[i,j]/V[i,j]) 
                else: 
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                    alpha = 0 
 
                if(i<centerline): 
                    beta = np.arctan(cs_lower.derivative()(j)) 
 
                else: 
                    #print('lower half') 
                    beta = np.arctan(cs_upper.derivative()(j)) 
 
                theta = beta - alpha 
                 
 
                u,v = R(U,V,theta) 
                 
                U00 = u[i,j] 
                U10 = u[i+1,j] 
                U01 = u[i,j+1] 
                U11 = u[i+1,j+1] 
                U_10 = u[i-1,j] 
                U_01 = u[i,j-1] 
                U_11 = u[i-1,j-1] 
                U1_1 = u[i-1,j+1] 
                U11_ = u[i+1,j-1] 
 
                #V-values and nearest neighbors for cenrtral difference 
                V00 = v[i,j] 
                V10 = v[i+1,j] 
                V01 = v[i,j+1] 
                V11 = v[i+1,j+1] 
                V_10 = v[i-1,j] 
                V_01 = v[i,j-1] 
                V_11 = v[i-1,j-1] 
                V1_1 = v[i-1,j+1] 
                V11_ = v[i+1,j-1] 
 
                #Central difference for shear rate (Ref. Raffel et al. 
p 196) 
                # U's and V's are flipped from this formula because ori
ginal video is rotated 90 degrees 
                epsilon[i,j] = (1/(8*dx))* -(V_11 + 2*V_01 + V11_) + \ 
                (1/(8*dx))*(V11 + 2*V01 + V1_1) + \ 
                (1/(8*dy))* -(U1_1 + 2*U_10 + U_11) + \ 
                (1/(8*dy))*(U11_ + 2*U10 + U11)  
 
    ####################PLOT RESULTS################################## 
 
    colormap = cm.jet 
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    WSS = np.abs(epsilon2 * mu) 
    #Chop off values less than lower limit (since 0 can't be shown on a 
log scale) 
    WSS[WSS < lower_limit] = 0 
    WSS_log = np.log(WSS) 
    WSS_log[WSS_log == -np.inf] = 0 
 
    rotated_img = ndimage.rotate(WSS, -90) 
 
    colors = WSS 
    boundary = np.array([boundary[0][boundary[1]>2],boundary[1][boundar
y[1]>2]]) 
    bx,by = rotatecoords(boundary[1], boundary[0],90) 
     
    bx = bx + np.abs(min(bx)) 
    by = by - min(by) 
     
    x_length = len(edges[0]) 
    y_length = len(edges[:,0]) 
 
    coords = boundary 
 
    avg = 0 
    wssMax = 0 
 
    for y,x in zip(boundary[0],boundary[1]): 
        avg += WSS[y,x] 
        if(WSS[y,x] > wssMax): 
            wssMax = WSS[y,x] 
 
    avg = avg/len(boundary[0]) 
 
     
    tmp = (np.where(edges!=1,1,0)) & (np.where(WSS<=0,0,1)) 
    inner_area = 0 
    inner_avg = 0 
    inner_max = 0 
    for x in range(len(WSS[0])): 
        for y in range(len(WSS[:,0])): 
 
            if(tmp[y,x]>0): 
                inner_area +=1 
                inner_avg += WSS[y,x] 
                if(WSS[y,x]>inner_max): 
                    inner_max = WSS[y,x] 
                 
    inner_avg = inner_avg/inner_area 
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#     This section can be uncommented to display WSS statistics on the 
image 
#     plt.text(10,75,'Avg. WSS = '  + str(np.round(avg,4)) + ' Pa', col
or='white', fontsize=24) 
#     plt.text(10,70,'Avg. Shear Stress \n(inside fluid) = '  + str(np.
round(inner_avg,4)) + ' Pa', color='white', fontsize=20) 
#     plt.text(10,65,'Max. WSS = '  + str(np.round(wssMax,4)) + ' Pa', 
color='white', fontsize=24) 
 
 
    return rotated_img,(bx,by) 

def scrubCFDOutput(path, rows_to_skip = 0): 
#this code scrubs ANSYS CFD output to be able to calculate WSS similar 
to output of DynamicStudio 
    CFD = pd.read_excel(path, skiprows=15) #need to examine CFD output 
to see where data begins and change 'skiprows' accordingly 
    columns = ['x', 'y', 'z', 'U[m/s]', 'V[m/s]', 'mag'] 
    CFD.columns = columns 
 
    CFD['x (mm)[mm]'] = CFD['x']*1000 
    CFD['y (mm)[mm]'] = CFD['y']*1000 
 
 
    x,y,u,v = [CFD[x].values for x in ['x (mm)[mm]','y (mm)[mm]','U[m/s
]', 'V[m/s]']] 
 
    M = np.hypot(u,v) 
 
    stepSize = 500 
    x_step = (np.max(x) - np.min(x))/stepSize 
    y_step = (np.max(y) - np.min(y))/stepSize 
 
    xi = np.arange(np.min(CFD['x (mm)[mm]'].unique()), np.max(CFD['x (m
m)[mm]'].unique()),x_step) 
    yi = np.arange(np.min(CFD['y (mm)[mm]'].unique()), np.max(CFD['y (m
m)[mm]'].unique()),y_step) 
    xi,yi = np.meshgrid(xi,yi) 
 
    # interpolate 
    ui = griddata((x,y),u,(xi,yi),method='linear') 
    vi = griddata((x,y),v,(xi,yi),method='linear') 
 
    M = np.hypot(ui,vi) 
    x = xi 
    y = yi 
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    U = ui 
    V = vi 
 
    U[np.isnan(U)] = 0 # set NaN's to zero 
    V[np.isnan(V)] = 0 # set NaN's to zero 
 
    new_data = [] 
    cols = ['x', 'y', 'x (mm)[mm]', 'y (mm)[mm]','U[m/s]', 'V[m/s]', 'm
ag'] 
 
    for i in range(len(U[1,:])): 
        for j in range(len(U)): 
            mag = np.hypot(U[i,j], V[i,j]) 
            new_data.append([j,i,x[i,j], y[i,j], U[i,j], V[i,j], mag]) 
 
 
    CFD = pd.DataFrame(columns=cols, data=new_data) 
    CFD = CFD.sort_values(['x','y']) 
    return CFD 

#########EXAMPLE CODE SHOWING HOW TO CALL THE PREDEFINED FUNCTIONS TO P
LOT SHEAR STRESSES######### 
 
PED1_path = '/Users/ryanpeck/Dropbox/Masters Thesis Research/Data/Model 
#1  
Control_PED1_df = pd.read_csv(PED1_path + 'Unstented Sac Velocity.5v7z3
0f0.000000.csv', skiprows=8) # read in data 
PED1_df = pd.read_csv(PED1_path + 'PED Sac Velocity.5v7ti43h.000000.csv
', skiprows=8) # read in data 
 
HARFD1_path = '/Users/ryanpeck/Dropbox/Masters Thesis Research/Data/Mod
el #3 SCFD #2/' 
HARFD1_df = pd.read_csv(HARFD1_path + 'SCFD#2 Sac.5umyp8hi.000000.csv', 
skiprows=8) # read in data 
 
#########################SET UP THE PLOTS##############################
# 
 
fig,[ax1,ax2,ax3] = plt.subplots(ncols=1, nrows=3, figsize=(12,12)) 
 
for df,ax,x_offset,y_offset in zip([Control_PED1_df, HARFD1_df, PED1_df
], [ax1,ax2,ax3],[-13,-13,-13],[-3,-7,-7]): 
 
    wss,boundary  = returnShearStresses(df, .0035, 0.001) 
    boundary = np.array(boundary) 
    im = plotWSS(ax, wss,x_offset,y_offset) 
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#Add Colorbar to the plot 
fig.patch.set_facecolor('black') 
plt.subplots_adjust(hspace=.01) 
formatter = LogFormatter(10, labelOnlyBase=False) 
cbar_ax = fig.add_axes([0.65, 0.15, 0.05, 0.7]) 
color_bar = fig.colorbar(im, cax=cbar_ax, format=formatter, ticks=[.000
1,.001,.01,.1,1]) 
color_bar.ax.tick_params(labelsize=24, color='white') 
color_bar.set_label(label='Shear Stress (Pa)', color='white', fontsize=
24) 
 
cbytick_obj = plt.getp(color_bar.ax, 'yticklabels') #Set y tick label c
olor 
plt.setp(cbytick_obj, color='white') 
 
fig.patch.set_facecolor('black') 
 
plt.show() 

 

 




