
 

 

 

ABSTRACT 

MILLER, SAMUEL ROSS. Microparticle Manipulation Technologies: Advancing Cancer 

Research and Clinical Treatment through Novel Device Design. (Under the direction of Dr. 

Gregory D. Buckner). 

This work deals with a unique blend of projects at the intersection of academic research, 

commercial biomedical technology, and clinical practice as they relate to oncology. Through 

interactions and collaborations with these groups, the researchers—whose work is described in 

this dissertation—have been exposed to unique problems in the area of cancer research and 

clinical treatment specifically related to microparticle manipulation. In Chapter 2, a novel device 

was developed to help interventional radiologists more safely and effectively treat liver cancer 

by enabling targeted deposition of radioembolization particles into the liver. This device consists 

of a large air gap levitator which uses electromagnets to control the position of a microcatheter 

within a 1:1 scale hepatic artery model. A model-based sliding-mode controller was designed to 

regulate the position of the catheter within the cross section of the hepatic artery. Microsphere 

injection experiments validated that this system was able to target specific sub-branches of the 

hepatic artery model (‌ πȢπρ). Chapter 3 details a microfunnel array which was designed to 

enable rapid processing of cancer spheroid cultures. These 3-dimensional cell cultures more 

accurately replicate in vivo condition than more standard 2-dimensional cultures, leading to more 

predictive results in pharmacological studies. This device allows for simultaneous transfer of full 

96-well plates of spheroid cultures to a microarray which can be processed like a typical 

histological specimen. This work demonstrated a transfer success rate of 80% on average (ὲ

φ) for the microfunnel array. Additionally, spheroid microarrays were analyzed using confocal 

laser scanning microscopy which verified that spheroids were deposited in a largely planar 

fashion. This indicates that every spheroid in the microarray can be captured in as little as a 



 

 

 

single histological section per microarray, greatly reducing the time and material cost of 

performing large and comprehensive studies with cancer spheroid cultures. The research 

presented in Chapter 4 aimed to develop a multiscale vascular model for evaluating the 

properties and behavior of embolic microparticles. These embolic particles are used by clinicians 

to treat cancer—as discussed in Chapter 2—and to treat benign prostate hyperplasia (BPH). 

Prostatic artery embolization (PAE) is a relative new and promising treatment for BPH which 

involves injecting non-radioactive embolic particles into the prostate. While the safety and 

efficacy of PAE has been studied clinically, little is known about the microscale properties of the 

embolic particles commonly used, especially for new embolic products that have yet to make it 

to market. For this study, a branching microfluidic vascular model was created to capture the 

anatomical and physiological characteristics of the prostatic vasculature. A series of 

embolization experiments were conducted under dynamic perfusion using glass microspheres, 

polyvinyl alcohol (PVA) foam particles, and tris-acryl gelatin microspheres (EmboSpheres) of 

various sizes. The embolized vascular models were imaged using a position controlled 

microscope camera and the resulting image arrays were analyzed. These image arrays revealed 

differences in the particle distributions laterally and distally. Additionally, they showed 

agglomeration and deformation of PVA particles and EmboSpheres. Distal penetration was 

measured for each particle type which distinguished groups of particle types and sizes of similar 

performance. Furthermore, prostatic artery pressures and flow rates recorded during particle 

injections revealed that the embolization endpoint and embolic quality varied by particle type 

and size. Here, some particles formed loose embolizations whose flow rate reduction was 

dominated by particle accumulations while some particles formed tight embolizations whose 

flow rate reduction was dominated by microchannel occlusion. Lastly, Chapter 5 presents future 



 

 

 

research directions for the three projects which promise new and impactful developments in the 

area of microparticle manipulation technologies for cancer research and treatment. 
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CHAPTER 1: Introduction  

1.1 Project description 

It is hardly possible to live one’s life without feeling the impact of cancer in some way. 

Whether it is through a personal diagnosis, the death of a loved one, or its economic impact; the 

consequences of cancer are as malignant as the disease itself. Even with the incredible 

advancements in cancer biology, treatment, detection, and prevention, global cancer statistics are 

still in flux with both increases and decreases in rates varying with site, time, gender, age, and 

socioeconomic development [1–3]. In 2004/2005, the estimated global cancer research 

expenditure exceeded $16 billion with over 50% allocated to cancer biology and treatment 

research [4]. Thus, it is clear that improvements in our understanding of the broad range of 

cancers and their respective treatments are at the forefront of academics, commercial R&D, and 

clinical practice.  

The work presented in this dissertation consists of three projects related to developing 

novel devices for microparticle manipulation for cancer research and clinical treatment. These 

multifaceted projects are all focused on developing experimentally validated solutions to real 

problems in oncology and are motived by continual interactions between academic researchers, 

commercial innovators, and leading physicians. Figure 1.1 shows each of the three projects on 

the spectrum between academic institutions, the medical technology industry, and clinical 

practice. Chapter 2 details the development and testing of a novel microcatheter positioning 

device which aims to improve vascular embolization treatments for liver cancer through targeted 

therapeutic deposition. The results of this work demonstrated the feasibility of 

electromagnetically actuated catheter positioning and its ability to help clinicians provide safer, 

more effective treatments for liver cancer. The second project—presented in Chapter 3—
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involves the design and evaluation of a microfunnel array for rapid histological processing of 

cancer spheroid cultures. The purpose of this work is to empower cancer researchers who utilize 

3-dimensional culture techniques to investigate cancer biology, drug screening, personalized 

healthcare, and other clinically relevant topics. The last project in this dissertation focuses on the 

development of multiscale vascular models to evaluate embolic particles used in vascular 

interventions. This project contributes techniques and findings to the areas of prostatic artery 

embolization and radioembolization for hepatocellular carcinoma. These advances will assist 

researchers and medical technology firms in understanding the mechanics of embolization and 

evaluating the properties of various embolic particles. Finally, Chapter 5 outlines ongoing and 

future research areas related to these three projects.  

 

Figure 1.1 Research scope showing each of the three projects presented in this 

dissertation as they relate to the interactions between research institutions, the medical 

technology industry, and clinical practice.
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CHAPTER 2: A large air gap magnetic levitator for precise positioning of a clinical 

microcatheter 

Parts of this chapter have been previously published in: 

 

S. R. Miller, V. M. Zaccardo, and G. D. Buckner, “A large air gap magnetic levitator for precise 

positioning of a clinical microcatheter: nonlinear modeling and control,” Int J Intell Robot Appl, 

vol. 2, no. 4, pp. 462–469, Dec. 2018, doi: 10.1007/s41315-018-0077-3. 

V. M. Zaccardo, S. R. Miller, and G. D. Buckner, “A large air gap magnetic levitator for intra-

arterial positioning of a clinical microcatheter: design, fabrication, and preliminary experimental 

evaluation,” Int J Intell Robot Appl, vol. 4, no. 1, pp. 122–131, Mar. 2020, doi: 10.1007/s41315-

020-00124-5. 

2.1 Abstract 

Radioembolization (RE) is an advanced treatment for intermediate stage hepatocellular 

carcinoma (HCC, primary liver tumors) for patients who are not eligible for transplant or 

surgical resection. This treatment involves catheterizing the hepatic artery (HA) and injecting 

radioactive microparticles into the hepatic vasculature. These particles embolize the blood 

vessels which supply oxygenated blood to the tumor’s periphery while also delivering 

therapeutic doses of β
-
 radiation. This combination of embolization and radiotherapy aims to 

reduce tumor size allowing for other treatments such as ablation and surgical resection. While 

this is a promising treatment, complications often arising from non-target deposition of RE 

particles limit its overall effectiveness. A strong relationship between the microparticle injection 

location within the HA cross section and the resulting deposition location has been shown 

theoretically and experimentally in recent research. This research demonstrated the potential for 

patient-specific vessel and tumor targeting of RE particles given accurate positioning of the 

microcatheter tip. The subject of the research presented in this chapter is using magnetic 

levitation to enable non-contact positioning of a microcatheter for targeted RE therapy. 
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The first part of this work details the application of nonlinear modeling and control 

strategies to a large air gap magnetic levitator. Specifically, this levitator used four 

electromagnets in a heteropolar active magnetic bearing (AMB) configuration to control the tip 

position of a flexible microcatheter for applications in interventional medicine. The internal 

AMB diameter was 10mm, which is considerably larger than the 1.5mm outer diameter of the 

microcatheter and the 2mm outer diameter of the ferromagnetic collar mounted to its tip. 

Because the air gap between the collar and the electromagnet bearing was relatively large, the 

system exhibited strongly nonlinear behavior associated with excessive magnetic leakage flux 

around the collar and mutual flux through the collar. A sliding mode controller (SMC) was 

designed using a finite element analysis (FEA) model of the magnetic field as a function of 

catheter position. Simulated and experimental results were compared to PID control. The SMC 

was able to track a time-varying trajectory with a mean error of 0.0747mm as compared to PID 

control, which achieved a mean tracking error of 0.2168 mm. When given a 1.5mm horizontal 

step reference, the SMC settled to a steady-state error of -0.018mm in 2.46s. PID was unable to 

stabilize the system given the same stepped reference. These results demonstrate the 

effectiveness for FEA-based nonlinear modeling and control strategies to control large air gap 

magnetic levitators of this type. 

For the second part of this work the device—with the aforementioned model-based 

SMC—was used to precisely position the microcatheter tip in a perfused arterial model cross 

section, allowing for microsphere injections from controlled locations within the cross section. 

Microsphere distributions were found to be significantly dependent on release location (‌

πȢπρ), showing that the large gap levitator is a feasible solution for non-contact catheter 

positioning.  
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2.2 Introduction  

Primary liver cancer (hepatocellular carcinoma, HCC) ranks sixth in cancer occurrence 

and third in cancer-related deaths worldwide; in the US, its occurrence rate is increasing faster 

than all other solid tumor cancers. Early stage treatments focus on ablation, resection, and 

complete liver transplant, while intermediate and advanced stage treatments focus on 

chemoembolization and medication, respectively [1, 2]. 

A more recent treatment for intermediate stage HHC, radioembolization (RE), uses 

injected radioactive microspheres to kill cancer cells on the tumor periphery (Figure 2.1). 

Microspheres are typically 20-40μm in diameter and encapsulate 
90

Y, a radioactive element that 

balances low tissue penetration (d90 = 2mm) with high radiation dose rate and energy deposition 

(0.97MeV). Treatment is performed by releasing millions of microspheres into the hepatic artery 

(HA) via a microcatheter positioned as distally as possible with respect to the tumor (to minimize 

non-target deposition to healthy liver tissue). Microspheres embed preferentially in the tumor, 

irradiating and killing nearby tissue [3, 4]. 

 

Figure 2.1 Two deposition scenarios of RE treatment: (A) incomplete, and (B) full 

tumor coverage [5]. 
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Despite its documented benefits, RE introduces additional risks. Microspheres which 

embed in healthy liver tissue can cause radiation-induced liver disease, and extrahepatic 

deposition can result in gastrointestinal ulceration, radiation pneumonitis, and other radiation 

related complications [4]. Procedure-specific microcatheters have been developed to prevent 

reflux, a phenomenon that occurs when injected microspheres travel proximally (upstream) of 

the injection location [6]. These catheters focus on preventing retrograde flow, but still rely on 

being located as distally as possible to target cancerous tissue and still allow for non-target 

microsphere deposition in healthy liver tissue [7]. However, the distal positioning of a 

microcatheter is limited by its diameter, stiffness and maneuverability. 

Clearly, the ability to target only cancerous tissue would provide a significant advantage 

in reducing undesired side effects. Previous work by Richards et al. [5] showed a strong 

correlation between the microsphere injection location (in the artery cross section) and the 

destination vessel, demonstrating the potential for vessel specific targeting. In [5], a generalized 

HA model was simulated using a commercial computational fluid dynamics (CFD) package 

(ANSYS CFX v12.1). Simulated microspheres were released at various points in the artery cross 

section and their destination vessel was recorded. The model HA system used in this study 

comprised a common hepatic artery (CHA), gastroduodenal artery (GDA), proper hepatic artery 

(PHA), left hepatic artery (LHA), right hepatic artery (RHA), and branching outlets labeled B1 

through B5 (Figure 2.2 right). The CFD prediction in Figure 2.2 (left) shows a cross section of 

the particle release plane (x-y plane) located at the CHA inlet. The colored regions of the release 

plane correspond with specific downstream outlet vessels (through which the microspheres exit 

the model). For example: microspheres released in the yellow center of the CHA cross section 

will exit the model via outlet B5 (the GDA), while microspheres released to the far right pink 
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region will exit the model via B3. These distinct regions reveal a strong repeatable correlation 

between microsphere release location and destination vessel.  

These results were experimentally verified by constructing a physical model, scaled 

approximately 4.4 times to facilitate fabrication and experimental measurements. Surrogate (non-

radioactive) microspheres—also approximately 4.4 times larger than those used clinically—were 

released from a 72.5cm long section of 15-gauge hypodermic tubing. The tubing was supported 

at two axial locations using three stainless steel wires attached radially. Each wire traveled 

through the inlet pipe and was connected to a screw-driven positioning system, shown in Figure 

2.3. Release location was controlled by manually adjusting the positioning mounts, as well as by 

rotating the inlet tube relative to the model. 

 

Figure 2.2 Computational fluid dynamics predictions (left) show a strong correlation 

between microsphere release point in the artery cross section and destination artery 

(right ) [5]. 

This experimental validation supports the premise that patient-specific vascular CFD 

models could be used to generate patient-specific microsphere release maps similar to the one 

shown in Figure 2.2. With a CFD model based on individualized vascular anatomy and flow 

conditions, and given sufficient ability to control the microsphere release location, specific 
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hepatic vessels can be targeted. These results are promising, but first a method to position 

clinical catheters in vivo, without penetrating or damaging the artery walls and without disrupting 

the laminar arterial flow, must be developed. One option for in vivo positioning, the focus of this 

work, involves actuating the microcatheter tip using feedback-controlled electromagnets. Such 

devices are commonly referred to as active magnetic bearings (AMBs). 

 

Figure 2.3 Hypodermic tubing position system used by Richards et al. consisting of six 

screw-driven mounts. The hypodermic tubing was attached to the mounts using stainless 

steel wire. 

In recent decades, magnetic levitation has evolved from an academic curiosity to a 

technological and industrial reality, as in the case of AMBs. A significant technical challenge is 

the inherently unstable and highly nonlinear dynamics of these electromechanical systems. While 

linear control theory has provided researchers with reasonably effective tools for stabilizing 

AMBs, a major drawback is its dependence on linearized plant models; in many cases this 

simplification can result in a degradation of robustness and performance [8]. To remedy these 

limitations, researchers have investigated a variety of nonlinear control options. Examples such 

as feedback linearization and sliding mode control (SMC) seek increased performance and 

robustness by incorporating nonlinear system theory into the controller synthesis [8–11].  
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AMBs use pairs of electromagnets to levitate high-speed ferromagnetic rotors where 

bearing wear and maintenance are problematic (Figure 2.4). The attractive forces exerted by each 

electromagnet are nonlinearly dependent on the applied coil current and separation gap: force 

increases with the square of coil current and is inversely proportional to the square of air gap. For 

this reason, AMBs are inherently unstable electromechanical systems, and require sophisticated 

feedback controllers for stable operation. The controller measures rotor position, compares it to 

the setpoint, and calculates a control signal which is sent to the power amplifier. This control 

action stabilizes the system, and enables the dynamic adjustment of bearing stiffness [12].  

Controlling “large air gap levitators”, for which the rotor diameter Ὀ  is significantly 

smaller than the bearing’s pole-to-pole diameter Ὀ  (Figure 2.4) poses two unique technical 

challenges not associated with standard AMB configurations. First, the large air gaps cause 

excessive leakage of magnetic flux around the rotor. A consequence is that flux can pass directly 

between adjacent poles, bypassing the rotor entirely and reducing control authority. These 

excessive leakage and mutual fluxes result in more complex nonlinear behavior than that 

described by typical AMB models [11, 13, 14]. The second technical challenge associated with 

large air gap levitators is maintaining robustness and performance over a wide range of rotor 

position setpoints. AMBs usually regulate rotor position about the center axis to provide 

frictionless support, thus models linearized about the origin can be sufficient for controller 

design [15, 16]. Controlling a large air gap levitator with excessive leakage and mutual fluxes 

over a wide range of setpoints necessitates the use of robust nonlinear control strategies. 
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Figure 2.4 Schematic of a typical radial AMB (left) and the large air gap magnetic 

levitator (right ). The typical AMB has a rotor to bearing diameter ratio (ὈȾὈ ) of 

nearly unity. For the proposed large air gap levitator, it is clear that ὈȾὈ Ḻ ρ, which 

introduces additional technical challenges not associated with typical AMB 

configurations. In this figure, Ὥ and Ὁ (ὶ  ρȟȣȟτ) are the current and voltage, 

respectively, for each electromagnet. 

The first part of this work details the nonlinear modeling and control of a large air gap 

levitator. Specifically, this levitator uses four electromagnets in a heteropolar AMB 

configuration to control the position of a flexible catheter for applications in interventional 

medicine. Unlike a conventional AMB (for which the ὈȾὈ  ratio typically exceeds 0.9), the 

“rotor” consists of a small ferromagnetic collar attached to the tip of a flexible polymer catheter, 

and the ὈȾὈ  ratio is less than 0.2. Development of the nonlinear model is aided by finite 

element analysis, which characterizes the flux paths associated with such large air gaps. 

Following this, the model is used to derive a sliding model controller. Finally, controller 

performance is evaluated through a series of simulations and experiments. 

The second part of this work involves using the aforementioned controller to position the 

tip of a microcatheter in a HA model that replicates in vivo flow characteristics. While regulating 

the microcatheter tip position, a series of microparticle injections were made at three different 
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locations. The vessel outcomes of the particles released from the three locations were determined 

by counting the number of particles leaving each outlet vessel of the HA model. The vessel 

targeting performance of this system was evaluated by analyzing outlet vessel distributions for 

dependence on injection location within the model’s cross section. 

The novelty of this work is two-fold. First, it presents a modeling and control strategy for 

extending the capabilities of AMB type levitators by enabling control of large air gap designs. 

While there is a wealth of literature detailing the design and control of traditional AMBs, 

techniques for large air gap levitators of this type are far less common. Second, advances in 

interventional medicine have brought about the need for precise non-contacting control of 

clinical microcatheters. In addition to RE therapy, examples of such medical applications include 

targeted vitreoretinal drug delivery [17] and endovascular surgery [18]. The modeling and 

control strategies detailed in this work could enable continued advancements in these 

applications. 

2.3 Methods 

2.3.1 Electromechanical modeling 

A schematic of the large air gap magnetic levitator and its comparison to a more 

conventional radial AMB is provided in Figure 2.4. Each electromagnet consists of a conductor 

(black) wound around a low-reluctance pole (grey). Each coil conducts current Ὥ resulting from 

applied voltage Ὁ. The light grey circle represents the rotor, whose vertical and horizontal 

position is measured relative to the center of the bearing. This electromagnetic levitator was 

modeled using Lagrange-Maxwell equations [19]:  
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This system consists of eight generalized coordinates, four of which are the currents 

flowing through each electromagnet, ╘ Ὥ Ὥ Ὥ Ὥ ; the other four are the vertical and 

horizontal position and velocity, ▲ ὼ ὼ ώ ώ  as illustrated in Figure 2.4. The voltage 

applied to each electromagnet circuit is represented by Ὁȟ with Joule heating losses represented 

by the dissipation function ɮ ╘Ὑ╘, where Ὑ is the resistance of each coil. Based on the 

inductive nature of this device, forces arising from electric field potential (ὠ) and charge (Ὣ) are 

negligible, and are omitted from further analysis. In (2.1b), Ὕ and ɩ are the kinetic and potential 

energies of the collar, respectively. 

The magnetic field potential energy has the quadratic form ὡ ╘╛╘, where ╛ is the 

symmetric inductance matrix (2.2). Here, ὒ is the self-inductance of the Ὥ  electromagnet and 

ὓ  is the mutual inductance between the Ὥ  and Ὦ  electromagnets; both are functions of collar 

position [20]. Conventional magnetic levitators can be modeled analytically using magnetic 

circuit analysis [15, 21]. However, the aforementioned large air gaps and leakage fluxes of this 

machine make it difficult to model analytically. To overcome this, two-dimensional finite 

element analysis (FEA) software was used (Finite Element Method Magnetics, FEMM, 

www.femm.info).  
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Figure 2.5 depicts the FEA model used to quantify the inductance matrix. The two-

dimensional planar geometry (Figure 2.5 left) was used to generate a triangular mesh of 

approximately 27,000 nodes. Each circuit was modeled as two opposing copper coils; each coil 

wound 656 times around a stator made of pure iron. A nominal current (0.1A) was applied to 

each electromagnet, enabling FEA predictions of induced magnetic fields (Figure 2.5 right). The 

resulting magnetic field was used to calculate the inductance matrix over a range of collar 

positions, yielding the matrix ╛ as a function of ὼ and ώ. 

The self and mutual inductances for electromagnet 1 (see Figure 2.4) computed through 

FEA are plotted in Figure 2.6 as functions of collar position. Only the inductances for 

electromagnet 1 are shown because of the levitator’s symmetrical geometry. The self-inductance 

in Figure 2.6 shows an increasing gradient in the horizontal direction and a negligible gradient in 

the vertical direction, as would be expected for small air gap machines. However, the mutual 

inductances exhibit significant gradients in both directions, which contribute to additional forces 

on the collar. To account for these large air gap effects, the FEA model was used in the following 

controller design. 
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Figure 2.5 Finite element analysis of the large air gap levitator. This AMB-like 

levitator consists of two sets of opposing electromagnets in heteropolar configuration 

with a comparatively small iron collar in the center (left). The light grey regions 

represent the copper coils and the dark gray regions represent the iron stator. 2D FEA 

was used to compute the magnetic flux density and flux linkage for each electromagnet 

(right ). This flux density plot exemplifies the presence of leakage and mutual flux 

through and around the collar due to the large air gap. 

2.3.2 Sliding mode controller design 

The levitator dynamics (2.3) were derived using the general electromechanical model 

(2.1) with states corresponding to the horizontal and vertical positions and velocities of the 

collar. 
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 (2.3) 

Here, Ὧ represents the stiffness of the polymer catheter to which the collar is attached, ά 

is the mass of the catheter/collar assembly, and ▲ ή ή ή ή ὼ ὼ ώ ώ  is 

the state vector of the system. The electrical dynamics were neglected because electrical time 
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constants for each circuit (all less than 1ms) are known to be at least an order of magnitude faster 

than those of the catheter’s mechanical dynamics.   

 

Figure 2.6 Self and mutual inductances for electromagnet 1. The inductances are 

computed using FEA over a range of collar positions (see Figure 2.5). The mutual 

inductances exhibit significant gradients that contribute to the nonlinear behavior of this 

magnetic levitator. The inductances for the other three electromagnets can be obtained 

via symmetry. 

The coil currents are calculated as Ὥ •ὉȾὙ, where • is the duty cycle of a pulse 

width modulated (PWM) supply voltage Ὁ, and Ὑ is the load resistance of each circuit. Each 

opposing pair of electromagnets is driven differentially with respect to a bias level ‌ as shown in 

(2.4). 
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Substituting this expression for current in (2.3) and expanding the electromagnet force 

terms reveals that the inputs are non-affine, e.g. these terms are quadratic with respect to the 

input ◊ ό ό . To simplify the controller design, it was assumed that the duty cycles were 

limited to small deviations around the bias level and thus ȿ◊ȿḺρ. As a result, terms that are 

quadratic in ◊ tend to be dominated by terms that are linear in ◊. Making these assumptions 

results in the affine form ▲ █▲ ║▲◊ in Equation 2.5. ὃ , ὃ , and ὅ are functions of 

catheter position and are calculated from (2.6a-c).  
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The inductance of each electromagnet at different catheter positions was computed using 

FEA as previously discussed. While the FEA model provides a more complete view of the 

levitator dynamics, the quadratic form of the magnetic field potential rendered this model too 
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mathematically and computationally cumbersome for controller design. In an approach similar to 

that of Ghiringhelli et al. [22], a more simplified model of the inductance was fit to the FEA 

results. Using the FEA inductance results and Equations 2.6a-c, polynomial surfaces were fit 

to ὃ , ὃ , and # which were then substituted into (2.5). 

To design a sliding mode controller, a sliding surface Ɑ▲ȟὸ π was chosen to have the 

form: 
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The equivalent control law ◊ that maintains the system on the sliding surface is found by: 
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The final control law (2.9) is computed by adding a switching term with constant gain ‏ 

to Equation 2.8. To reduce excitation of high-frequency dynamics, a hyperbolic tangent 

switching term was used where parameter ‍ determines the smoothness of the switching. 
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2.3.3 Hepatic artery model 

A two-generation, bifurcated hepatic artery (HA) model, designed to replicate the vessel 

diameters and flow rates of a portion of human HA anatomy [23–27], was created for 
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experimental testing (Figure 2.7). Fabricated using stereolithography from an optically 

transparent liquid photopolymer, this rigid planar model consists of one inlet and four terminal 

vessels. At the injection plane, a rectangular cross section was fabricated from optically clear 

acrylic sheet to aid in optical position sensing, as this reduces image distortion caused by 

refraction. The inlet has an inner diameter (ID) of 4mm and is barbed to accept standard 9.5mm 

outer diameter (OD) tubing. Each terminal vessel has an ID of 1mm and is connected to clear 

polyvinyl chloride tubing. The output of each vessel is connected to a 100µm mesh basket filter, 

which allows for the collection and quantification of microspheres terminating in each vessel. 

 

Figure 2.7 Two-generation, bifurcated hepatic artery model used with the magnetic 

levitator 3D printed using a stereolithographic process. Overall dimensions are 

approximately 177mm long by 22mm wide, with an ID at the inlet of 4mm. 

Water (approximately 20 °C) was selected for the working fluid, as its density closely 

matches that of human blood. As shown in Figure 2.8, this working fluid is pumped through the 

HA model using a voltage-controlled positive displacement gear pump (Greylor Company, Cape 

Coral, Florida) at a flow rate of 102mL/min, which is in the range of  published measurements 

[27]. 

2.3.4 Large air gap magnetic levitator design 

The novel magnetic levitator used for microcatheter tip position control uses four 

electromagnets (two differentially driven pairs) to exert two-dimensional reluctance forces on a 

ferromagnetic ring attached to the microcatheter tip. The microcatheter tip position is measured 
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optically using two linear arrays of photodetectors. A schematic of this levitator is presented in 

Figure 2.9. 

 

Figure 2.8 Schematic of the HA experimental setup, adapted from [5]. Supply reservoir 

(1), collection reservoir (2), gear pumps (3), flowmeter (4), syringe pump (5), magnetic 

levitator (6), microcatheter (7), HA model (8), microsphere filters (9). Arrows indicate 

the direction of flow. 

 

Figure 2.9 Schematic of the large air gap magnetic levitator for microcatheter tip 

control. (A) Two pairs of differentially-driven electromagnets exert controllable 

reluctance force on the microcatheter ring. (B) Details of a single electromagnet (1), 

controller (2), N-channel MOSFET (3), linear optical array (4), ferromagnetic ring (5), 

and laser diode (6). 

A custom end-hole microcatheter (Figure 2.10) was fabricated using 21.5mm length 

stainless steel hypodermic tubing with a 1.07mm OD and a 0.81mm ID (inner diameter). To 
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enable the application of controllable reluctance forces, a mild steel ring was attached to this 

length of tubing 15.6mm from the tip. Machined on a lathe, the ring had an OD of 2mm, an ID of 

1mm, and an axial length of 5.7mm. For clinical use, this ring could be ensheathed in a common 

biocompatible polymer such as polyethylene or polytetrafluoroethylene. Current clinical 

microcatheters employ such materials to minimize friction and improve maneuverability. 

Hypodermic tubing was used for the catheter tip to provide a rigid opaque target for optical 

position measurements. Additionally, the rigidity of the tubing allows position measurements at 

the end-hole to be used for both particle release and ferromagnetic ring positons. 

 

Figure 2.10 Custom end-hole microcatheter. Fabricated from stainless steel hypodermic 

tubing, silicone tubing, and a mild steel ring; this model catheter allows for precise 

control of the end-hole location within the HA model. 

This tip assembly was then connected to a longer length of hypodermic access tubing by 

a section of flexible silicone tubing. The silicone tube was 6mm in length and had a 1.19mm OD 

and a 0.64mm ID. To secure the access tubing to the center of the HA model without obstructing 

flow, a support was created from six lengths of hypodermic tubing attached to the outside 

circumference of the access tubing, as shown in Figure 2.10. This support prevented the access 

tubing from shifting during experimental trials, allowing for precise control of the end-hole 

position. 

Reluctance force generated by the electromagnets was maximized using the FEA model 

previously discussed. Electromagnet geometry was imported into FEMM, where forces in the 
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vertical and horizontal directions were calculated for a range of currents. Typical FEA results are 

shown in Figure 2.11.  

 

Figure 2.11 FEMM simulation results showing magnetic flux density for top and left 

electromagnet excitation of 200mA. The net force in this scenario is 5.2mN to the left 

and 5.2mN up. 

Using an iterative design process, electromagnet geometry was optimized to provide 

reluctance force magnitudes ranging from 2.7mN to 66.9mN (corresponding to maximum and 

minimum gaps between levitator poles and microcatheter tip) for continuous coil excitations of 

400mA (the peak current rating of the 36 gauge magnetic wire used in the coils). This force 

range was deemed sufficient to actuate the microcatheter assembly, as the heaviest component 

(the steel ring) had a weight of approximately 0.65mN; thus, the levitator was capable of lifting 

the microcatheter when resting on the bottom of the HA model. It should be noted that nominal 

coil current was less than half of the peak current to avoid thermal degradation of the magnet 

wire’s insulation. 
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Each electromagnet was made of 12 laminations of electrical steel and one electrical 

winding per leg. Laminations were waterjet cut from 0.020” thick ultra-low carbon electrical 

steel (CMI-B, CMI Specialty Products, Bristol, CT). After waterjet cutting, the laminations were 

heat treated per the datasheet schedule. The windings, two per electromagnet, each consisted of 

approximately 700 turns of 36-gauge magnet wire and were wound using a customized CNC 

(computer numerical control) milling tool. The four electromagnets were controlled individually 

using pulse width modulation (PWM) of four metal–oxide–semiconductor field-effect transistors 

(MOSFET), one per electromagnet. 

Position feedback was achieved using two TSL1402R linear optical arrays (ams AG, 

Unterpremstaetten, Austria) pictured in Figure 2.12. Each optical array consists of 256 pixels, 

spaced 63.5 µm on center, and functions like a digital camera; its pixels are exposed to a light 

source for a period of time and the analog output voltage at the end of the exposure period is 

proportional to light intensity. The optical sensors were illuminated by two low power laser 

diodes. An image of the catheter is generated when the stainless steel tip blocks the collimated 

laser light, thereby casting a silhouette on the optical arrays. To enhance signal-to-noise ratios, 

optical filters were attached to the linear optical arrays. A red color filter was used to prevent all 

but red light from reaching the sensor, thus blocking undesirable wavelengths from extraneous 

light sources. A neutral density filter was used to reduce the amount of ambient light reaching 

the optical arrays and to achieve a desirable laser line exposure. 

The output of each optical array is a sequence of 256 analog voltages, each corresponding 

to the intensity of light reaching a specific pixel integrated over the exposure period. As shown 

in Figure 2.13, a position-dependent voltage profile is generated by the silhouette of the catheter 

tip. To compute the microcatheter position, the sensor output is windowed to a 110 pixel region 
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eliminating noisy data from pixels that are outside of the extent of the catheter tip. Next, the 

signal is inverted by subtracting the output voltage from 3.3V (the maximum output voltage). 

Finally, the inverted signal is integrated to calculate the centroid of the area beneath the curve 

yielding the uncalibrated microcatheter position in pixels. The position is calibrated by moving 

the ferromagnetic ring against the inside of the HA model and recording the minimum and 

maximum uncalibrated readings from both sensors. Since the ID of the HA model is 4mm and 

the OD of the ring is 2mm, the extent of the microcatheter position is ±1mm in each direction.  

 

Figure 2.12 A TSL1402R linear optical array. Each array was mounted to prototyping 

board for electrical connections, and adhesive backed filters were applied to the sensing 

side (shown). 
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Figure 2.13 Sensor output from one linear optical array with microcatheter tip in two 

different lateral positions. The centroid of the output voltage distribution corresponds to 

the position of the microcatheter. The output voltage was subtracted from 3.3V prior to 

computing the centroid. A windowed region of 110 pixels was used for position sensing. 

The linear optical arrays were secured in place by a 3D printed fixture which was 

mounted to the levitator chassis (Figure 2.14 and Figure 2.15). The laser modules were secured 

to an adjustable aluminum frame to enable alignment of the laser lines and optical arrays. The 

entire prototype assembly was mounted vertically to remove the effect of gravity on the catheter. 

The position controller consisted of three hardware components: the linear optical arrays, a 

STM32F407VG microcontroller (STMicroelectronics, Geneva, Switzerland), and a TPL7407L 

7-channel MOSFET low side driver (Texas Instruments Incorporated, Dallas, TX). The 

microcontroller acquired voltage data from the optical arrays, computed the microcatheter 
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position, calculated a control action, and updated the PWM output to the MOSFET driver. The 

driver then switched a 14V regulated power supply thereby modulating the current to each 

electromagnet. This control loop was executed at a real-time rate of 150Hz. Simultaneously, the 

microcontroller transmitted microcatheter position, tracking error, and control action via serial 

connection to a desktop computer where a custom MATLAB  (The MathWorks Inc., Natick, 

MA) application plotted the serial data in real time.  

 

Figure 2.14 Solid model section view of the optimized prototype; model end-hole 

microcatheter (1), ferromagnetic ring (2), HA model (3), stator with windings (4), 

amplifier board (5), linear optical array (6), laser diode (7), and acrylic chassis (8). 
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Figure 2.15 Photograph of the optimized prototype; visible are the windings (1), linear 

optical arrays (2), laser diodes (3), microsphere filters (4), and HA model (5).  

2.3.5 Testing methods 

To quantify targeting performance, microsphere injections were made at three locations 

in the HA model cross section labeled A, B, and C in Figure 2.16. Polyethylene microspheres 

(Cospheric, Santa Barbara, CA) 212-250µm in diameter were added to 25°C tap water to create a 

microsphere suspension with a density of approximately 1000microspheres/mL. Tests were 

conducted by positioning the microcatheter in the desired cross-sectional location, approximately 

5mm proximal to the first bifurcation in the HA model (as indicated in Figure 2.7). Eight 

injections of microsphere solution (0.5mL each) were made at each cross-sectional location 

using a computer-controlled syringe pump with the injection rate configured such that the exit 

velocity of the microspheres matched the fluid velocity inside the HA model (13.5cm/s). The 
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microsphere solution was agitated between injections to maintain a uniform microsphere 

suspension. 

 

Figure 2.16 Release locations for the microsphere injection tests. Position A is located 

0.6mm to the right of the center, position B is located at the center, and position C is 

located 0.6mm to the left of the center. Here, the flow direction is into the page. 

Resulting microsphere distributions were quantified using 100µm nylon mesh filters. 

Prior to each test, these filters were cleaned, dried, and inspected. Following each injection, a 

light source and a frosted glass element were placed under each filter and photographs were 

taken from above the filter. As shown in Figure 2.17, this method provided excellent contrast 

between the white filter background and the dark green microspheres. Microspheres were 

automatically counted using the image processing and analysis software ImageJ (U. S. National 

Institutes of Health, Bethesda, MD). The vessel outcome frequencies were then recorded for each 

release location. 
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Figure 2.17 Typical image used for quantifying microsphere distributions. The green 

microspheres are easily distinguished from the lighter background. ImageJ was capable 

of identifying and counting all microspheres contained within this image. 

2.3.6 Statistical methods 

Particle frequency distribution statistics were evaluated using a χ
2
 test of independence. 

This test uses an independence model that assumes the vessel outcome and release location are 

independent events. Expected vessel frequencies are determined by multiplying the probability 

that a particle exited a particular vessel with the probability that a particle was released from a 

specified location. This is computed by using Equation 2.10, where ὔ is the total number of 

particles released at Location ὰ, ὔ  is the total number of particles that exited Vessel ὺ over all 

release locations, and ὔ  is the total number of particles released over all locations. For 

example, Ὢȟ  is the expected frequency with which particles will be observed exiting Vessel 3 

given that they are released from Location A according to the independence model. 

Ὢȟ
ὔὔ

ὔ
 (2.10) 



   

30 

 

The χ
2
 value is computed by summing the squared standardized residuals as shown in 

Equation 2.11. Here, Ὢȟ  is the observed frequency for vessel ὺ when particles are released from 

location ὰ. If the independence model is true, then the probability that χ2
 is less than …Ȣ  = 16.8 

is 0.99. Thus, if χ
2
 is found to be greater than 16.8, then the events are likely to be dependent at a 

significance level of ‌ = 0.01. 

…
Ὢȟ Ὢȟ
Ὢȟ

 (2.11) 

The strength of the association between release location and vessel outcome was assessed 

using Cramér's V, which is calculated using Equation 2.12. In this equation, ά is equal to the 

number of locations or vessels, whichever is smaller. Cramér's V is commonly used for 

measuring the degree of association because it is unaffected by sample size. Complete 

association is indicated by ὠ = 1, while no association is indicated by ὠ = 0. 

ὠ
…

ὔ ά ρ
 (2.12) 

2.4 Results 

2.4.1 Simulated tracking results 

The SMC was first simulated in MATLAB to verify tracking performance and 

robustness. The simulated plant was represented by the non-affine state equations in (2.3) where 

simplifying assumptions about the input magnitude have not been made. Additionally, the values 

for the inductance matrix (2.2) were interpolated from the FEA data using a locally weighted 
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regression rather than a polynomial fit. While this prevents analytic differentiation of the 

inductance matrix and is generally more computationally expensive, this provides a more 

accurate representation of the FEA data than analytical curve fitting.  The plots in Figure 2.18 

demonstrate tracking of a circular trajectory (diameter of 2.0mm). Approximations used in the 

system model derivation (2.5) tend to degrade the tracking performance, as indicated by ‏ ρ 

curves in Figure 2.18. The ‏ ρπ curves show that increasing the switching surface gain ‏ 

increased robustness to model uncertainties and resulted in improved tracking of the reference 

signal. 

 

 

Figure 2.18 MATLAB simulation of SMC trajectory tracking. Simulation results for 

horizontal position (top) and vertical position (bottom) under various switching surface 

gains ‏. Model approximations used in the SMC design resulted in poor tracking 

performance for small switching gains. Increasing the switching gain provided more 

robustness to model discrepancies. 
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2.4.2 Experimental tracking results 

Figure 2.19 shows experimental tracking results for an hourglass-shaped trajectory with a 

period of 20 seconds. These experiments were conducted using a Terumo Progreat 2.8F 

microcatheter (Terumo Interventional Systems, Somerset, NJ) with affixed ferromagnetic collar 

rather than the custom catheter shown in Figure 2.10. Additionally, these experiments were 

conducted in air without the HA model to eliminate the effects of any optical distortions on 

performance. Both plots represent the same trajectory, with the left plot showing reference and 

measured positions versus time and the right plot showing an x-y plot of the same measurements. 

Tracking performance was evaluated by calculating the time-averaged tracking error magnitude 

described in Equation 2.13. A mean tracking error of 0.075mm was calculated for the trajectory 

in Figure 2.19. 

As a comparison to the SMC design used in Figure 2.19, the experimental setup was also 

tested with a typical PID controller using the same hourglass trajectory (Figure 2.20). Heuristic 

tuning of PID gains was done to achieve stable tracking while minimizing tracking error. The 

mean tracking error calculated for the PID controller was 0.217mm.  

ὩӶ
ρ

Ὕ
ὼ ὼ ώ ώ dὸ (2.13) 
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Figure 2.19 Experimental SMC results for hourglass trajectory tracking. Horizontal and 

vertical tracking components are plotted versus time (top) and vertical position versus 

horizontal position (bottom). Both plots display the same data. The mean tracking error 

was calculated to be 0.075mm.  
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Figure 2.20 Experimental PID results for hourglass trajectory tracking. The same 

tracking experiment as in Figure 2.19 was applied to the PID controller, resulting in a 

mean tracking error of 0.217 mm. 

To further highlight differences in the performance of these two controllers, a step 

response experiment was conducted. Figure 2.21 shows the closed-loop response with the SMC 

(top) and PID (bottom) controllers to a 1.5mm step in the horizontal reference. A 1.5mm step 

was chosen because the nonlinear behavior of the electromagnets is more dramatic farther from 

the origin. Performance metrics for these two step response experiments are tabulated in Table 

2.1. PID gains which produce a stable response to this step input could not be found. As a result, 

the settling time and steady-state error were not calculated for the PID controller.  
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Figure 2.21 Experimental closed-loop step responses for SMC (top) and PID (bottom). 

The time history for the PID step response and SMC step response demonstrates the 

performance differences in the two control strategies further from the origin where 

system nonlinearities are stronger. Gains were chosen to achieve similar rise times 

between the two controllers. 

Table 2.1 Experimental step response performance metrics 

 PID SMC 

Rise time (s) 0.854 0.758 

Settling time (s) N/A 2.46 

Steady-state error (mm) N/A -0.018 

   

Whereas the experimental tracking results in Figure 2.19-2.21 were obtained in air 

without the HA model, Figure 2.22 shows the closed-loop response of the SMC to various steps 

in the x and y reference positions within the HA model under physiological flow rates using the 
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custom catheter shown in Figure 2.10. Here, catheter position was regulated with an average 

error of 0.028mm in both the x and y directions with an average rise time of 0.63 seconds. Figure 

2.23 shows the closed-loop tracking response for a 1.2mm diameter circular trajectory, with an 

average tracking error magnitude of 0.23mm. In Figures 2.22 and 2.23, the reference signals are 

indicated by dashed lines. The high frequency variations in these signals are the result of 

fluttering caused by the fluid flow in the HA model and the low stiffness of the silicone tubing.  

 

Figure 2.22 Tracking response of closed-loop system to multiple stepped reference 

inputs in the x and y directions. The average error for this response is 0.028mm in x and y 

with an average rise time of 0.63s. The reference inputs are indicated by dashed lines. 
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Figure 2.23 Tracking response of closed-loop system to a circular reference trajectory. 

The average error magnitude for this response was 0.23mm. The reference trajectory is 

indicated by dashed lines. The bottom plot shows the trajectory in the x-y plane. 

2.4.3 Particle injection results 

The outlet vessel frequency distributions for the microsphere injections are shown in 

Table 2.2 along with marginal frequencies and column percentages. Additionally, the column 

percentages are plotted in the bar graph in Figure 2.24. The χ
2
 statistic for the data in Table 2.2 

was calculated to be 1037 with a Cramér's V of 0.32. 
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Table 2.2 Contingency table of vessel outcome by catheter position 

Outcome 

Observed frequencies (and column 

percentages) 

Row Total Position A Position B Position C 

Vessel 1 129 (7.4%) 439 (19.3%) 467 (41.6%) 1035 

Vessel 2 151 (8.7%) 641 (28.3%) 346 (30.8%) 1138 

Vessel 3 634 (36.5%) 634 (27.9%) 133 (11.9%) 1401 

Vessel 4 822 (47.4%) 555 (24.5%) 176 (15.7%) 1553 

Column Total 1736 (100.0%) 2269 (100.0%) 1122 (100.0%) 5127 

        

 

Figure 2.24 Microsphere distributions corresponding to injections from Position A, 

Position B, and Position C. Microsphere counts have been normalized for comparison 

purposes. 

2.5 Discussion 

The SMC tracked the curved hourglass trajectory well, with an average error of 

0.075mm. In Figure 2.19, the tracking performance was roughly equivalent above and below the 

origin as well as to the left and right of the origin. However, the vertical-most region suffered 

from greater tracking error than the rest of the trajectory. This was likely due to larger 
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differences between the modeled and actual dynamics in this region compared to others. The 

simulation results in Figure 2.18 demonstrate robustness to model inaccuracies by increasing the 

switching surface gain.  While the switching surface provides added robustness, it can excite 

lightly-damped dynamics. The switching gain was chosen to minimize tracking errors while still 

maintaining stability. One source of model uncertainty was in the polymer microcatheter which 

exhibits both hysteretic and creep behaviors. It was found that the polymer microcatheter was 

only capable of 80% strain recovery when deformed, resulting in a hysteretic type behavior. In 

addition, as the catheter rested under its own weight, it tended to plastically deform, thereby 

shifting its elastic equilibrium point in the downward direction. This resulted in increased elastic 

force in the positive vertical direction and adversely affected tracking performance in these areas. 

For the injection experiments, these issues were ameliorated by using the custom catheter (Figure 

2.10)—whose silicone tubing exhibits little to no plastic deformation—and by rotating the 

experimental setup so that the catheter is oriented vertically (Figure 2.15) to eliminate the weight 

of the catheter. 

The advantage of a robust, model-based controller is demonstrated by the PID tracking 

performance in Figure 2.20. Typical heuristic PID tuning procedures produced stable tracking 

performance, but failed to significantly reduce tracking errors. The mean tracking error was 

calculated at 0.217mm, almost three times the SMC tracking error. Attempts to increase 

proportional or integral gains either offered little increase in tracking performance or lead to 

instability. Another interesting difference between the two controllers is the tendency of the PID 

controller to deviate towards the right of the reference signal (Figure 2.20, bottom). This is not 

apparent for the SMC (Figure 2.19, bottom), and may be the result of its enhanced robustness to 

uncertainties in the elastic behavior of the catheter as previously mentioned. 
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While linear control strategies are used for more typical small air gap AMBs and 

magnetic levitators, the large air gap and displacement of this levitator presents significant 

nonlinearities. These are particularly pronounced as the catheter moves farther from the origin. 

The data in Figure 2.21 emphasizes this point by comparing the response of the PID controller 

and SMC to a 1.5mm step in the horizontal direction. Although both controllers had similar rise 

times (Table 2.1), the PID controller was unable to stabilize the system without significant 

steady-state error. The SMC, on the other hand, displayed a stable underdamped response with a 

steady-state error of -0.018mm. Chattering observed around the 14s mark for the PID case was 

the result of excessive derivative gain needed to minimize overshoot and provide as much 

damping as possible. In addition, SMC successfully regulated the vertical position at the origin 

during the maneuver. This is an advantage of a multivariable SMC design over the PID design 

which consisted of decoupled vertical and horizontal PID controllers running in parallel.   

As demonstrated in Figure 2.22, the large air gap magnetic levitator proved capable of 

precisely regulating the microcatheter position with a sufficiently short rise time and low steady 

state error in the perfused HA model. In addition, catheter tip motion in the x and y directions are 

independent. In other words, a step in the x direction does not affect regulation in the y direction 

and vice versa further demonstrating the decoupling behavior of the SMC. Figure 2.23 also 

demonstrates command following over a large region within the HA model cross section. Here, 

the speed of the controller limits the accuracy with which the catheter can track a moving 

trajectory. The bottom plot in Figure 2.22 reveals a non-uniform pattern in the tracking error 

which is not observed in Figure 2.19 or Figure 2.20. This is likely due to the relatively slow 

compensation for uncertainties within the system, such as anisotropy in the stiffness of the 

catheter and non-laminar flow. While not required for these microsphere targeting experiments, 
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closer tracking performance can be achieved by adjusting controller parameters, such as the 

switching control amplitude, to meet performance requirements. Overall, this tracking 

performance in the face of large air gap nonlinearities and model uncertainties is a key feature of 

SMC and justifies the use of such a controller for this system.  

The experimental results shown in Table 2.2 and the associated χ
2
 value indicate that the 

vessel distributions and microcatheter positions are likely to be dependent in some way (‌

πȢπρ. Furthermore, the Cramér's V value calculated indicates that there is a moderately strong 

association between the distributions and positions; this association is obvious in Figure 2.24. 

When the catheter is positioned 0.6mm to the right of center (Position A), microspheres 

preferentially target vessels 3 and 4 with 47.4% of microspheres exiting vessel 4. Likewise, 

when the catheter is positioned 0.6mm to the left (Position C), microspheres favor vessels 1 and 

2, with 41.6% exiting vessel 1. When the catheter is located at the center of the HA model 

(Position B), the vessel outcomes more closely resemble a uniform distribution. These results 

corroborate the findings of [5], indicating that vessel targeting is achievable on a 1:1 scale 

model. 

In addition to potential sources of error encountered by previous work, these results could 

potentially be affected by the microcatheter not being parallel with the flow, flow disturbances 

caused by the microcatheter resting along the artery model wall, and movement of the 

microcatheter during injections. The addition of the rectangular cross section to allow for optical 

position measurements (Figure 2.7) also affects flow within the HA model. Resulting turbulence 

had the effect of dispersing the microspheres in the flow over longer distances (>20mm). The 

microcatheter end-hole was positioned 5mm proximally to the first artery model bifurcation 

(Figure 2.7), reducing the impact of such flow disturbances. 
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This demonstration shows that non-contact positioning of a microcatheter is indeed 

possible and that targeting could be achieved with patient-specific vascular modeling. If a large 

enough levitator could be constructed, the patient could be positioned inside the device while the 

procedure is being performed. The largest challenges facing this type of procedure are scale and 

position feedback. Reluctance force decreases with the square of distance, and therefore very 

large currents and magnetic fields would be required to exert appreciable force on the 

microcatheter. Additionally, the levitator in this paper benefits from a simple high resolution 

position feedback mechanism. Clinical trials would need a similarly high resolution transducer, 

despite the additional challenges imposed by intravascular procedures. If these challenges can be 

overcome, using an active magnetic bearing for targeted RE treatments may prove to be an 

effective procedure.    

2.6 Conclusion 

A sliding model controller was developed based on finite element modeling of a large air 

gap AMB type magnetic levitator. The performance of this controller was demonstrated 

experimentally and compared to a PID controller. Experimental results affirm the superior 

performance of nonlinear, multivariable control approaches for this large air gap application. 

Additionally, the use of finite element analysis to model the significant mutual and leakage 

fluxes was critical to the success of this model-based controller design. Increased robustness and 

tracking performance comes with developing more accurate models of the system’s components, 

particularly the magnetic flux distributions and the elastic catheter characteristics. Specifically, 

using devices such as a magnetometer or load cells to validate finite element results and adjust 

the system model are recommended to estimate the bounds on parametric uncertainties. These 

strategies should be used to further improve SMC performance. 
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Results from microsphere injections corroborated the results of [5], demonstrating that 

vessel targeting is possible using a microcatheter in a 1:1 scale HA model. Despite being only 

1.2mm apart, the A and C injection locations had significantly different terminal vessel 

distributions. Flow disturbances were found to have a dispersing effect on the injected 

microspheres, thus the injection location should be located as close as possible to the target 

vessel. 

Using the model-based SMC enabled precise positioning of the microcatheter tip with 

minimal steady-state error. The closed-loop system also exhibited acceptable command 

following over a large region of the HA model cross section. This, along with the microsphere 

injection results, demonstrates the ability for this system to meet the performance required for 

targeted RE therapy.
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CHAPTER 3: Design and testing of a centrifugal fluidic device for populating microarrays 

of spheroid cancer cell cultures 

Parts of this chapter have been previously published in: 

 

W. Weisler, S. Miller, S. Jernigan, G. Buckner, and M. Bryant, “Design and testing of a 

centrifugal fluidic device for populating microarrays of spheroid cancer cell cultures,” Journal of 

Biological Engineering, vol. 14, no. 1, p. 7, Mar. 2020, doi: 10.1186/s13036-020-0228-6. 

3.1 Abstract 

In current cancer spheroid culturing methods, the transfer and histological processing of 

specimens grown in 96-well plates is a time consuming process. A centrifugal fluidic device was 

developed and tested for rapid extraction of spheroids from a 96-well plate and subsequent 

deposition into a molded agar receiver block. The deposited spheroids must be compact enough 

to fit into a standard histology cassette while also maintaining a highly planar arrangement. This 

size and planarity enable histological processing and sectioning of spheroids in a single section.  

The device attaches directly to a 96-well plate and uses a standard centrifuge to facilitate 

spheroid transfer. The agar block is then separated from the device and processed. Testing of the 

device was conducted using six full 96-well plates of fixed Pa14C pancreatic cancer spheroids. 

On average, 80% of spheroids were successfully transferred into the agar receiver block. 

Additionally, the planarity of the deposited spheroids was evaluated using confocal laser 

scanning microscopy. This revealed that, on average, the optimal section plane bisected 

individual spheroids within 27% of their mean radius. This shows that spheroids are largely 

deposited in a planar fashion. For rare cases where spheroids had a normalized distance to the 

plane greater than 1, the section plane either missed or captured a small cross section of the 

spheroid volume. These results indicate that the proposed device is capable of a high capture 

success rate and high sample planarity, thus demonstrating the capabilities of the device to 
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facilitate rapid histological evaluation of spheroids grown in standard 96-well plates. Planarity 

figures are likely to be improved by adjusting agar block handling prior to imaging to minimize 

deformation and better preserve the planarity of deposited spheroids. Additionally, investigation 

into media additives to reduce spheroid adhesion to 96-well plates would greatly increase the 

capture success rate of this device. 

3.2 Introd uction 

Cell culturing is a key experimental tool in the study of solid tumor biology, 

pharmacology, and the search for more effective cancer treatments. Two-dimensional (2D) in 

vitro cell culturing, in which cells are grown on flat glass or plastic substrates (Figure 3.1A), 

gained widespread acceptance after its introduction in the early 20
th
 century, and remains the 

most common choice for drug screening studies partly due to its well-developed compatibility 

with high-throughput and automated methods. Unfortunately, several factors limit the accuracy 

with which 2D cultures model in vivo tissues, leading to the development of phenotypes in 2D 

cultures that vary significantly from cells in vivo [1, 2]. These factors include: differences in 

strain distributions for cells grown on 2D rigid substrates versus 3D environments [3–6]; 

differences in mass transport, which limits cellular access to oxygen, nutrients, and soluble 

factors; and the lack of molecular gradients [7–9]. For these reasons, drug screens based on 2D 

cell cultures can lead to misleading or non-predictive results [10]. 

Three-dimensional (3D) in vitro cell cultures (Figures 3.1C and 3.1D) are finding 

increased application in pathobiological and pharmacological studies of solid tissues. “Simple 

spheroid” cultures derived from single established cell lines can be readily grown using round 

bottom 96-well plates molded from ultra-low attachment substrates. Because these 3D cultures 

more closely resemble in vivo tissues than their 2D counterparts, they may provide more accurate 
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modeling of in vivo tissues. For example, spheroid cultures have been demonstrated to more 

accurately predict the magnitude of in vivo tumor response in KRAS driven cancers [11].  

 

Figure 3.1 Pa14C pancreatic cancer cells. (A) Cells in 2D culture. (B) Cells seeded into 

a round bottom plate and centrifuged to aggregate. (C) Cells formed into a spheroid 2 

days after seeding. (D) Spheroid 14 days after seeding. Scale bar represents 1000μm in 

all images. 

Microscopic analysis of 3D cell cultures is of particular interest, as it enables spatial 

characterization and mapping of biomarkers associated with biological function (e.g. metabolic 

activities) and responses to targeted therapies. A limiting factor is the histologic analysis of 3D 

cultures using existing tools and techniques: the manual process is time-consuming, inefficient, 

and cannot compete with the throughput of robotic systems used in the screening of 2D micro-

well plate formats. 

In this work, a prototype device—the centrifugal funnel array— was developed that 

enables simultaneous transfer of 96 spheroid cultures from standard 96-well plates to agar-
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encapsulated microarrays for histological processing and analysis. This technology has the 

potential to expedite the preparation and analysis of 3D spheroid cultures enabling high-

throughput drug screens, better predictions of solid tissue responses, and more rapid 

development of therapeutics. Because the specimens maintain their relative position and registry 

within the array during transfer, the effects of experimental conditions in each well can be 

precisely tracked. Each microarray can then be embedded in paraffin and sectioned as a single 

specimen, enabling simultaneous microscopic analysis of all 96 spheroids.  

A simple concept of operations for the proposed device is shown in Figure 3.2. The 

functional objective is to automate the transfer of spheroids from a 96-well plate to an agar block 

suitable for histological processing.  The position of each spheroid within the 96-well array 

should be preserved while the reducing the array dimensions as shown in Figure 3.2A. The agar 

block can then be histologically processed and sectioned, enabling simultaneous microscopic 

imaging of all 96 spheroids on a single slide. The proposed process begins with a 96-well plate 

containing formaldehyde-fixed spheroids (Figure 3.2B). A micro-Funnel Manifold (μFM) 

consisting of 96 tapered converging funnels is attached to the 96-well plate along with the 

molded agar block containing 96 microwells (Figure 3.2C). The device is then inverted and 

placed in a standard benchtop centrifuge, which facilitates spheroid transfer from the 96-well 

plate to the agar block (Figure 3.2D). The populated agar block is then removed from the device 

(Figure 3.2E). Next, the transferred spheroids are fully encapsulated by backfilling the agar block 

with liquid agar. The backfilled block then undergoes standard paraffin embedding and 

histological processing (Figure 3.2F). Microtome sections of the block are mounted on glass 

slides such that all 96 spheroids can be examined on a single slide (Figure 3.2G). 
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Figure 3.2 Conceptual design and operation. (A) Objective of proposed device showing 

the relative sizing of the 96-well plate and agar block. (B) Spheroids (red) grown in a 96-

well plate (light grey) with liquid medium (blue). (C) Funnel manifold (green) with 

attached agar block (dark grey) mounted on a 96-well plate. (D) Centrifuge process using 

centripetal acceleration to move spheroids into the agar block. (E) Populated agar block 

removed from funnel manifold. (F) Agar block encapsulated and paraffin embedded after 

backfilling with liquid agar (light green). (G) Top and side view of a histological section 

of the agar block. Note: not to scale, spheroids enlarged for clarity. 

This work presents the testing and evaluation of the centrifugal funnel array. The device 

was tested using full 96-well plates of fixed Pa14C spheroids. The transfer success rate for each 

plate and well was recorded following centrifugation. The resulting agar blocks were imaged 

using confocal laser scanning microscopy (CLSM) to determine the 3D location of each spheroid 

with the block. Finally, the spheroid location and size data from CLSM were used to 

quantitatively assess the planarity of the deposited specimens.  
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3.3 Methods 

3.3.1 Materials 

Corning Costar 7007 ultra-low attachment round bottom 96-well plates and phosphate 

buffered saline (PBS) were obtained from Corning (Corning, NY). Dulbecco’s Modified Eagle 

Medium (DMEM), penicillin-streptomycin, and HCS CellMask Deep Red stain were acquired 

from Thermo Fisher Scientific (Waltham, MA). Laminin-I was purchased from Trevigen 

(Gaithersburg, MD). For fixation, 8% paraformaldehyde (PFA) solution was obtained from 

Electron Microscopy Sciences (Hatfield, PA). Parafilm “M” was obtained from Bemis (Oshkosh, 

WI). Fetal bovine serum (FBS), Agar power and Triton X-100 were purchased from Sigma-

Aldrich (St. Louis, MO). The High-Density Polyethylene (HDPE) inserts were acquired from 

Hero Glue (Las Vegas, NV). The neoprene gasket, absorbent mat, and nylon mesh for the 

containment base were obtained from McMaster-Carr (Elmhurst, IL). All other device 

components were fabricated with a Stratasys (Rehovot, Israel) Objet 30 Polyjet 3D printer using 

VeroWhitePlus acrylic photopolymer and support material. Centrifugation was conducted using 

a Sorvall Legend RT obtained from Thermo Fisher Scientific (Waltham, MA). For confocal 

microscopy, a Zeiss (Oberkochen, Germany) LSM 880 was used.  

3.3.2 Cell culture 

The device was tested with fixed spheroids cultured from the Pa14C pancreatic 

adenocarcinoma cell line [12]. Pa14C cells were provided by A. Maitra (MD Anderson Cancer 

Center). Cells were grown in a growth medium consisting of DMEM supplemented with 10% 

FBS and 1% penicillin-streptomycin. Cells were maintained at 37̄C, 5% CO2. Cells were 

maintained at low passage (less than 12). 



   

53 

 

3.3.3 Spheroid generation and fixation 

Cells were harvested and seeded into Corning Costar 7007 ultra-low attachment round 

bottom 96-well plates at a density of 3000 cells per well in 50μL of liquid medium. This medium 

consisted of growth medium supplemented with 5% Laminin-I. Laminin-I was used because it 

has been shown to promote E-cadherin expression which promotes cell-cell contacts, rather than 

contacts with the substrate. The addition of laminin-I to 3D culture systems has also been shown 

to promote more cuboidal clustered cell morphology [13]. Plates were then centrifuged at 300xg 

for 3 minutes and allowed to incubate at 37°C. After 3 days, an additional 150μL of growth 

medium was added to each well. Media was replenished 7 days post seeding. Spheroids were 

cultured for a total of 10 to 14 days prior to fixation. 

Spheroids were fixed by removing half of the culture medium from each well and 

replacing with an equal amount of 8% PFA solution. The spheroids in PFA were then 

refrigerated at 4°C overnight. The following day, spheroids were washed in PBS by transferring 

each spheroid from the PFA solution to a 96-well plate containing 150μL of PBS. Next, the PBS 

was decanted from each well leaving each spheroid behind. Finally, 150μL of fresh PBS was 

added to each well. The fixed spheroid plates were wrapped in parafilm and stored at 4°C for 

future use.  

3.3.4 Agarose receiver block preparation 

Work by Ivanov et al. [14] demonstrated that an array of 11 by 6 spheroids deposited in 

an agar gel block could be made to fit in a histology cassette by manual micropipetting. A similar 

concept was used here to ensure that a full plate of 96 (12 x 8) spheroids could be successfully 

deposited by the μFM and encapsulated in an agar block of these dimensions. While the agar 

blocks in [14] used blind holes for spheroid capture, the agar blocks used here were cast with 
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through holes and placed on top of a 100µm nylon mesh (Figure 3.3A). This allowed captured 

spheroids to be separated from solution prior to agar encapsulation (Figures 3.3B and 3.3C). 

Agar receiver blocks were prepared by first mixing a 4% w/v solution of agar powder and 

phosphate buffered saline in a conical centrifuge tube. The tube was then placed in a temperature 

controlled water bath at 85°C until fully dissolved. Agar solutions were then kept in liquid form 

at 40°C prior to casting. Blocks were cast by pouring approximately 5mL of liquid agar solution 

into a custom 3D printed mold and allowed to rest for 10 to 15 minutes. After fully gelled, the 

blocks were extracted from the mold and stored in PBS at 4°C until used. 

 

Figure 3.3 Agar receiver block used with micro-funnel manifold assembly. (A) CAD 

rendering showing the bottom of the micro-funnel manifold assembly (blue), agar 

receiver block (translucent), nylon mesh (grey), support grid (pink), containment base 

(tan). (B) Dyed microspheres deposited in the agar receiver block after centrifugation. 

Note only two rows, one column, and four corners were populated in the 96-well plate. 

(C) Dyed microspheres encapsulated in agar receiver block. 

3.3.5 Device operation 

The physical dimensions and mass of the prototype device were limited by the testing 

centrifuge bucket volume and mass capacity, respectively. A device geometry was established 

which met this geometric constraint while adequately mating with the 96-well plate. Indexing 
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features were used on the μFM top to ensure that it aligned precisely with the 96-well plate.  

Next, the interior length and width dimensions of a standard histology cassette, 3.0cm and 

2.5cm, respectively, were used to establish the diameters and spacing of the funnel outlets in the 

μFM bottom. Based on an average spheroid diameter of 500µm, these dimensions resulted in an 

outlet diameter of 2200μm with a center-to-center spacing of 3800μm.  

The components of the fabricated prototype are listed from the top downward (Figure 

3.4A): 96-well plate, mating plate, HDPE inserts, μFM, agar receiver block, nylon mesh, support 

grid, containment base, an absorbent mat, and a gasket. The mating plate, μFM, support grid, and 

containment base were all 3D printed. Tapered HDPE inserts used between the mating plate and 

the μFM provided a smooth continuous passage to mitigate friction acting on spheroids during 

device operation. The μFM equipped with HDPE inserts and epoxied to the mating plate forms 

the micro-funnel manifold assembly (μFMA), which is used in operation as a single component. 

Figure 3.4B shows a cross section view of the assembled device. Here, the geometry and feature 

size of each funnel necessitates the use of high resolution additive manufacturing techniques. 

Device operation begins by positioning the agar block, nylon mesh, support grid, 

absorbent pad, and gasket in the containment base. The manifold assembly is then mated with 

the containment base. Next, the entire assembly (Figure 3.4C) is inverted and clipped onto the 

upright 96-well plate containing fixed Pa14C spheroids. The device, now mated to the 96-well 

plate, is then slowly inverted and placed in the centrifuge bucket, utilizing a counterweight as 

needed. After centrifuging at 300xg for 5 minutes, the device is removed and the manifold 

assembly is detached from the containment base. Liquid agar (4% w/v previously prepared) at 

40°C is poured over the agar receiver block, filling the through holes and encapsulating the 

transferred spheroids. After cooling for 10 to 15 minutes, the agar receiver block was removed 
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from the containment base and placed in a petri dish containing PBS. From here, the nylon mesh 

was removed from the block and replaced with a thin layer of liquid agar. Once the final layer of 

agar gelled, the finished receiver block with encapsulated spheroids was stored in PBS at 4°C in 

preparation for downstream processing.   

 

Figure 3.4 Overview of µFMA construction. (A) Exploded view of device in a 

centrifuge bucket (gasket and absorbent mat not shown). (B) Cross section view of fully 

assembled device in centrifuge bucket (gasket and absorbent mat not shown). (C) Photo 

of assembled device ready to mate with a 96-well plate. 

3.3.6 Optical sectioning and imaging 

Because the paraffin embedding and microtome sectioning process is largely dependent 

on the skill of the histotechnologist, optical sectioning was utilized to assess the placement of 

spheroids within the agar receiver block. In this way, the receiving block is not physically cut, 

but rather an image is generated by focusing a very thin plane of light within the sample. Images 

acquired as this plane is moved through the sample can be “stacked” to form a 3-dimensional 

image. This technique also has the advantage of allowing for rapid “sectioning” of the entire 

block so that every spheroid can be imaged regardless of planarity.  
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Optical sectioning was done using a confocal laser scanning microscope. The use of agar 

for the receiving block had the added convenience of being optically transparent, which is 

essential for imaging thick samples. Agar receiver blocks were imaged by using a 10x/0.45 plan-

apochromat objective to scan an approximately 2.5cm × 1.5cm × 1mm region of the block in a 

series of 30μm thick optical sections. To provide contrast between the spheroids and the agar, the 

spheroids were stained with the HCS CellMask stain which was excited with a 633nm laser and 

detected over 634-735nm. This stain was chosen because it is taken up by the entire cell 

cytoplasm as well as the nucleus to highlight the entire volume of the spheroids, it can be used 

with standard Cy5 filter sets, and its longer absorption/emission wavelength penetrates tissue 

more deeply than the shorter wavelengths of other available stains. 

Spheroids were stained after being deposited and embedded in the agar receiver block to 

increase staining throughput, reduce loss of spheroids during the staining process, and minimize 

variations in staining between spheroids from the same plate. The HCS CellMask staining 

solution was prepared as per the manufacturer’s instructions. Prior to staining, the spheroids in 

each agar receiver block were permeabilized in a solution of 0.1% v/v Triton X-100 in PBS for 1 

hour. Next, the agar receiver blocks were washed twice in PBS for 30 minutes each and then 

soaked in the HCS CellMask staining solution for 1 hour. Finally, the agar receiver blocks were 

washed twice in PBS for 1 hour each and stored in PBS until imaging. All solutions and stains 

were applied in custom Coplin staining jar style containers which were designed to hold the 

receiver blocks upright so as to allow for adequate diffusion through the top and bottom surfaces 

of the agar.  
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3.3.7 Data analysis and statistics 

Image stacks acquired using CLSM were processed using Fiji [15], an open source 

distribution of the popular image analysis program ImageJ. Using this software, the CLSM data 

was visualized in 3D, sectioned on arbitrary planes, and analyzed for spheroid position and size. 

The spheroid distribution planarity was assessed by first computing points on the external 

surface of all spheroids in a sample. Then for the Ὥ  spheroid, the average distance from the 

surface of the spheroid to its centroid, ὶӶ, was calculated. Next, a least squares plane was fit to 

the centroids and the distance from the Ὥ  centroid to the plane, Ὠ, was calculated. This value 

was then normalized by ὶӶ yielding the normalized distance to the fit planeȟὨȾὶӶ. If the fit plane 

passes directly through a spheroid’s centroid, then ὨȾ ὶӶ  π. If this value is greater than 1, then 

it is likely that the fit plane misses the spheroid altogether. Figure 3.5 provides illustrations of 

distance to fit plane and average radius measurements (top) and failed spheroid sectioning 

(bottom). Statistical significance for spheroid success rates averaged over plate rows and 

columns was established using a one-sample t-test against the total mean success rate (‌ πȢπρ 

unless otherwise stated). Mean values presented with standard deviation (SD) are shown as mean 

± SD. 
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Figure 3.5 Spheroid planarity measurements. The average spheroid radius ὶӶ and 

distance to the optimal fit plane Ὠ (top) are shown superimposed on the sketch of a 

spheroid (magenta). Spheroids whose distance to the fit plane is greater than their average 

radius are unlikely to be sectioned by the fit plane (bottom) and are indicated by the “X”. 

3.4 Results 

The centrifugal funnel array was tested with a total of six full 96-well plates of fixed 

Pa14C spheroids. Four of these six plates were also optically sectioned using CLSM. For these 

six plates, the average spheroid transfer success rate was 80 ± 11%. In other words, on average 

80% of all spheroids were successfully transferred from the 96-well plate and captured in the 

agar receiver block for each test. The transfer success rate was also recorded for each well on the 

96-well plate. These results are summarized in Figure 3.6 which indicates the average success 

rate for each well (ὔ φ). 
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Figure 3.6 Spheroid capture success rate. The success rate out of 100% is shown for 

each well of a Costar 7007 ultra-low attachment round bottom 96-well plate (ὔ  φ). 
The average success rate over all 6 plates was 80 ± 11%. 

Figures 3.7 and 3.8 show spheroid capture success rates averaged across rows and 

columns, respectively. In these figures, error bars indicate the standard error of the mean. Bars 

marked with an asterisk indicate the rows/columns that have mean capture success rates which 

are significantly different from the total mean capture success rate over all wells.  
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Figure 3.7 Mean capture success rate for each row. Error bars indicate standard error. 

(*) the mean success rate of this row is significantly different (ὴ πȢπρ) from the mean 

success rate for all rows. 

 

Figure 3.8 Mean capture success rate for each column. Error bars indicate standard 

error. (*) the mean success rate of this column is significantly different (ὴ πȢπρ) from 

the mean success rate for all columns. (**) ὴ πȢπρ for this column. 

The spheroid distribution planarity was evaluated for four of the six plates by using 

CLSM as stated before. Figure 3.9 shows an optical section from a receiver block containing 91 

out of 96 spheroids. When imaging a plane passing through the far side of a spheroid (with 
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respect to the objective), the fluorescent signal must pass through a large portion of spheroid 

tissue. This results in signal degradation, causing a reduction in image intensity as seen in Figure 

3.9. This figure shows that a 30μm thick section from this sample contains a cross section from 

all 91 spheroids in the agar receiver block.  

 

Figure 3.9 Optical section from CLSM. This 30μm thick section shows a cross section 

of each spheroid captured (91 out of 96 spheroids were captured in this sample). 

Variations in the light intensity of the spheroids are due to their depth relative to the 

section plane. Higher intensity spheroids are deeper relative to the section plane than 

lower intensity spheroids. 

The fit plane and normalized distance statistics for each sample are shown in Table 3.1. 

The centroid fit plane is defined by the coefficients ὴ, ὴ, and ὴ. Here, ὴ represents z-height 

of the fit plane from the bottom surface of the agar block, ὴ indicates the slope of the plane in 

the x-direction, and ὴ indicates the slope of the plane in the y-direction. The slope of the plane 

can be interpreted as a measure of how parallel the spheroid plane is to the bottom surface of the 
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agar block.  The mean normalized distance to the plane averaged over all four samples was 0.27 

± 0.064. 

Table 3.1 Spheroid distribution planarity statistics 

 
Centroid Plane Fit Normalized Distance 

 ◑  ▬  ▬●●  ▬◐◐ (Ⱨ□) ▀░Ⱦ►░ 

Sample ▬  ▬● ▬◐ Mean Median Max 

1 812 -0.0063 -0.017 0.21 0.18 0.69 

2 888 -0.0076 -0.017 0.35 0.28 1.1 

3 799 -0.012 -0.0053 0.23 0.21 0.66 

4 512 -0.00091 -0.011 0.28 0.22 1.3 

       

Figure 3.10 illustrates how well the fit plane sections the receiving blocks. In this figure, 

(A) shows a selection of four spheroids from Sample 2 while (B) shows a selection from Sample 

3. The selection in (A) was chosen to show the most out-of-plane spheroid through which the 

plane only sections a small piece. This is reflected in the maximum normalized distance of 1.1 

for this sample. 

To show spheroid distribution trends for an entire sample, spheroid centroids were fit 

with a locally weighted regression. Figure 3.11 shows the spheroid centroids (magenta circles) 

and their corresponding regression (Ὑ πȢψχ) for Sample 2. Here, the z-axis scale was zoomed 

in to better show variations in spheroid position. Note that the circular markers in Figure 3.11 do 

not represent spheroid shape or size.  
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Figure 3.10 Plane passing through a selection of spheroids from Sample 2 (A) and 

Sample 3 (B). This figure shows a selection of 4 spheroids and the corresponding fit 

plane calculated for the entire array. The spheroid surfaces (magenta) are generated from 

the CLSM image stacks. 

 

Figure 3.11 Spheroid centroid distribution for sample 2 using the same coordinate 

system as that used in Figure 3.10A. The magenta markers represent centroid locations 

and do not indicate spheroid volume. While not indicative of sectionability, a locally 

weighted regression was added to highlight the non-planar trends in the distribution 

(Ὑ πȢψχ).  
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3.5 Discussion 

Some notable trends can be inferred from Figures 3.6-3.8, the most obvious being the 

relatively low success rate for wells H3 through H9, which includes the well with the lowest 

average success rate: H3. Figure 3.7 shows that on average, the success rate of row H is 

significantly lower (ὴ πȢπρ) than the mean success rate of 80%. This effect is possibly 

explained by the technique used to invert the device prior to centrifugation. For example, if the 

device is rotated around a particular column or row then the effects of the motion on the samples 

in those wells may be different. In contrast, Figure 3.8 indicates that no columns had a 

significantly lower success rate than the mean, however Column 10 was significantly higher than 

the mean (ὴ πȢπρ).  

After each test, the device was inspected for uncaptured spheroids. An overwhelming 

majority of the spheroids which were not captured in the receiver block remained inside the 96-

well plate. This also shows that the device itself is providing a reliable passage from the 96-well 

plate to the receiver block. As stated before, this effect may be the result of the technique used to 

invert the device. While fine tuning this technique (e.g. by increasing or decreasing agitation) 

could be done to improve the transfer between the well plate and the device, robustness to 

variations in end-user technique is a priority. 

One proposed method of addressing this issue is by using media additives. It is unclear as 

to the exact reason some spheroids adhere to the plate, however some possible explanations 

include surface tension effects, surface adsorption of biomolecules, friction, and electrostatic 

forces. There is a considerable amount of research in the area of surface modifications for 

reducing cell and tissue adhesions to engineered materials [16, 17]. This information can help in 

the design of surface coatings for the μFM but has limited applications to the use of standard off-
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the-shelf 96-well plates which would not have this coating. This makes media additives an 

attractive option for modifying spheroid surface interactions. Possible additives for future 

research include biological lubricants such as those found the synovial fluid [18], water-based 

lubricants such as methylcellulose, ionic and anionic detergents, and various poloxamers [19].  

For spheroids that were successfully transferred, the results in Table 3.1 show that the 

optimal section plane passes through the spheroids within approximately 27% of their mean 

radius. The standard deviation in the normalized distance to plane over all four samples was 

0.064 which suggests repeatable planarity results between samples. Thus, it appears that the 

spheroids are mostly distributed in a planar fashion. However, the maximum normalized distance 

for Samples 2 and 4 are greater than 1. This indicates that there is at least one spheroid that may 

not be sectioned by the fit plane. This also points to a limitation of these statistics: the 

“sphericity” of the spheroids affects the strength of the conclusion. It is not entirely true to say 

that a normalized distance of greater than 1 means that a spheroid was not sectioned by the fit 

plane. As demonstrated by Figure 3.10A, the spheroid sitting well below the plane is more of an 

ellipsoid. This shows that the mean radius underestimates the size of the spheroid along its major 

axis. Along its minor axes, the mean radius overestimates the size. Figure 3.10B shows spheroids 

from a sample with a maximum normalized distance of well under 1. This selection shows more 

uniformity in the size of the cross sections generated by the fit plane. 

Upon further investigation of the CLSM results, it became apparent that some of the 

samples had spheroid distributions that were more parabolic than planar. The regression in 

Figure 3.11 shows a depression running through the sample parallel to the y-axis. In fact, the 

selection from Figure 3.10A shows how spheroids in this depression relate to the fit plane. In 

Figure 3.11, ὼ ρπmm corresponds to the bottom of the depression in this range of y-positions. 
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This anomaly in the distribution could be caused by bending of the sample during preparation or 

handling that remained through imaging. In addition, during imaging the agar receiver block was 

placed on a glass coverslip. Thus, if the surface contacting the coverslip was not perfectly flat the 

block would deform from its original shape. The planarity statistics are likely to be improved by 

adjusting the sample preparation and handling procedures, such as using a vibratome to plane the 

surface of the agar block prior to mounting on the glass coverslip. 

These testing results helped identify a specific area of the methodology which needs 

improvement: transfer of spheroids out of the 96-well plate. In some cases, spheroids adhering to 

the inside of their wells accounted for over 85% of failed captures. This prompts further 

investigation into the use of media additives as previously discussed or using plates made of a 

different material. The planarity results indicate that the spheroids are largely being deposited in 

a plane, however some outliers still exist. Further analysis of the CLSM results shows that some 

samples have spheroid distributions with parabolic trends. As mentioned earlier, this is likely the 

result of an uneven agar surface or bending of the receiving block. Embedding alignment 

features in a plane in the agar could allow for correction of sample deformation during CLSM, 

however more refined sample preparation and handling should abate this problem without the 

need for more complex image analysis techniques. 

3.6 Conclusion 

This paper has presented the development and testing of a novel device for the transfer of 

spheroid cultures from a 96-well plate to a histology cassette, while maintaining the same 

relative location of the spheroids before and after the transfer. The device uses a centrifuge to 

move the spheroids from the 96-well plate through funnels and into an agar receiver block, 

forming an agar gel embedded microarray which can then be processed and imaged. Device 
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testing revealed that on average 80% of fixed Pa14C spheroids were successfully deposited in 

the agar receiver block. The planarity of the spheroids in the agar block was evaluated using a 

confocal laser scanning microscope which demonstrated that, on average, spheroids were 

sectioned within 27% of their mean radius. This shows that the vast majority of deposited 

spheroids could be examined in a single section. While the device was successful at capturing 

most spheroids, the success rate could be improved by focusing on the issue of spheroid adhesion 

to the 96-well plate. This prompts future studies into media additives to aid in spheroid handling. 

This device could reduce the time required to evaluate spheroids from 96-well plates by 

not only reducing the labor intensive task of extracting spheroids individually from plates, but 

also by allowing the spheroids to be processed in a single histology cassette and imaged as a 

single specimen. Additionally, this parallel processing has the potential to reduce slide-to-slide 

and spheroid-to-spheroid variation introduced by manual serial processing and imaging. Future 

work in this area should be conducted to characterize the benefits and effects of various 3D 

culture handling methods on the outcome of downstream processes.
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CHAPTER 4: Development and testing of multiscale vascular models for evaluating the 

performance of embolic agents 

4.1 Abstract 

Recent clinical studies have investigated the safety and efficacy of various embolic 

agents used in the treatment of prostatic artery embolization (PAE). This treatment is emerging 

as a safe and effective alternative to surgical interventions used in the treatment of benign 

prostate hyperplasia. While these studies have evaluated commonly used polyvinyl alcohol 

(PVA) particles and tris-acryl gelatin microspheres (EmboSpheres), there is very little literature 

investigating the use of glass microspheres as embolic agents for PAE. In addition, current 

studies focus on the clinical outcomes associated with these particle types while there is still 

relatively little known about their physical mechanisms. In this work, a multiscale vascular 

model was developed to replicate the anatomical and physiological flow characteristic of the 

prostatic vasculature. This model was dynamically perfused to match published pressures and 

flow rates for the target vasculature. Using clinical microcatheters glass microspheres, PVA 

particles, and EmboSpheres in a variety of sizes were injected into the vascular model to 

simulate PAE. The transparent planar vascular model was imaged using a digital microscope and 

the resulting image arrays were analyzed to determine embolic particle distributions within the 

prostate microvasculature. This analysis revealed differences in the particle distributions between 

glass microspheres, PVA particles, and EmboSpheres. In particular, 100-300˃ m and 300-500˃ m 

EmboSpheres showed similar performance to 150-180˃ m Glass microspheres in terms of distal 

penetration and reduction of PA flow rate (>50%). Glass microspheres showed the highest 

reduction in PA flow rate (over 80%); however the smallest glass microspheres displayed 
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reductions in IPA flow rate as well, indicating some amount of reflux out of the PA. Particle 

distributions also showed differences between the left and right halves of the microvasculature 

for PVA particles and EmboSpheres while glass microspheres showed more uniform 

distributions. The use of this type of model has been shown to help elucidate the differences 

between embolics of different types and sizes used for PAE which may be used to improve 

patient outcomes. 

4.2 Introduction  

Prostatic artery embolization (PAE) is an emerging alternative to surgery in the treatment 

of benign prostatic hyperplasia (BPH). Despite the increasing utilization of PAE, its clinical 

outcomes lag those of standard surgical procedures, with 20%–36% of patients reporting 

moderate to severe lower urinary tract symptoms following treatment (Wang, et al. 2018). 

Although a variety of embolic agents (including polyvinyl alcohol (PVA) particles, PVA 

microspheres, tris-acryl gelatin microspheres, and polyzene-coated hydrogel microspheres) and 

sizes (50-300μm for PVA particles and 100-500μm for microspheres) have been studied, the 

relationships between embolic material properties (specific gravity, compressibility, etc.), 

morphology (irregular granules vs. microspheres), and size on patient outcomes remain unclear. 

The physical characteristics of select commercially available embolic agents for PAE are 

summarized in Table 4.1.  
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Table 4.1 Physical characteristics of commercially available embolic agents for PAE 

Name Manufacturer  Material  Morphology Size (µm) Elastic Modulus (kPa) Density 

Bearing Merit Medical, 

Jordan, UT 

PVA Non-spherical, irregular 

granular 

45-150 (yellow) 

150-250 (purple) 

250-355 (blue) 

Low Neutral 

Foam 

Embolization 

Particles 

Cook Medical, 

Bloomington, 

IN 

PVA Non-spherical, irregular 

granular 

90-180 (black) 

180-300 (green) 

300-500 (purple) 

Low Neutral 

Bead Block Boston 

Scientific, 

Marlborough, 

MA 

PVA Spherical bead 100-300 (yellow) 

300-500 (blue) 

Low: 18.8 ± 4.00 Neutral 

LC Bead Boston 

Scientific, 

Marlborough, 

MA 

PVA Spherical bead 70-150 (black) 

100-300 (yellow) 

300-500 (blue) 

Medium: 110 ± 20 Neutral 

EmboSphere Merit Medical, 

Jordan, UT 

Tris-acryl 

gelatin 

Spherical bead 40-120 (orange) 

100-300 (yellow) 

300-500 (blue) 

Low: 19.33 ± 4.97 Neutral 

Embozene  Boston 

Scientific, 

Marlborough, 

MA 

Polyzene-

coated 

hydrogel 

Spherical bead 30-50 (black) 

60-90 (brown) 

75-125 (orange) 

200-300 (yellow) 

350-450 (blue) 

480-580 (red) 

Low: 13.6 ± 1.98 Neutral 
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Recent studies have investigated various aspects of microsphere deposition in PAE 

procedures. Torres, et al. [1] compared the safety and efficacy of PAE in a randomized 

controlled clinical trial of 138 patients using tris-acryl gelatin microspheres of different 

diameters (Group A patients were treated with microspheres 100-300μm, Group B with 300-

500μm, and Group C with 100-300μm followed by 300-500μm). They found that patient 

outcomes were not significantly different among microspheres of different sizes, though the 

Group A patients (100-300μm microspheres) had an increased risk of minor adverse events. 

Goncalves [2] similarly compared the efficacy of PAE for BPH using 100-300μm versus 300-

500μm tris-acryl gelatin microspheres with 15 patients in each group. They found both sizes to 

be safe and effective embolic agents, with imaging outcomes not significantly different from one 

another. They did note a greater incidence of adverse events with 100-300μm microspheres. 

Wang, et al. [3] conducted a similar clinical study by comparing a combination of 50μm and 

100μm PVA particles versus 100μm PVA particles alone. This five-year, 120 patient study found 

that PAE with 50μm plus 100μm PVA particles resulted in improved clinical and imaging 

outcomes, and no significant differences in adverse events as compared to 100μm PVA particles 

alone. Absent from these recently published studies is an assessment of embolic performance in 

PAE using glass microspheres, which have densities and deformabilities very different from the 

options in Table 1.  

This work seeks to understand how the unique properties of glass microspheres compare 

experimentally using a novel microvascular prostatic artery model. The first part of this work 

focused on the development of a multiscale vascular model (VM) based on polydimethylsiloxane 

(PDMS) soft lithography. This model was cast from liquid PDMS over a two part mold: one part 

consisting of a microscale photoresist-on-silicon mold and the other consisting of a mesoscale 
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mold machined out of aluminum. The second part of this work aimed to determine embolic 

performance by injecting various microspheres into the vascular model under physiological 

dynamic perfusion. Post-injection image arrays were collected for each model and analyzed 

using MATLAB’s Image Processing Toolbox to identify and locate embolic particles. This, 

combined with pressure and flow rate data recorded during injections, is used to quantify and 

compare the performance of various embolic agents used for PAE. 

4.3 Methods 

4.3.1 Vascular model design 

The 2D planar VM was developed to capture key anatomical features of the human 

vasculature including arteries, arterioles, and capillaries while matching published physiological 

pressures and flow rates for pulsatile flow of whole blood approximate (e.g. water-glycerin 

mixture that matches the density and viscosity of whole blood). Table 4.2 shows physical 

quantities for the systemic circulatory system [4]. This table classifies the blood vessels 

comprising the systemic circulation into discrete groups based on their diameter and proximity to 

the heart. A key feature of this data is the multiscale nature of the systemic circulation. The 

diameters, lengths, quantities, cross-sectional areas, and velocities span multiple orders of 

magnitude as the circulation progresses from aorta to venae cava. In particular, the diameters 

range from 22mm at the aorta to just 10m˃ at the capillaries. Additionally, the number and area 

increase from 4cm
2
 at the aorta to nearly 2600cm

2
 spread over 3 billion capillaries. This is due to 

the branching structure of the systemic circulation which ensures that blood can be supplied 

effectively to the tissues of the body. For PAE, embolization occurs at the arteriole level with 

particles ranging from 50˃ m in size to over 500˃m. To accurately capture the behavior of these 
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embolics, the VM must also have branching channels that recapitulate the multiscale branching 

structure of the arterial vasculature. Another key feature of the systemic circulation is the 

decrease in mean pressure from 95mmHg at the aorta to 25mmHg at the capillaries with the 

pressure significantly decreasing after the smaller arteries. The pressure in the venae cava is 

essentially 0mmHg where the circulation returns to the heart. These pressures are a key factor in 

the design of the VM for multiple reasons: 1) higher pressures can exert excessive force on 

embolic particles causing uncharacteristic behavior such as deforming particles and forcing 

particles into smaller vessels; 2) excessive pressures may damage the VM causing leaks or 

unintended shunts between adjacent vessels; and 3) high pressures can cause unintended VM 

channel deformation, changing the characteristic dimensions of the vessels. 

Table 4.2 Physical quantities for the systemic circulation [4] 

Vessel 

Diam. 

(mm) 

Length 

(mm) Number 

Vol. 

(mL)  

Area 

(cm
2
) 

Velocity 

(m/s) 

Press. 

(mmHg) 

Aorta 22 600 1 228 4 0.25 95 

Large Arteries 6 300 40 339 11 0.083 93 

Small Arteries 2 50 2400 377 75 0.012 87 

Arterioles 0.02 3 1100000 104 346 0.003 54 

Capillaries 0.01 1 3.3E+09 259 2592 0.0004 25 

Venules 0.04 3 2.2E+08 829 2765 0.0003 7 

Small Veins 2 50 2400 377 75 0.012 4 

Large Veins 10 300 40 943 31 0.03 3 

Venae Cava 22 500 2 228 4 0.25 0 

        

The prostatic arteries (PA) are sub-branches of the anterior iliac trunk, which is a branch 

of the internal iliac artery (IIA) (see Figure 4.1) [5]. Comprehensive knowledge of the prostatic 

artery vasculature and its feeding branches is necessary for catheter navigation in PAE; therefore, 
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these anatomical features have been well studied and published in the literature [5–9]. These 

publications reveal that the vasculature is highly variable from patient-to-patient; however, 

certain configurations are prevalent in multiple publications. Due to its prevalence, the VM was 

designed to represent the prostatic artery originating from the internal pudendal artery (IPA), 

commonly referred to as a “Type IV” anatomical variation. 

 

Figure 4.1 Anatomical variations of the prostatic artery (PA) [5]. (AD) anterior 

division of the internal iliac artery, (OA) obturator artery, (GPT) gluteal-pudendal trunk, 

(IPA) internal pudendal artery, (MRA) middle rectal artery, (SGA) superior gluteal 

artery, (IGA) inferior gluteal artery. 

The diameter of the PA is also well studied in the literature. Published mean diameters 

include 0.9, 1.6, 1.7, and 0.9mm, with the latter being two different groups within a single study 

[6, 8, 10, 11]. A nominal PA diameter of 1.0mm was chosen for the VM. Flow rates for the PA 
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have been published as functions of prostate volume. Prostatic blood flow for BPH patients can 

vary considerably. From a study aimed at predicting treatment response after PAE using 

computed tomography, the median prostatic blood flow rate was 73.5mL/min/100mL (per 

100mL prostate volume) and the median prostate volume was 70.2mL before treatment [12]. 

Assuming a single PA (either the left or right PA) supplies 70% of prostatic flow [6] yields a 

unilateral volumetric flow rate of 36mL/min. A preliminary literature review did not yield 

clinical pressure data for the PA; however, Table 4.2 provides a mean pressure for small arteries 

(~2mm in diameter) of 87mmHg. For a lumped parameter model, the target PA flow resistance 

for the VM was calculated using Equation 4.1 below. Here, Ὑ  is the hydraulic resistance 

(calculated from the Hagen-Poiseuille law), ộὖỚ is the time averaged pressure, and ộὗỚ is the time 

averaged volumetric flow rate. For the typical 70% unilateral PA flow, this equation yields a 

target hydraulic resistance of 145PRU (peripheral resistance units, mmHg·s/mL). 

Ὑ
ộὖỚ

ộὗỚ
 (4.1) 

The structure of the VM was inspired by a prostate angiogram from a PAE patient. Figure 

4.2a shows an angiogram of the prostate vasculature before embolization while Figure 4.2b 

shows an angiogram after embolization in the same patient [13]. The blood vessels are darkened 

by contrast which is injected during imaging. The lack of contrast showing in Figure 4.2b is due 

to the reduced blood flow following embolization. The inlet of the VM (Figure 4.2c) represents 

the IPA, from which the PA branches (lower branch of first bifurcation). The fluid outlets 

represent the capillaries feeding the prostate gland and surrounding tissue. 
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Figure 4.2 Vascular model design inspired by patient angiogram. (a) Angiogram of a 

PAE patient [13]. A guide catheter is inserted into the inner left pelvic artery (star), and a 

micro-catheter is guided into the arteries supplying the prostate gland (thin arrow). The 

blood vessels within the prostate are indicated by large arrows. (b) Following 

embolization, the small vessels within the prostate are no longer visible (large arrow), 

though the main vessels remain supplied with blood (small arrows), ensuring blood 

supply to the other organs [5]. (c) The VM design, capturing the prostatic artery geometry 

observed clinically. Fluid outputs represent capillaries feeding the prostate gland and 

surrounding tissue. 

The geometry of the VM was designed to faithfully recreate the sizes of the arterioles and 

capillaries (down to 10μm) while also preserving physiological flow conditions. To achieve this, 

a self-similar branching tree structure was used (Figure 4.3) as a template. By modeling the tree 

as an analogous circuit of “hydraulic resistors”, the flow channel geometry (length, width, and 

height) can be tuned to achieve appropriate pressures (ὖ) and flow rates (ὗ) according to 

Equation 4.1. The hydraulic resistance of each channel is calculated from the Hagen-Poiseuille 

Equation for a rectangular channel (Equation 4.2) [14]. Here, ‘ is the dynamic viscosity of the 

fluid, ὒ is the length of the channel, ύ is the width of the channel, and Ὤ is the height of the 

channel. In this equation, the flow is assumed to be laminar and fully developed, the channel 

width is assumed to be much greater than the height, and the channel is assumed to be straight. 
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Ὑ
ρς‘ὒ

ύὬ ρ
πȢφσπὬ
ύ

ȟ  ύḻὬ (4.2) 

 

Figure 4.3 Modeling of the microscale chip mold. This shows how flow channels 

forming a branching tree structure are modeled using an analogous hydraulic resistor 

circuit. (ὗ) inlet volumetric flow rate, (ὒ) channel length, (Ὤ) channel height, (ύ) channel 

width, (Ὑ ) hydraulic resistance, (ὖ) inlet pressure, (ὖ ) pressure after the N
th
 

generation. 

Based on the branching structure in Figure 4.3, a recursive algorithm was developed to 

compute the total resistance of the tree. This algorithm uses Equation 4.3 where Ὑ  represents 

the resistance at the n
th
 generation, ‍ is the number of branches per channel, „ is the scaling 

factor for each generation, and Ὑ  is the hydraulic resistance as calculated by Equation 4.2. 

This algorithm allows for the freedom to arbitrarily adjust the geometry from generation to 

generation while benefitting from the simplicity of the regular branching tree structure. Iterative 

tuning of the model parameters (length, width, height, generational scaling factor, and 

generational branching factor) was conducted to achieve the desired geometry and flow 

characteristics.  
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Ὑ Ὑ ὰ ȟύ ȟὬ
Ὑ

‍
ȟ 

ὰ „ ὰ ȟ 

ύ „ ύ ȟ 

Ὤ „ Ὤ  

(4.3) 

This model-based design tuning resulted in a design which is summarized by the plot in 

Figure 4.4. The design consists of a 5 generation tree that branches 4 times per generation and 

scales the channel width and length by ¼ per generation except for the last generation which 

only scales by ½. The channel heights range from 300m˃ at the first generation to 120˃m at the 

second to last generation. The last generation has a height of 150m˃. Channel lengths range from 

12.8mm to 100˃m. This geometry results in a hydraulic resistance of 124PRU which is within 

15% of the target resistance and as such, this design closely replicates pressures published in the 

literature for various blood vessel sizes when perfused at a typical PA flow rate (36mL/min 

unilateral). These pressures are summarized in Table 4.3 below along with the corresponding 

pressures from Table 4.2. Good agreement between these pressures is critical to avoid over or 

under pressurization at PA flow rates which could affect embolization behavior or even damage 

the vascular model.  

Table 4.3 Mean blood pressures compared between literature and model 

Vessel Type 

Hydraulic  

Diameter 

(mm) 

Pressure (mmHg) 

Literature  Model 

Small Arteries 2 87 78 

Arterioles 0.02 54 57 

Capillaries 0.01 25 26 
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Figure 4.4 Final microscale model design. The length, width, and height correspond 

with the channel dimensions illustrated by Figure 4.4. Each channel branched 4 times per 

generation. The total hydraulic resistance of this design was 124PRU which is within 

15% of the target resistance of 145PRU. 

To ensure the validity of this design method, the assumptions required to apply Equation 

4.2 were checked. First, the channels were designed so that the majority of the length can be 

reasonably approximated by a straight channel. In other words, designs which had sharp curves 

were avoided so that for the final design, the channel width divided by the minimum radius of 

curvature was approximately 0.2. The Womersley number, ‌ (Equation 4.4)—sometimes called 

the unsteady Reynolds Number—is a non-dimensional measure of the ratio between inertial and 

viscous forces in a pulsatile flow. Here, ” is the fluid density, ὰ is the characteristic length of the 

channel, and is the angular frequency of the pulses (assumed pulse of 60bpm). Womersley ‫ 

numbers less than 1.0 correspond with flows that are dominated by viscous forces and become 

fully developed during a pulse cycle. Additionally, these flows can be considered quasi-static 
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with parabolic velocity profiles which is a requirement for the Hagen-Poiseuille Equation. The 

boundary layer thickness (‏) of the flow can be calculated from the Womersley number by using 

Equation 4.5 where ὼ is the distance along the channel from its entrance. If the entrance length is 

defined as the point along the channel’s length where the boundary layer is half of the width of 

the channel, then the entrance length can be calculated as ὰ πȢυὰ‌. To ensure that entrance 

effects can be neglected, the channel should be much longer than the entrance length. Lastly, the 

channel width should be much greater than the channel height. In the case where the height is 

much greater than the width, the two can be swapped thereby satisfying this requirement. 

However, even in the worst case scenario where the height and width are equal, Equation 4.2 

yields a theoretical error of only 13% [14]. 

‌ ὰ
”‫

‘
 (4.4) 

‏
ὼ

‌
 (4.5) 

The Womersley number for each generation was calculated using the hydraulic diameter. 

This resulted in a maximal Womersley number of 0.7, indicating that a quasi-static parabolic 

velocity profile is achieved. Additionally, the channel length was at least 5 times the entrance 

length for each generation as calculated using the channel width or height, whichever was 

smallest. This means that while some error can be expected from entrance length effects, it is not 

likely to significantly impact hydraulic resistance calculations. Overall, the assumptions required 

to apply Equation 4.2 are reasonably satisfied. 

Upon preliminary testing of this model, it was observed that embolic particles tended 

form clusters and embolize the regions between generations where there was an abrupt change in 
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the channel height (Figure 4.5a/b). Because of the fabrication techniques used, channel widths 

and lengths are much more precise than channel heights. Additionally, only discrete channel 

heights can be achieved whereas widths can be varied continuously. Because of these limitations, 

the design was revised to split main branches into several narrower channels (Figure 4.5c). Main 

branches of generation 1 and 2 were split into 4 parallel channels approximately 20% of the 

original channel width. Generation 3 was split into 2 channels approximately 50% of the original 

channel width. The last two generations were not split. This revision ensured that channels were 

consistently taller than they were wide allowing for a controlled taper in the smallest dimension. 

This enables a more characteristic embolization rather than the unrealistic embolization depicted 

by Figure 4.5a. Recalculation of the hydraulic resistance for this revision resulted in a resistance 

of 166PRU, which is still within 15% of the original 145PRU target. 

 

Figure 4.5 Revision to vascular model geometry to better capture embolization 

behavior. (a) Test embolization of original channel geometry shown in (b). (c) Revised 

geometry which splits main branches into several narrower channels allowing for 

controlled taper and more characteristic embolization as opposed to (a). Dimensions 

shown are in microns. 

4.3.2 Model fabrication 

Because of the multiscale nature of the circulatory system demonstrated by Table 4.2, the 

VM mold was fabricated in two parts: 1) the mesoscale mold containing features larger than 

0.6mm and 2) the microscale mold containing features smaller than 0.6mm. This was done 
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because of a lack of fabrication techniques that can resolve features on the micron scale while 

also creating features on the millimeter scale. The mesoscale mold was machined from 7075 

aluminum for its durability and precision machinability. The surfaces in contact with the PDMS 

were sanded with progressively finer grit sandpaper to achieve a mirror finish. Figure 4.6 shows 

the complete mesoscale mold with a rectangular pocket machined for microscale molds to be 

inserted so that the mesoscale and microscale features can be cast together in a single device. 

Here, the inlet to the VM represents the IPA with the right two branches supplying blood to the 

prostate. 

 

Figure 4.6 Mesoscale mold machined from aluminum. The angiogram from Figure 

4.2b was used to design the geometry of the mold. The right two branches represent flow 

from the PA and the left two branches represent the remaining flow from the IPA.  

The microscale mold was fabricated using a multilayer photoresist-on-silicon technique, 

which begins with photomask creation. Here, the microvascular geometry was transferred to 
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quartz photomask plates using a µPG-101 direct write lithography system (Heidelberg 

Instruments Mikrotechnik GmbH, Heidelberg, Germany). Next, a 4in test grade single side 

polished silicon wafer (UniversityWafer, Boston) was prepared by dehydrating on a hotplate at 

115°C for 5 minutes, allowing to cool to room temperature, and then rinsing on a spin coater at 

3000rpm with a stream of acetone for 5 seconds followed by 2-propanol for 5 seconds. The 

wafer was then spin coated with 5 layers of SU-8 2035 negative photoresist (Kayaku Advanced 

Materials, Westborough, MA). For each layer, approximately 4mL of photoresists was dispensed 

in the center of the wafer using a syringe immediately before spinning. Photoresist layers were 

baked, exposed, and developed according to the recipe in Table 4.4. Soft bakes and post-

exposure bakes (PEB) were conducted on two hotplates: one set to 65°C and the other set to 

95°C. Edge-bead removal (EBR) was done using a SVG-90 Coat Track (Silicon Valley Group, 

San Jose) to remove excess photoresist up to 6mm from the outer edge of the wafer using a 

stream of propylene glycol methyl ether acetate (PGMEA). Layers were exposed with their 

corresponding photomasks using a MA6 contact aligner (Süss Microtec, Garching, Germany). 

The contact aligner uses a broadband light source calibrated to an i-line (365nm) energy output 

of 10 ± 0.2mW/cm
2
. A PL-360LP long-pass (LP) filter (Omega Optical, Brattleboro, VT) with a 

nominal cut-on wavelength of 360nm was used to eliminate artifacts such as T-topping and 

improve feature resolution. Soft contact was used between the wafer and mask plate to prevent 

deformation and sticking of the thick photoresist layers to the mask. Following the final 

exposure, the wafers were developed in a PGMEA bath under constant agitation on a rotary 

shaker until all visible unexposed photoresist was removed (approximately 20 minutes). Wafers 

were then developed for 5 minutes longer to ensure complete development.
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Table 4.4 SU-8 2035 multilayer recipe for VM microscale mold 

Layer Thick Spin Coat Soft Bake EBR Exposure PEB Develop 

1 60µm D: 0rpm 

S: 500rpm, 8s, 100rpm/s 

C: 1900rpm, 30s, 300rpm/s 

R: 3-5min 

65°C, 2min 

95°C, 5min 

65°C, 2min 

↓ RT 

N/A N/A N/A N/A 

2 60µm D: 0rpm 

S: 500rpm, 8s, 100rpm/s 

C: 1900rpm, 30s, 300rpm/s 

R: 3-5min 

65°C, 5min 

95°C, 10min 

65°C, 5min 

↓ RT 

6mm, 

PGMEA 

20s with LP filter, 

Soft contact 

 

65°C, 5min 

95°C, 10min 

65°C, 5min 

↓ RT 

N/A 

3 30µm D: 0rpm 

S: 500rpm, 8s, 100rpm/s 

C: 4000 rpm, 30s, 300rpm/s 

R: 3-5min 

65°C, 3min 

95°C, 6min 

65°C, 3min 

↓ RT 

6mm, 

PGMEA 

20s with LP filter, 

Soft contact 

65°C, 3min 

95°C, 8min 

65°C, 3min 

↓ RT 

N/A 

4 75µm D: 0rpm 

S: 500rpm, 8s, 100rpm/s 

C: 1625rpm, 30s, 300rpm/s 

R: 3-5min 

65°C, 3min 

95°C, 9min 

65°C, 3min 

↓ RT 

N/A N/A N/A N/A 

5 75µm D: 0rpm 

S: 500rpm, 8s, 100rpm/s 

C: 1625rpm, 30s, 300rpm/s 

R: 3-5min 

65°C, 5min 

95°C, 15min 

65°C, 5min 

↓ RT 

6mm, 

PGMEA 

25s with LP filter, 

Soft contact 

65°C, 5min 

95°C, 20min 

65°C, 5min 

↓ RT 

20-30min 

PGMEA, 

rinse w/ 2-

propanol 

D: dispense, S: spread, C: cast, R: relax, Ź: cooldown, RT: room temperature (~25 °C) 
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Finished wafers were diced into two rectangular chips which were inserted into the 

mesoscale mold. The completed VM mold is shown in Figure 4.7. Sylgard-184 (Dow, Midland, 

Michigan) two-part PDMS elastomer was used for casting. The two components were mixed 

together as per the manufacturer’s instruction and degassed under vacuum for 20-30 minutes. 

The mixture was then poured onto the VM mold and a rectangular sheet mold. Both molds were 

placed into a vacuum oven at 110°C, degassed under vacuum for 3 minutes, and then baked at 

ambient pressure for 22 minutes. After baking, the molds were removed from the oven and the 

silicone was separated from the molds. Excesses flash was removed from the PDMS using a 

razor blade. Inlet and outlet holes were punched into the silicone using stainless steel wide-gage 

syringe applicator tips.  

 

Figure 4.7 Completed vascular model mold. This figure shows the mesoscale mold and 

integrated microscale mold chips fabricated using photoresists on silicon (dark grey).  
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The VM was completed by bonding the two PDMS pieces together using oxygen plasma. 

First, the two pieces were cleaned by applying and removing clear packing tape to their mating 

surfaces. This removed the majority of particulates that had accumulated on the surface. 

Following this, the pieces were rinsed with 2-propanol and dried with N2. Both pieces were then 

placed into the chamber of a PM-600 plasma asher (Nordson MARCH, Concord, CA). The 

chamber was evacuated to 100mTorr, at which point O2 was added to the chamber at 600mTorr. 

The chamber was energized by a microwave power source at 250W for 5 seconds. Next, the 

chamber was evacuated to 100mTorr again and then purged with N2. The plasma treated pieces 

were then removed from the chamber, pressed into contact, and baked on a hot plate at 85°C for 

10 minutes under the weight of an aluminum plate. 

4.3.3 Embolic particle injections 

A closed-loop, dynamically pressurized surrogate arterial system was assembled to 

facilitate experimental testing (Figure 4.8). A custom-fabricated positive displacement pump and 

gear pump, connected in parallel, provided pulsatile flow with pressure profiles replicating those 

measured clinically. The gear pump maintained the steady-state (time-invariant) component of 

the pressure waveform, while the positive displacement pump provided the pulsatile (time 

varying) component. At the proximal end of the arterial model, a fluid supply reservoir was 

connected to two computer-controlled pumps configured in parallel: a custom-fabricated positive 

displacement pump and gear pump. A pinch valve on the parallel arterial branch enabled precise 

adjustment of fluid pressure and flow at the VM. Real-time mass measurements of flow through 

the VM allowed for the calculation of flow rates. Pumps were connected to the collection 

reservoirs to intermittently recirculate fluid back to the supply reservoir. One-way valves at the 
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pumps prevented fluid leakage from the collection reservoirs between intermittent pump 

operations, ensuring accurate flow rate measurements.  

 

Figure 4.8 Dynamically pressurized surrogate arterial system. (1a-1c) reservoirs, (2a-

2e) one-way valves, (3) pulsatile pump, (4) gear pump, (5) syringe, (6) delivery catheter, 

(7) pressure transducer, (8) rigid arterial model, (9a, 9b) pinch valves, (10) filter, (11a, 

11b) laboratory scales, (12a, 12b) centrifugal pumps. 

Three different types of embolics were tested: glass microspheres (Cospheric, Santa 

Barbara, CA), PVA foam embolization particles (Cook, Bloomington, IN), and EmboSpheres 

(Merit Medical Systems, Jordan, UT). Table 4.5 lists the particle types and characteristic used for 

testing along with the number of trials for each type of particle. Prior to catheter insertion, flow 

rate measurements were taken of the PA, IPA bypass, and IIA bypass. The IIA bypass consists of 

the flow through the system not entering the IPA. The IPA bypass consists of the flow through 

the IPA not entering the PA. An end-hole microcatheter (2.5F Cook Cantata or 2.9F Cook 

Cantata depending on particle size) was inserted into the PA within the VM through the IPA and 
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IIA (Figure 4.9). A custom computer controlled syringe pump was used to inject embolics 

through the catheter.  

Table 4.5 Embolic particles used for testing 

Type Diameter (µm) Density (g/cc) Trials 

Glass 
Microspheres 

 

45-53 2.5 2 

90-106 2.5 2 

150-170 2.5 2 

PVA Particles 

 

90-180 1.1-1.4 2 

180-300 1.1-1.4 1 

EmboSpheres 
100-300 1.1-1.4 2 

300-500 1.1-1.4 1 

    

 

Figure 4.9 Vascular model connected to surrogate arterial system. Here, a 2.9F catheter 

has been inserted through the IPA and into the PA within the VM. A needle has been 

inserted into the PA through the top of the VM to record PA pressure measurements. IPA 

and PA outlets are connected to the tubing shown on the left. 
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For the glass microspheres, a double syringe setup was used (Figure 4.10). For each 

injection, 250mg of glass particles were mixed with 1.2mL of water. This mixture was loaded 

into a 1mL syringe which was connected through a stopcock and a “J-trap” to a three-way 

manifold. A 50mL syringe was connected to the manifold and then the manifold was connected 

to the inlet of the catheter. Prior to injection, the stopcock is opened allowing the glass particles 

to descend into the J-trap. When injecting, both syringe plungers are depressed causing a 

controlled stream of glass particles to enter the manifold which mix with the bulk fluid flow from 

the larger syringe. This setup ensures that a consistent well dispersed stream of particles is 

delivered through the catheter. For the PVA particles, 50mg of dry particles were mixed with 

1.55mL of non-ionic contrast (Novaplus Omnipaque 350, GE Healthcare, Chicago). This 

solution was mixed by pipetting between two 1mL syringes followed by loading into a single 

1mL syringe for injection. A similar procedure was used for EmboSpheres which come packaged 

in a syringe with saline. Here, 0.65mL of EmboSphere stock solution was drawn into a 1mL 

syringe. Another 1mL syringe was loaded with 0.65mL of non-ionic contrast. These two 1mL 

syringes were mixed together in the same manner as the PVA particles and loaded into a single 

1mL syringe for injection. Glass particles were injected at a rate of 0.004mL/s in a series of 

0.0125mL pulses with 20 seconds between pulses. PVA particles and EmboSpheres were 

injected at a rate of 0.025mL/s in a series of 0.025mL pluses with 20 seconds between pulses. 

Pulses were stopped when slowed PA flow caused reflux back into the PA or when a significant 

amount of particles had accumulated in the PA. Typically, 20-30 pulses were administered per 

test. IIA and PA pressures were recorded during injection along with PA flow rate. After 

injection, the catheter was removed and flow rates were allowed to stabilize. When flow rates no 

longer changed, the final PA, IPA bypass, and IIA bypass flow rates were recorded.  
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Figure 4.10 Computer controlled syringe pump with double syringe for injection of 

glass particles. When the stopcock is opened, the glass particles descend into the J-trap. 

When injecting, both syringe plungers are depressed releasing a controlled stream of 

particles into the manifold with the larger syringe providing the bulk fluid flow. 

4.3.4 Image collection and analysis 

After injections were completed, the VM was transferred to an x-y imaging stage 

consisting of a USB microscope camera (Celestron, Torrance, CA) attached to a two axis gantry 

system driven by stepper motors. This system enabled collection of high resolution image arrays 

that capture the entire PA microvasculature. Image arrays were analyzed using MATLAB’s 

(MathWorks, Natick, MA) Image Processing Toolbox. Images were thresholded to produce a 

binary mask containing the particles. The thresholding algorithm was specifically tuned to 
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identify glass microspheres, PVA particles, and EmboSpheres. From this, regions containing 

embolic particles were identified with their size and location being recorded.  

4.4 Results 

Mean pressures for the IIA and PA were 88 and 78 mmHg respectively, which agree well 

with the target pressures for small arteries in Table 4.3. Additionally, the average PA flow rate 

was measured to be 31mL/min which is close to the 36mL/min unilateral target used to design 

the VM. The resulting measured resistance of the PA vasculature was 151PRU which is 

comparable to the 145PRU target. These figures indicate that the VM design method was 

successful at predicting actual flow characteristics.  

Selected composite particle masks for each particle type and size are shown in Figure 

4.11. These images show particles (black) within the VM’s PA microvasculature. The inlet to the 

microvasculature is at the top of the image while the outlets are at the bottom. Additionally, the 

horizontal (top) and vertical (right) particle density histograms are shown. While the 

thresholding algorithms were effective at detecting particles, some non-particle image artifacts 

are present. In particular, all image arrays contain a vertical line at the top-center of each image 

caused by the presence of an alignment mark used to prepare VM’s for imaging. Another 

common area for noise is the bottom edge of the image where the outlets are located. These 

outlets often allow ingress of air after testing resulting in the presence of air bubbles in the 

lowest regions of the image. The bubbles are typically below the deepest embolic particles 

however. Lastly, the right-most edge of the image occasionally presents image noise because of 

its proximity to the margin of the PDMS where incomplete bonding sometimes occurs. VMs 

were checked to ensure that the microvascular channels were fully bonded (so that they do not 

leak) even if the margins of the PDMS were not perfectly bonded. 
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The total density of particles contained within the image arrays of each particle type and 

size is shown in Figure 4.12. This plot indicates the relative volume of particles delivered to the 

VM during injection. Particle densities are computed by counting the number of masked pixels 

in the composite image array. To help identify trends between the left and right halves of the 

VM, Figure 4.13 shows the particle densities for the left and right half of the image arrays.  
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Figure 4.11 Selected image arrays for each particle type. These plots show composite 

images constructed from embolic particle binary masks. The histograms show the 

horizontal (top) and vertical (right ) particle densities (arbitrary units).
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Figure 4.12 Total particle density by particle type and size. This plot indicates 

comparatively the volume of particles injected into the VM. 

 

Figure 4.13 Particle densities for the left and right halves of the VM by particle type and 

size. This plot indicates comparatively the volume of particles deposited into the left and 

right halves of the VM. 

Distal penetration was evaluated by analyzing the vertical particle density (Figure 4.14). 

Here, the particle density represents the number of masked particles located at the indicated 

distance from the top edge of the image array. The maximum distal penetration was quantified as 

the distance from the top edge of the image array where the particle density first decreases to 

50% of the maximum density after the maximum. This was done to make maximum penetration 
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quantification robust to image noise and artifacts. The computed maximum distal penetration by 

particle type and size is shown in Figure 4.15. 

The mean PA pressure, mean PA flow rate, and injection volume were recorded during 

each injection. These quantities are plotted in Figure 4.16 by particle type and size. Due to the 

catheter lumen volume, an initial number of injection pulses were required before particles were 

delivered to the VM. The average PA flow rate before the catheter was inserted and after the 

catheter was removed following injection are shown in Figure 4.17. The average IPA bypass 

flow rates are shown in Figure 4.18. IIA bypass flow rates were very consistent between trials 

with an average of 69.5 ± 2.6mL/min (mean ± standard deviation) pre-injection and 70.3 ± 

2.4mL/min post-injection. 

 

Figure 4.14 Vertical particle density as a function of the distance from the top edge of 

the image array. This plot corresponds with the bottom-most region of the image arrays 

(most distal with respect to the microvasculature inlet). 
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Figure 4.15 Maximum distal penetration by particle type and size. The maximum distal 

penetration was quantified as the distance from the top edge of the image array where the 

particle density first decreases to 50% of the maximum density after the maximum.
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Figure 4.16 Embolic particle injection time history plots. (red) Total injection volume 

(mL), (blue) mean PA pressure (mmHg), (dotted blue) mean PA flow rate (mL/min). 

These measurements were made following catheter placement and prior to catheter 

removal.
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Figure 4.17 Mean PA flow rate before and after injection by particle type and size. 

Mean flow rates were recorded before catheter insertion and after catheter removal 

following particle injection. 

 

Figure 4.18 Mean IPA bypass flow rate before and after injection by particle type and 

size. Mean flow rates were recorded before catheter insertion and after catheter removal 

following particle injection.
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4.5 Discussion 

The composite images in Figure 4.11 show that the channel splitting revision to the VM 

successfully eliminated clogging at locations where the channel height changes. Rather, 

embolization was observed to occur either at the entrance or within the gradually tapered sub 

channels. While image noise and artifacts are present, quantifications from the thresholded 

images were still possible. When necessary, image arrays were reviewed during data analysis to 

identify features of particle density plots as either noise or embolic particles. These images 

reveal that there typically exists a frontier of embolic particles that are followed by an 

accumulation of excess particles. This effect is most pronounced for glass microspheres where 

nearly all of the excess particles have traveled as distally as possible behind the embolic frontier. 

Although, it should be noted that the 45-53˃ m glass microspheres showed an accumulation of 

particles near the inlet (top) of the VM microvasculature. This is likely due to the dramatic 

decrease in the PA flow rate that was observed for this size of glass microspheres as shown by 

Figure 4.17. When these particles are injected during such slow flow, they tend to settle on the 

floor of the VM where they either move slowly or stop moving altogether. The PVA particles 

and EmboSpheres displayed secondary embolisms proximal to the embolic frontier, resulting in 

a higher number of distinct accumulations of particles than observed for glass microspheres. This 

suggests that PVA particles and EmboSpheres have a higher propensity for clustering resulting 

in embolization of channels that are wider than any individual particle. Examples of clustering 

are shown in Figure 4.19. This effect may be more pronounced after PA flow slows in response 

to the formation of the most distal embolisms first. 
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Figure 4.19 Clustering of 100-300˃ m EmboSpheres (left) and 90-180˃ m PVA particles 

(right ). These clustered embolisms occurred in channels that were 400m˃ in width. 

Figure 4.12 shows that there is reasonable consistency (within ±10%) in the number of 

particles delivered to the VM for glass microspheres over all sizes. However, the VM received as 

much as 30% fewer 90-180˃ m PVA particles and 100-300˃ m EmboSpheres. For the 180-300˃ m 

PVA particles and 300-500˃ m EmboSpheres, clogging of the catheter limited the number of 

particles delivered to the VM resulting in a lower overall particle density. This issue may be 

alleviated by using a catheter with an inner diameter larger than 2.9F and by reducing the 

concentration of the particle suspension to avoid clustering within the catheter. Figure 4.13 

shows that glass particles were delivered evenly between the left and right sizes of the PA 

microvasculature. For the PVA particles and EmboSpheres, the left half received at most 40% of 

all particles delivered to the PA. The most extreme difference was observed with 180-300˃ m 

PVA particles in which the left half received only 20% of all particles delivered to the PA. This 

could be explained by the difference in density of the glass microspheres from water. Having a 

higher density than water means that the inertia of a glass microsphere will have a greater effect 

on its motion than for particles that have a specific gravity closer to 1. In other words, PVA 

particles and EmboSpheres may be more likely to follow fluid streamlines than glass 
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microspheres which may disperse more evenly through the flow. Another explanation for this 

difference is that more glass microspheres were delivered overall. If embolization tends to begin 

on the right half of the PA vasculature first, then delivering more particles will eventually fill the 

left half after flow to the right half has slowed. Figure 4.17 indicates that while there was 

typically at least a 50% reduction in the PA flow rate after injection for PVA and EmboSphere 

trials, glass trials showed a reduction of over 80% in PA flow rate following injection. This could 

indicate incomplete embolization for PVA and EmboSphere trials resulting in more particles 

being delivered to the right half. To fully test this hypothesis, flow rates should be measured for 

the left and right halves of the prostate vasculature separately. This would indicate which half 

tends to embolize more quickly. Additionally, Figure 4.18 shows that the glass trials were the 

only to also decrease IPA bypass flow rate whereas the other trials resulted in an increase in IPA 

bypass flow rate. This shows that enough glass particles were delivered to result in reflux into 

the IPA bypass branch.  

Figures 4.14 and 4.15 show that 45-53˃ m glass microspheres had the greatest distal 

penetration, reliably making passage through channels as narrow as 50m˃ where no other 

particle could access. The second greatest distal penetration was seen with 90-106˃ m glass 

microspheres which consistently penetrated channels whose width was less than 100m˃ as 

shown in Figure 4.20 (left). The remaining particles all performed similarly in terms of distal 

penetration. Of particular note are the 300-500˃ m EmboSpheres which were capable of 

deforming to pass through restrictions as small as 250m˃. However, no 100-300˃ m 

EmboSpheres were observed embedding in channels whose width was less than 100m˃. This 

difference is likely the result of branching channels into 4 parallel sub-channels. This presents 

discontinuities in the gradual overall tapering of the vasculature where particles tend to 
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accumulate if they cannot pass through the sudden restriction. An example of this occurring with 

100-300˃ m EmboSpheres is shown in Figure 4.20 (right). A VM with more gradual channel 

divisions and tapering would likely improve differentiation of different particle types and sizes in 

terms of distal penetration. 

 

Figure 4.20 90-106˃ m glass microspheres (left) and 100-300˃ m EmboSpheres (right ) 

accumulating in a 500˃ m channel where it divides into four 100˃m channels. 

The time histories plotted in Figure 4.16 show the gradual progression of the embolic 

state. In these plots, the beginning of embolization is signified by an increase in the mean PA 

pressure. Trials typically required a minimum number of injection pulses to begin delivering 

particles to the VM. As previously stated, this is largely due to filling the catheter dead volume 

with particle suspension prior to particle delivery. The number of pulses before particles are 

delivered is also affected by the dead volume of syringe fittings and couplings. This added 

volume must first be filled with particle suspension before the catheter can begin filling. 

Furthermore, inhomogeneity in the particle suspension can result in fewer particles being 

dispensed in the first several pulses after the total dead volume has been filled with suspension. 

Another inconsistency in the particles delivered per pulse is caused by temporary clogging of the 
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catheter. When this occurs, no particles are delivered for a period of time after which a large 

number of particles are delivered as the catheter becomes unclogged. This can cause abrupt 

changes in the PA pressure and flow rate. In general, as particles are delivered to the VM, the PA 

flow resistance increases causing an increase in PA pressure and a decrease in PA flow rate. This 

behavior appears more rapidly at first and then begins to level off as pressure and flow rate 

approach their respective values at complete PA embolization.  

Because of inconsistencies between the numbers of particles delivered per pulse, it is 

difficult to identify meaningful differences in the embolization dynamics between particle types 

and sizes. However, an interesting observation is that 45-53˃ m glass microspheres showed a 

decrease in the PA flow rate following catheter removal; the opposite being observed for the 

other particles. Generally, when the catheter is removed the IPA and PA resistance decreases as 

the catheter is no longer obstructing flow. However, the resulting increase in pressure and flow 

further compacted loose microspheres subsequently reducing the average PA flow rate for the 

glass 45-53˃ m case. This indicates that some embolics may show more complete stasis after the 

catheter is removed. If contrast injections are used clinically to determine stasis, there may be a 

tendency to deliver a larger dose than is needed for complete or near complete stasis. 

Furthermore, the plots in Figure 4.16 show that in situ PA pressure measurements may provide 

an accurate indicator of embolization without disrupting the flow by injecting contrast or 

removing the catheter. Typically, when a 7mmHg or greater increase in the PA pressure was 

observed, there was a corresponding decrease in the PA flow rate of over 50% after the removal 

of the catheter. Additionally, the shape of the pressure time series may indicate information 

about quality of the embolization. Figure 4.21 shows snapshots of the most distal embolization 

for each particle type and size. Here, two distinct types of embolizations occurred: 1) a firm 
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embolization where particles have become lodged within a channel whose width is less than the 

size of the particle and 2) a loose embolization resulting from the accumulation of particles at the 

entrance of channels that are too narrow to allow entry. Firm embolization was observed for 

glass 90-106μm, EmboSphere 100-300μm, and PVA 90-180μm. Here, glass 90-106μm 

microspheres are observed penetrating into 90μm wide channels occluding a vast majority of the 

channel cross section. EmboSphere 100-300μm and PVA 90-180μm particles were capable of 

deforming enough to penetrate approximately 100μm into the entrance of the 90μm channels; 

again, providing occlusion of a significant portion of the channel cross section. For these 

particles, the pressure curves in Figure 4.16 show a steep rise in the PA pressure initially which 

then levels out over time as more particles are injected. This is in contrast to glass 150-170μm, 

EmboSphere 300-500μm, and PVA 180-300μm particles which were unable to penetrate into the 

90μm channels at all. The 45-53μm glass particles were capable of penetrating through 50μm 

channels but were unable to enter 30μm channels. These four particle types and sizes formed 

loose embolizations where flow rate reduction was caused by accumulation of many particles in 

larger channels. In Figure 4.16, these particle types and sizes produced pressure curves that were 

approximately linear. This is likely due to the fact that for a loose embolism, further incremental 

injections of particles tended to add similar amounts of flow resistance to the PA 

microvasculature as previous injections. This indicates that the main factor affecting the flow 

resistance for loose embolization is not vessel occlusion as with the firm case, but rather viscous 

losses as fluid must flow through accumulations of loosely packed particles. This also explains 

why the slope levels out for cases of firm embolization: additional accumulation after the most 

distal embolization provides only added viscous losses through packed particles with no 

additional vessel occlusion. These pressure measurements not only provide information about 
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flow rate reduction, but also the quality—firm or loose—of the embolization. This has the 

potential to provide more information to clinicians who can then better determine when the 

desired level and quality of stasis has been reached preventing incomplete embolization or 

excessive reflux of particles out of the PA.  

 

Figure 4.21 Snapshots of the most distal embolism for each particle type and size. Firm 

embolization was observed for glass 90-106μm, EmboSphere (ES) 100-300μm, and PVA 

90-180μm where particles became lodged within channels that are narrower than the 

particle’s nominal size. 

4.6 Conclusion 

This work resulted in the successful development of a multiscale vascular model for 

replicating physiological flow conditions seen in the prostatic vasculature. The design and 

fabrication techniques were not only capable of producing a vascular model with appropriately 
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sized channels, but were also capable of accurately matching the target flow resistance of the 

prostatic vasculature. When tested with various embolics, the VM enabled detailed analysis of 

particle distributions within the prostatic microvasculature. The results revealed differences in 

the particle distributions between glass microspheres, PVA particles, and EmboSpheres. In 

particular, 100-300˃ m and 300-500˃ m EmboSpheres showed similar performance to 150-180˃ m 

Glass microspheres in terms of distal penetration and reduction of PA flow rate (>50%). Glass 

microspheres showed the highest reduction in PA flow rate (over 80%); however the smallest 

glass microspheres displayed reductions in IPA flow rate as well, indicating some amount of 

reflux out of the PA.  

 Time histories of the particle injections showed a repeatable increase in the PA pressure 

and a decrease in the PA flow rate over the injection duration. While controlled injections 

enabled observation of the embolic state development, inconsistencies in the number of particles 

delivered per injection pulse limited the ability to directly compare between particle types and 

sizes. This is an issue inherent to the delivery of particles with different properties where a single 

injection method is not likely to yield identical injections across all particle types. Issues related 

to catheter clogging may be alleviated by using a larger internal diameter catheter and by using a 

lower concentration particle suspension for PVA particles and EmboSpheres.  

The VM design can be improved by more smoothly tapering the branching channels to 

eliminate sudden changes in channel width. This type of improvement would allow for better 

differentiation in the distal penetration between particles types. Additionally, recording the flow 

rates of the left and right halves of the prostatic vasculature separately would help identify the 

nature of the disparity between the left and right particle densities for PVA particles and 

EmboSpheres.  
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Overall, the results provided by the VM and these experiments can help identify 

differences between embolic particle types and sizes used to treat BPH. The new information 

that can be provided by this type of model will yield a more through context for clinical studies 

that evaluate the safety and efficacy of embolics for PAE. These results, along with in vivo 

studies, may provide more accurate indications for embolic type and size and may lead to 

advancements in PAE to improve its safety and effectiveness, such as using in situ pressure 

measurements to evaluate stasis.  
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CHAPTER 5: Future work  

5.1 A large air gap magnetic levitator for precise positioning of a clinical microcatheter 

The work presented in Chapter 2 demonstrated the feasibility of controlling a 

microcatheter within a 1:1 scale model hepatic artery (HA) system using a novel large air gap 

magnetic levitator. This system—structured like a radial active magnetic bearing (AMB)—was 

capable of regulating the position of the microcatheter within the HA cross section with a 

precision of around 20μm. Furthermore, this system was used to deliver microspheres to the HA 

model at various locations within the cross section. These delivery experiments resulted in a 

strong relation between the catheter position and the vessel outcome. These results and the 

results from Richards et al. [1] show that this device, along with patient specific hepatic vascular 

modeling, has the potential to improve clinical outcomes in patients receiving radioembolization 

(RE) therapy for hepatocellular carcinoma (HCC) by enabling targeted deposition of RE 

particles.  

One of the main barriers preventing this technology from translating to clinical practice is 

the scale of the AMB. Figure 5.1 shows how the AMB must be situated with respect to the HA to 

provide non-contact position regulation of the delivery catheter. This illustrates the impracticality 

of this device: the magnetic levitator could never be in such close proximity to the HA. To 

prevent the use of this device from being excessively invasive, practical realizations are limited 

to extracorporeal magnetic field generation. Such devices could be conceived whereby the 

patient’s torso and abdomen could be situated within and surrounded by the AMB.  
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Figure 5.1 Sketch showing the large air gap magnetic levitator in relation to the hepatic 

artery. The operation of this device requires the electromagnet bearing to be situated 

around the circumference of the hepatic artery—an impractical requirement. 

While positioning a patient within the bore of an AMB may itself seem impractical, there 

has been some success with remote navigation systems on the market for magnetically steering 

catheters. The most prolific of these systems is the Niobe robotic navigation system (Stereotaxis, 

St. Louis). This system consists of two robotically actuated permanent magnets capable of 

producing a magnetic flux density of approximately 0.15T [2]. The magnitude and direction of 

the force generated by these magnets can be adjusted by moving the permanent magnet around 

the patient. This system has been used to good effect in arrhythmia ablation procedures, 

especially to treat atrial fibrillation [3]. 

The research presented in Chapter 2 showed that magnetic flux densities of 

approximately 0.01T were adequate for microcatheter position regulation. This is notably less 

than produced by the permanent magnets of the Niobe system which requires flux densities an 

order of magnitude higher. The higher flux density of the Niobe system is in part due to the need 
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for magnetically steering catheters where the desired tip deflection could be as high as 90°. This 

is in contrast to the modest deflection of less than 20° required of the AMB type magnetic 

levitator. While the 0.01T flux density was not a challenge for the 1cm diameter AMB, requiring 

a coil current of only 150mA, scaling the system up to the bore size of typical medical imaging 

systems (as low as 60cm) could present additional difficulties. By using the flux density within a 

solenoid as a rough estimate, Equation 5.1 [4] shows that the magnetic flux density 

approximately scales with the number of Amp-turns, ὔὍ, while scaling with the inverse of 

length, ὰ. Equation 5.2 shows an approximate relation between the 1cm AMB parameters 

(subscript 0) and 60cm AMB parameters (no subscripts) that results in the same order of 

magnitude flux densities. Using this, Equation 5.3 indicates that the 60cm diameter levitator 

should have about 100 times more Amp-turns as the 1cm levitator.  
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ὰ
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For the same number of turns, Equation 5.3 predicts that 0.01T can be achieved by the 

60cm levitator with an approximate coil current of 15A. Using the same finite element analysis 

shown in Figure 2.5—scaled up by a factor of 60 however—a coil current of 10A results in a 

magnetic flux density of 0.01T in the center. The results of these scaling approximations should 

be experimentally validated at an intermediate scale before investing in the construction of a full 

scale prototype. 
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While this shows that this type of levitator could be operated at this scale, there are still 

some major considerations that must be addressed. The first is heat dissipation. Because Joule 

heating is volumetric, it scales with length cubed. On the other hand, cooling occurs over the 

surface of a conductor implying length squared scaling. This means that the larger the 

electromagnet is the more heat flux must be transferred out of the coils. For this reason, passive 

convection is not likely to generate enough heat flux to maintain coil temperatures below their 

rated ampacity temperature as it was for the 1cm AMB. Future research aimed at translating this 

technology to clinical realization will need to carefully consider heat generation and dissipation 

as a part of the overall electromagnet design. Second, the sensing method will need to be revised. 

The levitator system used in Chapter 2 benefited from the use of simple and inexpensive optical 

sensors for position feedback. While optical sensing is not possible for clinical applications, x-

ray fluoroscopy may be a viable option. Here, continuous acquisition of x-ray images from 

multiple angles may be used to compute the catheter position. However, the amount of ionizing 

radiation delivered to the patient during the procedure must be minimized. This may limit the 

feasibility of using fluoroscopy for position sensing. Further limitations of fluoroscopy for 

position feedback include bandwidth and resolution limits of commercially available imaging 

systems. For these reasons, additional sensing modalities should be considered (electromagnetic 

tracking systems, electromagnetic self-sensing, eddy current sensing, etc.). Finally, a new 

microcatheter must be designed which includes the ferromagnetic ring for actuation and the 

support which supports the catheter within the center of the artery. This catheter must be 

deployable through standard access techniques to the HA and must be designed to minimize flow 

disturbances which can cause turbulent mixing of particles and ultimately reduce targeting 

precision. Interactions between the elastic behavior of the catheter tip and the surrounding fluid 
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flow should also be considered. Limiting these effects will ensure that hydrodynamic fluttering 

seen in Figures 2.22 and 2.23 is minimized. 

Provided that these challenges can be overcome, the modeling and control of the 60cm 

scale levitator would be fundamentally different from the system presented in Chapter 2. In 

particular, while the airgap becomes larger the region over which the catheter’s position must be 

regulated becomes comparably smaller. This opens up the potential for controller development 

based on linearization of the system about the point where the catheter is initially placed. This 

could offer a relatively simple system model which would be more amenable to adaptive and 

robust control techniques that could compensate for uncertainties and differences between 

patients and cases (such as HA diameter, flow rate, and position). Investigating these challenges 

at an intermediate scale will help establish the validity of a full scale levitator system. 

5.2 Centrifugal  fluidic devices for populating microarrays of spheroid cancer cell cultures 

The evaluation of the microfunnel array raised some important questions about its 

performance. The first was concerning the capture success rate where a majority of unsuccessful 

captures were caused by spheroids remaining in the 96-well plate. In response to this 

observation, media additives were suggested such as those found the synovial fluid [5], water-

based lubricants such as methylcellulose, ionic and anionic detergents, and various poloxamers 

[6]. While these are good starting points, more needs to be known about the forces and 

mechanisms involved when a spheroid fails to transfer from the 96-well plate. If frictional forces 

are the cause, then lubricating agents may be an effective solution. However, if surface tension is 

inhibiting spheroid movement, detergents may be called for. Furthermore, traction between 

spheroids the well plate material may be caused by adsorption of proteins and other 

biomolecules. For this, poloxamers, detergents, and lubricants may all be effective for various 
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reasons. Hence, elucidating the underlying mechanism may be important. While this is an 

important area of research for the microfunnel array, this may also be of interest in the broad area 

of biological sample handling, preparation, and processing.  

Another important future research area for the validation of this device is in sample 

morphology. While spheroids can be transferred from a 96-well plate to a planar histology array, 

the forces experienced during transfer may affect their morphology and thus the overall sample 

quality. For example if spheroids are being deformed or fractured during transfer, conclusions 

about spheroid morphology between sample groups may be weakened. Assessment of spheroid 

morphology can be done through 3-dimensional imaging modalities such as confocal laser 

scanning microscopy (CLSM); however, as pointed out in Section 3.4, (CLSM) suffers from 

high light attenuation in thick samples. A possible alternative to CLSM is light sheet 

fluorescence microscopy (LSFM). Here, the sample is placed in a liquid agar solution and drawn 

into a glass capillary tube. By using cylindrical optics, LSFM excites fluorescence in a plane 

passing through the sample. This light “sheet” can be projected from opposing sides of the 

sample thereby mitigating the attenuation losses associated with CLSM. An example of a Pa14C 

spheroid imaged using a Zeiss Lightsheet Z.1 LSFM is shown in Figure 5.2. Using LSFM, 

deformation can be evaluated by comparing spheroid shape and size before and after transfer. 

While these two areas focus on improving and further evaluating the microfunnel array, a 

third area of future research is in extending its capabilities by allowing the transfer of organoid 

cultures. Simple spheroid cultures—such as the ones used in Chapter 3—offer several 

advantages over conventional 2-dimensional cell cultures; however they still rely on established 

cancer cell lines that, due to long-term in vitro adaptation processes, do not accurately reflect the 

genetic makeup of patient derived cancer cells. To address the limitations of current preclinical 



   

125 

 

cancer models, researchers have moved towards primary cancer patient-derived organoid 

cultures. In contrast to spheroids which form in a liquid medium, organoids are cultured within a 

protein gel matrix which better reflects the true tissue microenvironment. Transferring organoids 

from a gel presents a significant challenge not associated with spheroid cultures. Fortunately, 

some commonly used gel matrices transition to a viscous liquid at reduced temperatures. 

Exploiting this effect may enable transfer of organoids. Further research into how liquid gel 

medium behavior and viscosity affect the performance of the device should be conducted to 

evaluate the limitations of this methods and ways in which the device can be redesigned to 

mitigate these limitations. 

 

Figure 5.2 Lightsheet fluorescence image of a Pa14C spheroid showing three 

orthogonal views of the spheroid volume. 

These future research areas aim to improve and extend the capabilities of the microfunnel 

array. In addition to these areas, performing a trial study using this device is important to its 
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validation as a tool that can help advance 3-dimensional cell culture-based studies. The results of 

such a study could be used to compare the quality of data between sets produced using the 

microfunnel array and conventional processing methods along with differences between the 

amounts of research hours required. Combining this type of study with the aforementioned future 

research areas will ultimately confirm the advantages of the microfunnel array system and its 

potential to expand the scope of cancer research studies. 

5.3 Multiscale vascular models for evaluating the performance of embolic agents 

Future work in the area of developing vascular models for testing embolic agents will be 

directed towards studying RE treatment for HCC. As stated in Chapter 2, this treatment has 

proven effective in controlling liver tumors and improving patient outcomes as a stand-alone 

therapy and when used in combination with systemic chemotherapy across several disease states. 

Presently, all RE treatments utilize manually-operated syringes and single-lumen catheters to 

deliver anti-cancer agents to the hepatic arterial supply with the intent of delivering the majority 

of these to the tumor. Size constraints within the HA limit the axial catheter placement, typically 

to regions just beyond the left and right hepatic branches, implying that only the left or right 

lobes of the liver can be selected for therapeutic delivery.  

The success of RE is dependent on tumor coverage, as insufficient coverage allows for 

continued tumor growth. Factors affecting tumor coverage include the radiation activity levels 

and penetration depths of each sphere, as well as the number of spheres that successfully implant 

in the tumor periphery. Clearly, microspheres must be sized appropriately: they must be small 

enough to reach the tumor, but large enough not to pass through the terminal tumor arterioles. 

Additionally, an optimal number of microspheres must be delivered, such that full radiation 
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coverage of all tumor cells is achieved, but not so many that microspheres reflux to non-target 

tissues and organs.  

The physical characteristics of radioactive microspheres (density, diameter, and 

radioactivity) are known to affect their deposition and tumor coverage in RE procedures. The 

two radioactive microsphere products approved for treatment of hepatic cancers in the US, resin-

based SIR-Spheres (Sirtex Medical Inc., Woburn, MA) and glass-based TheraSphere 

microspheres (Boston Scientific, Marlborough, MA), have significantly different physical 

properties. While both use the same radioisotope (
90

Y) and have the same target dose (100 Gy), 

they differ in density, diameter, and activity. SIR-Spheres are FDA approved for the treatment of 

metastatic colorectal cancer (liver metastases), while TheraSphere microspheres are FDA 

approved for treatment of primary liver cancer (hepatocellular carcinoma, HCC). Both products 

are radiolucent.  

This future work seeks to experimentally assess the embolic performance of ABK 

Biomedical’s Eye-90™ microspheres using 1X scale HCC models. Eye-90 microspheres are 

unique in that they are radiopaque (whereas TheraSpheres and SIR-Spheres are radiolucent), 

having the potential to provide in-procedure prognostic dosimetry for radioembolization 

procedures. The HCC model is currently be developed using the same methods as in Chapter 4. 

Figure 5.3 shows an angiogram of a HCC tumor (A), the associated HCC model geometry (B), 

and the machined mesoscale mold (C). Results of injection experiments using this model will be 

analyzed in a similar way to those used in Chapter 4. Here, the overall distribution of 

microspheres will be compared between radiolucent and radiopaque cases to elucidate any 

differences between the two. In addition to microscopic analysis, x-ray imaging will be 

conducted to correlate radiodensity maps with optical images (Figure 5.4). This will evaluate 
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how well the radiodensity relates to actual particle distributions in the vascular model. These 

results will help determine the ability for radiopaque RE particles to provide prognostic 

dosimetry feedback during RE procedures.  

 

Figure 5.3 Liver tumor vascular model design. (A) Liver tumor angiogram, (B) 

vascular model geometry, and (C) machined mesoscale mold. 

 

Figure 5.4 X-ray computed tomography (CT) images and optical images of radiopaque 

microspheres injected into the vascular model. 

This ongoing work seeks to answer basic questions and provide unique observations 

about vascular embolization therapies. This research has the potential to evolve into several 

different topics ranging from vascular model refinement to the development of new embolics. 

One avenue of future research is the characterization of a single particle embolization in a single 

microchannel. Here, a relatively simple single channel model could be developed with a circular 

or square cross section and a controlled taper. Additionally, the mechanical properties of the 
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materials used can be tailored to approximate the properties of the target tissue. This type of 

model could provide a more comprehensive look at the mechanical interaction between the 

embolic particle and the surrounding tissue, such as tissue-particle contact mechanics and 

embolization dynamics. Another area of future research could involve the development of 3-

dimensional vascular models that better replicate the vascular geometry. Work aimed at 

discovering and applying new methods for model fabrication could make a large impact on 

vascular mechanics studies. Technologies, such as electrospinning, may be applied to develop 

dense 3D vascular networks whose vessel length and diameter could be tuned to better match 

anatomical data. In fact, characterizing the anatomical parameters relating to the 

microvasculature in target organ tissue would be an interesting research area as well. Here, 

imaging modalities such as micro x-ray computed tomography, confocal laser scanning 

microscopy, and light sheet fluorescence microscopy could provide useful data for not only 

model development but also embolic particle design. This ongoing research and the research 

presented in Chapter 4 are just scratching the surface of the deep and multifaceted area of 

multiscale vascular modeling which shows the potential to continue providing impactful findings 

to the medical community. 
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