




 

 

 

ABSTRACT 

Resolving Flow Properties of Spiral Groove Bearings to 

Improve Mechanical Circulatory Support Hemocompatibility  

by 

Shelby A. Bieritz 

Rotary blood pumps are utilized as bridge to transplant, bridge to destination, and 

bridge to recovery devices to support a failing heart. These pumps unload the 

ventricles (ventricular assist devices) or replace the heart entirely (total artificial 

hearts), using impellers, or a rotating set of blades, to drive blood flow to the systemic 

and/or pulmonary circulation. These pumps have been used in the clinic for decades, 

supporting patients for 1.5 years on average, but the complication rate while on pump 

support remains high, with 60% of patients returning to the hospital with a major 

adverse event within 6 months. Many of these complications arise from damage to 

blood components due to the supraphysiologic shear stresses within a rotary blood 

pump. This work aims to explore a method of controlling red blood cell flow in a 

rotary blood pump by means of a spiral groove bearing, a hydrodynamic bearing that 

generates lift by pumping fluid along a set of grooves. The application of these 

bearings to rotary blood pump design will be explored in two contexts; first, as a 

means of generating washout flow in a miniature axial left ventricular assist device, 



 

 

 

and second, as a tool to reduce red blood cell shear stress exposure in a centrifugal 

blood pump. The salient findings of this work include i) the applicability of an 

analytical model to predict spiral groove bearing flow in an axial pump; ii) the 

induction of cell exclusion in a spiral groove bearing gap, allowing manipulation of 

red blood cell flow in rotary blood pumps to limit shear exposure; iii) the ability to 

track red blood cell flow in a complex pump geometry using erythrocyte ghosts as a 

blood analog solution, and iv) the implications of cell exclusion on red blood cell and 

von Willebrand Factor damage. Spiral groove bearings can be utilized to reduce both 

the magnitude and duration of red blood cell exposure to supraphysiologic shear 

stress, thereby providing an additional tool to improve rotary blood pump 

hemocompatibility and patient outcomes. 
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Specific Aims 

The specific aims of this thesis address a novel mechanism to improve rotary blood 

pump hemocompatibility using spiral groove bearings. Rotary blood pumps support 

the pumping action of the failing heart using a rotating impeller, providing a bridge 

to heart transplant or a long-term therapy to restore blood flow. However, these 

pumps create supraphysiologic shear stresses, which are thought to contribute to the 

high incidence of adverse events in patients supported by these devices. To preserve 

blood component mechanical properties and function, the magnitude and duration of 

shear exposure must be minimized. A spiral groove bearing is thus investigated in 

two damage-prone pump applications. In Aim 1, spiral groove bearings are designed 

to improve blood flow through a miniature axial assist device, thereby reducing the 

duration of exposure to high shear. Aim 2 investigates the bearings as a means of 

controlling red blood cell flow in the spiral groove bearing gap, thus reducing the 

magnitude of cell shear exposure for pumps requiring hydrodynamic bearings. The 

effects of controlling cell flow in the spiral groove bearing gap are explored in Aim 3, 

in which markers of red blood cell lethal and sublethal damage are explored, as well 

as the integrity of blood proteins responsible for clotting.  

Aim 1 addresses the safety of minimally invasive blood pumps, which offer a fast, 

low risk implantation procedure for acute patient support. To meet the pressure and 

flow required to support the heart with a small pump geometry, these devices rely on 
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axial pump impellers with high rotational speeds, leading to shear stresses on the 

order of hundreds of Pascals. These pumps are especially prone to pump thrombosis, 

or clot formation, if blood flow is not adequately maintained to reduce blood exposure 

to these elevated shear levels. To improve blood flow through a miniature cardiac 

assist device under development at the Texas Heart Institute, a conical spiral groove 

bearing was investigated. An analytical model was formulated to predict flow 

generation from the bearing, and the bearing was tested in pump prototypes on the 

bench. Conical spiral groove bearings were found to improve washout flow in the 

miniature pump, reducing blood residence time to 50 ms in the high-shear pump 

region. However, these bearings were inadequate in providing the sole source of axial 

stiffness to the pump impeller, and therefore should be used in conjunction with a 

magnetic levitation system. The analytical model was also validated in benchtop 

experiments and was found to be an accurate predictor of bearing washout 

generation at lower Reynolds numbers, when viscous pumping rather than 

centrifugal forces dominated the bearing gap flow.  

Aim 2 demonstrates the ability of spiral groove bearings to entrain red blood cells 

in the lower-shear grooves in the bearing gap. This phenomenon is termed cell 

exclusion and offers a novel mechanism to reduce the magnitude of shear stress that 

cells experience in a hydrodynamic bearing gap. Cell exclusion was studied in a flat 

spiral groove bearing gap for a centrifugal pump configuration. Red blood cell flow 

was visualized using a blood analog solution of red blood cell ghosts seeded with 
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fluorescently tagged healthy red blood cells. The ghosts are red blood cells that have 

been lysed in a hypotonic solution and resealed in order to remove the optically dense 

hemoglobin, which absorbs fluorescent signal and prevents cell visualization. The 

fluorescently tagged cells in the ghost suspension were then tracked with a particle 

image velocimetry system as they traversed the bearing gap. Cell exclusion was found 

to depend on bearing groove depth and rotational speed, with a significant increase 

in exclusion with deep grooves and a higher rotational speed over a range of afterload 

conditions. The ability to control cell flow in the bearing gap in order to reduce shear 

exposure may preserve red blood cell function and reduce lethal and sublethal cell 

damage. Microgeometries such as the grooves on the bearing surface could be applied 

to additional pump geometries to control cell flow and improve hemocompatibility. 

The ability to study red blood cell flow at a physiologically representative hematocrit 

in a complex pump geometry also provides more accurate estimates of cell shear 

exposure, which can be used to validate computational blood flow models and lead to 

accelerated pump and blood contacting device development.  

 

Aim 3 demonstrates the effects of cell exclusion on three aspects of blood damage 

to determine if this phenomenon improves hemocompatibility. Hemolysis levels, red 

blood cell deformability, and von Willebrand Factor (vWF) multimer sizes were 

analyzed following repeated exposure to a spiral groove bearing gap with and 
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without efficient cell exclusion. Hemolysis levels were equivalent for a 20, 30, and 40 

µm bearing gap, despite a two-fold increase in shear rates in the 20 µm gap. This 

points to an ability of cell exclusion to preserve red blood cells as they flow through a 

hydrodynamic bearing gap. The loss of high molecular weight von Willebrand Factor  

multimers was equivalent for all bearing gaps, suggesting either i) a shear threshold 

has been surpassed at which all high molecular weight von Willebrand Factor 

multimers are lost at equal rates, or ii) cleavage of high molecular weight vWF 

multimers occurs in all bearing gaps due to shear-induced uncoiling . Finally, a 

preservation of red blood cell deformability was found with a 20 µm gap compared 

to a 30 µm gap, suggesting that cell exclusion better maintains red blood cell 

mechanical properties. By maintaining cell deformability and reducing lethal red 

blood cell damage, spiral groove bearings might reduce the incidence of thrombus 

formation and stroke in patients with rotary blood pumps compared to other 

hydrodynamic bearing designs to provide impeller stiffness, but the risk of bleeding 

events remains substantial due to vWF loss. Spiral groove bearings could also provide 

a safe backup to magnetic levitation systems in case of maglev failure.  

In summary, spiral groove bearings offer a tool to improve pump washout as well 

as to reduce red blood cell exposure to destructive levels of shear stress. Micrometer-

scale washout features can be adapted to numerous rotary blood pump geometries 

to improve pump hemocompatibility, leading to a lower incidence of adverse events, 
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improved patient quality of life, and increased use of rotary blood pumps as a safe 

and effective mechanism to support or replace the failing heart.  
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Chapter 1 

Background 

1.1.  Impact of Heart Disease and Mechanical Circulatory Support 

Use 

According to the 2019 update of “Heart Disease and Stroke Statistics”, 840,678 

patients died of cardiovascular disease in 2016, making it the leading cause of death 

in the United States24. 9.3% of these deaths were directly attributed to heart failure, 

which is a progressive disease of unknown etiology that is commonly accompanied 

or aggravated by chronic hypertension or acute cardiomyopathy. The cost of caring 

for the millions of Americans with some form of cardiovascular disease was $213.8 

billion between 2014 and 2015, making it the single most expensive diagnostic group. 

The gold standard of care for patients with heart failure is a heart transplant, although 

total artificial heart pumps have the potential to outperform transplants in the 

coming years. Currently, the supply of donor hearts meets only a small fraction of the 
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demand; in 2016, only 3209 heart transplants were performed in the United States 

(4% of the number of deaths due to heart failure) 24 . To compensate for the disparity 

in patient population and donor hearts, and to support patients unfit for transplant, 

mechanical circulatory support (MCS) devices have been implemented to assist or 

replace the failing heart. MCS devices in use today are primarily fully implantable, 

continuous flow left ventricular assist devices (LVADs), which drive blood from the 

left ventricle to the aorta78. This unloads the left ventricle and restores circulation, 

allowing patients to become ambulatory, lead a significantly improved quality of life, 

and become eligible for heart transplantation.  

Patients are supported by LVADs for 20 months on average, and they are 

beginning to be implemented more often in INTERMACS Profile 3 patients versus 

Profile 1 and 2 patients as the survival rates associated with LVADs improve (the one-

year survival rate is 85%)78. Earlier implantations have been associated with 

improved patient outcomes, as multi-organ function is maintained prior to 

implantation. The number of patients with LVADs indicated for destination therapy 

is increasing as well, from 2012 to 2016, 48% of patients were implanted with a 

destination therapy indication, increasing from 29% in 2006-2011. However, the 

incidence of adverse events for patients with LVAD therapy remains high; only 20% 

of patients are free from hospital readmissions at one year, and 38% are free from 

readmission after 6 months. The primary complications associated with these devices 

are infection or blood related; 16.5% are readmitted due to stroke, 22.5% due to 
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gastrointestinal bleeding, and 26.5% due to pump-related infections. The high rates 

of adverse events continue to limit the efficacy of mechanical circulatory support 

devices. Many of the complications can be traced to the supraphysiological shear 

stress within a rotary blood pump (RBP), and infections are common due to 

transcutaneous drivelines that power the devices. Reducing the incidence of these 

adverse events would save the United States $19,465 on average per hospital 

readmission in direct costs and will improve patient survival rates and overall quality 

of life while supported by mechanical circulatory support devices 132.  

1.2. A Brief History of Mechanical Circulatory Support Devices 

The first generation of implantable devices was characterized by pulsatile flow 

using positive displacement pumping mechanisms. Notable pumps include the 

pneumatic and vented electric HeartMate,  the Novacor, Berlin Heart EXCOR, the 

Thoratec PVAD, and the Abiomed AB5000 54, 133, 142, 147, 151. Each of these pulsatile flow 

pumps used a positive displacement pumping mechanism with a compressible blood 

chamber and inlet and outlet valves to drive blood flow. These first-generation pumps 

demonstrated that mechanical circulatory support could prevent premature death in 

patients with end-stage heart failure. However, the devices demonstrated poor 

durability due to the large number of moving parts, with most pumps failing after 2-

3 years due to membrane failures and malfunctioning valve systems 3, 11. These 
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pumps were also large and therefore limited to implantation in adults with a body 

surface area over 1.5 m2 40, 96. 

 Following first generation pulsatile pumps, the utility of continuous flow 

rotary blood pumps was demonstrated with the development of the Hemopump, the 

Jarvik 2000, and the MicroMed DeBakey LVAD. The successful clinical 

implementation of these technologies established the foundation for current 

continuous flow LVAD devices 76, 123, 160, 52.  

The Hemopump Cardiac Assist System was the first axial blood pump 

developed and the first to go through clinical trials. The pump was a catheter-

mounted temporary partial assist and was labeled for 7 days of clinical use160. It was 

designed to assist the heart during coronary bypass procedures and to unload the 

heart in the case of acute failure. The Hemopump rested in left ventricle, pumping 

blood from the left ventricle to the ascending aorta. Its impeller speed ranged from 

17,000 to 26,000 rpm and the pump generated 3.5 to 4.5 L/min of flow. This pump 

had a few serious modes of failure that occurred during the 7 day support, one being 

the dislodging of the inflow cannula from the attachment site, and another the 

fracture of the drive cable14, 55. The Hemopump was discontinued due to morbidity 

and mortality rates, as 20% of patients died from inadequate organ perfusion or brain 

emboli.84, 101  
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The Jarvik 2000 is an axial left ventricular assist that circulates blood from the 

left ventricle to the aorta and is inserted into the ventricular apex, pumping blood to 

the aorta via an outflow graft. The pump is 25 mm in diameter and 55 mm long, and 

is implanted via a left thoracotomy or sternotomy. The Jarvik 2000 impeller speed 

ranges from 8,000 to 12,000 rpm, and pumps 2 to 7 L/min of flow against a 100 

mmHg pressure head. The pump impeller is supported by two ceramic blood-

immersed mechanical contact bearings, which require a warfarin induced INR of 2.5- 

3.5129. The pump has sustained support for over 9.5 years, and is still in clinical use68. 

Hemolysis rates in preclinical trials ranged from 0.0007 to 0.00082 g/100 L of blood, 

and demonstrated fibrin developed on the inflow mechanical contact bearing52, 123. In 

several single and multi-center studies, the Jarvik 2000 has provided a safe bridge to 

transplant and destination therapy 51, 129, 134. Complications have included left 

ventricular thrombus, coronary thrombus, subdural hematoma, and GI bleeding. The 

rates of these complications were not reported but deemed “acceptable”. There were 

no reported pump failures or pump related complications.53  

The Micromed DeBakey LVAD was also designed for left ventricular support 

using an axial flow impeller. The pump was fully implantable via median sternotomy 

and pumped blood from an inflow conduit in the left ventricular apex to the aorta127. 

At 10,000 rpm, the pump produced 5-6 L/min of flow against a 100 mmHg pressure 

head. The pump comprised a stationary flow straightener upstream of a rotary 

impeller, and a stationary diffuser at the distal end of the pump. Two mechanical pivot 
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bearings on the straightener and diffuser provided stiffness to the impeller, and 

bearing durability was shown to exceed 2 years. The pump was driven by a brushless 

DC motor and a set of 8 magnets located in the impeller blades. Hemolysis levels in 

preclinical trials remained below 0.0002 g/100 L of blood45. A study completed by 

the Baylor College of Medicine reported that the survival rate beyond 30 days of pump 

use was 81%, with complications arising from multiorgan failure, not pump 

performance117.  

These axial pumps were the first implementations of continuous flow LVADs 

and inspired the continued development of continuous flow pumps to improve 

patient outcomes.  

1.3. Current Implantable Rotary Blood Pumps 

The mechanical circulatory support field has expanded with the introduction 

of Abbott’s HVAD, Medtronic’s HeartMate II, and most recently the HeartMate 3 30, 32, 

82, 151. Over 18,000 continuous flow LVADs have been implanted to date, and the 

Heartmate II and HVAD demonstrate durability beyond 10 years 60. Enhanced pump 

durability and a reduction in size from the pneumatic first generation pumps 

contributed to MCS use in a larger pool of patient populations, and improvements in 

1 year survival rates have made these pumps as beneficial as heart transplantation in 

recent years 94, 149. Significant improvements in hemocompatibility have also been 
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made with the HeartMate III, but long-term complication rates and survival are yet to 

be quantified due to the pump’s recent clinical implementation154.    

Continuous flow VADs are characterize by either centrifugal or axial flow 

mechanisms. The centrifugal pumping mechanism is shown comprises a set of blades 

driving fluid radially outwards using centrifugal force. Centrifugal pumps are 

characterized by their ability to provide a substantial pressure head at low flow rates, 

and their low impeller speeds subject blood to lower magnitudes of shear stress, 

although shear induced damage depends on both the magnitude of the shear and the 

blood’s exposure time. Axial pumps drive fluid along the impeller axis, providing high 

flows at lower pressure heads, meaning these pumps must operate at much higher 

rotational speeds to pump against the arterial pressure head. Axial pumps have been 

used for long term patient support ( HeartMate II) and for minimally-invasive, acute 

recovery of heart function.3, 8, 11, 44, 103, 120, 121, 130 The ability of axial blood pumps to 

provide support with a minimally invasive delivery makes them attractive for 

reducing implantation risk and fast implementation, but these pumps require 

rotational speeds on the order of 15-30,000 rpm and generate higher shear rates than 

centrifugal pumps, increasing the risk of blood-damage related adverse events with 

long-term use. The design details and patient outcomes of the most commonly 

implanted rotary blood pumps are described below. 

The HeartMate 3 is a magnetically levitated centrifugal pump which has 

recently obtained FDA approval. The pump utilizes speed modulation to generate an 
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artificial pulse, thereby improving pump washout28, 29. The pump demonstrated a 

77.9% patient survival without stroke at 2 years, a significant improvement from the 

56.4% stroke-free survival rate of patients with a HeartMate II. Long term 

complication rates are unavailable due to recent clinical use. 

The HeartWare HVAD is another 3rd generation centrifugal pump but relies on 

a combination of passive magnetic and hydrodynamic bearings. A tapered thrust 

hydrodynamic bearing provides axial stiffness 83, 159. This pump is inserted into the 

left ventricular cavity via an incorporated inflow cannula. The stroke-free survival 

rate with the HVAD is 55.2%, while 59.5% of patients develop bleeding episodes, and 

67.9% develop infections122. 

The HeartMate II LVAD measures 4 cm in diameter and 6 cm in length, and like 

the Jarvik 2000, provides flow from the left ventricular apex to the aorta. The pump 

is intended for long term use as a destination therapy rather than a bridge to 

transplant.  Implantation requires an open-heart surgery and can produce up to 10 

L/min of flow against physiologic pressures. Its operating speed ranges from 8000 to 

9000 rpm, producing 3-4 L/min at 80-100 mmHg.58 The HeartMate II utilizes ball and 

socket bearings on both ends of the impeller, which was shown in pre-clinical trials 

to function for 5 years. The pump has 3 flow straightener vanes upstream of the 

impeller, and 3 outlet stator vanes downstream of the impeller. The electromagnetic 

motor is wrapped around the outside of the pump lumen.58 In one single center study, 

patients with the HeartMate II had a 1-year survival rate of 80% both at a bridge to 
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transplant and a destination therapy.51 Another multicenter study reported an 89% 

survival rate at 1 month, and 75% at 6 months.3 Adverse events in a single center 

study included pump thrombosis, hemorrhage, and stroke, although the rates of 

incidence were low, making this pump a reliable destination therapy.  

The Impella is a small, catheter-mounted pump for short term use to aid in 

patient recovery. It measures 6.4 mm in diameter and 60 mm in length and is the least 

invasive assist device on the market. The pump can be used for biventricular support 

and is capable of producing 7 L/min of flow against 100 mmHg of pressure at 30,000 

rpm.9, 10, 12, 73, 136, 144, 145 For left ventricular assist, the pump’s inflow is positioned in 

the left ventricle, and its outflow is in the ascending aorta, thus the pump sits across 

the aortic valve.150 Adverse effects include aortic regurgitation, making this pump 

unsustainable for long term use.47 Additionally, the device uses purged ball bearings, 

which requires a separate solution to be infused, causing additional hassle with pump 

management.  The Impella 2.5 is another catheter mounted pump that provides 2.5 

L/min from the left ventricle to aorta. It is implanted via catheter and fluoroscopic 

control, and positioning can also be verified by monitoring both a pressure 

transducer adjacent to the motor and the motor current. The outflow cannula rests 

across the aortic valve. Limitations of this device are that the position is not fixed, 

thus there is a possibility of incorrect placement or device movement and dislodging 

over time making this pump unsuitable for any use but short term, acute assist (< 7 
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days).  There is a low incidence of complications with the device while in short-term 

use.33, 63, 70, 102, 156, 158  

The Berlin Heart InCOR is a long term implantable LVAD that again pumps 

blood from the left ventricular apex to the ascending aorta. This is the only 3rd 

generation axial pump, meaning it utilizes magnetic suspension instead of mechanical 

contact bearings. The device measures 30 mm in diameter and 200 mm in length, and 

produces 5 L/min of flow at 8000 rpm.51 A single center study reported a 26% 

incidence of bleeding, stroke in 6% of patients, and thrombus related pump 

dysfunction in 20% of patients.128  

1.4. Motivation for a Minimally Invasive Cardiac Assist Device 

LVADs have transitioned from being a therapy of “last resort” to a treatment 

option with comparable survival to heart transplantation. Initially, LVADs were used 

to support the circulation of critically ill patients awaiting heart transplantation. 

These patients were in either critical cardiogenic shock, or demonstrated progressive 

decline on inotropic support (INTERMACs profiles 1 and 2)143. More recently, these 

devices have been implanted as destination therapies earlier in the progression of 

heart failure. An increase in patient profile 3 implantations, which are patients that 

are stable but inotrope-dependent, points to increased confidence in LVADs as a long-

term therapy. Profile 3 patients demonstrate stable blood pressure and their markers 

of renal and hepatic function prior to implantation are significantly better than a 
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profile 1 or 2 patient. Providing support before onset of hepatic, renal, and pulmonary 

compromise is associated with reduced incidence of multi-system organ failure and 

death.85, 153  As a result, profile 3 patients have better outcomes post-operation, lower 

readmission rates, and higher 5 year survivability. 

One of the goals of the research discussed in this thesis was to assist the 

development of a minimally invasive, long-term partial support device that can be 

implanted under light sedation, without cardiopulmonary bypass and without 

opening the chest. Pump hemocompatibility was a large focus, as the aim was to allow 

pump implantation in the earlier stages of heart failure (INTERMACs profile 3 or 

more). An early, low-risk implantation would significantly decrease operation 

complications and post-operative morbidity42. Furthermore, an early implantation is 

more likely to result in remission or stabilization of heart failure,48 thereby avoiding 

or delaying the need for more invasive therapies such as heart transplantation or a 

full-support LVAD. The proposed pump was to have a maximum diameter of 8mm, 

which constrained the integration of an electromagnetic motor. The motor was thus 

designed in-line with the pump impeller, with the annulus between the permanent 

magnet rotor and stator requiring washout with continuous blood flow. Because 

shear-induced blood damage is dependent on both the magnitude and duration of 

shear exposure, the residence time of blood in the high-shear annulus needed to be 

minimized. To achieve adequate washout, a conical spiral groove bearing (SGB) 
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system was proposed to wash out the gap between the motor stator and rotor, while 

providing axial and radial stiffness to an impeller.  

1.5. Rotary Blood Pump Hemocompatibility 

Blood is a non-Newtonian, complex tissue comprising a suspension of red 

blood cells, immune cells, platelets, and numerous plasma proteins. Physiological 

blood flow conditions enable blood cells and proteins to traverse the 

microvasculature, deliver oxygen, regulate clotting, repair vascular damage, and 

defend against infection, among other functions. Red blood cells are viscoelastic, 

enabling them to traverse capillaries with diameters as small as 3 μm (≈40% of the 

red blood cell diameter). The mechanical moduli and electrostatic potential of red 

blood cells dictate flow patterns and aggregation crucial for cell distribution and 

function98. The introduction of blood-contacting medical devices, including rotary 

blood pumps, to the circulation subjects blood to non-physiological flow conditions, 

including elevated shear stress, turbulence, contact and interactions with rigid 

surfaces, and increased impact of cell-cell collisions46. These flow conditions damage 

blood components, with complications ranging from ‘sublethal’ RBC damage in the 

form of altered mechanical and biochemical properties, ‘lethal’ cell damage in the 

form of membrane rupture and a loss of intracellular hemoglobin (hemolysis), and 

protein conformational changes and mechanical destruction92. Rotary blood pumps 

generate levels of shear stress well above those found in the vasculature due to the 
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inherent impeller velocity, requirements for small blade-tip gaps for efficient 

pumping, and pump size constraints, with shear stresses on the order of tens to 

hundreds of Pascals. The duration and magnitude of shear stress exposure that 

induces clinically unsafe levels of hemolysis ( defined in one study as exposure times 

≥ 620 ms and shear stress ≥ 425 Pa) has been well characterized by evaluating 

plasma-free hemoglobin concentrations22,124.  

 

Figure 1: A single shear exposure threshold of hemolysis, determined by measuring 

hemoysis levels in laminar couette flow. Hemolysis is dependent upon both exposure 

time to and magnitude of shear stress. 
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The evaluation of hemolytic indices has been instrumental in informing the 

design of current rotary pumps, which minimize RBC residence times in regions of 

elevated shear stress. However, relying on measures of hemolysis alone does not 

ensure a pump’s safety in vivo, as demonstrated by the continued incidence of stroke 

and gastrointestinal bleeding rates in LVAD patients77. Supraphysiologic shear 

stresses in rotary blood pumps below the critical hemolytic threshold (10 Pa < τ < 

425 Pa) have been shown to alter RBC mechanical and biochemical properties, 

damage HMW vWF multimers (an instrumental component in stable clot 

development), and activate leukocytes and platelets 31, 35, 36, 98. The adverse patient 

events following the implantation of current rotary blood pumps remain closely tied 

to aspects of shear-induced blood damage. Complications include emboli 

development and resulting neurological damage, which could stem from unstable clot 

formation due to a loss of HMW vWF in combination with increased platelet 

activation due to hemolysis; gastrointestinal bleeding due to increased collision 

forces between the vascular wall and stiffened RBC, or impaired clot formation due 

to HMW vWF loss; and pump infections, which could be tied to a loss of leukocute 

function due to mechanical damage 77. The sublethal changes in RBC mechanical and 

biochemical properties as well as changes in plasma protein function due to 

supraphysiological shear stress are therefore clinically relevant, as knowledge of 

damage pathways and their connection to patient complications will enable 

hemocompatible pump design and improve patient outcomes.  
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1.5.1. RBC Mechanical Stability 

The mechanical stability of RBC and their ability to traverse the microcirculation 

depend on cell viscoelastic properties106. RBC with impaired elasticity, or the ability 

to deform and recover their biconcave morphology, are more susceptible to 

hemolysis, in turn creating a prothrombotic state and reducing tissue perfusion19. A 

loss of RBC deformability has also been demonstrated to increase vascular 

endothelial damage in the microcirculation, which could lead to a higher incidence of 

clot formation as well as bleeding episodes in conjunction with shear-induced protein 

impairments72. This sublethal change in RBC deformability has been demonstrated at 

supraphysiological shear stresses as low as 30 Pa, meaning subhemolytic shear 

causes RBC to be susceptible to further mechanical damage 20, 97, 107, 137. RBC  

previously exposed to subhemolytic shear stress have been shown to have a lower 

hemolytic threshold, which was reduced from 425 to 150 Pa20. A study of RBC 

deformability following repeated exposure to shear duty cycles of 64 Pa for 3 s and 

88 Pa for 2 s, which more accurately mimic the duration and repetitive nature of shear 

exposure in a rotary blood pump, found a biphasic fluctuation of RBC deformability 

with number of exposures97. In this study, an acute loss in deformability was followed 

by a return to healthy viscoelastic behavior over ten shear cycles. Due to the 

demonstrated fluctuations in RBC mechanical properties and cumulative nature of 

RBC damage following brief, repeated exposure to supraphysiologic shear stresses 
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(as occurs in rotary blood pumps), the effects of cell exclusion on both lethal 

hemolysis and sublethal changes in RBC deformability are of clinical relevance.    

1.5.2. von Willebrand Factor Multimer Function 

Von Willebrand Factor (vWF) is a multimeric protein that plays a crucial role in 

platelet-mediated coagulation mechanisms. There is an abundance of literature 

confirming that the implantation of a rotary blood pump causes a shear-induced loss 

of high molecular weight (HMW) vWF in the plasma, and it has been suggested that 

the loss of these multimers may lead to the gastrointestinal (GI) bleeding events that 

occur in 27 to 58% of VAD patients41.  

vWF contributes to platelet-mediated coagulation through multiple mechanisms, 

but plays a direct role in initiating thrombus formation, contributing to thrombus 

structural integrity, and ensuring adherence to a vascular injury site. vWF multimers, 

which range in size from 500 to over 10,000 kDa, circulate in the bloodstream and 

are also stored in platelets and endothelial cells for local injury response. Upon 

vascular injury, coiled vWF multimers in the plasma initiate platelet adhesion to the 

injured vascular substrate by binding to exposed subendothelial collagen and self-

associating with subendothelial vWF. The size of the vWF multimer has a positive 

correlation with its collagen binding affinity, meaning HMW multimers play a crucial 

role in stabilizing the thrombus and ensuring adherence to the injury site. Upon 

immobilization on the endothelium, the vWF coil undergoes a conformational change, 
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elongating due to local shear stress. This conformational change exposes repeating 

functional groups that bind to platelet Glycoprotein Ib-IX-V receptor complexes and 

allow a multivalent interaction with platelets105.  Upon binding to the immobilized 

vWF, platelets become activated, stimulate coagulation factors, and recruit fibrin and 

additional platelets to form a stable thrombus. In addition to vWF recruited from the 

plasma, ultralarge vWF can be released locally in response to vascular damage by 

activated endothelial cells and platelets. These ultralarge vWF multimers serve to 

further clot formation locally, but are cleaved by  A Disintegrin and Metalloproteinase 

with a TromboSpondin type 1 motif (ADAMTS13) if circulating in the bloodstream105.  

When an LVAD is implanted, plasma HMW vWF multimers are lost to either shear-

induced mechanical destruction or uncoiling and cleavage by ADAMTS1316. In 

elevated shear stresses, vWF unfolds to resemble a long, fibrillar protein. This 

conformational change exposes ADAMTS13 cleavage sites, leading to a loss of HMW 

multimers circulating in the plasma 13, 148, 152, 164. In healthy individuals, the 

ADAMTS13 protease is responsible for clearing HMW vWF from the bloodstream to 

prevent thrombotic microangiopathies, but excessive vWF cleavage due to shear-

induced unfolding can impair coagulation105. HMW vWF has also been shown to be 

susceptible to mechanical destruction when exposed to supraphysiologic shear 

stress. The loss of HMW vWF multimers is labelled acquired von Willebrand 

Syndrome (AvWS). Patients with AvWS have similar complications to those with von 

Willebrand Disease Type IIA, a genetic HMW vWF multimer deficiency. A consistent 
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subset of patients with either Type IIA vWD or AvWS experience recurring bleeding 

episodes in the gastrointestinal mucosa, but the link between these bleeds and the 

loss of HMW vWF is not well understood 66, 126. Bleeding episodes have been shown 

to subside in patients with AvWS following removal of the high-shear flow source, 

either by heart transplant in LVAD-supported patients or valve replacement in 

patients with aortic valve stenosis. These findings suggest that the loss of circulating 

HMW vWF is causative of GI bleeding  1 93, 99, 157. However, the presence of bleeding in 

a consistent subset of patients rather than the entire population suggests that an 

additional factor must contribute to the episodes157. The development of 

angiodysplasia has recently been described in patients with a continuous flow LVAD, 

which in combination with HMW vWF loss could explain bleeding development71. 

Additionally, when endothelial cells were cultured with vWF fragments, which are 

present in LVAD-supported patients, abnormal cell migration, tubule formation, and 

proliferation occurred, which may be indicative of abnormal angiogenesis with an 

LVAD in vivo18. In support of this combinatory effect, patients with vWD and GI bleeds 

who are given anti-angiogenic factors (thus reducing microvascular malformations) 

have a reduced frequency of bleeding 2, 116. Because the loss of HMW vWF multimers 

may increase the incidence of GI bleeds in patients treated with a VAD, reducing vWF 

exposure to supraphysiologic shear stress is an important consideration in improving 

the hemocompatibility of a rotary VAD. 
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1.6. Hydrodynamic Bearing Systems in Rotary Blood Pumps 

In rotary blood pumps, bearings supply the force necessary to support and 

constrain the rotating impeller. Second generation assist devices utilized mechanical 

contact bearings to provide stiffness to the pump impeller, but these were blood-

immersed and encouraged thrombus formation around the contact area. In order to 

improve pump hemocompatibility, third generation blood pumps employed 

combinations of active and passive electromagnetic levitation, as well as 

hydrodynamic bearings, to remove the possibility of contact bearing wear and 

thrombus formation sites 65. The Terumo DuraHeart, for example, employs an 

external motor-driven bearing system. In this configuration, a motor spins a drive 

magnet, which is coupled to the pump rotor. The levitation of the rotor is 

accomplished through a second set of electromagnets. The axial movement and tilt of 

this rotor is controlled with a 3 degree of freedom control system using the levitation 

electromagnets, whereas radial stiffness is passively controlled through bias flux 

from the permanent magnet drive rotor and levitation electromagnets. The  

DuraHeart also utilizes a hydrodynamic bearing as a secondary levitation system in 

case of magnetic suspension failure, which prevents catastrophic pump failure and 

patient death108. The BiVACOR total artificial heart, which is currently in 

development, utilizes a hydrodynamic bearing as a back-up to an electromagnetic 

bearing system as well. 
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The HVAD uses a combination of hydrodynamic and electromagnetic 

levitation. A tilting pad bearing provides radial stiffness, consisting of 4 pads that 

comprise the outer circumference of the impeller. These pads squeeze a fluid film 

against the pump housing, building pressure and thus radial stability. Axial impeller 

position is controlled by a direct drive electromagnetic system, in which permanent 

magnets in the pump impeller are controlled by the magnetic field produced by a set 

of coils. 

Hydrodynamic bearings pose a risk to the hemocompatibility of rotary blood 

pumps because they require small gaps to operate, generating high shear rates with 

an elevated risk of hemolysis and thromboembolism. For a hydrodynamic bearing to 

be viable, the magnitude and duration of supraphysiologic shear stress “felt” by RBC 

in the bearing gap must be minimized.  

1.6.1. Spiral Groove Bearings 

A SGB utilizes a set of logarithmic grooves to pump fluid in the bearing gap 

radially-inward. This pumping mechanism against a narrowing groove facilitates a 

pressure buildup along the bearing gap, as shown in Figure 2, which generates thrust 

force. The pumping mechanism inherent to a SGB facilitates washout of the bearing 

gap, resulting in a controllable RBC residence time that can be used to prevent long-

duration shear exposure and static-flow induced thrombosis. The grooves also have 
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the advantage of providing a secondary flow path for RBC, which may allow them to 

escape the high-shear flow between the rotor and bearing face.  

 

Figure 2: A diagram depicting the increase in pressure along SGB grooves as fluid 

trasvels radially inward.  

Spiral groove bearings have been investigated experimentally in axial and 

centrifugal blood pumps with clinically acceptable hemolysis levels 79 Conical SGBs 

have been implemented in a centrifugal pump by Nakamura et al, acting as upper and 

lower “pivots” on the center axis, which provide enough stiffness to operate the pump 

at physiologic pressures and flows114  Kink designed a flat SGB in a microaxial blood 

pump, with a dimensionless load capacity of 0.282 and a significantly lower friction 

coefficient compared to a plane slider or step bearing75. Despite the demonstrated 

implementation of these bearings in research settings, SGBs have not been adopted 

as either primary or secondary hydrodynamic systems in current rotary blood 

pumps. This may be due to the costly machining that SGBs require, combined with a 

lack of thorough knowledge of the properties of blood flow in the bearing gap. In this 
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work, we demonstrate the utility of SGBs as a means of controlling red blood cell flow 

in local areas of low shear stress, thereby reducing the magnitude and duration of 

shear exposure and the extent of lethal and sublethal RBC damage. We also 

demonstrate the utilization of SGBs as a washout tool for a minimally invasive axial 

blood pump, which requires washout, or blood flow, through small pump gaps to 

prevent thrombosis.  

1.7. Spiral Groove Bearing Plasma Skimming (Cell Exclusion) 

Beyond providing thrust force to keep an impeller suspended, spiral groove 

bearings generate flow in the bearing gap, which can be useful for preventing blood 

stagnation in small pump geometries. In addition to washout flow, it has been 

theorized that a SGB might entrain RBC in the lower-shear bearing grooves, thus 

protecting them from the high shear rates between the bearing ridges and 

counterface. This phenomenon would reduce lethal and sublethal RBC damage, which 

is implicated in thrombus formation and bleeding episodes. Because the SGB gap and 

grooves are on the order of tens to hundreds of µm, and the RBC flowing through the 

bearing gap are on the order of tens of µm, the inertial forces acting on RBC due to 

shear gradients and wall interactions will have a significant impact on RBC flow paths. 

The velocity profiles in a SGB gap have been analyzed by Kink and Amaral et al.4, 74 
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Poiseuille flow exists in the radial direction along each bearing groove, while Couette 

flow dominates the gap between bearing ridges and counterface (Figure 3).  

 

 

Figure 3: a) Simplified circumferential flow and shear rate profiles in the groove 

and bearing gap following Couette flow. b) Simplified radial flow and shear rate 

profiles in the groove and bearing gap following Poiseuille flow. Adapted from Kink.74 

 

Cell exclusion, or the ability of a SGB to entrain RBC in the low-shear bearing 

grooves as they traverse the bearing gap, has been hypothesized but never proven at 

a physiological hematocrit until the present work. Two studies have investigated the 

ability of a SGB to concentrate particles and RBC in the bearing grooves, but these 

were both performed a 1% hematocrit, well below the 40% in vivo. Leslie et al. seeded 

ℎ (𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑔𝑎𝑝)
h (bearing gap)

ℎ0(𝑔𝑟𝑜𝑜𝑣𝑒) 
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a glycerol blood analog fluid with 10-micron diameter silver-coated microspheres, 

and used an Nd:YAG laser synchronized with a high speed camera to capture images 

of the spheres as they traversed a SGB gap. A transparent SGB was machined so that 

images could be captured below the bearing gap. The bearing gap was adjusted to 25, 

50, 75, and 100 microns for image capture (Figure 4). Silver microspheres were 

significantly excluded from the SGB gap between ridge and counterface, meaning they 

were entrained in the lower-shear grooved regions. However, these spheres are rigid, 

thus the inertial forces acting on these particles due to shear gradients in the bearing 

gap are of greater impact in dictating particle flow compared to deformable RBC. 

 

Figure 4: Silver microsphere distribution density in a flat SGB gap. Gap heights are 

a) 25, b) 50, c) 75, and d), 100 microns.89 Scale bar is 1 mm. 
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Leslie et al also measured the force generated by a bearing with different 

glycerol:water solutions to generate a viscosity-lift force curve. She then measured 

the force generated by a bearing with whole blood as the working fluid, and this force 

predicted a 19% lower apparent viscosity than what was measured in a viscometer. 

This viscosity discrepancy was postulated as an effect of RBC exclusion in the bearing 

gap; as the RBC were excluded into the bearing grooves, the viscosity of the plasma in 

the bearing gap was lower than that of whole blood, and generated a lower force. 

Leslie also stained RBC with PKH26, a cell membrane labelling fluorophore that 

excites at 551 nm and emits at 567 nm. RBC were suspended in a solution at 1% 

hematocrit to facilitate imaging, since RBC have a high optical density and block 

fluorescent light. RBC flow was then visualized with a particle image velocimetry 

system, but cells were difficult to visualize due to hemoglobin signal absorbance, as 

seen in Figure 5.  
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Figure 5: RBC in a flat SGB gap. Gap heights are a) 25, b) 50, c) 75, and d) 100 

microns. At a 25 micron gap height, there are no fluorescing cells in the gap, and a few 

in the grooves. RBC appear to be more evenly distributed as the gap height 

increases.89  
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Figure 6: A centrifugal blood pump with an impeller levitated by a SGB. The optically 

transparent reservoir to image RBC in the SGB is depicted (left), and high speed 

microscopy images of erythrocytes in the bearing gap is shown (right). As the bearing 

gap decreases, fewer RBC are seen in the region above the bearing ridge.112 

An additional study performed by Murashige et al. analyzed the exclusion of 

RBC in a flat SGB while operating in a centrifugal blood pump with the use of high 

speed microscopy112. A transparent blood pump rig was built (Figure 6) in which the 

SGB was located in the bottom of the pump housing to levitate an impeller. A laser 

focus displacement meter was used to measure the position of the impeller above the 

SGB. The working fluid in this study was whole bovine blood diluted to a 1% 

hematocrit with autologous plasma. Hematocrits in the bearing gap were reported as 
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1%, 0.6%, and 0.3% at gaps of 45, 31, and 25 microns, respectively. These results 

indicate significant cell exclusion as the bearing gap decreases, but again the working 

fluid was a 1% hematocrit suspension of RBC, and thus cannot predict the behavior 

of RBC at a physiological 40% hematocrit.  

The mixing flows that impact RBC flow patterns at a physiologic hematocrits 

may impact the efficiency of cell exclusion in a SGB gap. The high aspect ratio of RBC 

causes them to rotate in flow, creating secondary mixing flows proportional to the 

RBC hematocrit7. At a 40% hematocrit, cell motion can be expected to be dominated 

by the wall lift force as is seen in the Fahraeus-Lindqvist effect, and secondary mixing 

flows (cross stream migration and RBC collisions).88 As blood travels through the 

bearing gap, RBC density distribution may favor the grooves due to a combination of 

inertia effects as well as RBC mixing, causing RBC to occupy the greatest volume 

(bearing grooves). Cell exclusion may also be induced by the balance of the wall, shear 

gradient, and drag forces on red blood cells. These phenomena will be discussed in 

detail in Chapter 3. 

The present work investigates the use of a SGB as both a washout tool to 

encourage blood flow in a miniature cardiac assist device, as well as a mechanism to 

control RBC flow in a high-shear pump geometry to minimize shear-induced damage. 

The impacts of SGB cell exclusion on lethal and sublethal RBC damage are also 

investigated. The utility of SGBs as a mechanism to improve rotary blood pump 

hemocompatibility is explored in order to improve patient outcomes, which are 
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currently limited by shear-induced damage and impairment of healthy blood 

function. 
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Chapter 2 

The Applicability of Narrow Groove 

Theory in Designing Washout Features 

for Rotary Blood Pumps 

 Rotary blood pumps require sufficient blood flow, or washout, to minimize blood 

residence time in high shear regions and to prevent regions of stasis that can lead to 

pump thrombosis. Spiral groove bearings have been shown to enhance pump 

washout and to reduce erythrocyte exposure to high shear rates by inducing plasma 

skimming. This study investigates the washout capacity of conical spiral groove 

bearings for a minimally invasive blood pump application. The accuracy of an 

analytical model in predicting conical spiral groove bearing washout rates is also 

examined. The analytical model was formulated from established narrow groove 

theory and an inertia correction term was added to incorporate variations in 

centrifugal force due to changes in the conical half angle. The model was compared to 

results from benchtop experiments that measured the flow generated by various 
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spiral-grooved bearing designs. Compared to experimental results, the modified 

model can accurately predict washout when the spiral groove geometry favors creep 

flow conditions. The conical half angle of the spiral grooved bearings had the most 

significant impact on washout generation, with a decrease in half angle leading to 

large increases in washout flow rate. Small half angles also maintained viscous 

pumping at larger Reynolds numbers. In summary, the corrected narrow groove 

theory can be a useful tool for designing conical spiral groove rotors for rotary blood 

pump washout within the creep flow regime. Facilitating washout with spiral groove 

features has the potential to reduce rotary blood pump thrombus formation caused 

by regions of blood stasis. A well characterized model for predicting spiral groove 

washout generation will improve upon and accelerate new rotary blood pump 

development.  

2.1. Introduction 

Spiral grooves are typically machined or etched onto a rotor surface to provide 

hydrodynamic bearing stiffness to rotating components. As they rotate, the spiral 

grooves pump fluid along the length of the narrowing groove, building pressure in the 

fluid film while generating an inward flow in the bearing gap 110, 111. Spiral groove 

bearings (SGBs) therefore intrinsically act as hydrodynamic bearings and viscous 

pumps, and flat SGBs have demonstrated utility in promoting blood flow (washout) 

while assuming a load-bearing role in centrifugal blood pumps 6, 75, 79, 80. Without 
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sufficient pump washout, blood components could be exposed to high shear rates for 

an extended period of time, causing hemolysis, platelet activation, and increasing the 

severity of sub-lethal red blood cell damage124, 131, 139, 161. Regions of stasis also lead 

to thrombus formation, which has the potential to cause pump failure, and is 

associated with a high mortality rate 49, 57, 118. In addition to improving washout, SGBs 

are hypothesized to protect red blood cells from high shear rates in the bearing gap 

by entraining cells in the bearing grooves; this has been visually demonstrated at a 

1% hematocrit, and is further suspected based on lower suspension forces generated 

in whole blood compared to a Newtonian fluid 5, 89, 112 . Due to their ability to enhance 

pump washout while potentially providing erythrocytes protection from high shear 

rates, spiral groove bearings may improve centrifugal and axial blood pump safety.  

The load-bearing capacity of SGBs was first characterized by Muijderman in an 

analytical model named the narrow groove theory (NGT) 110. From the Navier-Stokes 

equations, he derived an expression for the radial pressure rise along the SGB surface 

and presented a special case for pressure rise in the presence of transverse leakage 

flow in a flat bearing gap. Bootsma expanded upon Muijderman’s work by 

incorporating an unspecified leakage flow term into the pressure equations for both 

conical and spherical SGBs 27. The NGT has been validated experimentally and with 

computational fluid dynamics models for predicting the load capacity of flat, 

spherical, and herringbone-grooved SGBs 6, 27, 38, 111. One shortcoming of the NGT was 

discovered via experimentation, in which centrifugal forces acting on the fluid in a flat 

bearing gap were observed to reduce load capacity measurements below theoretical 
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predictions. A correction to the load capacity equation to address centrifugal forces 

was then proposed, but was found only to be accurate at low speeds where centrifugal 

forces were negligible 111. 

The NGT has also been used to approximate SGB leakage flow. Kink resolved flow 

patterns in flat SGBs with a computational fluid dynamics model, and validated the 

NGT for approximating leakage flow in sealed SGBs for axial blood pumps 75. Chan 

addressed the influence of centrifugal forces on mass flow rate in an unsealed flat SGB 

gap with an inertia correction term that describes the diminishing transverse flow as 

bearing gap increases 38. Amaral explored maximizing leakage flow by altering 

geometric parameters of flat SGBs, and demonstrated good agreement between 

experimental flow curves and the NGT with Chan’s correction 6.  

The applicability of the NGT as a flow prediction tool has been constrained to flat 

SGB geometries. This paper details the NGT for conical spiral groove rotors, and 

introduces an empirical inertia correction term to the NGT to improve flow 

approximation. A conical SGB is investigated here due to its ability to generate 

washout flow in an axial direction, which may be useful in promoting washout in 

miniature axial cardiac assist devices.  We demonstrate the effects of groove 

geometry variations on flow generation through benchtop experiments, and discuss 

limitations of the NGT as a leakage flow prediction tool for conical spiral groove 

geometries. 
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Table 1: Nomenclature for the Narrow Groove Theory for flat and conical SGB 

geometries. 

 

TABLE I 
NOMENCLATURE FOR NARROW GROOVE THEORY 

Symbol Quantity 

𝑃 Pressure rise over transverse bearing surface 

𝑃∗ Modified pressure rise over transverse bearing 
surface 

𝑃𝑠𝑏 Pressure rise at an arbitrary transverse length 

𝜂 Dynamic viscosity  

ℎ Gap between the bearing ridges and the mating 
journal surface 

ℎ0 Groove depth 

ℎ1 ℎ + ℎ0 

𝐻 ℎ/ℎ1 

𝜔 Angular velocity 

𝑟 SGB radius (integration variable) 

𝑟1 Inner SGB radius 

𝑟2 Outer SGB radius 

𝑠 Transverse bearing distance from conical origin 

𝑠1 Transverse bearing distance at 𝑟1of a conical SGB 

𝑠2 Transverse bearing distance at 𝑟2 of a conical SGB 

𝑠𝑏 Arbitrary transverse bearing length 

𝑆𝑡 Mass leakage flow rate through the bearing gap 

𝑡 Conical half angle 

𝜌 Fluid density 

𝛼 Groove angle 

𝛾 Ridge width to groove width ratio 
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2.2. Methods 

2.2.1. Analytical Derivation 

To explore the predictive accuracy of the NGT for conical spiral groove rotor 

washout, Muijderman’s equations describing the pressure rise and mass flow rate in 

a flat SGB gap were first adapted to a conical surface. 

The following system of equations was derived, starting with the equation for 

pressure rise in a flat SGB gap, 

Equation 1 

where 𝑔1 and 𝑌 are both geometric functions given below, 

Equation 2 

𝑃 =
6𝜂

ℎ2
 𝜔𝑟𝑔1 −

𝑆𝑡(1 + 𝛾)𝑌

ℎ1𝜋𝑟𝜌
𝑑𝑟

𝑟1

𝑟2

 

𝑔1 =
𝛾𝐻2 cot𝛼 (1−𝐻)(1−𝐻3)

(1 + 𝛾𝐻3)(𝛾 + 𝐻3)+ 𝐻3 cot2 𝛼 (1 + 𝛾)2
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Equation 3 

Transforming this equation for a conical gap and integrating over the transverse 

bearing length gives 

Equation 4 

To quantify the leakage flow in a flat bearing gap, Muijderman solved 

Equation 1 over the ungrooved bearing surface from an arbitrary radius, 𝑟𝑏, to 𝑟1. The 

pressure equation becomes logarithmic, and the pressure at 𝑟1 can be set to 0. The 

flow term can then be solved as a function of 𝑃𝑟𝑏 . Similarly, the pressure rise along an 

ungrooved conical bearing surface can be solved between an arbitrary transverse 

length, 𝑠𝑏, and 𝑠1, which gives  

𝑌 =
𝐻2(1 + cot2 𝛼)(𝛾 + 𝐻3)

(1 + 𝛾𝐻3)(𝛾 + 𝐻3)+ 𝐻3 cot2 𝛼 (1 + 𝛾)2
 

𝑃(𝑠) =
6𝜂𝜔sin(𝑡)2𝑔1

ℎ2

(𝑠2
2 − 𝑠2)

2
−

6𝜂𝑆𝑡(1 + 𝛾)

ℎ2ℎ1𝜋𝜌
𝑌𝑙𝑛(

𝑠2

𝑠
) 

𝑃 =
6𝜂

ℎ2
 𝜔𝑟𝑔1 −

𝑆𝑡(1 + 𝛾)𝑌

ℎ1𝜋𝑟𝜌
𝑑𝑟

𝑟1

𝑟2
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Equation 5 

The pressure rise at the arbitrary transverse length, 𝑃𝑠𝑏 , is then solved using 

Equation 4 from 𝑃𝑠2 to 𝑃𝑠𝑏 , substituting 

Equation 5 for 𝑆𝑡, which gives the solution to the leakage flow in the bearing gap. 

Finally, the corrections for centrifugal forces are incorporated. To correct for 

inertial effects, a term is derived from the Navier-Stokes equations written in 

cylindrical coordinates. Examining the radial component equation, the inertial term 

can be reduced to 

 

𝑆𝑡 =
𝑃𝑠𝑏ℎ

3𝜋𝜌

6𝜂(1 + 𝛾)𝑙𝑛(
𝑠𝑏
𝑠1

)
 

𝑃(𝑠) =
6𝜂𝜔sin(𝑡)2𝑔1

ℎ2

(𝑠2
2 − 𝑠2)

2
−

6𝜂𝑆𝑡(1 + 𝛾)

ℎ2ℎ1𝜋𝜌
𝑌𝑙𝑛(

𝑠2

𝑠
) 

𝑆𝑡 =
𝑃𝑠𝑏ℎ

3𝜋𝜌

6𝜂(1 + 𝛾)𝑙𝑛(
𝑠𝑏
𝑠1

)
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Equation 6  

Amaral and Chan utilized this equation to correct the pressure rise for a flat bearing, 

and found that it reasonably matched experimental data 6, 38. Transforming the 

integral to the conical coordinate system and integrating, the inertia term can be 

written as 

 

Equation 7 

This term was subtracted from the pressure term in Equation 5, and was also 

subtracted from 

Equation 4 for the overall pressure rise along the conical surface, giving a modified 

pressure equation: 

− 
𝜌𝑈𝜃

2

𝑟
𝑑𝑟 

−
1

2
𝜌 𝑠𝑖𝑛(𝑡)2 𝜔2𝑠1

2 

𝑃(𝑠) =
6𝜂𝜔sin(𝑡)2𝑔1

ℎ2

(𝑠2
2 − 𝑠2)

2
−

6𝜂𝑆𝑡(1 + 𝛾)

ℎ2ℎ1𝜋𝜌
𝑌𝑙𝑛(

𝑠2

𝑠
) 
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Equation 8 

 

Figure 7: Diagram of a conical spiral groove bearing with geometry labeled. The 

subset shows the bearing gap with groove dimensions specified. 

2.2.2. Experimental Setup 

2.2.2.1. Scaling of SGB using similitude  

Bearing geometries were scaled by a factor of 5 to allow rapid prototyping of 

bearing geometries with 3D printed geometric tolerances within 20% of the smallest 

feature. Similitude was used to estimate the flow generation of the original-sized 

  𝑃∗(𝑠) = 𝑃(𝑠) −
1

2
𝜌 sin(𝑡)2𝜔2𝑠1

2 
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bearings from the scaled experiments. To accurately represent flow generated by an 

original-sized bearing in a blood pump, the thin film Reynolds number (Equation 9) 

was matched between scaled experiments and blood pump operating conditions, thus 

preserving the balance of inertial and viscous forces acting in the bearing gap. To 

achieve a matched Reynolds number, the scaled experiments used a 57% by weight 

glycerol solution and a reduction in operating speed from 20,000 to 1940 rpm (see 

Table 2 for a comparison of experimental parameters to original-sized bearing 

operation). The nondimensionalized flow coefficient was then used to estimate 

original bearing flow generation from the scaled experimental data according to 

Equation 10, with β denoting the flow coefficient, Q the mass flow rate, ω the angular 

velocity, and h the bearing gap.146  

 

𝑅𝑒 =
𝜌𝑈ℎ

𝜇
                   

Equation 9 

𝛽 =
𝑄

𝜔ℎ3
     

Equation 10             

 Table 2: Similitude scaling of miniature conical SGB 

 

 Kinematic 
Viscosity (m2/s) 

OD 
(mm) 

h0 
(µm) 

rpm 
Reynolds 

Number 
Original Bearing 

Design 
3.01887E-06 7 60 20,000 126.8 

 
Scaled Design (×5) 7.3232E-06 35 300 1940 126.8 
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2.2.2.2.  Washout flow experiments 

To validate the conical NGT for washout prediction, SGB designs were 3D printed 

(Objet30 Pro, Stratasys, Eden Prairie, MN USA, 100 µm accuracy) and installed in a 

test rig (Figure 8). Bearings were mounted to a shaft and motor (EC 22, Maxon Motor 

AG, Switzerland) assembly that was adjustable in the z direction, while a mating 

journal surface was mounted to an x-y stage (Benchtop CNC Mill, MicroKinetics 

Corporation, Kennesaw, GA, USA) to allow centering of the bearing. A 6 degree-of-

freedom force transducer measured forces generated by the bearing in the x, y, and z 

directions (Nano43 F/T Sensor, ATI Industrial Automation, Apex, NC USA). The 

bearings were initially positioned 2 mm vertically above the bearing touchdown 

point, and were driven at a speed of interest while decreasing the vertical height in 

25 µm increments (determined by the stage resolution). The touchdown point was 

determined before each experiment commenced by measuring the z-direction force 

as the bearing was lowered towards the journal surface. The bearing was centered 

before each test by adjusting the x and y axes until zero resultant x and y forces were 

measured at the touchdown point (± 17 µm). The inflow and outflow of the bearing 

gap region were connected to a loop with an ultrasonic flow probe (BioProTT Clamp-

On Transducer, em-tec GmbH, Finning, Germany).  
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Figure 8: Test rig to evaluate the washout flow and forces generated by the SGB. The 

SGB was mounted to a motor-driven shaft and axially aligned with a pair of ball 

bearings. The motor assembly was fixed to a stage moveable in the z-axis to adjust 

the bearing gap. A mating journal surface was fixed in a fluid reservoir, which was 

mounted to an x-y stage to allow SGB centering. A flow probe measured flow 

generated by the bearing, while a force transducer measured forces produced by the 

bearing.  

Bearing geometries were scaled using similitude modelling to reduce the groove 

depth tolerances of the 3D printed bearings to 33%. By matching the gap Reynolds 

number between the true-size bearing (7 mm bearing outer diameter in a 3.2 mPas 

working fluid, 20,000 rev/min), and large scale bearing (35 mm outer diameter in a 
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17.8 mPas working fluid at 1940 rev/min), the nondimensionalized flow coefficient 

can be used to approximate flow of the true size bearing from the scaled up design 

146. All results reported in this paper are from the scaled up bearing experiments, and 

are compared to the NGT predictions at the scaled size. Thus, the working fluid in the 

flow loop for this study was a 57 wt % glycerol solution with a viscosity of 17.8 mPas. 

Five bearing parameters were altered to explore NGT accuracy over a range of 

designs, and each bearing was tested in triplicate. The parameters examined were 

groove depth, groove angle, ridge to groove width ratio, conical half angle, and 

rotational speed, as listed in Table 2. All theory calculations for comparison were 

completed in MATLAB R2016a (MathWorks, Natick, MA USA). 

 

 

 

TABLE II 
BEARING DESIGNS TESTED EXPERIMENTALLY 

 t 
(degrees) 

h0 (µm) 
α 

(degrees) 
rpm     𝛾 

Baseline 1 15 300 27.5 1940 1 

Parameter 
variations from 
Baseline 1 

15 400, 500 22.5, 32.5 1450, 2425 2, 0.5 

Baseline 2 30 300 25 1940 1 

Parameter 
variations from 
Baseline 2 

30 400, 500 20, 30 1450, 2425 2, 0.5 

Additional half 
angle variation 

45 300 22.5 1940 1 
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Table 3: SGB designs tested experimentally. One baseline design was selected for 

each conical half angle, and parameter variations from this baseline were each tested 

independently. 

2.3. Statistical Analysis 

Statistical analysis was performed using MATLAB. Data are expressed as mean ± 

standard error or as percent difference of the means. Differences between bearing 

design outcome measures were determined using one-way ANOVA with post hoc 

Tukey Honestly Significant Difference test. To examine correlations between 

geometric parameters and outcome measures, single-parameter correlations were 

calculated using a Pearson correlation coefficient. Results of all statistical tests were 

considered significant at p<0.05. 

2.4. Results  

2.4.1. Verification of Conical Narrow Groove Theory 

The conical NGT was verified against previously reported flat NGT calculations 6. 

The conical pressure and mass flow rate equations were solved with a 90 degree 

conical half angle, equivalent to a flat SGB, and all other geometric inputs matched 

those in F. Amaral et al. The results are plotted with previous findings in Figure 9. 

Discrepancies between the conical theory and previous results may stem from the 



68 

 

exclusion of groove edge effects in the conical theory. The NGT includes an edge effect 

correction to compensate for the lack of fully developed boundary layers at the spiral 

groove entrance 111. In conical and spherical SGB applications, however, bearing 

eccentricity will invalidate the edge effect calculations, leading to an overestimation 

of pressure rise, mass flow rate, and force generation 111. For this reason, edge effects 

were not included in the conical NGT formulation.  
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Figure 9: Calculations of SGB force (a) and mass flow rate (b) using the proposed 

conical narrow groove theory are compared to previously reported calculations using 

the flat narrow groove theory 6. To compare the two sets of equations, a 90 degree 

conical half angle was utilized in the conical formulae, emulating a flat bearing 

geometry. Calculations were performed with and without the correction for 

centrifugal forces given in Equation 8.  
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2.4.2. Proposed Inertia Correction 

The inertia correction introduced in previous work proved inadequate for 

describing flow behavior in a conical spiral groove gap 38. Viscous pumping by conical 

SGBs was overcome by centrifugal forces as the bearing gap increased, demonstrated 

by a diminishing mass flow rate and flow reversal in the bearing gap. The gap at which 

flow reversal occurs was found to be significantly correlated with the conical half 

angle (Pearson coefficient: -0.83, p<0.001, see Figure 10). To reflect the dependence 

of flow reversal on conical half angle, a modified inertia correction is proposed. This 

correction is based on a previous study by Wimmer et al., who classified flow 

phenotype in a grooveless conical gap with a modified Froude number: 

Equation 11 

where g is gravitational acceleration, ω is the rotational speed, and r is the radius of 

the base of the cone. Weighting the Froude number with the sine of the half angle 

captured the balance of centrifugal and body forces in the conical gap. In the conical 

SGB gap, the balance between viscous and centrifugal forces (the thin film Reynolds 

number) is of greater importance than the Froude number, but centrifugal forces are 

similarly strongest with a flat bearing gap and weakest as the cone approaches a 

𝐹𝑟 =
𝜔2𝑟𝑠𝑖𝑛(𝜃)

𝑔
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cylindrical geometry. Thus, the correction in (8) was further weighted by the sine of 

the half angle squared, as this matched experimental results most closely (Figure 10). 

The proposed correction is shown below: 

Equation 12 

This correction predicts leakage flow more accurately than Chan et al.’s (8) over the 

tested bearing gap range for small conical half angles, and it approaches (8) as the 

half angle increases 38. Results are shown in Figure 10. 

 𝑃∗(𝑠) = 𝑃(𝑠) −
1

2
𝜌 sin(𝑡)4𝜔2𝑠1

2 
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Figure 10: The NGT with inertial correction proposed in 

Equation 12 is compared to the correction formulated by Chan et al. Comparisons 

were made for conical SGBs with a half angle of 15 degrees (a), 30 degrees (b), and 45 

degrees (c). The inertia correction proposed by Chan (Theory – Chan) was weighted 

by the sine squared of the conical half angle (Theory-Conical), which gives a more 

accurate approximation of leakage flow rate as conical half angle is varied. The 

proposed correction also approaches Chan’s correction for a flat SGB as the half angle 

increases. 

 𝑃∗(𝑠) = 𝑃(𝑠) −
1

2
𝜌 sin(𝑡)4𝜔2𝑠1

2 
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2.4.3. Narrow Groove Theory Accuracy in Predicting Mass Flow Rate  

 

Figure 11: Flow curves comparing NGT and experimental runs with changes in 

rotational speed for 15 degree (top) and 30 degree (bottom) conical half angles.  Flow 

data from experiments was averaged over 10 seconds at each bearing gap. The NGT 

overestimates the bearing gap at which centrifugal forces alter viscous pumping 

trends, and small bearing gaps serve to enhance viscous pumping instead of choking 

flow.  
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Figure 11 demonstrates the relationship between bearing speed and flow rate with 

respect to conical half angle. For a 15 degree half angle, theory correctly predicts an 

increase in maximum flow rate with an increase in speed, but the changes in flow rate 

are exaggerated by theory. At a rotational speed of 2425 rpm, NGT predicts a 24% 

increase in flow from baseline, while experiments show an 11% increase; at 1451 

rpm, NGT predicts a 25% decrease in flow from baseline, while experiments show a 

12% decrease. With a 30 degree conical half angle, experimental results show a 

complete reversal of the trend predicted by the NGT; the maximum flow rate 

decreases with increasing speed (NGT: +23% for 2425 rpm, -24% for 1451 rpm; 

experiment: -10% for 2425 rpm, +4% for 1451 rpm). Theory becomes more accurate 

with a reduction in bearing speed for both 15 and 30 degree conical half angles (15% 

and 0.4% error for 1451 rpm; 34% and 47% error for 2425 rpm). Theory is consistent 

with experimental data in predicting relative changes in bearing working range 

(defined in this paper as the range of bearing gaps over which net positive flow is 

achieved), however the  absolute gap at which flow reverses is consistently higher in 

NGT predictions than in experimental data (NGT: +204 µm ±17 µm compared to 

experimental mean). 
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Figure 12: Flow curves comparing NGT and experimental runs with changes in ridge 

to groove width ratio for 15 degree (top) and 30 degree (bottom) conical half angles. 

  

Figure 12 demonstrates interactive effects of the ridge to groove width ratio and 

conical half angle on leakage flow. For both half angles, theory underestimates the 

impact of a 1:2 ridge to groove width ratio on the maximum flow rate (predicted: 

+11%; experimental: +176% for 15 degree conical half angles, and predicted + 10%; 
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experimental +107% for 30 degree conical half angles). Increasing the ridge to groove 

width ratio had a much smaller effect on flow rates (experimental: +21% for 15 

degree half angle; experimental: -48% for 30 degree half angle). 

 

Figure 12 also illustrates a discrepancy between NGT and experimental flow rate at 

small bearing gaps. Experimental flow curves depict flow rates that increase as the 

bearing gap decreases to 25 µm, whereas the NGT predicts a maximum flow rate at 

259 ±16 µm for 15 degree half angles, and 217 ± 32 µm for 30 degree half angles, with 

diminishing flow as the bearing gap approaches zero. This region of choked flow as 

the gap decreases was most evident in experimental flow curves for the 45 degree 

half angle bearings, but this region only existed over the 0-35 µm gap range (Figure 

10). With this limitation in mind, we next compared the theoretical and experimental 

maximum flow rates as a benchmark for prediction accuracy. 
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Figure 13: Maximum leakage flow rate for each bearing design is shown. Comparing 

theoretical predictions to experimental findings, it is clear the NGT is a valuable tool 

only in very specific operating regions.  Theoretical trends follow experimental trends 

more closely in bearings with a 15 degree conical half angle. The 30 degree half angle 

bearings show less variation in flow rate with changes in operating parameters, and 

produce lower flow rates overall compared to their 15 degree equivalents. ANOVA 

with post hoc Tukey’s HSD test used for significance.  

*=p< 0.05; **=p<0.01; ***=p<0.001. 

 

In Figure 13, the theoretical and experimental maximum flow rates generated by 

each bearing design are compared. While theory predicts consistent trends for each 

design variation independent of conical half angle, experimental results demonstrate 

interactive effects between the half angle and additional bearing parameters. A 

positive correlation between groove depth and maximum flow rate was validated for 

the 15 degree half angle, but this positive correlation is not upheld for the 30 degree 

half angle, which demonstrated a 41% decrease in flow from the 400 µm to 500 µm 

groove depth in experiments (NGT: +17% increase in flow from 400 µm to 500 µm 

condition). The ridge to groove width ratio had inconsistent impacts on flow as well; 

a decrease in ridge to groove width ratio from 1:1 to 1:2  generates a 175% increase 

in flow rate for a 15 degree bearing, but only a 111% increase for a 30 degree bearing, 

while the NGT predicts a consistent, 5% increase in flow for both 15 and 30 degree 
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bearings. 

Figure 13 also gives a measure of the sensitivity of flow rate to changes in various 

geometric and operating parameters. Over the range of parameters investigated, 

theory indicates changes in groove depth and rotational speed should have the largest 

impact on maximum flow rate (groove depth: ±40% from baseline; speed: ±24% from 

baseline), while experiments indicate groove depth and ridge to groove width ratio 

produce the greatest changes in maximum flow (groove depth: ±54% from baseline; 

r:g: ±87% from baseline). Maximum flow rate was found to be significantly negatively 

correlated with both conical half angle and ridge to groove width ratio (Pearson 

coefficients: -0.32, p<0.05, and -0.49, p<0.001, respectively).  

In addition to maximum flow rate prediction, the NGT was evaluated for its ability 

to estimate the working range, or the bearing gap at which leakage flow transitions 

from viscous pumping (radially inward) flow to centrifugally-driven outward flow. 

The NGT overestimates the flow reversal gap for all designs (Figure 14), but correctly 

predicts a negative relationship between rotational speed and reversal point, and 

between ridge to groove width ratio and reversal point. Increasing groove angle also 

shortened the working range, while the NGT predicted the opposite. The conical half 

angle had a significant negative correlation with reversal gap in both NGT predictions 

and experiments, meaning the smaller half angle bearings maintain viscous inward 

flow over a larger range of bearing gaps (NGT: -0.92, p<0.001; experiment: 0.83, 

p<0.001).  
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Figure 14:  The bearing gap at which leakage flow transitioned from radially inward 

to radially outward flow for each bearing design is shown. Bearing designs with 

missing data points did not undergo flow reversal in the range of bearing gaps tested. 

Even with the inertia correction, the NGT remains a poor predictor of the flow 

reversal point, with overestimation of the reversal gap for all bearing designs. The 

NGT does follow experimental trends for variations in rpm, and correctly predicts the 

negative correlation between conical half angle and reversal point. Conical angle 

confounds flow reversal with groove depth and ridge to groove width ratio, making 

the NGT a poor predictor with variations in these parameters. ANOVA with post hoc 

Tukey’s HSD test used for significance. *=p< 0.05; **=p<0.01; ***=p<0.001.  

 

To better estimate the viscous pumping gap range, the relationship between 

various Reynolds numbers and the flow reversal point were examined. A modified 

bearing Reynolds number, Re*, was found to have a negative linear correlation with 

the flow reversal gap (Figure 15). This modified Reynolds number is simply the 

parallel flow Reynolds number weighted by the square of the conical half angle, and 

is given by: 
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Equation 13 

This modified Reynolds number provides a more accurate prediction tool for the 

bearing working range with variations in conical half angle and rotational speed, but 

is not sensitive to changes in groove geometry.  

 

Figure 15: The bearing gap at which flow reversal occurs plotted against a modified 

bearing Reynolds number. 

 𝑅𝑒∗ =
𝜌𝜔𝑅2

𝜇
sin(𝑡)2 
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2.5. Discussion 

In formulating the NGT to estimate the load-bearing capacity of spiral groove 

bearings, Muijderman assumed that the inertial terms in the Navier-Stokes equations 

could be neglected 111. This assumption led to overestimation of the bearing load 

capacity, and a failure to capture the centrifugal force-driven flow reversal as the 

bearing gap increased 6, 38, 111. This study demonstrates that an inertia correction term 

previously introduced for a flat SGB gap does not adequately describe flow behavior 

in a conical SGB gap. We identify a correlation between the SGB working range and 

the conical half angle empirically, and formulate a novel correction term for the NGT 

that captures this half angle dependence. This study is the first to assess the NGT’s 

accuracy in predicting mass flow rate through the conical SGB gap with changes in 

groove geometry, which aids in determining the usefulness of the NGT for 

approximating washout flow in a rotary blood pump.  

The NGT is limited as a predictive tool by its lack of sensitivity to changes in flow 

caused by centrifugal forces. This was first apparent in the need for a novel inertia 

correction for the conical NGT. Experiments demonstrate a significant correlation 

between both the maximum flow generated, the bearing gap at which flow reverses, 

and the conical half angle. As the conical half angle increased, viscous pumping was 

more readily overcome by centrifugal forces driving flow radially outward. The 

uncorrected NGT (Figure 9) predicts that flow behavior beyond the predicted 
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maximum is nearly asymptotic – flow remains unaffected by an increase in bearing 

gap. Chan et al.’s correction provided a negative response in flow rate to an increasing 

gap, which improved NGT accuracy for flat SGB flow approximation. However, this 

negative response did not change with respect to conical half angle (Figure 10). By 

weighting Chan’s correction by the sine of the conical half angle squared, we were 

able to better approximate this change in slope, while approaching Chan’s correction 

for flat SGBs as the half angle increased.  

The NGT provided most accurate predictions for both flow curve shape and 

maximum flow for 15 degree conical half angle bearings. If we measure the area 

between the experimental flow curves and NGT predictions for the SGB designs, the 

area is significantly smaller for 15 degree half angle bearings, suggesting that the NGT 

is a more relevant tool for estimating washout if applied to a bearing that approaches 

a cylindrical geometry. The experimental flow rates were highest for smaller half 

angles as well, suggesting that spiral grooved rotors would be most hydraulically-

efficient in an axial blood pump geometry than a centrifugal pump. With all SGB 

geometries however, the NGT consistently exaggerates a choke flow region at small 

bearing gaps (<100 microns), and overestimates the gap at which maximum flow is 

achieved, as well as the gap at which flow reversal occurs. For these reasons, the NGT 

should be used only as an approximation for washout estimates at small conical half 

angles.     
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The conical NGT’s accuracy with changes in groove geometry and rotational speed 

also appears hindered by the influence of the conical half angle.  Changes in maximum 

flow rate in response to groove geometry and rotational speed were heavily 

dependent on the half angle in experiments, while the NGT predicts consistent 

responses independent of the half angle. The lack of NGT sensitivity to the half angle 

was most apparent as the bearing and channel Reynolds numbers increased. We 

hypothesize that as the influence of boundary layers along the grooved surface 

diminishes, the centrifugal force hinders the maximum viscous pumping ability at 

rates dependent on the half angle. With a 15 degree conical half angle, pumping 

capacity increases as groove depth increases from 400 to 500 µm, following the flow 

predictions by the NGT (Figure 13). With a 30 degree half angle, where the centrifugal 

force vector is more aligned with the transverse length of the bearing gap, a 500 µm 

groove depth no longer provides sufficient boundary layer influence to maintain an 

increase in viscous pumping, and experimental flow decreases, deviating from the 

NGT (Figure 13). A similar half angle-dependent discrepancy is evident with an 

increase in rotational speed and groove width: 1) the 15 degree SGB maintains an 

increase in flow generation as speed increases, whereas the 30 degree SGB does not, 

and 2) an increase in groove width is more effective at increasing flow for the 15 than 

for the 30 degree SGB. The NGT predicts identical changes in flow for both half angles 

(Figure 13).  The NGT is most effective in estimating flow at channel Reynolds 

numbers less than 1, and at rotational Reynolds numbers less than 3000, where 

viscous forces dominate flow behavior. 
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Conical half angle-dependent flow characteristics have been studied extensively in 

conical annuli with grooveless surfaces 64, 119, 162.  In these experiments, a rotating 

cylinder (0 degree half angle) forms a set of stable Taylor vortices with equal radii up 

to a Taylor number of 2500. A rotating cone, however, demonstrates a meridional 

cross flow that drives fluid near the rotating cone radially outward, and fluid near the 

stationary wall inward. This meridional flow destabilizes Taylor vortices and causes 

spiraling Ekman-Couette rolls to form at lower Taylor numbers. The cross flow is 

apparent at half angles as small as 8 degrees, and increases in magnitude as the half 

angle increases, until Taylor vortices are no longer formed at 45 degrees. These 

studies demonstrate the significant half angle-dependent impact of centrifugal force 

on flow behavior in a conical annulus. The present work’s half angle flow 

dependencies point to the need for an analytical or empirical model that includes 

centrifugal and convective inertial effects for estimating SGB flow beyond the creep 

flow realm.  

The half angle-dependent flow variations in the present work may also be 

influenced by the transverse bearing length. Bearing inner and outer radii were 

constrained by pump geometry in this study, meaning a 15 degree bearing has a 

transverse length of 48.3 mm compared to 25 mm in the 30 degree bearing. The 

increase in resistance to flow offered by the longer transverse length might hinder 

the transition to radially outward flow, and is a topic to investigate further.  
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The NGT is traditionally employed in applications which require maximizing SGB 

stiffness over a range of rotational speeds, requiring small groove depths and bearing 

gaps (on the order of 10-20 µm) 62. SGBs designed to prioritize washout over load 

bearing capacity in a rotary blood pump might require geometries that allow 

convective rather than purely viscous flow, with larger groove hydraulic diameters 

and bearing gaps over 30 µm to avoid red blood cell exposure to excessive 

supraphysiological shear rates 79. This study demonstrates the limitation of the NGT’s 

predictive ability to those bearings which reside solely in the creep flow realm, and 

reveals that the NGT approximates washout flow best for SGB geometries with a small 

conical half angle, which also had the largest pumping capacity.  To make absolute 

washout predictions for a SGB design, we recommended that an empirical model be 

used in an operational area of interest. Further investigations will aim to develop an 

empirical model for conical SGB design.  

2.6. Conclusions 

Sufficient washout of a rotary blood pump is required to reduce blood residence 

time in high shear regions, and to prevent stasis, which can lead to pump thrombosis. 

Spiral groove bearings have the potential to enhance pump washout while reducing 

erythrocyte exposure to high shear rates through plasma skimming. In designing a 

conical SGB for a specific washout rate, a model that offers accurate flow predictions 

would save both experimentation time and costs. This study evaluates the accuracy 
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of an analytical model, the narrow groove theory, in predicting mass flow rates 

generated by various conical SGB designs. When compared to experimental results, 

the NGT is found to be insensitive to changes in the conical half angle, leading to the 

formulation of a novel inertia correction to improve NGT accuracy. The NGT’s 

prediction accuracy increases with a decrease in conical half angle, and is most 

effective in predicting flow for SGB groove geometries that favor creep flow 

conditions. Bearings with a smaller conical half angle generated larger flow rates, and 

maintained viscous pumping capacity as both bearing and channel Reynolds numbers 

increased. Due to the NGT’s inability to predict interactions between groove geometry 

and the conical half angle, empirically-derived models may be more useful in 

targeting a specific flow rate for a conical SGB design, and will be the subject of future 

investigation.  
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Chapter 3 

Spiral Groove Bearings as a Tool to 

Protect Red Blood Cells 

This study demonstrates that microgeometries, such as the grooves on a 

hydrodynamic spiral groove bearing, can be used to control erythrocyte flow through 

a rotary pump at a physiological hematocrit. By entraining cells in lower-shear 

regions (termed cell exclusion), spiral groove bearings may reduce shear-induced 

erythrocyte damage, which causes adverse events such as stroke and GI bleeding in 

patients with rotary blood pumps.  To evaluate cell flow in a spiral groove bearing 

while maintaining a physiologically relevant hematocrit, fluorescently-tagged 

erythrocytes in a 35% erythrocyte ghost suspension were visualized using a particle 

image velocimetry system. Cell exclusion from the high shear ridge region was found 

to depend on bearing rotational speed, afterload, and groove depth. Cell exclusion 

was least effective in 100 and 200 µm groove-depth bearings at 1000 rpm (M=42.62 

and M=45.77 cells/mm3 in the high shear ridge region, respectively), moderately 

effective in a 100 µm groove-depth bearing at 2000 rpm (M=22.4 cells/mm3), and 
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most effective in the 200 µm bearing at 2000 rpm (M=8.15 cells/mm3). This work 

demonstrates that microgeometries can entrain erythrocytes in local areas of low 

shear in blood pump geometries, which may reduce erythrocyte damage and adverse 

events in patients with mechanical circulatory support devices.  

3.1. Introduction 

An increasing number of heart failure patients receive a mechanical 

circulatory support (MCS) device as a bridge to heart transplant or as a destination 

therapy due to a lack of transplant availability. However, MCS devices remain 

extremely high-risk therapies, with only 38% of patients surviving 6 months without 

a major infection, bleeding event, stroke, or death77. The specific etiology of these 

complications is unknown, which makes patient management and improvements to 

device design difficult. It is well-documented that MCS devices damage blood 

components by creating an environment of high, non-physiological shear stress, in 

which a large volume of blood must traverse a small pump geometry at high 

velocities. The magnitude and duration of exposure to this high shear stress has been 

implicated in red blood cell (RBC) mechanical and functional damage, platelet 

activation, and the cleavage of proteins necessary for hemostasis and angiogenesis 17, 

18, 39, 97, 98, 100, 137.  Recent advances in MCS devices have focused on reducing pump 

shear stress to improve hemocompatibility, with designs including electromagnetic 

impeller suspension, computational evaluations of shear stress and hemolysis 
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prediction, and in vitro assays to assess loss of blood function and mechanical 

integrity 28, 36, 50, 155. However, lethal complications are still prevalent, and as pumps 

become smaller in size for minimally-invasive implantation or for pediatric patient 

indication, small flow cross sections and high rotational speeds result in elevated 

shear levels, necessitating creative solutions to protect blood components from 

shear-induced damage.  

Spiral groove bearings (SGBs) have been investigated for their use in MCS 

devices both as a hydrodynamic bearing, in which a pressurized fluid film generates 

lift to suspend a pump impeller, and as a mechanism to promote blood flow in small 

pump gaps (washout) 6, 75. SGBs are characterized by a pattern of logarithmic grooves 

on the bearing surface, which drive fluid radially inward against a narrowing cross 

section to generate pressure and subsequent lift ( Figure 16)110. Current rotary blood 

pumps rely on either magnetic levitation or hydrodynamic bearings for impeller 

suspension and control, and hydrodynamic bearings are often utilized as a secondary 

levitation mechanism in case of magnetic bearing failure 109 Because hydrodynamic 

bearings require narrow fluid films (often on the order of tens-of-micrometers) 

between the rotating surface and counterface to generate force, they develop to 

regions of elevated shear stress. The grooves on a SGB surface can be utilized to 

enhance blood flow in small pump geometries, leading to reduced blood residence 

time in high-shear regions, and thereby reducing hemolysis and thrombus formation. 
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In addition to enhancing washout and providing bearing stiffness, recent 

studies have hypothesized that SGBs might entrain red blood cells in the bearing 

grooves89, 112. This phenomenon, termed cell exclusion, might offer a measure of 

protection for erythrocytes, as entrainment in the lower-shear grooves could reduce 

the extent of shear induced damage that would otherwise be endured in a 

hydrodynamic bearing gap. Indirect evidence of cell exclusion has been documented 

with observed changes in bearing stiffness 5. Bearing stiffness in whole blood was 

found to be lower than that in a Newtonian working fluid matching whole blood 

viscosity, suggesting that the apparent viscosity of whole blood in the bearing gap was 

reduced. A viscosity reduction is presumably the effect of a lower hematocrit, due to 

cells concentrating in bearing grooves rather than the thin film between bearing 

ridges and the adjacent pump surface. Cell exclusion has been observed directly with 

a 1% hematocrit suspension in previous studies, but this hematocrit is not 

physiologically relevant, as much of the secondary mixing flows due to cell-cell 

collisions are absent 56. Providing direct evidence of cell exclusion at physiological 

hematocrits is difficult; blood is optically dense due to cytosolic hemoglobin, and cells 

cannot be quantified or visualized using light or fluorescent microscopy. Thus, it is 

unclear if red blood cell exclusion occurs in a spiral groove bearing gap at a 

physiological hematocrit, or if this phenomenon reduces RBC lethal and sublethal 

damage.  
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This work provides i) a method to visualize erythrocyte flow in complex pump 

geometries at a representative 35% hematocrit, ii) visual evidence of erythrocyte 

exclusion in a SGB gap, and iii) a characterization of the effects of SGB geometry, 

afterload, rotational speed, and bearing gap on cell exclusion efficiency. To visualize 

individual erythrocytes in a high hematocrit suspension, hemoglobin was removed 

from red blood cells through a series of hypotonic washes. Afterwards, the cell 

membranes were resealed, resulting in a suspension of erythrocyte ghosts. The ghost 

suspension was then mixed with fluorescently-tagged intact red blood cells, which 

could be visualized with a particle image velocimetry system. 
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 Figure 16: A spiral groove bearing with logarithmic grooves. The SGB acts as a 
viscous pump, driving fluid radially inward. The subset depicts the bearing groove-
ridge profile, with vortex formation in the groove. The local pressure gradient profile 
in the bearing gap is depicted with red arrows (areas of high pressure) and blue 
arrows (areas of low pressure). 

 

3.2. Methods 

3.2.1. Ghost Preparation 

Erythrocyte ghosts were prepared according to Jansen et al, with changes to 

the lyse solution pH and osmolarity based on measurements of ghost hole dynamics67, 
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90, 91. A 250 mL volume of whole blood was collected from healthy human donors into 

blood bags with citrate phosphate dextrose adenine (Teramo Single Blood Bag CPDA-

1, Terumo Medical Cooperation, Tokyo, Japan). Blood was separated into 4×50 mL 

centrifuge tubes, and centrifuged for 1 hour at 2500×g at 4°C.  The plasma and buffy 

coat were aspirated, and 3 mL of packed RBC were pipetted into each of 24 × 50 mL 

centrifuge tubes and put on ice. To lyse the cells, 47 mL of 45 mOsm magnesium 

sulfate (pH 6) at 0°C was added to each tube containing packed RBC (1:15.6 ratio of 

packed-cell volume to lyse solution). The acidic pH of this lyse solution was chosen to 

minimize the hole diameter during the later ghost resealing step; osmolarity was 

chosen based on findings that lyse solutions below 40 mOsm generate membrane 

holes that are too large to be resealed26. The tubes were gently inverted for five 

minutes with periodic submersion in ice, then centrifuged at 5000×g for 45 minutes 

at 0°C. The supernatant was then aspirated, leaving an RBC membrane button 

(sedimentation). Two additional washes with a 1:15.6 ratio of cell:lyse solution were 

performed as described above to remove additional intracellular hemoglobin. Care 

was taken to keep RBC membrane buttons and lyse solution at 0°C, as temperatures 

above 0°C have been found to cause spontaneous resealing of erythrocyte 

membranes 91. Following the third wash with hypotonic solution, the supernatant 

was aspirated from the ghost button, and the resealing process was initiated. A 

solution of 315 mOsm phosphate buffered saline (pH 7.4) at 0°C was added to each 

tube in a 1:15.6 ghost button to PBS ratio. The hypertonic PBS solution was used to 

fill the ghosts in order to replicate the osmolarity gradient between RBC cytosol and 
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extracellular plasma. The tubes were gently mixed and placed in an ice bath for 10 

minutes to allow diffusion of PBS into the ghost cell membranes90. The ghost 

suspensions were then transferred to a 37°C water bath, and incubated for 1 hour to 

reseal the membranes. The resealed ghost cell suspension was then centrifuged for 

45 minutes at 5000×g at 4°C, and the hypertonic PBS was aspirated. Ghost buttons 

were finally combined and suspended in a 285 mOsm PBS solution (pH 7.4) and 

adjusted to a 35% hematocrit. To measure ghost suspension hematocrit, 

microhematocrit tubes were centrifuged for 30 minutes at 11,500 rpm. Ghost 

suspension were stored overnight and tested with the particle image velocimetry 

system the following day.  

3.2.2. Ghost characterization – viscosity and hemoglobin measurements 

Viscosity measurements of 35% hct whole blood at 22°C and 37°C, and 35% hct 

ghost suspension at 22 °C were performed with a 750 µL sample volume using a 

viscometer (DVII+ Pro, AMETEK Brookfield, Middleboro, MA). Intracellular 

hemoglobin concentrations were determined using a freeze-thaw method commonly 

used for extracting intracellular protein 98. First, 100 µL of packed ghosts that had 

been resealed after 1, 2 and 3 hypotonic washes were frozen at -80°C for 5 minutes. 

Samples were then thawed in a 37°C water bath. This freeze-thaw cycle was 

completed four times, and samples were then vortexed for 5 minutes. Samples were 

diluted 11-fold in deionized water and vortexed again for 5 minutes to mix 

thoroughly. The samples were then centrifuged at 10,000×g for 30 minutes to 
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separate cell membrane remnants, and 20 µL of the supernatant was pipetted into 

880 µL of a 0.1% sodium carbonate solution. The absorbance of the sodium carbonate 

dilution was measured using a spectrophotometer at 380, 415, and 450 nm (UV mini 

1240 Spectrophotometer, Shimadzu, Kyoto, Japan). Absorbance values at each 

wavelength (A415, A450, A380) were used in the Harboe equation to determine 

hemoglobin concentration in mg/dL: 

Equation 14 

In this equation, the amount of plasma free hemoglobin gives a measurement of 

hemolysis corrected for dilution, with Vtotal denoting the total volume of diluent and 

plasma used for each sample, and Vplasma the volume of plasma sample61.  

 To determine erythrocyte intracellular hemoglobin concentrations, the same 

procedure was used as described for ghosts, apart from the final dilution factor, which 

was 10 µL of supernatant into 990 µL of sodium carbonate solution to avoid 

absorbance saturation.  

𝑝𝑓𝐻𝑏 = (167.2𝐴415 − 83.6𝐴450 − 83.6𝐴380)×
1

1000
×
𝑉𝑡𝑜𝑡𝑎𝑙
𝑉𝑝𝑙𝑎𝑠𝑚𝑎

× 100. 
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3.2.3.  Flow loop and cell visualization 

For the cell visualization study, 2 µL of fresh human red blood cells were 

stained using a PKH26 lipophilic dye according to manufacturer instructions (Sigma 

#PKH26GL). Stained cells were then combined with the 35% ghost suspension, and 

25 mL of the composite suspension was used to fill a flow loop (Fig. 2). This loop 

comprised a motor-driven SGB (geometry defined in Table 3), a force transducer 

(Nano43 Transducer, ATI Industrial Automation, USA), an acrylic reservoir with a 

mating bearing surface, PVC tubing (Tygon S3 E-3603, Saint Gobain, Courbevoie, 

France), and a flow probe (4PXN, Transonic Systems Inc., USA). SGBs were milled 

from cast acrylic and subsequently vapor polished, with the ridge surface of the 

bearing masked to preserve the square edges between the groove walls and ridge 

surface. The acrylic reservoir was mounted to a z-axis stage with a 5 µm resolution, 

so that the gap between the SGB and the reservoir bottom could be adjusted (ZLPG60, 

MISUMI Group Inc., Japan). Measured axial runout of the mounted SGB was 15 µm. To 

set the bearing gap, the reservoir was raised using the z-axis stage until bearing 

touchdown was detected by a change in z-axis force. Bearing touchdown was 

measured at 6 bearing angular positions, and each measurement was repeated thrice 

to ensure repeatability. The average touchdown stage position was set as the zero 

point prior to each experiment. The touchdown stage position had a variance of 11 

µm, thus the zero point had a tolerance of ± 5.5 µm. The gap setting for each exclusion 

experiment was precise, as images were captured at the same angular bearing 
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position across all experiments. After setting the bearing gap and filling the loop, a 

532 nm Nd:YAG laser was used to illuminate the bearing gap and excite fluorophores 

on the RBC membranes (DualPower 65-15, Dantec Dynamics A/S, Denmark). Images 

of the bearing gap were captured using a camera (FlowSense EO 2M, Dantec 

Dynamics A/S, Denmark), and images were taken at a consistent bearing angular 

position. Image capture and laser timing was coordinated using Dynamic Studio (v 

6.6, Dantec Dynamics A/S, Denmark). SGB force and flow were measured throughout 

all experiments; data was acquired using a MicroLabBox acquisition system, 

ControlDesk 6.0 (dSPACE Inc., Germany), and MATLAB Simulink (R2016b). 

 

Figure 17: A schematic of the cell exclusion particle image velocimetry setup (left). 

The SGB was driven by a motor in a fluid reservoir with an inlet and outlet. The 
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bearing gap between the SGB and the reservoir bottom was illuminated with a laser 

sheet, and images of cells in the bearing gap were captured using a 45° mirror and a 

high-speed camera. A photograph of the test setup, including the test rig as well as 

laser and camera positions is shown (right). 

 

Table 4:  Spiral groove bearing geometries utilized in cell exclusion tests. Bearings 
were milled from cast acrylic and vapor polished for transparency. 

 

 

 

To evaluate the dependence of cell exclusion on bearing gap height, SGB 

rotational speed was set to 2000 rpm, and bearing gap adjusted from 40 to 20 µm in 

10 µm increments. 100 images were captured at each gap with a capture frequency 

of 11 Hz. Camera exposure time was set to the shortest possible time, 11 µs, to 

minimize bearing travel during image capture. The maximum gap height tested for 

each SGB was determined by the gap at which flow reversal occurred. As the SGB gap 

increases, viscous pumping is overcome by centrifugal forces, resulting in a radially 

outward flow rate. This flow reversal occurred beyond a 50 µm and 40 µm gap for the 

200 µm and 100 µm groove depth bearings, respectively, thus a 40 µm gap was the 

Spiral Groove Bearing Geometry  
Outer Diameter 44.8 mm 
Inner Diameter 12.35 mm 
Groove Depth 100, 200 µm 
Groove Angle 16° 
# of Grooves 15  
Ridge: Groove Width Ratio 1:1 
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maximum gap height tested. Each gap-stepping experiment was performed three 

times for each bearing geometry with fresh batches of ghost suspension for each test.  

To evaluate the effects of rotational speed and afterload on the efficiency of 

cell exclusion, bearings were driven at 1000 rpm with a 20 µm gap. The bearing 

outflow was clamped to adjust flow from 40 to 10 mL/min in 10 mL/min increments, 

and 100 images were captured at each flow rate. This experiment was also repeated 

at a rotational speed of 2000 rpm. Each clamp experiment was performed three times 

for each bearing geometry with fresh batches of ghost suspension for each test. 

3.2.4. Image processing 

Following image capture, images were processed using the Dynamic Studio 

software. Cells were counted in the region above the bearing ridges, as the laser sheet 

thickness and focal length of the camera allowed illumination and interrogation of the 

entire bearing gap between ridge and reservoir bottom. To measure cell exclusion, 

the cell density between the bearing ridge and reservoir bottom was evaluated, with 

a significant drop in cell density indicative of cell entrainment in the bearing grooves 

(Figure 20). Cells were counted in a 6 mm2 area between the ridges and reservoir 

bottom, and counts were normalized by the bearing gap height in micrometers (𝐻𝐺𝑎𝑝) 

according to Equation 3, so that a final measure of cells per unit volume was 

compared between experiment conditions.   
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Equation 15 

To remove background noise, pixel normalization was performed according to 

the following equation, in which each pixel greyscale value (gIn) is replaced by a 

normalized value (gOut): 

Equation 16 

In this equation, MEDΩ is the median, and MADΩ the median absolute deviation of 

the gIn pixel and a surrounding 13×13 pixel kernel. For regions that had a MADΩ near 

zero, a minimum noise level was used (ε) which is defined based on the pixel depth 

of the captured images. To minimize artifacts from calculating kernel medians, an 

additional median filter was applied prior to normalization, thus gIn is the greyscale 

value of a pixel after a first pass median filter has been applied to the image. 

Normalized (gOut) values below MEDΩ were replaced with a zero.  

𝐶𝑒𝑙𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  

𝐶𝑒𝑙𝑙𝑠
6 𝑚𝑚2

𝐻𝐺𝑎𝑝
× 10 

𝑔𝑂𝑢𝑡 = 𝑔𝐼𝑛 −
𝑀𝐸𝐷Ω

𝑀𝑎𝑥(𝜀,𝑀𝐴𝐷Ω)
∗ 𝜀 
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Following pixel normalization, thresholding was applied to distinguish cells 

from noise peaks. Thresholding results were checked against a random set of raw 

images to determine that cell detection captured moving cells rather than ambient 

noise. Edge artifacts at the border of the interrogation area were then removed. Cells 

were then counted in the ridge region using MATLAB (R2016b), and cell counts were 

normalized by interrogation area and bearing gap height to provide a measure of cells 

per unit volume. A representative result of each processing step is shown in  Figure 

18. 
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 Figure 18: Image processing steps utilized to count cells. First, the area above a SGB 
ridge was isolated (top left, some cells indicated by arrows). Next, pixels were 
normalized according to Equation 2 to isolate local peaks (top right). Finally, a 
threshold was applied to discard peaks that did not correspond to cells in the raw 
image, leaving only fluorescent cells (bottom, some cells indicated by arrows). Edge 
artifacts were subsequently removed to avoid false positives during cell counting (not 
shown). 
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3.2.5. Photobleaching Analysis 

As a positive control for fluorescent probe photobleaching, 2 µL of packed RBC 

were stained with the PKH26 dye according to manufacturer instructions. Wet 

mounts of the stained cells were exposed to 10 ns, 65 mJ laser pulses. The number of 

laser exposures coincided with the maximum number of exposures experienced by 

cells during each visualization test. Following exposure, ten images of each slide were 

captured using a fluorescence microscope, and the experiment was repeated three 

times (Olympus IXplore, Tokyo, Japan). Fluorescent intensity was quantified using 

MATLAB (R2016b).  

3.2.6. Statistical Analyses 

For each experimental condition, image cell counts were tested for normality 

using the D’Agostino-Pearson test. Two- and three- way analyses of variance were 

performed with Tukey HSD tests to determine significance. Unless otherwise stated, 

significance was determined at p<0.05, and data are represented as mean (M) ± the 

standard deviation (SD).   
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3.3. Results 

3.3.1. Ghost characterization 

The viscosity of a 35% hct ghost suspension demonstrates shear thinning 

behavior at low shear rates comparable to 35% hct whole blood (Figure 19). At high 

shear rates, the asymptotic viscosity was significantly different from both whole 

blood at 37°C and 22°C degrees, but the ghost viscosity at 1500 s-1 approached that 

of whole blood at 37°C (ghost viscosity: M=2.6 ±0.17; whole blood viscosity: M=2.2 

±0.13 mPas). Whole blood intracellular hemoglobin concentrations were significantly 

different from ghosts at all lyse steps (p<0.0001) (Figure 19). No significant 

difference in hemoglobin concentration was found amongst ghost populations. 
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Figure 19: (Top) Viscosity measurements of whole blood at 37 and 22°C compared to 

ghost viscosity at 22°C. All samples were adjusted to 35% hct before measurement. 

The ghost suspension mimics the shear-thinning property demonstrated by whole 

blood, but the asymptotic viscosity at high shear rates is lower than that of whole 

blood at physiological temperatures. Bars indicate standard of deviation, n=10. 
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(Bottom) Cytosolic hemoglobin concentration in whole blood cells compared to 

ghosts lysed 1, 2, and 3 times. The first lyse generates a significant decrease in 

hemoglobin concentration (*p<0.0001), with insignificant changes with subsequent 

lyses. n=5. 

 

3.3.2. Cell visualization – Bearing gap and groove depth 

A two-way analysis of variance was conducted on the influence of groove depth and 

bearing gap on cell exclusion. Both groove depth and bearing gap were found to have 

a significant effect on cell density in the ridge region at the 0.0002 and 0.02 

significance levels, respectively. The interaction between these two factors was also 

significant (p<0.01). For the 200 µm groove depth bearing, cell density was 

significantly reduced at a 20 µm gap (M=2.7 ± 1.2 cells/volume), versus a 30 µm gap 

(M=5.7 ± 0.4) and a 40 µm gap (M= 7.3 ± 0.4). There were no significant differences 

in cell density with a change in bearing gap for the 100 µm groove depth bearing. The 

bearing with a 200 µm groove depth excluded cells from the bearing ridge region as 

the bearing gap decreased, consistent with previous studies112. The 100 µm groove 

depth bearing did not exclude cells with a decreasing gap height, indicating that this 

bearing’s reduction in raw cell counts was solely due to a loss of volume in the bearing 

gap.  
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 Figure 20: A) The impact of bearing gap height on cells per unit area between the 

bearing ridges and reservoir bottom in a 100 µm and 200 µm groove depth bearing. 

B) Cells counts in (A) have been normalized by gap height, giving cells per unit volume 

(cell density) between bearing ridges and reservoir bottom. The camera’s focal depth 

is larger than the bearing gap, thus all cells in the bearing gap are captured; 

normalization accounts for changes in cell number due to the change in fluid volume 

as the bearing gap is adjusted.  The 200 µm groove depth bearing exhibits a significant 

decrease in cell density above the ridges as the gap is reduced from 30 to 20 µm, 
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indicating an increase in cell exclusion. The 100 µm groove depth bearing shows no 

change in cell density as the bearing gap decreases, indicating a lack of cell exclusion. 

Error bars represent SD, (*) indicates p<0.05, (**) indicates p<0.01, (***) indicates 

p<0.005. C) Diagram depicting the bearing gap between SGB ridges and reservoir 

bottom, from which cell counts were evaluated. D) Unprocessed images of the 200 

µm groove depth bearing gap with fluorescent cells visible in the ridge region at a 40 

µm gap (top) and a 20 µm gap (bottom). Some cells are indicated by arrows.  

 

3.3.3. Cell visualization – Afterload, rotational speed, and groove depth 

A three-way analysis of variance was conducted on the influence of afterload, 

groove depth, and rotational speed on cell density between the bearing ridge and 

reservoir bottom ( Figure 21). All factors were found to be statistically significant, 

with flow rate and rotational speed impacting cell density at a 0.0001 significance 

level and groove depth at a 0.01 significance level. Rotational speed produced the 

largest variation in cell density in the bearing gap (29%), followed by afterload (26%) 

and the interaction between afterload and rotational speed (20%). Groove depth 

accounted for 7% of the variation. The two- and three-way interactions between the 

independent variables were all found to be significant. 
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The combination of a 200 µm groove depth bearing and a 2000 rpm rotational 

speed was most efficient in excluding cells, with no significant dependence on 

afterload detected (30 mL/min: M= 8.4 ± 1.2, 20 mL/min: M= 8.3 ± 2.1, 10 mL/min: 

M=8.1 ± 2.4 cells/volume).  Cell exclusion was significantly impaired by an increase 

in afterload for all other experiment conditions. In general, increased rotational speed 

and groove depth led to increases in cell exclusion. For bearings operating at 1000 

rpm against a high afterload (20 mL/min washout flow or less), groove depth was not 

a significant factor in cell exclusion, with both 100 and 200 µm demonstrating a 

decrease in exclusion efficiency (M=42.62 cells/volume for 100 µm and M=45.77 for 

200 µm).  
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Figure 21: A) The dependence of cell exclusion on bearing rotational speed, groove 

depth, and afterload. Cell density for the 100 µm groove depth bearing at 40 mL/min 

was not measured, because the maximum flow generated by this bearing was 

between 30 and 40 mL/min.  Increased rotational speed and lower afterload 

produced the most efficient cell exclusion performance, indicated by low cell density 

in the bearing gap. A 200 µm groove depth contributed to favorable exclusion 

conditions compared to a 100 µm groove depth, and is able to maintain efficient cell 
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exclusion even at high afterload conditions. Error bars indicate SD, (*) p<0.05, (**) 

p<0.01, (***) p<0.001. B) The relative influence on cell exclusion of each of the test 

conditions and interactions between these conditions. GD represents Groove Depth, 

mL/min represents afterload conditions. C) Unprocessed images captured for each 

afterload and rotational speed condition for the 200 µm bearing are depicted. The 

loss of cell exclusion (shown as an increase in cell number in the bearing ridge region) 

at 1000 rpm with the highest afterload applied is apparent.  

 

3.3.4. SGB mechanical performance 

The forces and flow rates generated by a SGB at each bearing gap were recorded to 

validate bearing gap precision ( Figure 22). The largest standard of deviation for 

bearing flow rates was 2.75 mL/min (7% of the mean) for the 200 µm grove depth 

bearing flow rate at a 30 µm gap. For bearing force generation, the 100 µm groove 

depth bearing at a 20 µm gap had the largest standard of deviation ( 0.08 N, or 5% of 

the mean). The highly repeatable flow and force measurements at each bearing gap 

indicate consistent gap settings for the cell exclusion experiments. A two way analysis 

of variance was also performed to determine the impacts of gap and groove depth on 

flow and force generation. The deeper grooved bearing generated significantly more 

flow and less force than the 100 µm bearing. 
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Figure 22: The flow rate (top) and force (bottom) generated by the 100 and 200 µm 

groove depth SGBs during the cell exclusion experiments. These measurements 

further validate that the bearing gap was set with precision for each experiment 

(n=3). The 200 µm groove depth bearing was able to generate a higher maximum flow 

than the 100 µm, but had a lower thrust force. Error bars indicate standard of 

deviation, (*) p<0.05, (**) p<0.01, (***) p<0.0001.  
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3.3.5. Probe photobleaching 

The PKH 26 fluorophore showed no signs of photobleaching for the duration and 

number of laser exposures used in each exclusion test, as shown in  Figure 23. Stained 

cells were exposed to a maximum of 4700 of 10 ns laser pulses. 

 

Figure 23: RBC stained with PKH 26 were exposed to identical laser power, pulse 

duration and pulse numbers as employed in the cell exclusion studies described 

above. There was no significant difference in RBC fluorescent intensity between the 

negative control and any number of laser exposures. Ns=not significant. 
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3.4.  Discussion 

This study indicates that erythrocyte exclusion in a spiral groove bearing is an 

observable phenomenon at a 35% hematocrit representative of that in vivo. 

Erythrocyte ghosts offer a significantly more transparent working fluid than whole 

blood, as measured by spectrophotometry and reported here as hemoglobin 

concentration. We for the first time utilize ghosts to observe individual erythrocyte 

flow in a complex bearing geometry. This study indicates that cell flow can be 

controlled in a spiral groove bearing by altering bearing groove depth, rotational 

speed, and afterload. Given that the bearing grooves offer a localized region of lower 

shear rates in the bearing gap, these results indicate that spiral groove bearings may 

be used to reduce the magnitude of shear exposure “felt” by erythrocytes in a pump 

gap of the order of tens of microns. Minimizing the magnitude and duration of shear 

stress on blood components is necessary to maintain cell function and mechanical 

properties, as altered function may be implicated in the numerous secondary 

complications in patients with mechanical circulatory devices. 

Previous investigations regarding cell exclusion in a spiral groove bearing gap 

have demonstrated the ability of a SGB to increasingly exclude RBC from the ridge 

region at a 1% hematocrit 89, 112. While promising, a 1% hematocrit does not emulate 

the Brownian motion and mixing effects found at a 35-45% hematocrit in vivo, which 

might alter a bearing’s ability to entrain cells. Studies using microfluidics to control 
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cell flow via inertial forces have repeatedly demonstrated a loss of cell trapping 

efficiency as cell concentrations increase 165. This study demonstrates that SGBs 

exclude cells in a 35% erythrocyte ghost suspension that more accurately mimics the 

cell-cell collisions found in vivo. As demonstrated in previous literature, the cell 

density between the bearing ridges and reservoir bottom decreased with a reduction 

in bearing gap, but this study found the effect was only significant for a bearing with 

a 200 µm groove depth 112. A reduction in cell numbers between the bearing gap and 

ridges occurs even after normalizing for gap height, meaning the effect was not solely 

due to a reduction in fluid volume with a smaller bearing gap.   

Variations in exclusion efficiency could be explained by a few key phenomena. 

RBC in a microfluidic channel or a blood vessel are acted on by inertial lift and wall 

lift forces, which concentrate cells in the center of a channel or vessel in Poiseuille 

flow 15. In a spiral groove bearing, these forces are most influential in the bearing 

ridge region, where the particle Reynolds number is larger than unity and inertial 

forces become relevant (particle Re is 2.2 and 4.4 in the ridge region for a 40 and 20 

µm gap at 2000 rpm) 81. The magnitude of wall and inertial lift forces in the bearing 

ridge region may deter cells from entering the bearing gap, as cells will be driven 

away from the counterface and the rotating ridge surface. These forces might also 

explain the rotational speed dependence of cell exclusion; inertial force magnitude 

increases with a larger rotational speed, and we find more effective cell exclusion 

occurs at larger rotational speeds in this study.  
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The dependence of cell exclusion on bearing groove depth can be explained by 

the pressure profile along the bearing groove-ridge pattern. As a SGB rotates, fluid is 

driven against the groove wall opposite the direction of rotation, building pressure in 

the circumferential direction across the width of each groove ( Figure 16) 110. These 

local regions of high pressure may prevent cells from flowing into the adjacent ridge 

as the SGB rotates. Because the 200 µm groove depth bearing generates larger flow 

rates, a higher pressure buildup occurs across each groove, which could be more 

effective in deterring cell flow into the ridge region compared to the 100 µm bearing.  

We have also observed an argument for pressure-driven exclusion in 

hemocompatibility testing, in which a rounded ridge edge causes an increase in 

hemolysis, presumably from a loss of local pressure rise and a reduction in cell 

entrainment.  

An additional explanation of cell exclusion resembles plasma skimming in 

vivo. SGB grooves generate a radially-inward Poiseuille flow that serves as the viscous 

pumping mechanism75, 110. As discussed above, cells concentrate in the center of a 

Poiseuille flow profile, resulting in a plasma-rich layer near the vessel walls (termed 

the Fahraeus effect)15. The balance of wall and inertial lift forces responsible for this 

effect has been used to separate plasma from red blood cells in numerous microfluidic 

applications 25, 163. In the case of a SGB, if cells concentrate in the center of the 

Poiseuille flow profile in the bearing groove, a plasma rich layer near the bearing 

counterface would be most likely to be skimmed into the narrow ridge region. As the 
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bearing gap decreases, the probability of cell flow into the narrow gap would reduce, 

as occurs in vivo 125. 

 In the present study, RBC entrainment in the bearing grooves was found to 

depend significantly on bearing rotational speed, groove depth, afterload, and 

interactions between these factors. These findings suggest that a combination of 

groove Poiseuille and Couette flow conditions influence cell flow. With an increase in 

afterload, Poiseuille flow decreases significantly while overall pressure in the  bearing 

gap increases. Under these conditions, the local pressure gradient across each groove 

may be diminished, increasing the probability of RBC flow in the ridge gap. This loss 

of cell exclusion does not affect the 2000 rpm 200 µm bearing however, indicating 

that the combination of high rotational speed and deep bearing grooves is able to 

offset this change in Poiseuille flow via maintained pressure gradients, wall and shear 

lift forces, or a combination of the two. With large rotational speeds and groove 

depths, the pressure generation at the groove wall opposite the rotational direction 

is greater, driving cells away from the adjacent ridge. This combination proves 

instrumental in entraining red blood cells in high afterload conditions.  

The use of ghosts in particle image velocimetry experiments as a blood analog 

has been explored in a previous study, in which fluorescent particles were tracked in 

microfluidic channels using a 40% ghost suspension as the working fluid 67. The 

transparency offered by a ghost suspension provides fluorescent tracking capabilities 

that are otherwise impossible to implement in whole blood due to hemoglobin 



121 

 

absorbance of fluorescent light. The ability to track RBC flow using particle image 

velocimetry in rotary blood pump applications is especially useful in generating 

accurate estimates of cell exposure to shear stress, and as a validation tool for 

multiphase computational fluid dynamics pump models. The ability to accurately 

predict the magnitude and duration of cell shear exposure will enable engineers to 

estimate blood component damage in silico prior to costly pump manufacturing and 

in vitro hemocompatibility testing. Currently, pump particle image velocimetry 

studies are performed with rigid fluorescent particles in relatively low 

concentrations to distinguish spatial flow velocity and pressure in a complex 

geometry. While this method estimates bulk fluid flow and shear stress, it does not 

delineate red blood cell flow pathways, and relies on the assumption that RBC follow 

bulk fluid streamlines without accounting for mixing flows, inertia effects, and the 

shear thinning behavior that impacts bulk blood flow properties. With smaller pumps 

or those with hydrodynamic bearing systems, it becomes worthwhile to manipulate 

cell flow to minimize cell functional and mechanical damage. Utilizing erythrocyte 

ghosts as a blood analog in particle image velocimetry is therefore a useful tool to 

delineate RBC flow pathways while approximating in vivo flow conditions.    

3.5. Limitations  

While ghosts provide a more accurate estimation of RBC mixing flows than a 

1% suspension of RBC, additional work is necessary to validate the bulk flow behavior 
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of ghost suspensions against whole blood flow. While the physical properties of 

ghosts can be tuned based on formulation protocols 91, it remains unclear how 

alterations in ghost interior viscosity and deformability alter the flow patterns of 

these cells in microfluidic platforms. This validation would be a useful next-step in 

characterizing high-hematocrit RBC flow in pump geometries.  

3.6. Conclusion 

 This study demonstrated that erythrocyte exclusion can occur in a spiral 

groove bearing gap at a physiological hematocrit, and that exclusion efficiency is 

affected by bearing groove depth, bearing gap, rotational speed, and afterload. To 

promote cell exclusion when operating in an afterload condition, higher rotational 

speeds and deeper grooves are preferred. We also demonstrated that an erythrocyte 

ghost suspension allows imaging and tracking of individual intact erythrocytes to 

resolve cell flow patterns in complex pump geometries. Spiral groove bearings may 

serve as a protection mechanism to reduce the impact of supra-physiological shear 

stress on red blood cells, which may result in a lower incidence of secondary 

complications that stem from impaired blood function. With the ability to focus cells 

in lower-shear regions, minimally invasive or pediatric pumps with small geometries 

could improve hemocompatibility and patient outcomes.  
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Chapter 4 

Cell Exclusion Impacts on Lethal and 

Sublethal Red Blood Cell and von 

Willebrand Factor Damage 

Rotary blood pumps are increasingly utilized as destination therapies for 

patients with heart failure due to their durability and improved patient survival rates. 

However, the rate of hospital readmission following pump implantation due to 

adverse events such as stroke, gastrointestinal bleeding, and infection is 60% in the 

first 6 months. Previous literature suggests shear-induced blood damage is a primary 

contributor to these events. Red blood cells exposed to supraphysiologic shear stress 

undergo mechanical and electrochemical alterations, affecting microcirculatory flow 

behavior and possibly leading to a higher risk of endothelial damage and bleeding 

events. Red blood cell lysis leads to a prothrombotic state with increased platelet 

activation, which can lead to increased risk of emboli formation. Shear stress-

dependent destruction of von Willebrand Factor multimers is linked to impaired 
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clotting ability, which may also contribute to bleeding events. Reducing shear-

induced blood component damage is necessary to improve patient outcomes. Pumps 

requiring hydrodynamic bearings generate high levels of supraphysiologic shear 

stress, but these bearings are beneficial as supplementary or backup systems to 

magnetic levitation. The current work investigates a spiral grooved hydrodynamic 

bearing’s effect on hemolytic and subhemolytic red blood cell damage and on von 

Willebrand Factor multimer destruction. Spiral groove bearings were previously 

shown to exclude red blood cell ghosts from regions of elevated shear stress in the 

bearing gap at a physiologically representative hematocrit. Cell entrainment in the 

bearing grooves reduces cell exposure time to the higher shear region between 

bearing ridges and counterface, which may reduce lethal and sublethal red blood cell 

damage. This study investigates changes in red blood cell mechanical properties and 

hemolysis levels following repeated exposure to a SGB gap in conjunction with 

evidence of cell exclusion at a physiologically representative hematocrit. This study 

demonstrates equivalent levels of lethal RBC damage and high molecular weight 

(HMW) von Willebrand Factor (vWF) multimer loss at each bearing gap despite a 

twofold increase in shear rate. We also demonstrate that RBC deformability varies in 

a biphasic pattern with repeated exposure to a SGB gap, with larger deviations from 

healthy moduli at a 30 versus 20 μm gap. RBC exclusion may therefore prevent an 

increase in hemolysis and sublethal RBC damage as the SGB gap decreases despite 

elevated shear stress magnitudes. Consistent vWF multimer loss suggests a critical 

shear stress threshold has been surpassed which results in a constant rate of 
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mechanical protein destruction. SGBs may therefore be a safer alternative to other 

forms of hydrodynamic bearings in rotary blood pumps due to their ability to protect 

RBC, although they are unable to preserve vWF, and microgeometries could be used 

to control RBC flow and reduce cell damage in rotary blood pump designs requiring 

small gaps.  

4.1. Introduction 

Physiological blood flow conditions enable blood cells and proteins to traverse 

the microvasculature, deliver oxygen, regulate clotting, repair vascular damage, and 

defend against infection, among other functions. The introduction of blood-contacting 

medical devices, including rotary blood pumps, to the circulation subjects blood to 

non-physiological flow conditions, including elevated shear stress, turbulence, 

contact and interactions with rigid surfaces, and increased impact of cell-cell 

collisions46. These flow conditions damage blood components, with complications 

ranging from ‘sublethal’ RBC damage in the form of altered mechanical and 

biochemical properties, ‘lethal’ cell damage in the form of membrane rupture and a 

loss of intracellular hemoglobin (hemolysis), and protein conformational changes and 

mechanical destruction92. Rotary blood pumps generate levels of shear stress well 

above those found in the vasculature due to the inherent impeller velocity, 

requirements for small blade-tip gaps for efficient pumping, and pump size 

constraints, with shear stresses on the order of tens to hundreds of Pascals. The 
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duration and magnitude of shear stress exposure that induces clinically unsafe levels 

of hemolysis ( defined in one study as exposure times ≥ 620 ms and shear stress ≥ 

425 Pa) has been well characterized by evaluating plasma-free hemoglobin 

concentrations22,124. The evaluation of hemolytic indices has been instrumental in 

informing the design of current rotary pumps, which minimize RBC residence times 

in regions of elevated shear stress. However, relying on measures of hemolysis alone 

does not ensure a pump’s safety in vivo, as demonstrated by the continued incidence 

of stroke and gastrointestinal bleeding rates in LVAD patients77. Supraphysiologic 

shear stresses in rotary blood pumps below the critical hemolytic threshold (10 Pa < 

τ < 425 Pa) have been shown to alter RBC mechanical and biochemical properties, 

damage HMW vWF multimers (an instrumental component in stable clot 

development), and activate leukocytes and platelets 31, 35, 36, 98. The adverse patient 

events following the implantation of current rotary blood pumps remain closely tied 

to aspects of shear-induced blood damage. Complications include emboli 

development and resulting neurological damage, which could stem from unstable clot 

formation due to a loss of HMW vWF in combination with increased platelet 

activation due to hemolysis; gastrointestinal bleeding due to increased collision 

forces between the vascular wall and stiffened RBC, or impaired clot formation due 

to HMW vWF loss; and pump infections, which could be tied to a loss of leukocute 

function due to mechanical damage 77. The sublethal changes in RBC mechanical and 

biochemical properties as well as changes in plasma protein function due to 

supraphysiological shear stress are therefore clinically relevant, as knowledge of 
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damage pathways and their connection to patient complications will enable 

hemocompatible pump design and improve patient outcomes.  

4.1.1. RBC Mechanical Stability 

The mechanical stability of RBC and their ability to traverse the microcirculation 

depend on cell viscoelastic properties106. RBC with impaired elasticity, or the ability 

to deform and recover their biconcave morphology, are more susceptible to 

hemolysis, in turn creating a prothrombotic state and reducing tissue perfusion19. A 

loss of RBC deformability has also been demonstrated to increase vascular 

endothelial damage in the microcirculation, which could lead to a higher incidence of 

clot formation as well as bleeding episodes in conjunction with shear-induced protein 

impairments72. This sublethal change in RBC deformability has been demonstrated at 

supraphysiological shear stresses as low as 30 Pa, meaning subhemolytic shear 

causes RBC to be susceptible to further mechanical damage 20, 97, 107, 137. RBC  

previously exposed to subhemolytic shear stress have been shown to have a lower 

hemolytic threshold, which was reduced from 425 to 150 Pa20. A study of RBC 

deformability following repeated exposure to shear duty cycles of 64 Pa for 3 s and 

88 Pa for 2 s, which more accurately mimic the duration and repetitive nature of shear 

exposure in a rotary blood pump, found a biphasic fluctuation of RBC deformability 

with number of exposures97. In this study, an acute loss in deformability was followed 

by a return to healthy viscoelastic behavior over ten shear cycles. Due to the 

demonstrated fluctuations in RBC mechanical properties and cumulative nature of 
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RBC damage following brief, repeated exposure to supraphysiologic shear stresses 

(as occurs in rotary blood pumps), the effects of cell exclusion on both lethal 

hemolysis and sublethal changes in RBC deformability are of clinical relevance.     

4.1.2. von Willebrand Factor Multimer Function 

Von Willebrand Factor (vWF) is a multimeric protein that plays a crucial role in 

platelet-mediated coagulation mechanisms. There is an abundance of literature 

confirming that the implantation of a rotary blood pump causes a shear-induced loss 

of high molecular weight (HMW) vWF in the plasma, and it has been suggested that 

the loss of these multimers may lead to the gastrointestinal (GI) bleeding events that 

occur in 27 to 58% of VAD patients41.  

vWF contributes to platelet-mediated coagulation through multiple mechanisms, 

but plays a direct role in initiating thrombus formation, contributing to thrombus 

structural integrity, and ensuring adherence to a vascular injury site. vWF multimers, 

which range in size from 500 to over 10,000 kDa, circulate in the bloodstream and 

are also stored in platelets and endothelial cells for local injury response. Upon 

vascular injury, coiled vWF multimers in the plasma initiate platelet adhesion to the 

injured vascular substrate by binding to exposed subendothelial collagen and self-

associating with subendothelial vWF. The size of the vWF multimer has a positive 

correlation with its collagen binding affinity, meaning HMW multimers play a crucial 

role in stabilizing the thrombus and ensuring adherence to the injury site. Upon 
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immobilization on the endothelium, the vWF coil undergoes a conformational change, 

elongating due to local shear stress. This conformational change exposes repeating 

functional groups that bind to platelet Glycoprotein Ib-IX-V receptor complexes and 

allow a multivalent interaction with platelets105.  Upon binding to the immobilized 

vWF, platelets become activated, stimulate coagulation factors, and recruit fibrin and 

additional platelets to form a stable thrombus. In addition to vWF recruited from the 

plasma, ultralarge vWF can be released locally in response to vascular damage by 

activated endothelial cells and platelets. These ultralarge vWF multimers serve to 

further clot formation locally, but are cleaved by  A Disintegrin and Metalloproteinase 

with a TromboSpondin type 1 motif (ADAMTS13) if circulating in the bloodstream105.  

When an LVAD is implanted, plasma HMW vWF multimers are lost to either shear-

induced mechanical destruction or uncoiling and cleavage by ADAMTS1316. In 

elevated shear stresses, vWF unfolds to resemble a long, fibrillar protein. This 

conformational change exposes ADAMTS13 cleavage sites, leading to a loss of HMW 

multimers circulating in the plasma 13, 148, 152, 164. In healthy individuals, the 

ADAMTS13 protease is responsible for clearing HMW vWF from the bloodstream to 

prevent thrombotic microangiopathies, but excessive vWF cleavage due to shear-

induced unfolding can impair coagulation105. HMW vWF has also been shown to be 

susceptible to mechanical destruction when exposed to supraphysiologic shear 

stress. The loss of HMW vWF multimers is labelled acquired von Willebrand 

Syndrome (AvWS). Patients with AvWS have similar complications to those with von 



131 

 

Willebrand Disease Type IIA, a genetic HMW vWF multimer deficiency. A consistent 

subset of patients with either Type IIA vWD or AvWS experience recurring bleeding 

episodes in the gastrointestinal mucosa, but the link between these bleeds and the 

loss of HMW vWF is not well understood 66, 126. Bleeding episodes have been shown 

to subside in patients with AvWS following removal of the high-shear flow source, 

either by heart transplant in LVAD-supported patients or valve replacement in 

patients with aortic valve stenosis. These findings suggest that the loss of circulating 

HMW vWF is causative of GI bleeding  1 93, 99, 157. However, the presence of bleeding in 

a consistent subset of patients rather than the entire population suggests that an 

additional factor must contribute to the episodes157. The development of 

angiodysplasia has recently been described in patients with a continuous flow LVAD, 

which in combination with HMW vWF loss could explain bleeding development71. 

Additionally, when endothelial cells were cultured with vWF fragments, which are 

present in LVAD-supported patients, abnormal cell migration, tubule formation, and 

proliferation occurred, which may be indicative of abnormal angiogenesis with an 

LVAD in vivo18. In support of this combinatory effect, patients with vWD and GI bleeds 

who are given anti-angiogenic factors (thus reducing microvascular malformations) 

have a reduced frequency of bleeding 2, 116. Because the loss of HMW vWF multimers 

may increase the incidence of GI bleeds in patients treated with a VAD, reducing vWF 

exposure to supraphysiologic shear stress is an important consideration in improving 

the hemocompatibility of a rotary VAD. 
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The current study aims to determine if the flow conditions that were previously 

shown to induce RBC ghost exclusion in a SGB gap are able to mitigate shear-induced 

RBC and vWF damage in whole blood. The effects of cell exclusion on i) lethal RBC 

damage (hemolysis), ii) sublethal changes in RBC mechanical properties, and iii) the 

loss of HMW vWF multimers will be investigated. If cell exclusion is found to protect 

blood components from shear-induced damage, incorporating SGBs in pumps 

requiring hydrodynamic levitation or designing grooved geometries in pumps 

requiring small gaps may reduce the incidence of adverse events. This study is the 

first to investigate the relationship between known levels of cell exclusion at a 

physiological hematocrit and RBC and blood protein damage.  

 

4.2. Methods 

4.2.1. Subjects and sampling 

For this study, nine healthy adults below 50 years of age were recruited to 

participate after providing informed consent. Volunteers were screened prior to 

participation to ensure they were free from hematological or cardiovascular 

disorders, and that they had not consumed medications that affect hemorheology 

within the past 14 days. One day following screening, eligible participants visited the 

clinical laboratory to provide a blood donation. Blood was collected from a prominent 
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vein in the antecubital region within 90 s of a tourniquet application. A 16-gauge 

needle was utilized for collection of 300 mL of whole blood into bags containing 63 

mL of citrate phosphate dextrose adenine (CPDA-1) anticoagulant (Terumo Single 

Blood Bag CPDA-1, Terumo Medical Cooperation, Tokyo, Japan). Samples were then 

utilized according to the experimental protocol, with analysis taking place within 8 

hours of collection (within 6 hours of collection for ektacytometry analysis). The 

protocol for this study was approved by the Prince Charles Hospital Human Research 

Ethics Committee (Protocol number: HREC/18/QPCH/146), which conforms to the 

Declaration of Helsinki.  

4.2.2. Spiral Groove Bearing Flow Loop 

To determine the effects of cell exclusion on RBC function, an in vitro blood flow 

loop containing a SGB and counterface was constructed. Whole blood was adjusted to 

a 35% hematocrit to match the ghost analogue hematocrit utilized in the cell 

exclusion study.  The flow loop consisted of a motor-driven SGB (geometry defined in 

Table 5), a force transducer (Nano43 Transducer, ATI Industrial Automation, USA), 

an acrylic reservoir with a flat counterface, PVC tubing (Tygon S3 E-3603, Saint 

Gobain, Courbevoie, France), and a flow probe (4PXN, Transonic Systems Inc., USA).  

Table 5:  Spiral groove bearing geometry utilized in hemocompatibility tests. Bearing 
was milled from cast acrylic and vapor polished for transparency. 
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The SGB was milled from cast acrylic and subsequently vapor polished, with the ridge 

surface of the bearing masked to preserve the square edges between the groove walls 

and ridge surface. The acrylic reservoir was mounted to a z-axis stage with a 5 µm 

resolution, so that the gap between the SGB and the reservoir bottom could be 

adjusted (ZLPG60, MISUMI Group Inc., Japan). Measured axial runout of the mounted 

SGB was 15 µm. To set the bearing gap, the reservoir was raised using the z-axis stage 

until bearing touchdown was detected by a change in z-axis force. Bearing touchdown 

was measured at 6 bearing angular positions, and each measurement was repeated 

thrice to ensure repeatability. The average touchdown stage position was set as the 

zero point prior to each experiment. The touchdown stage position had a variance of 

11 µm, thus the zero point had a tolerance of ± 5.5 µm. SGB force and flow were 

measured throughout all experiments; data was acquired using a MicroLabBox 

acquisition system, ControlDesk 6.0 (dSPACE Inc., Germany), and MATLAB Simulink 

(R2016b). Prior to each test, the flow loop was rinsed and wetted with isotonic 

phosphate buffered saline to prevent hemolysis upon initial contact with the system  

 

Spiral Groove Bearing Geometry  
Outer Diameter 44.8 mm 
Inner Diameter 12.35 mm 
Groove Depth 200 µm 
Groove Angle 16° 
Number of Grooves 15  
Ridge:Groove Width Ratio 1:1 
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Figure 24: A simplified diagram of the test system to evaluate red blood cell function 

following flow through a SGB gap (left). A detailed image of the flow loop, with a 

motor-driven SGB, z-stage to control the bearing gap, and a flow and force transducer 

to measure SGB mechanical properties. 

 

components. The loop was filled with 45 mL of 35% hematocrit blood, and the bearing 

gap was set to either 20, 30, or 40 µm. The SGB was then driven at 2000 rpm for two 

hours. Blood samples were drawn from a sample port near the reservoir inflow and 

from a static control at 5 minutes (serving as a baseline for the timecourse study), 30, 

60, 90, and 120 minutes. Each subject’s donation was aliquoted into 3 × 100 mL 

volumes, which were used in 3 × 2 hour tests to examine each of the three bearing 

gaps in random order. Following each gap test, the flow loop was rinsed thoroughly 
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with isotonic PBS and refilled with a new 45 mL aliquot of blood, with the remaining 

55 mL serving as a static control.  In this manner, a single subject’s blood sample was 

utilized for each bearing gap, so that subject variability could be controlled.   

In addition to the SGB experiments, a positive control study was performed to 

examine the effect of shear rate on hemolysis levels in our test system. For this 

experiment, a grooveless disk with the same diameter as the SGB was driven at an 

identical rotational speed to the SGB studies. The gap between the grooveless disk 

and counterface was adjusted to either 20, 30, or 40 µm, and 35% hematocrit blood 

was circulated for 60 minutes, with sampling at 5, 30, and 60 minutes. The purpose 

of this study was to remove the effect of cell exclusion on blood damage measures in 

order to better isolate the relationship between shear rate and hemolysis levels with 

the test system.  

An additional control study was performed to remove the confounding effect of 

blood residence time in the bearing gap on measures of shear-induced blood damage. 

As the SGB gap is adjusted from 40 µm to 20 µm the volumetric flow rate increases, 

reducing blood exposure time to bearing gap shear rates. It is well-documented that 

both the magnitude and duration of shear stress exposure contribute to the severity 

of hemolysis, RBC deformability, and vWF multimer loss16-18, 97. Comparisons of blood 

damage made between gaps will thus include the effects of cell exclusion and blood 

residence time. To isolate the effects of cell exclusion on blood damage, a study was 

performed in which the flow rate was held constant between a 30 and 20 µm gap. For 
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the 20 µm gap, the outflow of the fluid reservoir was clamped to set the flow to 50 

mL/min (versus the unclamped 60 mL/min), matching the 30 µm gap flow rate. 

Finally, to ensure the test system was precise, a repeatability study with blood from 

a single donation was performed. The SGB gap was set to 20 µm and two aliquots of 

the 35% hematocrit blood were run in the loop for 60 minutes.  

4.2.3. Plasma free hemoglobin measurements 

The concentration of hemoglobin in blood plasma was measured using the Harboe 

assay. Each blood sample drawn from the flow loop and the static control reservoir 

was centrifuged for 10 minutes at 1500 × g. Three 100 µL plasma samples were each 

transferred to fresh microcentrifuge tubes and diluted with 1 mL of 0.1% sodium 

carbonate solution. The absorbance of each diluted sample was measured using a 

spectrophotometer (UV mini 1240 Spectrophotometer, Shimadzu, Kyoto, Japan) at 

415, 450, and 380 nm. These absorbance measurements (A415, A450, A380) were 

employed in the Harboe equation with Allen correction to determine the plasma-free 

hemoglobin concentration (pfHb):

Equation 17 

𝑝𝑓𝐻𝑏 = (167.2𝐴415 − 83.6𝐴450 − 83.6𝐴380)×
1

1000
×
𝑉𝑡𝑜𝑡𝑎𝑙
𝑉𝑝𝑙𝑎𝑠𝑚𝑎

× 100. 
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This equation gives the concentration of hemoglobin that has escaped RBC in 

mg/dL, with Vtotal denoting the combined volume of diluent and plasma in each 

sample, and Vplasma the volume of plasma in each sample 61, 115. A cuvette containing 1 

mL of 0.1% sodium carbonate solution served as a negative control. The rate of 

change in pfHb over time was compared across studies, calculated using: 

Equation 18 

where 𝑡1 and 𝑡2 are the first and last timepoints of the study (5 and 120 minutes). 

4.2.4. Red Blood Cell Deformability 

Red blood cell deformability measurements were also performed at each time 

point. Samples drawn from the SGB flow loop and from the static control reservoir 

were suspended in isotonic Polyvinylpyrrolidinone (PVP: 30 mPa·s, pH=7.41, 289 

mOsmol·kg-1) at a 0.5% hematocrit according to McNamee et al 97. An ektacytometer 

(Laser-assisted Optical Rotational Cell Analyser, LORRCA, MaxSis, Mechatronics, 

Hoorn, The Netherlands) was utilized to apply discrete shear stress levels to samples 

in a cup-and-bob Couette shearing apparatus at 37°C. The ektacytometer uses laser 

diffractometry to measure an RBC elongation index (EI) at each shear level, whereby 

𝛥𝑝𝑓𝐻𝑏 =
𝑝𝑓𝐻𝑏𝑡2 − 𝑝𝑓𝐻𝑏𝑡1

𝑡2 − 𝑡1
× 𝑡2 
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the long (A) and short (B) axes of the RBC diffraction patterns are used to characterize 

the elliptical profile of the RBC population according to EI= (A-B)/(A+B).  The 

Lineweaver-Burk equation was then fit to the EI versus shear stress data for each 

sample over the range of 1.0-30.0 Pa, which generates two indices, the shear stress 

required for half of maximal EI ( SS1/2) and the maximum EI at infinite shear stress 

(EImax), to enable comparisons of RBC deformability between samples (Prism 6, 

Graphpad Software Inc, La Jolla, CA). The ratio of these indices, SS1/2 : EImax , allows 

comparisons of RBC deformability across populations, with an increase in the ratio 

denoting a decrease in deformability 21.   

To evaluate changes in RBC deformability in the flow loop compared to the static 

control, the mechanical sensitivity index was utilized, which is the percent difference 

between the SS1/2 : EImax ratio at a given timepoint (𝑛) and the ratio of the static 

control sample (𝐶𝑜𝑛 ) 97. 

Equation 19 

If the mechanical damage index is positive, a decrease in RBC deformation relative 

to control has occurred, while a negative index indicates and increase in deformation.  

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝐷𝑎𝑚𝑎𝑔𝑒 (%) =

 𝑆𝑆1
2
𝑛 ∶ 𝐸𝐼𝑚𝑎𝑥  𝑛 −  𝑆𝑆1

2
𝐶𝑜𝑛 ∶ 𝐸𝐼𝑚𝑎𝑥  𝐶𝑜𝑛 

 𝑆𝑆1
2
𝐶𝑜𝑛 ∶ 𝐸𝐼𝑚𝑎𝑥  𝐶𝑜𝑛 
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4.2.5. von Willebrand Factor Multimer Analysis 

To measure von Willebrand Factor multimer size following repeat-exposure to 

the SGB gap, electrophoresis and immunoblotting were performed according to Chan 

et al.34, 37 Platelet-rich plasma (PRP) was prepared by centrifuging every 5min and 

120 min blood samples for 7 min at 4200 × g at room temperature. Platelet-poor 

plasma (PPP) was prepared by further centrifuging PRP for 5 min at 15,000 × g to 

remove debris. Electrophoresis was performed on centrifuged PPP using a high 

gelling temperature agarose (Lonza, Basel, Switzerland) at room temperature and 

60V for 8 hours. Following electrophoresis, the vWF multimers were transferred to a 

polyvinylidene difluoride (PVDF) (IPVH304F0, Immobilon-P, Millipore Corporation, 

Billerica, MA, USA). Membranes were blocked using 5% skim milk in Tris Buffered 

Saline with Tween (Sigma Aldrich, St. Louis, MO., USA) and probed with horseradish 

peroxidase conjugated polyclonal rabbit anti-human vWF (1:1000) (DAKO, Glostrup, 

Denmark). Membranes were washed and developed with enhanced 

chemiluminescence (ClarityTM ECL Western Blotting Substrate, Bio-Rad 

Laboratories, Inc, Hercules, CA, USA), and vWF multimer band density visualized with 

an ImageQuant LAS 4000 (GE Healthcare, Chicago, IL, USA). The densities of vWF 

multimers of discrete molecular weights were quantified using standard software 

(Image J, ver.1.8.0_112, National Institute of Health, Bethesda, MD, USA).  



141 

 

4.2.6. Statistical Analysis 

The rate of change of pfHb at each bearing and grooveless disk gap, as well as 

differences in RBC deformability indices with respect to time were compared using 

one-way analyses of variance with post hoc Tukey HSD tests. A comparison of the 

clamped versus unclamped SGB test was performed using a paired, two-tailed t-test. 

To determine SGB gap and time-dependent changes in RBC deformability and vWF 

multimer size, two-way analyses of variance with post hoc Tukey HSD tests was 

utilized. Comparisons between vWF densitometric intensity at 5 and 120 minutes 

were performed using a paired, two-tailed t-test. Unless otherwise stated, 

significance was determined at p<0.05, and data are represented as mean (M) ± the 

standard deviation (SD).   

4.3. Results 

4.3.1. Hemolysis 

Changes in pfHb over time were statistically equivalent at each bearing gap (20 µm: 

M=23.5 ±10.2 mg/dL; 30 µm: M=31.4 ± 25.9 mg/dL; 40 µm: M=23.0 ± 14.9 mg/dL, 

see Figure 25). As a positive control, we demonstrate that hemolysis is gap-dependent 

in our test system using a grooveless, flat disk. Hemolysis levels were found to 

increase with a decrease in gap height between the disk and the counterface (40 µm: 

M=6.0 ± 2.2 mg/dL; 30 µm: M=8.8 ± 3.8 mg/dL; 20 µm: M=15.6 ±7.3 mg/dL), though 
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the magnitude of hemolysis increase was highly subject-dependent. It is important to 

note that hemolysis levels with a grooveless disk cannot be directly compared to SGB 

hemolysis results due to the distinctly different flow patterns generated by the two 

geometries. The rotating grooveless disk creates a flow driven radially outward by 

centrifugal force, whereas the SGB drives fluid radially inward via viscous pumping 

along the bearing grooves.  

The effect of bearing gap-dependent variations in blood residence time on 

hemolysis levels was found to be insignificant. There were no changes in pfHB 

concentrations between a clamped and unclamped 20 µm gap (unclamped: 

M=52.3±50.8 mg/dL; clamped: M=45.8±27.3 mg/dL). These results indicate that cell 

exclusion, not residence time, was responsible for the trend towards lower hemolysis 

levels from a 30 to a 20 µm gap. The degree to which RBC were excluded in a clamped 

and unclamped 20 µm gap was shown to be constant at 2000 rpm in the ghost cell 

exclusion study. Blood residence times in the bearing gap, volumetric flow rates, and 

maximum shear levels at each bearing gap are shown in Table 6.  

The repeatability study resulted in ΔpfHb levels of 14.8 and 12.2 mg/dL over the 

60-minute time-course. The study was limited to n=2 runs due to a volume limitation 

of a blood draw from a single participant. The study provides confidence that the test 

system provides repeatable results with a single subject’s sample. The test system 
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was washed with PBS and the zero-gap point was reset between runs to ensure the 

repeatability of the test setup methods.   

Table 6: Shear stress, RBC residence time, and flow rates at each bearing gap. 

Bearing Gap (µm) 20 30 40 

Flow Rate (mL/min) 60±8.6 50±9.5 36±13 

Residence Time (s) 0.18 0.24 0.35 

Gap Shear Stress 

at Outer Diameter (Pa) 
507 338 253 

Groove Shear Stress 

at Outer Diameter (Pa) 
46 44 42 
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Figure 25: The rate of hemolysis (ΔpfHb) for each flow study. There is no significant 

difference between hemolysis rates at each bearing gap (A), but a trend towards 

lower hemolysis at a higher shear rate as the gap drops from 30 to 20 µm is apparent. 

To control for subject variability in RBC response to shear stress, the ΔpfHb at each 

bearing gap was normalized to the ΔpfHb at 40 µm for a given subject (B). The 

normalization shows equivalent hemolysis rates at a 20 and 30 µm gap despite the 

increase in shear stress. A positive control study examining hemolysis rates without 

cell exlcusion in a grooveless disk is depicted in (C). A reduction in bearing gap, and a 

resulting increase in shear stress, led to an increase in hemolysis, demonstrating the 

well-studied relationship between shear and blood damage. A control for RBC 

residence time in the bearing gap is shown in (D).  An increase in RBC residence time 

in the 20 µm SGB gap by clamping the outflow resulted in no change in hemolysis 

levels. This indicates that cell exlcusion, rather than residence time, is contributing to 

the equivalent hemolysis rates at a 20 and 30 µm gap shown in (A) and (B). Finally, 

(E) depicts plasma samples at each timepoint for a 20 and 30 µm gap. The lighter pink 

color of the 20 µm 120 minute sample versus the 30 µm 120 minute sample is 

apparent. 

4.3.2. RBC Deformability 

The SS1/2:EImax deformability index and mechanical damage index demonstrate a 

biphasic response of RBC deformability to circulation time in the flow loop, with a 
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significant biphasic damage index found with a 30 µm gap (Figure 26). The main effect 

of time on the mechanical damage index was also found to be significant (p<0.05). 

The biphasic response varied with bearing gap, with a 20 µm gap demonstrating a 

lower amplitude and higher frequency (local minima at 5 and 60 minutes, and local 

maxima at 30 and 120 minutes). The 30 and 40 µm gap demonstrate lower frequency 

and higher amplitude responses, with a single local minimum at 30 minutes and a 

local maximum at 90 minutes. The 30 µm gap resulted in the largest range of 

SS1/2:EImax and damage indices ( 3.95-4.18; -2.8% to 2.7% ). The static control sample 

deformability indices demonstrate healthy RBC elasticity, matching values previously 

reported in the literature, with an EImax = 0.641±0.011 and SS1/2 = 2.536±0.251. The  

impact of total study time on SS1/2:EImax ratios for the static controls is shown in 

Figure 27; for each individual bearing gap experiment, there is no significant change 

in RBC deformability due to time, but over the entire 6 hour experiment duration (2 

hours for each bearing gap) RBC deformability is significantly reduced. Thus, each 

bearing gap experiment was performed in random order to offset time-related 

changes.  

Due to the differing flow rates in each bearing gap, the number of repeated RBC 

exposures to the SGB at each sample timepoint depend on the bearing gap, which may 

contribute to the differing biphasic time-responses. For example, a RBC has 

completed 119 passes through the 20 µm gap at 90 minutes, compared to 101 passes 

and 72 passes for the 30 and 40 µm gaps, respectively. This difference in shear cycles 
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may impact the transient behavior of the mechanical sensitivity indices. The number 

of exposures are shown in Table 7.  

 

Figure 26: Sublethal mechanical damage of RBC populations from each SGB gap. The 

top row indicates transient changes in the deformability index, SS1/2:EImax, for each 

bearing gap, as well as the index for the static control, C. The bottom row depicts the 

mechanical damage index over time, which clearly depicts the biphasic response. The 

30 µm gap generated the largest biphasic amplitude for both indices. Significance was 
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determined using a two-way ANOVA and post hoc Tukey HSD test,*p<0.05, n=8. Error 

bars depict SEM. 

 

Table 7: A description of the number of shear duty cycles RBC have been exposed to 

at each sample timepoint. Along with the number of shear exposures, the RBC gap 

residence time and the magnitude of shear impact RBC deformability.  

Number of Passes Through the SGB Gap 
 

20 µm 30 µm 40 µm 

5 min 6.6 5.6 4.0 

30 min 39.8 33.6 24.1 

60 min 79.5 67.2 48.2 

90 min 119.3 100.8 72.2 

120 min 159.1 134.5 96.3 

Residence Time (s) 0.18 0.24 0.35 

Duty Cycle Length (s) 45.26 53.55 74.75 

Simplified Gap Shear 
Stress at Outer 
Diameter (Pa) 

507 338 253 

Simplified Groove 
Shear Stress at Outer 

Diameter (Pa) 
46 44 42 
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Figure 27: The time-dependence of RBC deformability is depicted in (A) with a 

significant increase in  SS1/2:EImax  from the first sample time at the start of the first 

bearing gap experiment ( 1 a.u.) to the 15th sample time at the conculsion of the 3rd 

gap experiment ( 15 a.u.), ~ 6 hours. Bearing gap experiments were thus performed 

in random order to control for time-dependent effects. (B) indicates the lack of 

deformability changes over each 2-hour test period, meaning time effects are not 

significant within a bearing gap test. ***p<0.001, n=8. Error bars deptict SEM. 
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4.3.3. Von Willebrand Factor Multimer Analysis 

The number of HMW vWF multimers decreased significantly over time for each 

bearing gap experiment, with 7.4 × 104 ± 4.8 × 103  densitometric intensity of HMW 

multimers at 5 minutes, and  4.6 × 104 ± 2.1 × 103  intensity at 120 minutes (Figure 28 

A & B). As with the hemolysis tests, no significant changes existed in the percent loss 

of HMW multimers between bearing gaps as analyzed by a one-way ANOVA (20 µm 

M=31.3  ± 18%; 30 µm M=40.4  ± 18.9%; 40 µm M= 35.6  ± 13% (Figure 28 C). 
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Figure 28: (A) Immunoblot images of PPP isolated from whole blood after 5 minutes 

and 120 minutes of circulation in the in vitro blood loop at 20, 30, and 40 µm SGB 

gaps (left); and PPP isolated from whole blood after 5 minutes and 120 minutes of 

static rest (right). There is a visible loss of HMW vWF multimers at each bearing gap 

over time. (B) Densitometric intensity of HMW vWF immunoblots at each time point 

and SGB gap, demonstrating a significant loss in HMW vWF multimers over time using 
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paired, two-tailed t-tests, *p<0.05, **p<0.01. (C)  A comparison of the percent loss of 

HMW multimers over time at each bearing gap. No significant difference was found 

between gaps using a two-way ANOVA with post hoc Tukey HSD, p<0.05, n=6.  

 

4.4. Discussion 

This study demonstrates i) hemolysis rates are independent of SGB gap height for 

a 20, 30 and 40 µm gap despite a two-fold variation in shear stress, ii) RBC 

deformability improves following 5 minutes of flow loop residence time at each SGB 

gap, but fluctuates in a biphasic pattern with increased number of exposures to the 

SGB gap, iii) a 20 µm gap appears to generate lower amplitude fluctuations from 

healthy RBC deformability compared to a 30 µm gap, but this may be due to a low 

resolution sampling rate compared to the frequency of the biphasic pattern, and iv) 

the number of HMW vWF multimers in the plasma is significantly reduced over the 

test period for all SGB gaps. The constant hemolysis rates across SGB gaps and 

reduced amplitude of RBC deformability fluctuations in a 20 µm gap suggest RBC 

exclusion mitigates the deleterious effects of a two-fold increase in shear stress 

between bearing ridge and counterface on lethal and sublethal RBC damage. The 

constant loss of vWF across all gaps may indicate a threshold shear stress has been 

surpassed in all three bearing gaps, resulting in a constant rate of HMW vWF 

multimer mechanical destruction.  
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The change in plasma free hemoglobin, indicating hemolysis, over the course of 

each 2-hour study was found to be equivalent at each bearing gap. As a positive 

control, a grooveless disk was tested at a 20, 30 and 40 µm gap, generating the 

approximate shear rates found between the SGB ridges and counterface. This positive 

control demonstrated a trend towards increased hemolysis with a decrease in gap 

height, indicating a dependence of hemolysis on shear stress magnitude. A 

confounding factor in the present study is the gap-dependent variation in RBC 

residence time and the number of SGB gap exposures (duty cycles through the flow 

loop). The 20 µm gap generates 60 mL/min of flow, resulting in a 0.18 s RBC residence 

time in the SGB gap and the completion of 120 gap exposures at 90 minutes, while a 

30 µm gap generates 50 mL/min of flow, leading to a 0.24 s residence time and 100 

cycles completed at 90 minutes. Hemolysis has been demonstrated to depend on the 

magnitude and duration of shear stress as well as the number of exposures, thus an 

additional experiment was necessary to isolate the effects of cell exclusion on blood 

damage from variations in exposure time and the number of duty cycles. These 

confounding variables were controlled by comparing hemolysis levels between a 20 

µm gap with a clamped outflow (matching the flow rate of the 30 µm gap), and a 20 

µm gap with no clamp. We demonstrate no change in hemolysis due to the change in 

flow rate at a constant bearing gap, indicating that the small change in residence time 

and number of gap exposures had no effect on lethal RBC damage. Therefore, the 

statistically equivalent hemolysis rates at a 20, 30, and 40 µm SGB gap suggest RBC 

are exposed to similar magnitudes of shear stress as they traverse each gap. The 
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approximate shear stress between the SGB ridge and counterface increases by 100% 

(253 Pa to 507 Pa) with a bearing gap reduction from 40 to 20 µm, while the 

approximate shear stress in the bearing grooves increases by just 10% (42 Pa to 46 

Pa). RBC exclusion, which was shown in our visualization study to increase in 

effectiveness with a reduction in bearing gap, is therefore a plausible explanation for 

the equivalent hemolysis levels at a 40 and 20 µm gap. SGBs demonstrate an ability 

to eliminate the hemolytic effect of a 100% increase in supraphysiologic shear stress 

by entraining RBC in the bearing grooves, thus mitigating lethal RBC damage in the 

small gap required for a hydrodynamic bearing. 

A possible alternative explanation for equivalent hemolysis levels at the three 

tested SGB gaps is that the short RBC residence time may eliminate hemolysis 

dependence on shear stress magnitude. A study subjecting RBC to a single dose of 50  

to 450 Pa for 0.2 seconds found no changes in pfHb levels with respect to shear  

magnitude due to the short residence time87. However, this study did not examine the 

effects of repeated shear exposures, which have been shown to increase RBC 

membrane fragility and hemolysis rates. Because repeated exposures occur in the 

present study and because the positive control study suggests a shear magnitude-

dependent hemolysis rate, cell exclusion may be responsible for the equivalent 

hemolysis rates between a 20, 30, and 40 µm gap despite the 100% increase in 

average shear stress.  
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We also demonstrate a biphasic response of RBC deformability to repeated SGB gap 

exposures, similar to the response to repeated supraphysiologic shear exposures 

described in McNamee et al97. McNamee investigated RBC deformability over 10 × 3 

s exposures to 64 Pa and 10 × 2 s exposures to 88 Pa. The present study examines 0.2 

– 0.35 s  exposures to hundreds of shear duty cycles (McNamee examined 10 cycles 

in total). However, the biphasic pattern found in this study is similar in nature to that 

previously reported: at 5 minutes of flow time (4-7 shear cycles), RBC became more 

deformable than the unsheared control population, resulting in a negative mechanical 

damage index. The previous work demonstrates an initial increase in RBC mechanical 

damage (stiffening) after 1-2 shear cycles, with a return to baseline and reversal of 

the damage index by the 4-5th exposure, meaning sheared RBC populations became 

more deformable than unsheared controls97. The present study demonstrates that 

this biphasic response of RBC deformability to repeated shear exposure occurs in 

response to higher shear magnitudes (40-500 Pa versus previously reported 64 and 

88 Pa), lower exposure durations, and over a ten-fold increase in duty cycles. When 

comparing the transient behavior of the biphasic response, the previous study’s 

biphasic period can be projected to consist of 20-26 duty cycles (this estimate is 

dependent upon shear stress magnitude). Assuming this period applies to the larger 

shear stress magnitudes in the current study, the present work samples below the 

Nyquist rate and may therefore miss local mechanical damage index maxima and 

minima. However, the current data are the first to elucidate changes in RBC 

deformability over hundreds of shear exposures and findings suggest the greatest 
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degree of mechanical damage (indicated by the largest mechanical damage index) 

occurs at a 30 µm rather than a 20 µm SGB gap. Previous literature indicates a positive 

correlation between RBC susceptibility to mechanical damage and the magnitude of 

the repeated shear stress, suggesting RBC are exposed to larger shear stresses in the 

30 µm SGB gap versus the 20 µm gap97. The current findings support the theory that 

a SGB reduces RBC mechanical damage by excluding cells from the highest shear rates 

between bearing ridge and counterface, allowing a SGB to operate at a range of gaps 

without significant impacts on lethal and sublethal RBC damage.  

The biphasic response of RBC deformability to supraphysiologic shear is thought to 

be attributed to two mechanisms, the first being a preparation of the RBC for further 

shear exposures by improving membrane deformability, and the second a removal of 

rigid RBC from the population via hemolysis, leading to a more deformable 

population than an unsheared control 97.  Because shear stresses between ridge and 

counterface in the SGB gap extend beyond previously reported acute hemolytic 

thresholds, the removal of rigid RBC due to hemolysis presents a plausible cause for 

the biphasic deformability response. This mechanism indicates subpopulations of 

RBC exist in vivo, with some subpopulations being more susceptible to shear due to 

age or some additional confounding factor. As shear cycles are applied, the overall 

damage index increases until a threshold is reached, whereby the weakest 

subpopulation of cells lyse and the population as a whole becomes less susceptible to 

damage. The exposure time of RBC to supraphysiologic shear stress has also been 
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shown to impact whether RBC deformability is cyclic or permanently diminished, 

with exposures lasting 30 s having a permanent reduction in RBC deformability 86.  

The residence times in this study are on the order of 0.1-0.3 s and demonstrate the 

loss and recoverability of RBC deformability that has been reported in studies with 2-

3 s exposure times97.   

In addition to filtering rigid cell populations via hemolysis, recovery of 

deformability may stem from alterations in RBC membrane properties due to 

cytoskeletal protein alterations, or by alterations in RBC biochemistry that lead to 

impaired membrane regulation, discussed in detail by McNamee et al97. The 

translocation of Band 3, which serves as an attachment point between the RBC 

membrane and cytoskeleton as well as possible spectrin fragmentation due to fatigue 

from repeated supraphysiologic shear exposures, may lead to transient increases in 

RBC deformability and contribute to the biphasic pattern 104, 43, 97.  

The consistent loss of HMW vWF multimers at each SGB gap could be explained by 

mechanical destruction due to shear rates surpassing a critical threshold in each case 

and by enzymatic cleavage of uncoiled vWF by ADAMTS13. Previous studies 

demonstrate a shear magnitude-dependent loss of HMW multimers for shear rates 

up to 8,000 s-1 over 6 hours of constant exposure35. The maximum shear rate at the 

SGB outer diameter ranges from 23,000 s-1 for a 200 µm groove to 230,000 s-1 for a 

20 µm gap between ridge and counterface, well above previously investigated shear 

rates, and may lead to acute disintegration of HMW vWF multimers16, 35. In addition, 
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margination of HMW vWF towards vessel walls in vivo is known to occur due to the 

increased hematocrit near the vessel center and the large size of the multimers, 

causing them to be influenced by shear and wall lift forces. If RBC are concentrated in 

the SGB grooves due to cell exclusion, HMW vWF would likely migrate toward the 

groove walls and be susceptible to skimming between the SGB ridge and counterface. 

Exposure to shear stresses on the order of 250-500 Pa in this region will lead to vWF 

uncoiling and disintegration regardless of SGB gap height. An additional method of 

HMW vWF loss could also occur by enzymatic cleavage of  vWF that has been uncoiled 

due to supraphysiologic shear stress, which has been demonstrated to occur at 

stresses as low as 17.5 Pa16. While SGB may reduce shear-induced RBC damage, 

plasma proteins such as vWF which are essential for platelet-mediated coagulation 

are not protected, meaning bleeding episodes and unstable clot formation are still 

risks with SGB and cardiac assist devices requiring small fluid spaces. 

4.5. Conclusions 

The SGB’s capacity to entrain RBC in bearing grooves, which contain local regions 

of subhemolytic shear stress, was found to contribute to preserved RBC function with 

a reduction in SGB gap height, despite a 100% increase in shear rate between bearing 

ridge and counterface. This finding suggests a SGB can be utilized as a hydrodynamic 

bearing over a range of gap heights with minimal effects on lethal RBC damage. 

However, RBC sublethal damage occurred in all studied SGB gaps, presenting as a 
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cyclic loss and recovery of RBC deformability. RBC deformability was shown to 

fluctuate with a smaller amplitude from healthy RBC deformability at a 20 and 40 µm 

gap, suggesting the preference of a narrow gap (20 µm) to maximize RBC exclusion, 

or a larger gap to reduce shear magnitude (40 µm). While the use of a SGB might 

reduce damage to RBC function through cell exclusion, the SGB was unable to 

preserve HMW vWF multimers, which were prone to shear-induced destruction at all 

examined bearing gaps.  

Evidence of a reduction in lethal and sublethal RBC damage due to RBC exclusion in 

a  SGB gap may indicate that SGBs are beneficial over other hydrodynamic bearing 

designs in rotary blood pumps, either as a supplement to a magnetically levitated 

bearing system or as a backup to a magnetically levitated system in case of control or 

power system failure. The risks of bleeding episodes and emboli formation as a result 

of plasma protein destruction remain a substantial risk. Microgeometries similar to 

the grooves of a SGB could be implemented in pumps requiring small gaps, such as 

pumps indicated for minimally invasive implantation, by both reducing RBC 

residence time in the high-shear region, and by entraining RBC in local areas of 

subhemolytic shear stress. SGBs are thus a viable tool to preserve multiple aspects of 

RBC function in rotary blood pumps that require either a hydrodynamic bearing for 

impeller suspension or a small geometry due to size constraints or minimally invasive 

pump applications.  
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Conclusions and Impacts 

Rotary blood pumps are utilized as bridge to transplant, bridge to destination, and 

bridge to recovery devices to support a failing heart. These pumps have been used in 

the clinic for decades and support patients for 1.5 years on average, but the 

complication rate while on pump support remains high. 60% of patients are 

readmitted to the hospital within 6 months due to stroke, bleeding events, or 

infections. These complications arise due to damage to blood components following 

exposure to supraphysiologic shear stresses within a rotary blood pump. This 

damage can manifest as a loss of RBC function and changes to cell mechanical 

properties, a destruction of plasma proteins, and activation of platelets and 

leukocytes. Shear-induced damage has been found to depend on both the magnitude 

and duration of shear stress exposure. Pumps which require high magnitudes of 

stress, such as miniature axial pumps and those supported with hydrodynamic 

bearings, must minimize blood exposure to these stresses to preserve blood function. 

In this work, spiral groove bearings were found to improve mechanical circulatory 

support device hemocompatibility by improving pump washout and controlling red 

blood cell flow, thus reducing blood exposure to supraphysiologic shear stress. A 

conical SGB implemented in a miniature cardiac assist device was found to enhance 

device washout, thus preventing regions of static flow and thrombus formation, as 

well as reducing the duration of blood exposure to the high-shear pump gaps. A flat, 

disk-shaped SGB was demonstrated to induce cell exclusion in a centrifugal pump 
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configuration at a physiologic hematocrit, thereby entraining RBC in the lower-shear 

bearing grooves and reducing the magnitude of RBC shear stress exposure. Cell 

exclusion resulted in a preservation of RBC function in a SGB gap, generating constant 

hemolysis despite a decrease in bearing gap and two-fold increase in gap shear rates. 

RBC sublethal damage was also reduced with a decrease in bearing gap, with RBC 

maintaining deformability indices closer to healthy controls at a smaller gap. These 

cell exclusion protection mechanisms do not apply to vWF however, as this protein is 

marginalized in the plasma layer, resulting in a constant loss of a majority of HMW 

multimers at each gap. SGB may therefore provide a tool to preserve RBC function, 

but these bearings pose a significant risk to platelet-mediated coagulation due to vWF 

loss, which is likely to result in GI bleeding events. These bearings could however be 

utilized as a safer hydrodynamic bearing alternative to those currently utilized in 

rotary blood pumps, which are not able to exclude or protect RBC. SGB could act as 

either supplementary levitation systems or as a backup to a magnetic levitation 

bearing system to prevent patient death from control system or maglev failure. 

Microgeometries such as the grooves on a SGB may also be utilized in other pump 

geometries requiring narrow gaps, especially microaxial pumps, to reduce damage to 

RBC by implementing cell exclusion and improving washout. By reducing lethal and 

sublethal RBC damage, SGBs may contribute to a lower incidence of thrombus 

formation, vascular injury, local tissue hypoxia, and stroke in patients supported by 

mechanical circulatory support devices, ultimately improving their quality and 

longevity of life with a rotary blood pump. By improving hemocompatibility for 
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pumps requiring small geometries that are especially susceptible to shear-induced 

blood damage, new indications for pumps can be explored. Long-term, minimally-

invasive pumps that do not require open-heart surgery and can restore the function 

of the native heart may be successfully implemented, reducing the need for heart 

transplantation. Survival rates for the next generation of blood pumps would 

continue to improve, making destination therapy and earlier LVAD implantation an 

increasingly beneficial treatment for heart failure over transplantation. Reducing the 

adverse event rate of LVAD support by preserving blood function would allow 

patients more time outside of the hospital and will save millions in readmission costs. 

Spiral groove bearings are thus a tool to enhance the safety and effectiveness of the 

next generation of rotary blood pump, offering patients with heart failure improved 

treatment and a higher quality of life.  

 The use of RBC ghosts to visualize RBC flow in a SGB gap was discovered to allow 

quantification and resolution of cell flow in a complex pump geometry, providing a 

novel tool to validate multiphase computational fluid dynamics blood models. 

Computational fluid dynamics models are commonly used to estimate the magnitude 

and duration of shear stress that blood will be exposed to in a pump geometry, 

providing an early-stage design vetting tool before time-consuming and costly 

benchtop tests. Using the ghost methodology developed in this work, the magnitude 

and duration of RBC shear exposure can be measured, providing validation of RBC 

flow paths and improving the accuracy of computational fluid dynamics models. This 
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improved computational capability will in turn accelerate safe and effective pump 

development, leading to improved patient outcomes.  
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Appendix A: The Conical SGB Performance 
in a Miniature Cardiac Assist Device 

The conical SGB was investigated as a means of i) generating washout through a 

rotary blood pump motor gap and ii) providing bearing stiffness to the pump 

impeller. However, due to the limitations on SGB surface area with a 7 mm outer 

diameter, the SGB was unable to generate the thrust force required to offset axial 

hydraulic forces on the pump impeller (generated by the 90 mmHg arterial pressure 

head and fluid momentum). Numerical and experimental screening studies, as well 

as results from implementing the conical SGB in a pump prototype, will be discussed 

here. The original design of the miniature cardiac assist device is depicted in Figure 

29. 
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Figure 29: The anatomical configuration of a minimally invasive cardiac assist device. 

The axial pump is mounted on a catheter, introduced via the subclavian vein, and fixed 

to the atrial septum. The pump directs flow from the left atrium to the sublavian 

artery via an outflow graft (top). The internal geometry of the pump (bottom) 

demonstrates the placement of the SGB opposite the axial impeller. The SGB was 

proposed to drive flow through the pump motor gap (between rotor and stator) and 

counteract the axial load on the impeller.  

4.6. Analytical Screening Study 

 Muijderman’s narrow groove theory analytical model was investigated to predict 

the force generation of conical SGBs with a 7 mm diameter. To derive the thrust load 

produced by the bearing, the pressure difference in Equation 9 is integrated over the 

total bearing height 𝑙 as follows  

Equation 20 

Where 𝑃(𝑥) is the pressure at a given height,𝑥, of the bearing: 

𝑊 = −2𝜋 𝑃(𝑥)𝑟
𝑑𝑟

𝑑𝑥
 𝑑𝑥

0

𝑙
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Equation 21 

Following integration by parts, W becomes 

Equation 22 

Where 𝑟 = 𝑥𝑡𝑎𝑛(𝑡) and the pressure at the outer radius, 𝑃(0), is 0, giving

Equation 23 

The frictional force of the bearing is calculated as follows 

𝑃(𝑥) =
6𝑛 𝜔 

ℎ𝑡
2 sin(𝑡)2 cos(𝑡)

 (𝑅𝑥 − 𝑥2tan𝑡)𝑔1 −
6𝑛𝑠𝑡(1 + 𝛾)

ℎ𝑡
2 sin(𝑡)2𝜌𝜋ℎ1

 𝑌 log(
𝑅

𝑥𝑡𝑎𝑛(𝑡)
) 

𝑊 = −𝜋(𝑃(0)𝑅2 − 𝑃(𝑙)𝑟0
2) − 𝜋 𝑟2

𝑑𝑟2

𝑑𝑥

𝑑𝑃(𝑥)

𝑑𝑥
𝑑𝑥 

0

𝑙

 

𝑊 = −𝜋(−𝑃(𝑙)𝑟0
2) − 𝜋 𝑥2 tan(𝑡)2 2𝑥 𝑡𝑎𝑛(𝑡)2  

𝑑𝑃(𝑥)
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Equation 24 

Where 𝑎1, 𝑋, 𝑟 and 𝑔2 are defined as 

Equation 25 

Equation 26 

Equation 27 

Equation 28 

𝑀 =
𝑘𝜂𝜔

ℎ𝑡 sin(𝑡) cos(𝑡)
𝑔2 𝑟

2𝑎1𝑑𝑥
𝑙

0

−
2𝜂𝑠𝑡𝑋

𝜌ℎ1ℎ2
 

𝑟

cos(𝑡)

𝑙

0

𝑑𝑥 

𝑎1 =
2𝜋r

𝑘(1 + 𝛾)
 

𝑟 = 𝑅 − 𝑥𝑡𝑎𝑛(𝑡) 

𝑋 =
3𝛾𝐻 cot(𝛼)(1−𝐻)(1−𝐻3)

(1 + 𝛾𝐻3)(𝛾 + 𝐻3)+ 𝐻3(cot(𝛼)2)(1 + 𝛾)2
 

𝑔2 = (𝛾 + 𝐻 +
3𝛾𝐻(1−𝐻)2(1 + 𝛾𝐻3)

(1 + 𝛾𝐻3)(𝛾 + 𝐻3)+ 𝐻3(cot(𝛼)2)(1 + 𝛾)2
) 
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The coefficient of friction can be found by 

Equation 29 

Using the narrow groove theory, the simple effects of conical half angle, bearing 

groove angle, and bearing gap were explored with regards to washout and force 

𝑓𝑠𝑔 =
𝑀𝑡
𝑅𝑊𝑡
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generation. From these three parameters, bearings were optimized for either force or 

washout to determine the sacrifices in either outcome with maximization of the other.  

The preliminary designs and their performance characteristics are shown in Table 

8 and Table 9.  Figure 30 and Figure 31 demonstrate the tradeoffs  of optimization for 

either force or washout.  

 

 

Table 8: SGB designs optimized for axial force generation. 

 Half 
Angle 
(deg) 

Bearing 
Gap (μm) 

Groove 
Angle 
(deg) 

Pressure 
Rise (Pa) 

Thrust 
Load  

(N) 

Flow 
(mL/min) 

Residence 
Time (s) 

75 25 15 26574 0.5217 5.88 0.037 

60 25 15 30009 0.5861 6.64 0.042 

45 25 15 37474 0.73 8.29 0.047 

30 25 15 54325 1.05 12.02 0.057 

15 25 15 107935 2.08 23.87 0.084 

 

Table 9: SGB designs optimized for washout flow generation. 

 Half 
Angle 
(deg) 

Bearing 
Gap (μm) 

Groove 
Angle 
(deg) 

Pressure 
Rise (Pa) 

Thrust 
Load (N) 

Flow 
(mL/min) 

Residence 
Time (s) 

75 45 20 6539 0.1235 8.44 0.037 

60 45 20 7638 0.1421 9.86 0.030 

45 45 20 10026 0.1833 12.94 0.032 

30 55 25 8866 0.1622 20.89 0.036 

15 65 30 12462 0.2229 48.48 0.048 
 



180 

 

 

 

 

 
Figure 30: The axial force generated by bearings optimized for force and those 

optimized for flow. The percent differences between the bearing forces are also 

shown. 
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Figure 31: The washout generated by bearings optimized for force and those 

optimized for flow. The percent differences between the bearing washout values are 

also shown. 

From these initial models, a decrease in SGB conical half angle had the largest 

positive impact on both washout and load capacity. Changes in bearing groove angle 

and gap were most effective in changing force and flow outcomes at smaller SGB half 

angles (15 and 30°). Because SGB designs in this study are constrained by inner and 

outer diameter, the 15° conical angles have the largest surface area and longer 

transverse bearing length, thus providing the greatest hydraulic power. The long 

groove pathway in this configuration allows for higher pressure buildup, thereby 

generating greater thrust forces.  

From Figure 30 and Figure 31 it can be concluded that optimization has the largest 

impact on bearings with a small conical angle and long transverse length. 
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Optimization for flow results in a 51% increase in washout, and optimization for force 

results in an 89% increase in force generation for bearings with a half angle of 15 

degrees. On the contrary, bearings with a 75-degree half angle experience a 30% and 

76% increase in either flow or force, respectively. Optimization may have a greater 

effect on the smaller half angle bearings due to their inherent ability to pump more 

fluid down a longer groove length and consequently build more pressure; a small 

change in bearing parameters such as the groove angle will have a larger impact on a 

more effective pump than on the shorter transverse-length bearing. Also, optimizing 

for force has a greater impact than optimizing for flow, suggesting that if the bearing 

force needs to be high to match the hydraulic forces on an impeller, the bearing can 

be designed to provide more force with a lower sacrifice in washout.  

The approximate radial load of a conical bearing with a 15° half angle was 

calculated to be 0.2742 N according to Muijderman’s theory. The order of magnitude 

is equivalent to that of the thrust load. The conical SGB cannot be utilized as a primary 

source of radial bearing stiffness due to the forces generated between the 

electromagnetic motor and permanent magnet stator (on the order of 4-10 N), hence 

only axial forces will be discussed. A passive mechanical contact bearing or passive 

magnetic levitation system are future design ideas for generating radial stiffness.  
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4.7. Experimental Thrust Force and Washout Flow Data   

An experimental screening study was performed to look at effects of single changes 

in SGB geometry on SGB washout and force generation. This study is described in 

detail in Chapter 2.  As discussed previously, the bearings tested were scaled using 

similitude to improve the 3D printed feature tolerance. Similitude was again applied 

to scale the experimental results down to a 7mm outer diameter SGB. These results 

are depicted in Figure 32 and Figure 33.  
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Figure 32: The thrust force generated by conical SGB designs with a 7 mm outer 

diameter. Bearings with a ridge:groove width ratio of 1:1, 2:1, and 1:2 are compared 

to the analytical prediction according to the narrow groove theory for a 1:1 geometry 

(top left). The number of grooves were altered, compared to theoretical performance 

of a 15-groove bearing (top right). The effect of groove depth (300 and 400 µm) 

compared to theoretical performance of a 300 µm groove depth bearing (bottom left). 

All bearings have a half angle of 15°, except for the panel demonstrating changes in 
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force due to RPM (bottom right). This panel compares the force generated by 15° 

bearings operating at various rotational speeds with a 45° bearing at 20,000 rpm. The 

baseline bearing geometry is descibed in Chapter 1, and all incremental geometry 

changes were made from this baseline design.  

Figure 32 demonstrates the thrust force generated by bearings with a 7 mm outer 

diameter. These forces range from 0.1-0.7 N due to the small surface area of the 

geometries investigated. The groove number and geometry, as well as conical half 

angle, have the largest effects on thrust force generation. However, the axial load on 

the impeller due to the arterial pressure head and the fluid momentum overpowered 

the SGB thrust force in assembled pump tests, thus a small, conical SGB was deemed 

insufficient as the sole source of axial impeller stiffness.  

The washout flows generated by each SGB geometry (and scaled to the 7 mm OD size 

using similitude) are shown in Figure 33. The maximum flow rates are generated at a 

15° half angle with wide grooves, either by reducing the ridge to groove width ratio 

(1:2) or by reducing the number of equally-spaced grooves and ridges ( 5 grooves – 

ridge pairs). The maximum flow rate depicted, 23.1 mL/min, results in a motor-

annulus residence time of ~100 ms, which is below the hemolysis ‘threshold’ for 

single shear exposures.   
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Figure 33: Single-factor variations in washout flow (Q) generated by conical SGBs 

with a 7 mm outer diameter. Conical half angles are designated by (t15) for 15°, (t30) 

for 30°, and (t45) for 45°. Variations in groove angle affect the slope of the washout 
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curve over the bearing gap, with little affect on the maximum washout rate (upper 

left). Widening the grooves by reducing the number of groove-ridge pairs leads to a 

large increase in washout (upper right). Widening the grooves by decreasing the 

ridge:groove ratio results in similar maximum washout rates for the 15 and 45° half 

angle bearings (middle left). Changes in groove depth (45 and 60 um) resulted in only 

2-10 mL/min alterations in maximum washout, indicating that groove width has a 

larger main effect than depth (middle right). SGB rotational speed affects the change 

in washout over bearing gap rather than the maximum washout obtained. Slope 

changes are due to the increase in centrifugal force in the bearing gap at a higher 

rotational speed (bottom).  

 

Prototypes of the minimally invasive assist device were 3D printed and assembled in 

a mock pump housing (Figure 34). Pump configurations were tested with and without 

the SGB using two rotors, one with the conical SGB and impeller printed in one piece, 

and one with only an impeller. The impellers were then glued to permanent magnets 

to comprise the pump rotors. A cylindrical pin contact bearing was utilized to stabilize 

the outflow end of the impeller. The rotor and stator were placed into the mock pump 

housing, which was inserted into a flow loop. The pump primary outflow and washout 

flow were measured using two flow probes (4PXN, Transonic Systems Inc., USA). 

With this benchtop study, we demonstrated that the SGB induced 40 mL/min of 

washout flow in the motor gap ( a 50 ms RBC residence time in the high-shear motor 
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annulus), and that without the SGB no washout was detected. However, the SGB did 

not generate a sufficient amount of axial force to counter the hydraulic force, and 

instead contacted the mating conical surface on the pump housing, resulting in a 

prohibitively large torque and a stalled motor. This touchdown limited the motor 

speed to 18,200 rpm. The pump hydraulic performance in this configuration was 2.8 

L/min of flow against a 60 mmHg pressure head, well below the targeted 3 L/min 

against 90 mmHg. Without the SGB, the required torque was within the motor’s 

operating range, and 3 L/min of flow was generated against 100 mmHg at 25,000 

rpm. However, there was no washout flow in the motor annulus, which would lead to 

pump thrombosis and failure in vivo.  

 

Figure 34: A prototype of the minimally invasice cardiac assist device, build into a 

barbed-tubing fitting. The rotor with SGB and impeller mounted onto a permanent 
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bearing is shown in the upper left panel. The rotor and stator inserted into the mock 

pump housing is depicted in the upper right panel. Forces acting on the impeller and 

SGB are depicted in a labelled image of the pump (bottom left panel), and the 

assembled prototype in the tube fitting is shown (bottom right).  

To prevent motor stalling while maintaining motor gap washout, the pump was 

reconfigured by placing the conical SGB on the distal end of the motor annulus (Figure 

35). In this position, the SGB is no longer a load-bearing element, and hydraulic forces 

acting on the impeller will push the SGB away from the counterface. Because load 

capacity was no longer needed, convective flow was encouraged by reducing the 

number of groove-ridge pairs to 5, reducing the ridge: groove width ratio to 1:5, and 

increasing groove depth to resemble a vaned, mixed-flow impeller. The washout 

impeller used centrifugal force to draw fluid from the pump inlet windows to the 

distal end of the motor annulus. In this configuration, 130 mL/min of flow was 

achieved in the motor annulus, resulting in an extremely low 16 ms RBC residence 

time.  
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Figure 35: The reconfigured axial blood pump with the washout impeller placed at 

the distal end of the pump. In this configuration, the load-bearing function of the SGB 

is removed, and the SGB has been converted to a mixed-flow impeller, encouraging 

convective, centrifugally-driven flow. This impeller serves only to drive washout flow 

in the motor annulus. 130 mL/min of flow in the annulus was generated with this 

configuration, reducing RBC residence time in the high-shear annulus to 16 ms.  
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4.8. Bovine Model1 

The axial pump’s hydraulic performance in vivo was evaluated in a bovine model, 

as described in Smith et al 140. Prior to the animal model, the pump was evaluated in 

a mock circulatory loop, which demonstrated the pump’s ability to reduce end 

diastolic volume and restore systemic circulatory flow, thus unloading the left 

ventricle 141. The pump prototype was divided into 6 components for manufacturing 

and assembly: (1) the motor stator, (2) a long, thin-walled sleeve to encapsulate the 

motor permanent magnet rotor, (3) the secondary washout impeller, (4) the 

secondary washout impeller cup, (5) the primary impeller, and (6) the pump case 

with primary diffuser inside. 

The secondary washout impeller was 3D printed using an SLA printer (Kudo, 

resolution: 10 µm slice, 25 µm dot resolution). The secondary washout impeller cup 

was machined from poly-ether-ether-ketone (PEEK). The primary impeller blades 

 

 

1 Previously published: Smith P. A., Y. Wang, S. A. Bieritz, J. L. Conger, L. C. Sampaio, W. E. Cohn and 
O. H. Frazier. In Vivo Feasibility Study of an Intra-Atrial Blood Pump for Partial Support of the Left 
Ventricle. In: 2018 40th Annual International Conference of the IEEE Engineering in Medicine and 
Biology Society (EMBC)IEEE, 2018, p. 4520-4523. S.A.Bieritz contributions consisted of washout 
impeller design, washout pump assembly design, assisted with pump assembly, animal trial 
preparation including preparing data collection tools, assisted with pump operation during animal 
trial. 



192 

 

were machined out of titanium on a 5-axis computer numeric controlled mill. This 

held the required tolerances and created an acceptable surface finish for blood 

contact in an acute study. The diffuser and casing component was 3D printed out of 

Ti-6Al-4V. The fully assembled pump and an additional assembled rotor are shown in 

Figure 36. 

 

Figure 36: Intra-atrial pump housing (left) and rotor (right). 

4.8.1. Animal Preparation and Surgical Procedure 

The study was approved by the Texas Heart Institute’s Institutional Animal Care 

and Use Committee. A 100-kg calf was chosen for the study. The calf received care in 

accordance with the standards of the Office of Laboratory Animal Welfare. Before the 

IAP implantation, general anesthesia was induced and preparatory measures were 

taken according to the standard procedures for pre-surgical care of calves. The pump 
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was implanted via a right thoracotomy and sutured to the atrial septum (Figure 37). 

The outflow graft was tunneled through the jugular vein and flushed with heparinized 

saline to prevent clotting while the graft was being anastomosed to the carotid artery. 

Once the flow pathway was fully established, the pump was turned on at 22,000 rpm 

and operated for 2.25 hours during which time it used 8 to 9 W. 

 

Figure 37: Intra-atrial pump during implantation into the bovine chest cavity. 

4.8.2. Sensors and Data Acquisition 

In this study, implantable flow probes 6 mm in diameter (Transonic Systems Inc., 

Ithaca, NY, USA) were attached to the carotid artery both upstream and downstream 

of the anastomosis, enabling differentiation between the native flow through the 

carotid artery and the augmented pump flow through the carotid artery. The arterial 



194 

 

pressure was measured during the operation with a fluid-filled pressure line 

connected to a pressure transducer (TruWave, Edwards Lifesciences, Irvine, CA, 

USA). dSpace (dSPACE Inc., Paderborn, Germany) was used as the environment for 

both the control system and data acquisition. The rotational speed of the IAP motor 

(Koford Engineering LLC, Winchester, OH, USA) was controlled by a command voltage 

input that ranged from 0 V to 5 V (0 V being low speed and 5 V being high speed). 

Rotational speed was measured by back electromotive force. A closed-loop PID 

controller was designed in Simulink (MathWorks, Natick, MA, USA) to vary the 

command voltage based on the error between the target rotational speed and the 

measured rotational speed. Several channels with adjustable gains and offsets were 

prepared for recording the pressures and flows. Fluoroscopic imaging (OEC 9900, GE 

Healthcare, Chicago, IL, USA) with contrast agent was also used to analyze the flow 

path through the pump and at the carotid artery at the site of the anastomosis of the 

outflow graft. 

4.8.3. Results 

There were no adverse events in this acute study. Initially, it was difficult to start 

the pump, possibly because the rotor was contacting the inside of the left atrium near 

the secondary washout impeller, but once the blood was returned from the bypass 

machine to the native circulation, the rotor was able to spin freely. 
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Fluoroscopic images with contrast agent demonstrated the flow path through the 

pump (Figure 38). When the liquid contrast agent was injected, the image of the 

vessel path darkened. Fluoroscopic imaging was also used to inspect the anastomosis 

of the outflow graft to the carotid artery (Figure 38). Importantly, it was noted that 

the carotid artery darkened in both directions from the site of the anastomosis, 

indicating that the pressure at the anastomosis overwhelmed the pressure in the 

aorta. This resulted in the blood exiting the pump and flowing in a retrograde 

direction through the carotid artery, contributing to the blood volume in the aorta. 

The pump operated for 2.25 hours at 22,000 rpm before it was shut off. There were 

no signs of clotting in the pump or of the motor overheating. 

 

Figure 38: (A) Fluoroscopic image with contrast agent showing the flow through the 

outflow graft. (B) Fluoroscopic image with contrast agent showing the anastomosis 

of the graft to the carotid artery. 



196 

 

The flow probes on the carotid artery measured a flow rate of approximately 1.8 

L/min against a mean arterial pressure of 115 mmHg. The flow rate fluctuated with 

the changes in aortic pressure during the cardiac cycle (Figure 39), while the pump 

operated at a constant rotational speed of around 22,000 rpm. 

 

Figure 39: In vivo data showing that the pump flow fluctuated with the changes in 
aortic pressure during the cardiac cycle. 
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4.8.4. Discussion 

4.8.4.1. In Vivo Hemodynamic Performance 

To evaluate pump hemodynamic performance, the pressure rise across the pump 

and the flow through the pump were studied in vivo. The pressure rise across the 

pump is the difference between aortic pressure and left atrial pressure and was 

approximated. Normal left atrial pressure is between 1 and 8 mmHg 59. During 

steady-state hydraulic testing in vitro, it was found that the IAP could pump 1.8 L/min 

against a pressure of 107 mmHg when running at 22,000 rpm; therefore, the in vivo 

pressure/flow data matched the hydraulic data reasonably well. In the future, a 

pressure line will be placed in the left atrium to address this limitation. It is more 

common for pumps to underperform in a pulsatile environment than in a steady-state 

environment 135; however, intravenous saline provided to the animal during surgery 

may have lowered the viscosity of the blood, allowing for improved performance.  

4.8.4.2. Animal Model Consideration 

When selecting an animal model for insertion of the IAP, there was a surgical 

preference for the bovine model because of the large chest cavity of these animals. 

Also, calf and human blood vessels have similar properties. Because the IAP is 

intended for minimally invasive delivery, the large diameter of the blood vessels in 

cattle, compared to those in pigs and sheep, further supported the selection of the 
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bovine model for future studies. Since the pump itself is still under development, no 

percutaneous delivery tools have been created yet. Once the pump design has been 

finalized, methods for holding the device for insertion and deploying it upon proper 

positioning will be tested in vitro and in vivo. 

4.8.4.3. Data Acquisition and Sensor Location 

One valuable outcome of this acute study was identifying which sensors to use and 

where they should be positioned. Although the pressure and flow data we collected 

are useful, there is room for improvement. The outlet pressure was collected, but the 

inlet pressure was not. This decision was made because of concerns that placing an 

additional pressure line in the left atrium could exacerbated problems with the free 

movement of the rotor. Therefore, even though flow data were collected, the precise 

pressure rise is unknown. Ideally, the pressure rise across the pump and the flow 

through the pump would have been measured. Unfortunately, the outflow graft from 

the pump was made of expanded polytetrafluoroethylene (ePTFE). This made it 

impossible to measure flow through the graft wall because the expansion process 

produces a foam, meaning the wall has the consistency of a sponge, and Doppler 

ultrasound cannot penetrate this spongy layer. 

Pump flow was measured by placing a flow probe both upstream and downstream 

of the graft anastomosis on the carotid artery. The difference between them is the net 

pump flow. One disadvantage of this method is that the signal quality of implantable 
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flow probes tends to be worse for smaller vessels than for larger vessels. In this study, 

placing small flow probes on the coronary artery proved sufficient, so that method 

will be employed in the future, as well. 

4.8.5. Conclusion 

In this acute animal study, feasibility was proven through successful implantation 

and operation of the device, as confirmed by fluoroscopic imaging. A procedure was 

developed for surgically implanting the device, which allowed for in vivo evaluation 

of the pump prior to the development of minimally invasive implantation tools. The 

results showed that it is feasible to place the IAP via atrial insertion and that the IAP 

can provide partial flow support with the pump outflow graft connected to a 

peripheral artery. Future work will include hemolysis studies, optimizing the 

manufacturing process, and investigating percutaneous delivery methods for future 

chronic studies. 

4.8.6. Limitations 

Because this pump lacked a radial bearing, a hydrodynamic journal bearing was 

formed between the rotor and windings, with blood acting as the pressurized fluid 

film. This additional journal bearing likely caused both lethal and sublethal RBC 

damage and will need to be addressed in future pump iterations. In addition, the 

arterial afterload drove the pump impeller towards the left atrial wall, creating 
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difficulties in pump startup. A possible addition to the pump design would be a small 

contact bearing between the secondary washout impeller and pump to prevent rotor 

movement during pump operation.  

4.8.7.  Using Similitude to Scale Spiral Groove Bearings  

To study SGB performance in a cost-effective manner without sacrificing geometric 

resolution, similitude was utilized to scale the conical SGB designs to a larger size, 

allowing 3D printing with a 20% feature tolerance. If a bearing is scaled 

geometrically, the fluid properties will scale with a set of dimensionless values, 

including the Reynolds number, a flow coefficient, and a force coefficient. If the ratio 

of the linear velocity of the fluid, the bearing gap height, and the viscosity of the fluid 

(the ratio of inertial to viscous forces) is maintained from the small bearing design to 

the large, the subsequent forces and flows can be calculated from a scaled experiment 

for any bearing size. The first dimensionless parameter, the Reynolds number for the 

bearing gap, is given below: 

Equation 30 

where 𝜔 is the angular velocity in rad/s, 𝑅 is the largest radius of the bearing, 𝑟1 is the 

smallest radius of the bearing, 𝑈 is the average linear velocity,  ℎ is the bearing gap 

𝑅𝑒 =
𝑈ℎ

𝜇
 ; 𝑈 =

𝜔(𝑅+𝑟1)

2
 



201 

 

height, and 𝜇 is the kinematic viscosity. To predict the performance of a scaled 

bearing from the true to size bearing calculations, the fluid viscosity and angular 

velocity can be altered so that Re remains constant despite the scale in geometry. The 

force and flow generation of the bearing can also be predicted by maintaining a 

constant flow coefficient 𝐶𝐹𝐿 and force coefficient 𝐶𝐹𝑅 , as found by a Buckingham Pi 

analysis 

Equation 31 

And  

Equation 32 

Where 𝑓𝑙 and 𝑓𝑟 denote the flow and force for a given bearing size, and 𝜌 denotes 

the fluid density. If 𝐶𝐹𝐿 and 𝐶𝐹𝑅 remain constant as the geometry is scaled, forces and 

flows for a scaled bearing can be predicted. As an example, a conical bearing with a 

75 degree half angle and a bearing gap of 45 microns is scaled by a factor of ten from 

a 3.5 mm radius 𝑅 to a 35 mm radius. All geometric properties scale by a factor of 10 

𝐶𝐹𝐿 =
𝑓𝑙

𝜔𝑅ℎ2
 

𝐶𝐹𝑅 =
𝑓𝑟

𝜌𝜔2ℎ4
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as well, so the new bearing gap is 450 microns. From the Muijderman-based 

equations for force and flow discussed earlier, the bearing was found to generate 8.44 

mL/min of flow, and 0.1235 N of thrust force with a fluid density of 1060 kg/m3, a 

kinematic viscosity of 3.02E-6 m2/s, and a radial velocity of 2617 rad/s. From these 

parameters, the Reynolds number, force coefficient and flow coefficient can be 

calculated, giving a Re of 87.77, 𝐶𝐹𝐿 of 589.8 and 𝐶𝐹𝑅 of 4,148,619. Keeping these 

coefficients constant, the scaled bearing should produce 322 mL/min of flow and 1.99 

N of thrust force at a fluid density of 1175.6 kg/m3, kinematic viscosity of 1.15356E-

05 m2/s, and an angular velocity of 100 rad/s. To validate the similitude scaling two 

scaled bearings, x6.6 and x5, were tested on the benchtop. The forces and flows 

generated were then scaled down for a x1 bearing, and the results from both bearing 

sizes showed no significant differences in force and flow generation. The theoretical 

x6.6 bearing performance was also calculated using the narrow groove theory and 

scaled down to x1 using similitude; this calculation closely matched the narrow 

groove theory for the x1 bearing (Figure 40). 
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Figure 40: The thrust force generated by a x6.6 bearing was scaled to x1 using 

similitude, and compared to i) the narrow groove theory for the x1 bearing, and ii) 

the narrow groove theory for the x6.6 bearing, scaled down to x1 (Similitude 

Prediction) (left). The washout flow rates for a x5 and x6.6 bearing were tested on the 

benchtop and scaled to x1 using similitude (right). The similar flow curves 

demonstrate the validity of the scaled bearing experiments.  

 


