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ABSTRACT 

Microfluidic technology has the unique potential to separate sperm from unwanted 

debris while improving the effectiveness of assisted reproductive technologies (ART). 

Limitations of current clinical protocols regarding separation of sperm from other cells and 

cellular debris can lead to low sperm recovery when the sample contains low 

concentrations of mostly low motility sperm and a high concentration of unwanted cells or 

cellular debris, such as occurs with surgical testis dissection samples from nonobstructive 

azoospermia (NOA) patients who have undergone microsurgical testicular sperm 

extraction (mTESE), and semen samples from leukospermia patients (high white blood cell 

(WBC) semen).  

Over the years, most microfluidic sperm separation approaches have relied on sperm 

motility for separation with added features through which only highly motile sperm can 

pass. Thus, these techniques can separate only progressive motile sperm from semen 

samples, but they lose a significant number of sperm cells including viable nonprogressive 

motile and nonmotile sperm. This dissertation demonstrates label-free separation of sperm 

from challenging sperm samples using inertial microfluidics. The approach does not 

require any externally applied forces except the movement of the fluid sample through the 

instrument. In this way, it is possible to recover not only any motile sperm, but also viable 

less-motile and nonmotile sperm with high recovery rates. The results show the usefulness 

of inertial microfluidics to significantly reduce the concentrations of unwanted 
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cells/cellular debris (Red blood cells/White blood cells) significantly by flow focusing of 

debris within a spiral channel flow. The majority (~80%) of sperm cells collect to the 

designated outlet and ~98% of debris goes to the waste outlet. The estimated sample 

process time is more rapid (~5minutes) and autonomous than conventional methods which 

may take between ~1 hour (semen purification) and 10 ~18 hours (manual mTESE sample 

search process).  

The flow focusing results of sperm and blood cells included that sharp flow focusing 

of RBC and WBC, but not of sperm cell where sharp flow focusing didn’t appear. The 

successful flow focusing of RBC and WBC imply that the spherical model did accurately 

predict the behavior of RBCs and WBCs, but the lack of definitive focusing of sperm cells 

imply that the modeling of sperm cells wasn’t accurate. This partial success of sperm 

modeling was caused by a lack of understanding of sperm behavior in the curved channel. 

This dissertation presents an improved model of sperm cell behavior in curved channels 

based on both 2D COMSOL ® simulations and experimental studies. The results show 

promising evidence that the proposed method should able to generate more precise sperm 

separation for mTESE samples. Lastly this dissertation also performed viability, toxicity, 

and recovery tests on the proposed sperm separation method for biocompatibility 

verification. These tests should provide initial validation of clinical usefulness. 
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“The important thing is not to stop questioning. Curiosity has its own reason for existing. 
One cannot help but be in awe when he contemplates the mysteries of eternity, of life, of 
the marvelous structure of reality. It is enough if one tries merely to comprehend a little 

of this mystery every day. Never lose a holy curiosity.” 
-Albert Einstein

“And if a person gains more knowledge and intelligence in this life through his diligence 
and obedience than another, he will have so much the advantage in the world to come” 

-Doctrine and Covenants 130:19
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INTRODUCTION 
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Over several decades, the fields of biochemistry and molecular biology have improved 

basic scientific understanding through newly developed supporting technologies. The 

demand for high throughput experimentation and highly sensitive analytical methods has 

emerged along with scientific progress. However, the capability of conventional tools has 

became inadequate to meet the demands of the latest research projects and field 

applications [1]. Microfluidic technology, one of the modern tools, that has been utilized 

to satisfy the new demands, promises massively parallel sample processing, rapid process 

times, small work volumes with minimal losses, and high-throughput biological processes 

[2]. Microfluidic approaches and devices have been growing rapidly over the past 20 years, 

and started in earnest with the introduction of soft-lithography using polymer molding and 

poly-di-methyl-siloxane(PDMS) enabled rapid fabrication of cheap microfluidic devices 

[3] at the end of the 1990s.

The influence of microfluidic technology has reached highly demanding fields such as

genetic analysis[4]. As an effective tool for genetic analysis, microfluidics provides high 

throughput sequencing and DNA amplification tools, which have been popular the past 

few years. As an example, numerous microfluidic polymerse chain reaction (PCR) devices 

have been demonstrated successfully with measurable real-time amplification incorporated 

in the microfluidic PCR chip. The chips even demonstrate amplification completed in a 

few minutes with a single cell input [2], [4], [5].  Dozens of other similar examples are also 

available. 
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1.1 Separation/Manipulation With Microfluidics 

In recent biological studies, the focus has shifted from genetic analysis to cell biology 

as individual cells are considered the basic component of biological understanding.  In 

molecular analysis, there have been challenges to making measurements at the single cell 

level, because cell samples are highly complex, and contain many different species at 

widely different abundance levels [6]–[13]. In addition, rare cells are often the primary 

target for molecular diagnostics. For example, analysis of whole blood to identify specific 

cells is a well-known protocol in medical diagnostics when searching for parasite-infected 

red blood cells (RBC) for malaria diagnosis [14], and separation of nucleated RBCs 

(NRBCs) for screening fetal aneuploidies and pregnancy complications [15]. Recently, 

separating circulation tumor cells (CTCs) has been spotlighted for rapid and simpler cancer 

diagnostics [16]. For these reasons and others, manipulating (sorting or separating) single 

cells using microfluidics technology has created highly valuable tools with high degrees of 

automation and high throughput sample processing capabilities.  Nevertheless, with all the 

advantages above, there is still a possibility of generating misleading data because a small 

sample volume cannot represent an entire target population, especially when analyzing rare 

cell types that statistically may not be represented in the small sample. Thus large numbers 

of test cycles with a series of statistical analyses may be required to prevent this problem.   

Conventional cell separation systems have mostly utilized membrane-based filtering 

techniques or centrifuge-based technology to separate target cells [11], [17]. However, 

membrane based technologies are susceptible to plugging due to limited membrane pore 

sizes [11]. Centrifuge based technologies can lead to possible target sample loss when there 

is only a small concentration of target particles in the initial sample, which can also limit 
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the sensitivity of the target cell detection. To overcome the limitations of conventional 

methods, microfluidic technologies have been used to provide the following advantages: 

small work volume, rapid process time, high sensitivity and detection accuracy, high 

automation, high portability, and low cost [7], [8], [10], [12], [14]–[21].  

Microscale cell separation techniques takes advantage of the distinctive intrinsic 

properties of different cell populations to achieve separation. Among the intrinsic 

properties, surface biomarkers labeled by an antibody are widely used to separate target 

cells with the assistance of fluorescent molecules. This technique is called fluorescent 

activated cell sorting (FACS)[6], [7], [10]–[12], [19], [22]. Another popular surface 

biomarker separation technique utilizes biochemical and electromagnetic properties of 

antibody tagged magnetic microbeads[6], [19]. 

Unlike active separation techniques utilizing different properties of surface biomarkers 

of cells, there are passive techniques that utilize the mechanical and physical properties of 

cells such as size, shape, density, adhesion, deformability, and motility[6], [12], [23]. This 

differentiation doesn’t require external markers, which makes it even simpler to operate 

the technique than active techniques (such as FACS and electromagnetic methods). The 

tools for passive separation can be structures inside of channels (e.g., deterministic lateral 

displacement; DLD), flow control (pinched flow fractionation, hydrodynamic filtration), 

channel design (inertial flow focusing), and biomimetic design (chemotaxis, Fahraeus 

effect)[12].  Passive methods are preferred, when possible, due to this simplicity and 

especially since there is no requirement for labeling the cells.  
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1.2 Inertial Particle Migration and Focusing 

Among passive particle separation techniques, inertial microfluidic particle separation 

techniques have been attracting noticeable interest in last few years due to their unique 

advantages. Passive particle separation is appealing to the clinical and single cell research 

communities who are concerned about the negative effects of utilizing additional external 

separation factors on live cells.  

1.2.1 Inertial Lift Force 

In inertial microfluidics, for flows within the lower Reynolds number (~1< Re <~100s) 

range, particles migrate across the flow due to the presence of some unique force, and 

particles can be focused to equilibrium positions. This orderly arrangement of particles 

was reported by Segre and Silberberg where they observed that randomly dispersed 1mm 

diameter particles migrated laterally to focus on an annulus with a radius ~0.6 times the 

radius from the middle of a 1 cm diameter pipe[24].  

Segre and Silberberg’s study triggered further theoretical analysis on the cause of 

particle lateral motion in these conditions by some form of lift force. Later theoretical 

analysis suggested that there are two dominant forces in straight channels: first, the wall 

induced lift force, due to the interaction between the particle and the surrounding walls, 

which pushes the particle away from the wall, and second, the shear gradient induced lift 

force, due to the curvature of the parabolic velocity profile, which pushes the particle away 

from the channel center (the highest velocity). In short, inertial particle migration is mostly 

caused by a balance of two lift forces [25]–[27].  

Theoretical investigations also have estimated the lateral migration of particles under 
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Poiseuille flow. The currently established lift force theory is described in terms of physical 

variables within the channel which are: particle diameter(𝑎𝑎𝑝𝑝), hydraulic diameter(𝐷𝐷ℎ) of 

channel, maximum flow velocity(𝑈𝑈𝑚𝑚), and fluid density(ρ). Additionally, Asmolov[28] 

introduced the nondimensional lift coefficient(𝐶𝐶𝐿𝐿) to relate the net lift force(𝐹𝐹𝐿𝐿) to the 

dependent variable, 

 𝐹𝐹𝐿𝐿 = 𝐶𝐶𝐿𝐿𝜌𝜌𝑈𝑈𝑚𝑚2 𝑎𝑎𝑝𝑝4

𝐷𝐷ℎ
2 (1.1) 

where the hydraulic diameter of the rectangular channel is defined as  

𝐷𝐷ℎ = 2×𝐻𝐻×𝑊𝑊
𝐻𝐻+𝑊𝑊

,        (1.2) 

where H is the channel height and W is the channel width. Recent studies have shown that 

the lift force scaling (nondimensional lift coefficient, 𝐶𝐶𝐿𝐿) depends on the particle position 

in the channel[29], [30], suggesting that different fluidic dynamic effects act to create the 

inertial lift equilibrium positions. Note that Di Carlo et al. showed 𝐶𝐶𝐿𝐿 is less than 0.05[29]. 

The motion pattern of particles near the channel center is dominated by the shear 

induced lift force due to the velocity around the particle surface. The direction of this force 

is toward channel walls (Figure 1.1.A). Studies have shown that vorticity near walls is in 

the direction opposite to the shear induce lift force (Figure 1.1.A), which cause the wall-

induced lift force to push particles away from walls[30].  

With the balance of the two lift forces, particle focusing in square channel, and 

rectangular channels can be explained (Figure 1.1.B, C). A balance of the two major lift 
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forces causes particles to migrate away from channel center (shear induced) and channel 

walls (wall induced) resulting in particles reaching a stable equilibrium position[30]. 

Experimental studies identified that there are four stable focusing positions as illustrated 

in Figure 1.1.B. These four positions are different from those reported by Segre and 

Silberberg where circular channels have annulus shaped focusing points in the channel, 

which suggests that there are additional lateral migration forces that cause particles to focus 

toward wall centers[25], [30]–[31].  

Additional minor lift forces are generated when the particle leads, lags, or rotates in the 

flow, and these forces are weaker or negligible most of time[27]. When a particle leads or 

lags the fluid in Poiseuille flow, the effect is called slip-shear lift. This effect was reported 

by Saffman showing that a particle lagging or leading the fluid in the flow causes a lift 

force towards the channel center or wall[32]. 

Particle rotation may cause a rotation induced lift force which originates from 

differences in velocity between the particle and the underlying flow (Slip-spin) [33], [34]. 

There have been claims about its usefulness as an additional particle migration factor. A 

study reported by Zhou et al. suggested the slip-spin effect can help to explain the different 

number of equilibrium positions in square and rectangular microchannels[30]. 

Nevertheless the slip-spin effects are generally considered minimal compared to wall-

effects and shear-gradient lift forces in Poiseuille flow [27], [34].   

1.2.2 Secondary Flow in Curved Channel 

The secondary flow induced by a curved channel is a widely utilized inertial effect, 

which is known as Dean flow. The Dean flow was first reported by W. R. Dean [35] and a 
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more clear description of the phenomenon was presented by Berger et al. [36]. According 

to the description by Berger et al., the secondary flow pattern arises because the 

centrifugally-induced pressure gradient, approximately uniform over the cross section, 

drives the slower-moving fluid near the wall inward, while faster-moving fluid in the core 

is swept outward. As a result of this effect, vortices are almost symmetrically arranged 

perpendicular to the primary flow direction (Figure 1.2). There are two major physical roles 

of Dean flow in microfluidic platforms. First, it allows particles to reach equilibrium 

positions faster. At sufficiently higher Dean number, the distance required for particle 

focusing is nearly 5 times shorter when compared to the case of a straight channel with the 

same cross-sectional channel dimensions [37]. Second, it allows for unique equilibrium 

positions for particles with different particle dimensions at locations across the 

channel[31], [38].    

In order to describe the magnitude of this flow, a dimensionless number called the Dean 

number (𝐷𝐷𝐷𝐷) has been utilized 

𝐷𝐷𝐷𝐷 = 𝜌𝜌𝑈𝑈𝑓𝑓𝐷𝐷ℎ
𝜇𝜇

�𝐷𝐷ℎ
2𝑅𝑅

= 𝑅𝑅𝐷𝐷�𝐷𝐷ℎ
2𝑅𝑅

, (1.3) 

where µ is the fluid viscosity, 𝑈𝑈𝑓𝑓 is the average fluid velocity, R is the radius of curvature 

of the path of the channel, and Re is the flow Reynolds number. As shown in equation 1.3, 

the magnitude of De is directly related to the curvature of the channel (R), hydraulic 

diameter(𝐷𝐷ℎ), and average flow velocity (𝑈𝑈𝑓𝑓).  

Particles flowing in a curved channel experience a drag force due to vortices like Dean 

flows. The Dean drag force causes particles to move along the Dean flows, which means 
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particles may move towards either the inner or outer channel wall[39]. Note that the Dean 

force induced particle movement is heavily dependent on particle size. The magnitude of 

the Dean force is formulated in terms of Dean velocity with a given De. The Dean force 

equation is described as following: 

     𝐹𝐹𝐷𝐷 = 3𝜋𝜋𝜋𝜋𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝑎𝑎𝑝𝑝 (1.4) 

where 𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 is formulated as following by OoKawara et. al[40]. 

𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 = 1.8 × 10−2𝐷𝐷𝐷𝐷1.63 (1.5) 

1.2.3 General Curved Microfluidic Channel Design Guidelines 

Even with the number of works that have reported on the many different effects of 

inertial microfluidics on particle focusing, there is no simple explanation for its physical 

origins. In order to organize all the reported aspects for design purposes, there have been a 

number of experimental and theoretical attempts to construct standardized guidelines. 

Dean flow effects have been presented as the ratio between the net lift force and the Dean 

drag force(𝑅𝑅𝑓𝑓) with dependence on channel aspect ratio,  the ratio between particle and 

channel dimensions ( λ ), the required channel length for focusing( 𝐿𝐿𝐼𝐼 , 𝐿𝐿𝐷𝐷 ), particle 

concentration effects, and the relationship between Re and focusing positions. 

The force ratio (𝑅𝑅𝑓𝑓) is the ratio between net left force(𝐹𝐹𝐿𝐿) and Dean drag force(𝐹𝐹𝐷𝐷) and 

it is one of the key characteristics that determines if flow focusing occurs in a curved 

channel. If this ratio is too small, Dean drag can lead to mixing and disrupt particle 
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focusing. As a result, the following guideline is generally accepted when designing curved 

microchannels to exhibit flow focusing [27], [30]: 

𝑅𝑅𝑓𝑓 = 𝐹𝐹𝐿𝐿
𝐹𝐹𝐷𝐷

> ~0.08 . (1.6) 

Note that as an exception to this guideline, there have been reports about losing the benefit 

of Dean flow effects if the inertial lift is dominant (𝑅𝑅𝑓𝑓 ≫ 1) [27].  

Experimental work to show the effects of channel aspect ratio was presented by Martel 

and Toner, which determined that the aspect ratio of the channel should be between 1:2 ~ 

1:4 (height : width) for the desired equilibrium position behavior[26]. The ratio of particle 

diameter and hydraulic diameter is also one of the critical considerations for effective 

particle focusing (for near the side wall focusing) in high aspect ratio channels[38], [41]. 

From the experimental data and theoretical calculations, a large region for successful 

particle focusing can be defined where the (λ = 𝑎𝑎𝑝𝑝 𝐷𝐷ℎ⁄ > 0.07). 

The channel length required for particles to reach their lateral equilibrium positions (𝐿𝐿𝐼𝐼) 

in straight, rectangular channels can be given by [39]: 

𝐿𝐿𝐼𝐼 = 𝑈𝑈𝑓𝑓
𝑈𝑈𝐿𝐿

× 𝐿𝐿𝑀𝑀 (1.7) 

where 𝐿𝐿𝑀𝑀 is the migration length and 𝑈𝑈𝐿𝐿 is the particle lateral migration velocity, which is 

described as: 
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𝑈𝑈𝐿𝐿 = 𝜌𝜌𝑈𝑈𝑚𝑚2 𝑎𝑎𝑝𝑝3𝐶𝐶𝐿𝐿
3𝜋𝜋𝜇𝜇𝐷𝐷ℎ

2 (1.8) 

For curved, rectangular channels, Dean flows in the spiral channel will aid the migration 

of particles toward their equilibrium positions, so the length is expected to be shorter than 

for a straight channel. Amini et al. reported that this expectation can be true depending on 

the Re and De values. When Re and De are low, the focusing length of straight and curved 

channels are about the same. However, for increased Re and De (about four times higher 

than the lower case), the focusing length of a curved channel is nearly 5 times shorter than 

the focusing length using a straight channel[27].   

High particle concentrations lead to interactions between particles that cause particles 

to disperse and can lead to reduced particle focusing (focusing length). This phenomenon 

can be defined by the number of particles per channel length [27], [42] using the following 

relation: 

β = 3𝑊𝑊𝐻𝐻𝑉𝑉𝑓𝑓
4𝜋𝜋𝑎𝑎𝑝𝑝2

(1.9) 

where 𝑉𝑉𝑓𝑓 is volume fraction. According to previous reports, for the case of β >1, particles 

cannot be expected to focus due to collision interactions between particles. Based on this 

relationship and observations, it has been noted that the length fraction significantly 

increases as particle diameter decreases. In other words, concentration should be reduced, 

as particle diameter is increased. 

Altering Re can also be a useful tool to control the location of the equilibrium position 

of particles. At higher Re (~150) the equilibrium positions in square and rectangular 
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channels tend to shift slightly toward the wall. This can be explained by relative change in 

the nature of the two opposing lift forces (wall induced lift force and shear gradient lift 

force). When the flow velocity or Re is increased, both forces will be increased. However, 

the increase in the shear gradient lift is relatively larger than the wall induced lift for certain 

high Re cases[28]. Therefore, increasing Re or flow velocity can cause the shear gradient 

to be dominant, which can induce the particle equilibrium positions to shift closer to the 

channel wall [27]. 

1.2.4 Understanding Particle Behavior in Inertial Microfluidics Channels 

In most inertial microfluidics case studies, the target particles are mostly spherical and 

the foundation of inertial theory was built upon the spherical particle assumption. 

However, in the real world, live cell samples are not always spherical, as in this case where 

sperm cells are used. Therefore, there have been numerous attempts to understand the 

behavior of nonspherical particles[43]–[52]. For example, there has been a study 

comparing the equilibrium position of spherical particles with a certain diameter and 

nonspherical particles with the same rotational diameter[50]. The study found that the 

rotational diameter of a particle, regardless of its cross-sectional shape, determined the final 

focused position in most of the cases. Particles have also been found to self-align when 

traveling within the channel[44]. Uspal reported the possibility of tailoring self-steering 

particles by specifically designing the particle shape and geometric confinement of a rigid 

micro-particle. These particle behavior studies can help to estimate the equilibrium position 

of naturally asymmetrical or nonspherical particles.  
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1.2.5 Applications of Inertial Particle Focusing 

Particle separation approaches utilizing inertial effects can separate bioparticles 

without external forces or additional substances added to the media. Recently the 

separation of rare cells from blood, such as circulating tumor cells (CTC) and stem cells, 

has become a major research focus due to the various biomedical applications for these 

cells, such as disease detection, diagnosis, therapeutic treatment monitoring, and 

conducting fundamental scientific studies. However, these separations have proven very 

challenging due to the extreme rareness of the cells, leading to the application of inertial 

microfluidic cell separation techniques [53]–[64] in hopes of finding success with these 

methods. Currently, the most popular rare targets separated using inertial microfluidics are 

CTCs and bacteria. There have been numerous applications of inertial microfluidic 

technology to improve CTC and bacteria separation processes [53]–[56], [58], [60]–[63]. 

 A number of curved channel designs can induce inertial lift forces and the Dean drag 

force, and have been utilized for target cell separation. Bhagat et al. demonstrated inertial 

effects through a combination of high-aspect-ratio rectangular microchannel patterns with 

a contraction-expansion array (Figure 1.3). Two continuous square patterns of contraction-

expansion channels were utilized for rare cell focusing and pinching purposes and lead to 

enhanced target cell separation[62]. The continuous square-pattern microfluidic device was 

also utilized (Figure 1.3) by Lee et al. and Shen et al. with a prefiltering structure [58], [63] 

to demonstrate a successful separation. In a device with a similar square pattern design 

from Di Carlo et al., a serpentine pattern curved channel array (Figure 1.3) was used to 

generate a combination of lift forces and the Dean drag force [64] to enable separations. 

Another popular Dean flow inducing design is a spiral channel. Recently, rare cell 
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separations utilizing a spiral channel have shown great potential due to the simplicity of 

the design and rapidity of the process [53], [54], [56]–[61]. The spiral channel design can 

be a very effective design that takes significant advantage of inertial effects, and so can 

provide much quicker particle focusing than straight channels [26]. Another physical 

advantage of spiral channels is the reduced footprint of the channel device, as Sun et al. 

reported a double spiral channel where the second spiral is interposed into the gap of the 

first spiral channel (Figure 1.3) [53]. 

1.3 Particle Separation in Reproductive Medicine 

In recent years infertility has become a serious threat. According to a report by Boivin 

et al., approximately 15-20% of couples in industrialized countries fail to conceive after 

one year[65], and male factor infertility, characterized by semen parameters that fall below 

the World Health Organization (WHO) cut-offs for normozoospermia, is responsible for 

nearly half of infertility cases[66]. There are several forms of male infertility that require 

assisted reproductive technology (ART) procedures and the major forms are obstructive 

azoospermia (OA), nonobstructive azoospermia (NOA), and leukospermia[67].     

1.3.1 Overview of Male Factor Infertility 

OA refers to lacking all sperm in an ejaculated semen sample and results from various 

problems with sperm delivery. The common causes of OA include previous vasectomy, 

congenital bilateral absence of vas deferens (CABVD), postinfective epididymitis 

(commonly Young’s syndrome), testicular trauma, and retrograde ejaculation[68]. With 

the development of in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), 
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the importance of testicular-derived sperm in OA has become obvious[69]. To obtain 

testicular sperm, the use of a surgical testicular sperm extraction (TESE) method and 

nonsurgical methods such as testicular sperm aspiration (TESA) are employed to harvest 

tissue from the testis. From the harvested tissue, sperm have to be manually separated from 

unwanted debris such as blood cells and tissue cells. This process may be time consuming 

and tedious, but it is relatively easier to spot sperm cells in a mechanically minced sample 

than in a direct surgical sample from NOA patients[70]. While techniques like TESE and 

TESA have proven to be effective methods for retrieving sperm from patients with OA, 

these techniques have been less successful in obtaining sperm from patients with NOA. 

Because spermatogenesis is often sporadic and isolated to rare seminiferous tubules in 

NOA patients, a nonselective tissue abstraction approach usually misses sites of sperm 

production, leading to poor sperm recovery [67], [71]. 

NOA is known as the most severe form of male infertility and it is defined by the lack 

of sperm in the ejaculate and very little to no sperm production within the seminiferous 

tubules[72]. There are many potential causes for NOA, including genetic and congenital 

abnormalities, postinfection issues, exposure to gonadotoxins, medicatons, varicocele, 

trauma, endocrine disorders, and idiopathic causes[73]. NOA appears in about 10% of male 

infertility cases and in about 1% of the general male population[74].  

Due to the extremely low number of sperm in NOA patients, finding and collecting 

sperm cells from these patients requires specially designed procedures. In order to collect 

sperm from NOA patients, a procedure called microdissection testicular sperm extraction 

(MicroTESE or mTESE) has been developed. MicroTESE (mTESE) is a modified version 

of TESE that includes the assistance of a high-powered operative microscope. This 
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modification made it possible to distinguish between seminiferous tubules with any germ 

cells and seminiferous tubules with focal spermatogenesis. This procedure has become 

significantly more successful in retrieving sperm from NOA patients than TESE.  

Tissue obtained by mTESE requires careful processing in the laboratory in order to 

identify sperm among other unwanted debris such as blood cells. First, the collected 

seminiferous tubules are mechanically minced with syringe needles and glass slides, then 

resuspended in sperm media. Next, the tissue processing step requires manually searching 

through the testicular tissue specimens for sperm. However, testicular sperm are generally 

nonmotile and lie among a combination of red blood cells, white blood cells, Sertoli cells, 

sperm precursor cells, and cell tissue debris, which makes the search process extremely 

difficult and time consuming [76]. Each microscope field must be examined under 200-

400× magnification to look for sperm in a sample that contains debris that must 

distinguished from the spermatocytes. Depending on the level of spermatogenesis and the 

number of sperm cells present, this procedure may take as little as one hour to find a 

sufficient number of sperm, or as long as 12-14 hours with multiple personnel examining 

tissue specimens to find just a few sperm cells[76]. In many cases, no sperm cells are found. 

The manual microscopic testicular specimen examination is extremely time-consuming 

and tedious, and is also greatly dependent on a person’s skill level[67], [76]. Therefore, 

there is a need for a sample processing method with rapid and autonomous sample 

processing capability.    

Leukospermia is a condition characterized by abnormally high white blood cell (WBC) 

concentrations in semen (>1 million WBCs/milliliter of semen), which may lead to 

infertility and render ineffective ART procedures such as Intrauterine Insemination (IUI). 
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As highlighted by Gambera [77], high concentrations of WBCs in the semen can cause 

disruption during fertilization. To deal with leukospermia, a density gradient centrifugation 

preparation method is widely utilized in fertility clinics as a WBC separation method. It 

consists of filtering sperm by centrifugal forces through either one or multiple layers of 

increasingly concentrated silane-coated silica particles. The process is able to generate a 

pellet at the bottom of the tube which contains a higher percentage of clean, motile sperm 

for IUI [78]. Unfortunately, this method can lead to low sperm recovery when the starting 

sample has a low concentration of sperm [79]. Additionally, it also requires significant time 

(~1 hr) to prepare the sample, which creates a potentially problematic time gap between 

sample preparation and insemination. Therefore, there is demand for a simple, rapid 

method that separates sperm from semen samples highly contaminated with unwanted 

debris. Additionally, a time reduction in sample preparation can provide a great deal of 

relief to IUI patients who are under stress from the IUI procedure itself.  

1.3.2 Examples of Sperm Separation Approaches Utilizing Microfluidic Technology 

Recently, a number of microfluidic approaches have been tried to separate sperm from 

unwanted debris and to improve the efficiency and the effectiveness of assisted 

reproductive technologies (ART) (Table 1.1). In one of the earliest approaches, a glass 

microfluidic chip containing multiple microchannels connecting an input reservoir to a 

collecting reservoir enabled motile sperm to swim to specific reservoirs where they could 

be collected while removing nonmotile sperm and debris [80], [81]. This technology first 

demonstrated the value of microfluidic platforms for sperm separation.  

More recently, a common microfluidics approach for sperm separation has been 
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developed involving parallel laminar fluid streams of media through straight 

microchannels: one stream constituting a dilute semen sample, and the other stream 

constituting of sperm media [82], [83]. At the micro scale, the two fluid streams do not mix 

readily, so only motile sperm can travel across the interface between the two parallel 

streams. The two streams are separated again after a length sufficient to allow motile sperm 

to cross the boundary in high numbers, generating separation of motile sperm from 

nonmotile sperm and debris. Following a series of device optimizations, the utility of this 

technology for ART has been verified using sperm collected from the outlet for IVF [23], 

[84]–[88].  

Another novel microfluidic approach to sperm separation utilizes chemotaxis in 

addition to motility. This approach induces sperm to travel through microchannels toward 

chemo-attractants which were applied to the bottom surface of the collection reservoirs at 

the periphery of the device [89]–[91].   

Most of the sperm separation approaches utilizing microfluidics rely on sperm motility 

for separation with added features through which only highly motile sperm can pass: 

chemo-attractants, physical obstacles, and microdiffusers [80], [81], [90]–[99]. Thus, these 

techniques can separate only progressive motile sperm from semen samples, but they lose 

a significant number of sperm cells including viable nonprogressive motile and nonmotile 

sperm, and are not feasible for use with immature and nonmotile sperm that may be the 

only sperm produced by some patients (OA and NOA).  
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1.4 Dissertation Summary 

This work will present methods to overcome the problems associated with OA and 

NOA by using a microfluidic system to separate sperm from a variety of contaminants. 

Chapter 2 describes the separation of sperm from red blood cells (RBCs) using a spiral 

channel. Chapter 3 describes a similar device for the separation of white blood cells from 

sperm samples.  Chapter 4 describes a series of biocompatibility tests done to verify that 

the proposed devices would be usable in the clinic.  Chapter 5 develops a mathematical 

model and simulations of sperm traveling through the channel to provide design insights 

related to an optimized spiral channel design.  Chapter 6 provides the conclusions from this 

work. 
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Figure 1.1 Inertial lift force in straight channels. (A) Two lift forces act on a particle 
between containg walls (a channel). Shear gradient lift force pushes a particle away from 
the center of channel while wall induced lift force push a particle away from the wall. The 
balance between the two forces defines the equilibrium position for the particle. (B) A 
channel with s square cross-section has four equilibrium positions due to lateral migration 
of particles with inertial lift force. (C) If the channel cross-section is rectangular, there are 
two equilibrium positions. 

Figure 1.2 Dean flow in a curved channel. Symmetrically placed flow vortices are 
generated due to the velocity mismatch in the flow direction between fluid in the center 
and fluid near the wall area of a curved channel. 
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Figure 1.3 Examples of applying inertial particle focusing: (A) a high aspect ratio 
rectangular microchannel pattern with a contraction-expansion array[62], (B) a serpentine 
pattern curved channel array[64], (C) continuous square pattern channel[58], (D) a spiral 
channel[60], and (E) a sequential double spiral channel[53]. 
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Table 1.1 Summary of conventional sperm separation techniques 

Method Mode of 
Separation/ 

Sorting 

Separation/ 
Sorting Criteria 

Collected 
Sample 

Application Reference 

Microstructures Micro channels + 
well + sperm 

motility 

Sperm motility Motile sperm 
(human / 
mouse) 

Semen Testing [80], [81] 

Microstructures Linear velocity 
distribution + 

Sperm motility 

Sperm motility Motile sperm 
(human, mouse, 

boar) 

Motile sperm 
separation 

[82], [86], [87], 
[93] 

Microstructures Sperm chemotaxis 
+ Micro channels

Sperm motility Motile sperm 
(mouse) 

Motile sperm 
separation 

[89]–[91] 

Microstructures Micro obstacle 
integrated micro 
fluidic channel + 
sperm motility 

Sperm motility Motile sperm 
(bull, mouse) 

Sperm separation / 
screening 

[96], [98] 

Microstructures Diffusing + sperm 
motility 

Sperm motility Motile sperm Motile sperm sorting [97] 

Optical Lens-less charge 
coupled device + 
sperm motility 

Sperm motility Motile sperm 
(mouse) 

Motile sperm sorting 
/ monitoring 

[116] 

Microstructures Electrode 
integrated micro 
channels + sperm 

motility + 
electrode 

Sperm motility Motile sperm 
(boar) 

Sperm concentration 
 measurement 

[117]
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CHAPTER 3 

SEPARATION OF SPERM FROM SAMPLES CONTAINING HIGH 

CONCENTRATIONS OF WHITE BLOOD CELLS USING  

A SPIRAL CHANNEL 
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3.1 Introduction 

Microfluidic technology provides valuable options for cell sorting and separation and 

can be used to replace tedious and inefficient conventional protocols[53], [58], [60]–[63]. 

Of particular interest to us are research efforts related to microfluidic methods for 

separating sperm from unwanted debris while improving the efficiency of assisted 

reproductive technologies (ART). In one of the earliest such efforts, a glass microfluidic 

chip containing multiple microchannels connecting an input reservoir to a collecting 

reservoir enabled motile sperm to swim to specific reservoirs where they could be collected 

while removing nonmotile sperm and debris [80], [81]. This technology first demonstrated 

the value of microfluidic platforms for sperm separation. More recently, a common 

microfluidics approach for sperm separation has been developed involving parallel laminar 

fluid streams of media through straight microchannels: One stream consists of a dilute 

semen sample and the other stream contains sperm media [82], [83]. At the microscale, the 

two fluid streams do not mix readily, so only motile sperm can travel across the interface 

between the two parallel streams. The two streams are separated again after a length 

sufficient to allow motile sperm to cross the boundary in high numbers, generating 

separation of motile sperm from nonmotile sperm and debris. Following a series of device 

optimizations, the utility of this technology for ART was verified using sperm collected 

from the outlet for IVF [23], [84]–[88]. Another novel microfluidic approach to sperm 

separation utilizes chemotaxis in addition to motility. This approach induces sperm to 

travel through microchannels toward chemo-attractants which were applied to the bottom 

surface of the collection reservoirs at the periphery of the device [89]–[91]. 

Most of the sperm separation approaches utilizing microfluidics rely on sperm motility 
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for separation with added features through which only highly motile sperm can pass: 

chemo-attractants, physical obstacles, and microdiffusers [80], [81], [90]–[99]. Thus, these 

techniques can separate only progressive motile sperm from semen samples, but they lose 

a significant number of sperm cells including viable nonprogressive motile and nonmotile 

sperm, and are not feasible for use with immature and nonmotile sperm that may be the 

only sperm produced by some patients. Thus, a system to recover all sperm, not just motile 

sperm, is needed. Such as device would serve a wide patient base needing sperm sample 

preparation. 

Recently we demonstrated sperm separations from a simulated microTESE sample, 

which included sperm cells, blood cells, and other debris [100], using a passive, purely 

mechanical, label-free microfluidic approach based on inertial microfluidics that separated 

sperm (regardless of their motility state) from other unwanted cells/debris. The approach 

did not require any externally applied forces except the movement of the fluid sample 

through the instrument. The system could recover not only motile sperm, but also viable 

less-motile and nonmotile sperm with high recovery rates. This study also suggested that a 

precisely designed spiral channel could generate some flow focusing of sperm, making it 

a suitable solution for increasing the purity of sperm from semen samples with high 

concentrations of unwanted particles, such as the high concentration of WBCs in semen 

samples obtained from leukospermia patients.  

Leukospermia is a condition characterized by abnormally high white blood cell (WBC) 

concentrations in semen (>1 million WBCs/milliliter of semen), which may lead to 

infertility and render ineffective ART procedures such as Intrauterine Insemination (IUI). 

As highlighted by Gambera [77]: high concentrations of WBCs in the semen, can cause 
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disruption during fertilization. To deal with leukospermia, a density gradient centrifugation 

preparation method is widely utilized in fertility clinics as a WBC separation method. It 

consists of filtering sperm by centrifugal forces through either one or multiple layers of 

increasingly concentrated silane-coated silica particles. The process is able to generate a 

pellet at the bottom of the tube which contains a higher percentage of clean, motile sperm 

for IUI [78]. Unfortunately, this method can lead to low sperm recovery when the starting 

sample has a low concentration of sperm [79]. Additionally, it also requires significant time 

(~1 hr) to prepare the sample, which creates a potentially problematic time gap between 

sample preparation and insemination. Accordingly, there is a need for a method with a high 

recovery rate from samples with low sperm concentrations. Additionally, a sample 

preparation time reduction can provide significant relief to IUI patients who are under 

stress from the IUI procedure itself. 

In this study, we demonstrate the use of inertial microfluidic technology to separate 

sperm from WBCs, the major contaminant in leukospermia semen samples, by flow 

focusing sperm and WBCs into different flow exits. This new method could conveniently 

process semen on site with much shorter processing times ~10 times faster. The results 

show moderate sperm flow focusing and clear WBC flow focusing, indicating that this 

method can be used for sperm concentration enrichment even when working with high 

WBC concentrations or debris-filled semen samples. 

3.2 Design and Theory 

To enable the most effective and efficient WBC removal from a semen sample using a 

spiral channel, the appropriate dimensions of the spiral channel can be calculated based on 
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inertial microfluidics theory: the force ratio (𝑅𝑅𝑓𝑓 ), the ratio of particle diameter and 

hydraulic diameter (λ), and the aspect ratio of the channel. The force ratio (𝑅𝑅𝑓𝑓) is a ratio 

between the Dean drag force (𝐹𝐹𝐷𝐷) and the lift force (𝐹𝐹𝐿𝐿), all given by[27], [43] 

𝑅𝑅𝑓𝑓 = 𝐹𝐹𝐿𝐿
𝐹𝐹𝐷𝐷
≥ ~0.08, (3.1) 

𝐹𝐹𝐷𝐷 =  3𝜋𝜋𝜋𝜋𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝑎𝑎𝑝𝑝 (3.2) 

𝐹𝐹𝐿𝐿 = 0.05 𝑎𝑎𝑝𝑝4𝜌𝜌𝑈𝑈𝑚𝑚2

𝐷𝐷ℎ
2 (3.3) 

where 𝐹𝐹𝐷𝐷  is the force resulting from a secondary vortex that appears on the channel 

laterally, 𝐹𝐹𝐿𝐿  is a lift force that pushes all particles from the channel walls, 𝜋𝜋  is fluid 

viscosity, 𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 is the average Dean velocity, 𝑎𝑎𝑝𝑝is particle diameter, and 𝑈𝑈𝑚𝑚 is maximum 

fluid velocity. When 𝑅𝑅𝑓𝑓 is higher than 0.08, the flow should able to generate target particle 

focusing. The ratio λ (Eq 4) should be more than 0.07 to generate optimal particle focus 

flow [30] and the aspect ratio of the channel should be approximately between 0.5 – 0.25 

(height/width)[26], [31], 

λ = 𝑎𝑎𝑝𝑝
𝐷𝐷ℎ
≥ 0.07 , (3.4) 

where 𝐷𝐷ℎ is the hydrodynamic diameter for a rectangular channel. The channel length (𝐿𝐿𝐼𝐼) 

required for a particle to reach its equilibrium position can be calculated by [43]; 
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𝐿𝐿𝐼𝐼 = 𝑈𝑈𝑓𝑓
𝑈𝑈𝐿𝐿

× 𝐿𝐿𝑀𝑀 (3.5) 

where 𝑈𝑈 𝑓𝑓  is the flow velocity, 𝑈𝑈 𝐿𝐿  is the lateral migration velocity of the particle, 

𝑈𝑈𝐿𝐿 = 0.5 𝜌𝜌𝑈𝑈𝑚𝑚2 𝑎𝑎𝑝𝑝3

3𝜋𝜋𝜇𝜇𝐷𝐷ℎ
2              (3.6) 

and 𝐿𝐿𝑀𝑀 is the migration length. 

𝐿𝐿𝑀𝑀 = 𝑊𝑊 + 𝐻𝐻 + 3
4
𝑊𝑊        (3.7) 

The target cell’s dimensions can be approximated as a sphere having the largest 

diameter of each cell. WBCs are reported to have an average diameter of 12 µm and the 

longest sperm head dimension is about 5 µm [102]–[105]. Approximating cells as spheres 

to simplify calculations is reasonable based on an experimental study involving 

asymmetrical particle focusing within a microfluidic channel by Hur et al.[50]. This study 

suggests that the maximum diameter (rotational diameter) of an asymmetrical particle 

determines the stable position and can be used to predict the movement of asymmetrical 

particles in spiral channels. 

A range of dimensions and flow rates were used in equations (3.1 ~ 4) to find the best 

conditions for flow focusing (Rf, λ, and aspect ratio) and fabrication convenience. After a 

series of calculations, we found a set of dimensions which satisfied the design guidelines 
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(ratio conditions from equation 3.1 and 3.4): height = 50 µm, width = 150 µm, space 

between channel = 310 µm, initial radius = 700 µm, and final radius = 899 µm. For the 

selected dimensions, λ = 0.16 for a 12 µm diameter particle, and λ = 0.067 for a 5 µm 

diameter particle. The injection flow rate was selected based on the experimental results of 

our  previous work [100]. The flow rate from the previous study was 0.52 ml/min 

generating Rf values of 0.40 for 5 µm particles, and 5.63 for 12 µm particles.  

3.3 Experimental Methodology 

To demonstrate the separation capability of the spiral channel with sperm and WBCs, 

a series of experiments were designed to show flow focusing of sperm and WBCs.  

Fabrication of the designed device was carried out using polydimethylsiloxane (PDMS, 

Sylgard 184, Dow Corning, MI, USA) with SU-8 (SU-8 3035, Microchem, MA, USA) 

mold. The SU-8 mold was fabricated on a 100 mm (4 inch) wafer according to the 

manufacturer’s instructions in a clean room environment. 40 ml of uncured PDMS at a 

10:1 (PDMS base: curing agent) ratio was poured over the mold and it was placed in an 

oven at 60° C for at least 6 hours. After curing, the molded PDMS was peeled off from the 

mold and any excess PDMS removed. Inlets and outlets were cored with a 1.5 mm diameter 

coring tool. After cleaning the channel side surface of the PDMS piece, a glass slide 

(Corning 2947-70 X 50 mm) was plasma bonded with the PDMS to form a closed channel. 

All sperm and WBC samples were acquired under an Institutional Review Board-

approved study, IRB00072239. Written informed consent was obtained from all 

participants for their samples to be utilized for this study. Sperm samples were prepared 

from previously frozen semen specimens which were suspended in the sperm media 
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(Quinn’s Advantage media with HEPES (Sage, CT, USA) and 3% of serum protein 

substitute (Sage, CT, USA)). WBC samples were obtained from donor’s whole blood 

specimens within one week of collection. Note that WBC samples mostly contained WBC 

and small amount of RBC, because the WBC separation process from whole blood could 

not separate RBC completely. WBC samples were also suspended in the sperm media. The 

sperm and WBC samples were diluted using the sperm media to prevent interparticle 

collision and we experimentally found optimal total cell concentration range from a 

previous study < 10 million cells/ml[100]. Table 3.1 provides a technical description of 

each sample type and its label. 

Prepared samples were placed within two 1 ml plastic syringes (BD, 1 ml Syringe Luer-

lock tip) and each syringe was connected to the spiral channel inlets through platinum-

cured silicone tubing (Sani-Tech, Clear Platinum-Cured Silicone Tubing, STHT-062-1) 

and nylon barbs (Nordson Medical, Straight Through Tube Fitting, N210-1). The outlet 

sample collection setup was constructed in the same manner as the inlet setup and separated 

samples from the two outlets were collected into two 1 ml plastic syringes (one for each 

outlet). 

Samples were split into two syringes and injected through two spiral channel inlets 

using a dual syringe pump. Two inlets were used instead of one because it helped eliminate 

leaks near the inlet port, according to our previous study [100]. The injection flow rate was 

close to the calculated flow rate (0.26 ml/min from each syringe, resulting in accumulated 

flow rate of 0.52 ml/min). To collect equal amounts of sample from each outlet, another 

set of two syringe pumps pulled sample with a slightly lower flow rate than the injection 

flow rate (0.2ml/min) to provide a back pressure and prevent gas bubble formation in the 
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outlet area. 

To observe and characterize the behavior of WBCs in the spiral channel, samples were 

prepared from two different donors and diluted to a concentration of 8.1 million/ml (WBC 

A sample, Table 3.1). The concentration was selected to simulate high WBC concentrations 

(WBC: >1 million/ml [77]) in semen samples from leukospermia patients. The prepared 

WBC A sample was injected at 0.52 ml min-1 and collected from two outlets (inner and 

outer outlets). 

Semen A sample was prepared by spiking WBC into semen [77], [105]. Cell 

concentrations were 2.45 and 8.35 million/ml sperm and WBCs respectively (Semen A 

sample, Table 3.1).  These concentrations were selected to simulate the extreme condition 

of high WBC contaminated semen with low sperm concentration. Prepared samples were 

injected at 0.52 ml min-1. After processing with the spiral channel, the eluted material was 

collected from both outlets and both WBCs and sperm were quantified using a cell counting 

chamber under a microscope at 200X magnification. The estimated time from sample 

injection to collection of the processed sample was ~ 5 minutes, which is more than 10 

times shorter than current clinical protocols (density gradient centrifugation).  

To visualize the flow focusing of WBCs and sperm cells within the spiral channel, a 

stained Semen A sample was injected at a flow rate of 0.52 ml per min-1 and observed 

under a high speed scanner equipped with a microscope (Nikon AR1 confocal microscope). 

The stained sperm were prepared by purifying sperm (from semen) using density gradient 

centrifugation and then stained with DAPI (Sigma, MO, USA). WBCs from Semen A 

(Table 3.1) were stained with PKH26 (Sigma, MO, USA) according to the manufacturer’s 

instructions separately before spiking into Semen A. The microscope objective was focused 
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on a location between the end of the 4th ring of the spiral channel and the outlet area (near 

outlet, Figures 3.1, 3.2). To observe the flow focusing behavior at each ring of the 

spiral, two individual locations on each ring (as shown in Figure 3.2) were selected 

for data acquisition. On each acquisition, ~5 sec (840~1050 frames) were collected 

and analyzed by projecting all frames from each video onto one image using NIS 

Elements software. The generated projection images were analyzed for fluorescence 

intensity of stained cells, and the data was plotted to show cell locations in the channel. 

The raw intensity data was acquired sequentially from the inner wall boundary to the 

outer wall boundary and plotted. A curved data acquisition line was traced along the 

inner wall boundary and used as an intensity data collection reference. Intensity data 

along the curved data acquisition line was totaled to determine an accumulated intensity 

value at a particular position across the channel width. The x axis of the final plot was 

divided equally into four regions to represent estimated lateral location of the channel 

(Inner, Mid-inner, Mid-outer, Outer). The peak location of each cell type was identified 

using the location of the highest intensity point in the raw data. Note that the 4th ring 

lower location was considered as redundant with the near outlet area, so the near 

outlet location represents the last location observed on the 4th ring. 

3.4 Results and Discussion 

3.4.1 WBC Characterization 

Experiments with WBC A (Table 3.1) sample showed flow focusing of WBCs within 

the spiral channel, and this was confirmed by the WBC count from collected samples at 

spiral channel outlets. The results clearly showed that WBCs can be focused under the 
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conditions predicted by theory, and has been shown by others [60], [62]. In Table 3.2, the 

relative percentage of WBCs directed to the inner outlet was 94.8% (5.45 million/ml) or 

more compared to the outer outlet which was 5% (0.3 million/ml) or less. These results 

suggest that the WBCs are focusing towards the inner wall with high focusing ability, as 

relatively few WBCs strayed to the outer outlet.  

3.4.2 Semen A Sample Characterization 

Characterization results using Semen A showed a clear reduction of WBC 

concentration from the outer outlet while enhancing sperm concentration from the same 

outlet (Table 3.3) through clear flow focusing of WBC and partial flow focusing of sperm. 

WBCs and RBCs primarily exited the inner outlet, while sperm were predominantly driven 

to the outer outlet. The concentration difference between input and summed outlet samples 

can be explained by the uncertainty of the cell counting chamber sampling and 

measurement approach. Detailed results are shown for total concentrations and also percent 

totals in Table 3.3. The results clearly show that the method is capable of separating out 

WBCs and RBCs from the majority of sperm cells. 

3.4.3 Flow Focusing Observation of WBC and Sperm Near the Outlet 

Images of the flow focusing behavior of a stained SEMEN A sample (stained WBC 

(red) and stained sperm (blue)) at the last ring of the spiral channel are shown in Figure 

3.3. A focused stream of WBCs appeared near the inner wall of the channel and a partially 

focused stream of sperm appeared in the outer half of the channel. Figure 3.3 shows the 

separate and combined images of the different constituents during flow. The first image 
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(Figure 3.3(1)) shows both the stained WBCs and the sperm focused near each outlet 

mostly in parallel paths. Separate fluorescent signals for sperm and WBCs are shown in 

Figure 3.3(2) and Figure 3.3(3), respectively. 

Figure 3.3(4) is a graph of the fluorescence intensity across the width of the channel 

and integrated across the breadth for the two cell types. The intensity plot of each signal 

shows the general location of each cell type relative to one another. The blue plot represents 

the location of DAPI stained sperm which has its highest intensity peak in the mid outer 

half of the channel. The red plot represents the location of PKH26 stained WBCs, which 

has its peak at middle of the inner half of the channel. These results show a clear shift 

between the two cell populations, but they are never completely separate, which is 

consistent with earlier concentration data showing enrichment of sperm, but not complete 

separation.  

3.4.4 Flow Focusing Observation of WBC and Sperm in All Rings of Channel 

The fluorescence images and their intensity profile from locations on all the other rings 

of the channel are plotted in Figure 3.4. These images allow us to visualize the focusing of 

the sperm and WBCs through the channel. In location 1, the intensity of WBC and sperm 

were evenly spread throughout the channel which represents the evenly suspended 

condition of the input sample. At location 2 the intensity peak of the WBCs begins to 

narrow in the middle of the channel but there is limited flow focusing of the sperm. Starting 

at location 3, there is a gradual shifting in signal of the WBC’s red fluorescence toward the 

inner wall of the channel until location 8, and the band narrows initially before broadening 

out close to the exit. This phenomenon can also be seen in each fluorescent intensity plot 

for each location (Figure 3.4(2-8)). The blue fluorescent signal from the sperm did not show 
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specific signs of focusing until location 3, but it is not as highly clustered as the WBC 

signal at location 3.  However, the intensity of the blue fluorescent stream gradually moves 

toward the outer wall of the channel from location 3 to location 8 (Figure 3.3(3-8)). This 

transition of the fluorescent intensity of each color (red and blue) give some insight into 

the physics affecting these particles. The WBCs, being larger in size, focus more quickly 

and have a shorter focusing distance along the channel. The sperm, being smaller and 

asymmetric, focus more slowly and do not focus as tightly.  The results seem to suggest 

that the particles reach an equilibrium location by about ring 3, suggesting that the channel 

could possibly be made shorter. Interestingly, the analysis at the end of the channel and the 

collected fractions are somewhat different in that the outlet fractions are more fractionated 

than the images and intensity plots would suggest. Thus, there may be some additional 

separation that occurs in the brief widening of the channels and split before the outlets.  

Equation 3.5 can be used to calculate a predicted required channel length for reaching 

equilibrium position of the WBCs and sperm cells, and these results can be compared to 

the data in Figure 3.4. According to these calculations, 𝑅𝑅𝑓𝑓  (force ratio) for a 12 µm 

diameter sphere (approximating a WBC) becomes higher than 0.08 by location 2: 𝑅𝑅𝑓𝑓 = 

2.42, and the equilibrium channel length (LI) for the 12 µm diameter sphere is 0.41 cm, 

which is 1/10th the length of the first ring. This value of the equilibrium length for WBCs 

corresponds to the narrowing of the intensity peak of the WBCs at location 2 where the 

channel length is 2.15 cm. From location 3 the 𝑅𝑅𝑓𝑓 of 12 µm particles increases from 2.50 

to 2.91 until location 8, which means the flow focus of 12 µm particles should be improved 

along each ring of the channel. Verifying this prediction with 𝑅𝑅𝑓𝑓 , the red fluorescence 

signal intensity and peak generally became sharper at the middle of the channel from 
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location 3 to location 6. There are also wider intensity peak profiles at locations 5, 7, and 

8.. he highest peak in these wider peaks profiles seems to move toward the inner wall.

The shifting phenomenon of focused stream can be caused by Dean flow shifting. Dean

force drives the slow-moving fluids near the long face pf the wall inward, while faster-

moving fluid in the core is swept outward. The known equilibrium particle positions of a 

rectangular channel are around the near long face wall middle area. Therefore, the slower 

inward force of a Dean flow can cause shifting of the focused WBC stream toward the 

middle of the channel. And this effect may also cause disruption/broadening of focused 

particle stream.  

It has observed that the width of focused streams of WBC is not consistent from 

location 1 to 8. The most sharpened streams are at locations 4 and 6. And wider focused 

streams are at locations 3, 5, and 7; these streams are very similar in width. It almost seems 

that this pulsation is periodic. A plausible explanation for this pulsation of focused streams 

in Figure 3.4 is deformability of WBCs in the flow. A similar effect was also observed by 

Nivedta et al. in the flow of red blood cells in spiral channels [59]. 

A similar equilibrium length analysis of sperm cells (5 µm particle) was carried out 

using equation 5 and 𝑅𝑅𝑓𝑓. The analysis showed that 𝑅𝑅𝑓𝑓 is always above 0.08 (𝑅𝑅𝑓𝑓: 0.175 

~0.21) from location 1 to location 8 with a flowrate of 0.52 ml/min, which suggests sperm 

should be focused after location 1 and the flow focusing should improve as sperm pass 

through later ring locations. The calculated equilibrium length for a 5 µm particle is 5.73 

cm, which occurs between location 3 and location 4. The sperm stream appears to reach its 

maximum focusing level at this point and the peak location gradually slides towards a mid-

outer location from location 4 to location 8. However, the intensity plot of location 8 
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(Figure 3.4(8)) again shows the flow focusing of sperm is not as narrow as the WBC stream. 

The analysis of images from Figure 3.4, also provides an understanding of the 

relationship between particle concentration and flow focusing behavior. This 

phenomenon can be defined by the number of particles per channel length (length 

fraction) [25], [27], which is defined following the relation: β = 3𝑊𝑊𝐻𝐻𝑉𝑉𝑓𝑓/4𝜋𝜋𝑎𝑎𝑝𝑝2 . 

According to Amini et al., for the case of β >1, particles cannot be expected to be 

focused, due to interactions between neighboring particles. Therefore to minimize 

interaction between neighboring particles, concentrations of particles should be adjusted 

to appropriate β values. For this work with 5 µm (sperm: 5 million/ml) and 12 µm 

(WBC: 2 million/ml) diameter particles, β5µm is 3.6% and β12µm is 0.6%. For WBC 

separation by a spiral channel, β is far less than ~50%; which Amini et al. described as 

the threshold of high length fraction. These calculated β5µm and β12µmvalues verify that 

our initial sample concentration is within the range of the length fraction condition for 

RBCs (with β𝑅𝑅𝑅𝑅𝐶𝐶 = 1.6%). Our previous empirical results on separation of RBCs in 

spiral channels with β𝑅𝑅𝑅𝑅𝐶𝐶 = 1.6% have been reported with good focusing of RBCs [27]. 

 In summary, sperm focusing peaks were less sharp than WBC peaks, which is likely 

due to to the asymmetrical shape of the sperm. The results suggest that sperm cells 

cannot be assumed to have the same focusing behavior as 5 µm diameter spherical 

particles, so their effective size must be considered as something smaller. This relatively 

poor focusing behavior has been briefly discussed by Hur et al. in the study regarding 

inertial focusing of nonspherical microparticles [50]. We are currently performing 

extensive experiments to explain the cause of this behavior. However, sharp flow 

focusing of WBCs allowed the significant reduction in concentration of WBCs in the 
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sample and consequently provided a much cleaner (fewer WBCs) final sample than the 

initial simulated sample of sperm and WBCs.  

3.5 Conclusion 

In conclusion, we successfully demonstrated the use of inertial microfluidics to 

significantly reduce WBC concentration by flow focusing of WBCs to a waste channel 

utilizing inertial microfluidics physics. The estimated sample process time was more rapid 

(~5 minutes) and less hands-on than the conventional method (gradient centrifuge sperm 

wash; ~1 hour). A mixture of sperm/WBC was injected as input and 83% of sperm and 

93% of WBCs were collected separately from two distinct outlets. 

During modeling and design preparations, we assumed a spherical shape for WBCs (12 

µm sphere) and sperm cells (5 µm sphere) and found that the WBC results corresponded 

with a force ratio (𝑅𝑅𝑓𝑓) and equilibrium length typical of a 12 μm sphere particle, suggesting 

that the modeling of WBCs as a sphere was sufficient, but the results for the sperm cells 

suggested that modeling them as a 5 μm sphere was not accurate, They were still only 

modestly focused, suggesting that they behave as smaller particles, or that the asymmetrical 

nature of the sperm cells causes them to not act like a uniform particle set. Despite the fact 

that generating sharp flow focusing of sperm was not possible under these conditions, most 

likely due to our current incomplete understanding of how sperm behave in the inertial 

microfluidic channel, the ability to somewhat focus the sperm while sharply focusing the 

WBCs led to the significant reduction of WBC concentration in high WBC semen, which 

should provide a significant advantage over current ART procedures when processing 

leukospermia samples.  
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Figure 3.1 Overview of approach: A spiral channel is utilized to separate unwanted bio-
molecular from highly contaminated semen samples (high WBC semen). (1) A semen 
sample with a high concentration of WBCs (yellow) and a low sperm (blue) concentration 
is injected though the inlets. (2) Evenly distributed cells at the first ring of the spiral. Flow 
focusing of particles in the channels proceeds as the sample moves through the spiral. (3) 
The lateral migration of each cell (sperm and WBC) continues until each cell reaches an 
equilibrium position in the later rings of the spiral. (4) Focused flow cells at the outlet area: 
most of the WBCs are collected at the inner outlet and the sperm are collected at the outer 
outlet. 

Figure 3.2 High-speed camera image acquisition locations to observe the focusing behavior 
of the cells and their equilibrium positions along the spiral channel (Top view of the spiral 
channel). Eight different locations were utilized for image acquisition. 
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Figure 3.3 Results of WBC and sperm location imaging experiments. Each image is a 
combined stack of frames obtained by a high speed camera monitoring near the end of the 
4th ring of the channel, (1) combined stained sperm and WBC image, (2) DAPI only image 
showing sperm, (3) PKH26 only image showing WBCs, (4) optical intensity plot across 
the width of the channel for the stained sperm and WBCs acquired from the obtained 
images. 
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Figure 3.4 Stained WBC and sperm flow stacked images and intensity plots at both the 
“up” and “down” positions of 1st, 2nd, 3rd, and 4th rings. These positions are expressed as 
location 1-8. 
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Table 3.1 Sample details. WBC A sample is for WBC characterization purposes, and 
Semen A represent a simulated high WBC semen sample 

Sample 
Type 

WBC 
Concentration 

(million/ml) 

*RBC
Concentration 

(million/ml) 

Sperm 
Concentration 

(million/ml) 
WBC A 8.1 1.3 0 
Semen A 8.35 1.4 2.45 

* RBC count data appeared in the table because WBCs were separated from a whole blood sample.
Therefore, there was a small amount of RBCs in the WBC sample.

Table 3.2 WBC A sample behavior at 0.52ml/min within the channel. 

Cell 
Type 

Inner Outlet 
In million/ml 
(Percent of 
total) 

Outer Outlet 
In million/ml 
(Percent of 
total) 

Total 
In 
million/ml 

Inlet 
Sample 
In 
million/ml 

WBC 5.45±0.85 
(95%) 

0.3±0.1 (5%) 5.75(100%) 8.1±0.8 

RBC* 1.15±0.15 
(85.2%) 

0.2±0.1 
(14.8%) 

1.35(100%) 1.3 

* RBC count data are included because WBCs were contaminated with some RBCs.

Table 3.3 Semen A sample separation results in terms of concentration. 

Cell 
Type 

Inner Outlet In 
million/ml 

(Percent of total) 

Outer Outlet 
In million/ml 

(Percent of total) 

Total 
In 

million/ml 

Inlet 
Sample 

In 
million/ml 

WBC 7.25±1.63(92%) 0.47±0.08 (8%) 7.72(100%) 8.35±0.43 

RBC* 0.69±0.13(87.3%) 0.11±0.05(12.7%) 0.80(100%) 1.4±0.05 
Sperm 0.58±0.08(16.8%) 2.81±0.25(83.2%) 3.39(100%) 2.45±0.08 

* RBC count data are included because WBCs were contaminated with some RBCs.
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PROCESSED IN A PDMS SPIRAL CHANNEL 
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4.1 Introduction 

Microfluidic technologies can provide valuable options for cell sorting/separation and 

there have been various attempts to eliminate the tedium and imprecision of procedures 

associated with conventional protocols [6], [7], [9], [11], [12], [16], [22]. There have also 

been many microfluidic attempts to separate sperm from unwanted debris and to improve 

the efficiency and the effectiveness of assisted reproductive technology (ART). Recently, 

we have reported a sperm separation method utilizing inertial microfluidic technology that 

showed clear evidence of sperm separation from unwanted debris, such as red blood cells 

(RBC) [70] and white blood cells (WBC) [107], without relying on sperm motility. Because 

this approach showed substantial evidence of sperm enrichment in a highly contaminated 

sperm sample, there is promise for this approach to be used clinically. Before clinical trials 

can begin, the physical and biological effects of the process on live sperm need to be 

understood and evaluated in order to provide assurance of clinical safety. 

Previous microfluidic approaches for ART applications [81], [85], [87]–[91], [94], 

[108]–[110] have been heavily reliant on the motility of sperm and have typically utilized 

relatively slow, gravity-driven  flow (~ few µl/min). In these systems, gravity is the major 

influencing force for sperm cells during the operation of the device, which does not have 

any known significant effects reported on the sperm cells. Therefore, the major source of 

possible damage from these methods was mostly the sample contacting elements such as 

the inner surface of the device and the buffer. Accordingly, comprehensive testing of the 

materials contacting the samples is needed to ensure biocompatibility. Unlike previous 

methods, our recent sperm separation method utilized a syringe pump for injecting samples 

into a spiral channel device [100]. Also, the injection flow rate was significantly higher 
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(~1000 times) than previous devices (~ml/min V.S. ~µl/min), which generates significantly 

higher pressures, shear stress, and centrifugal forces throughout the channel relative to 

previous microfluidic sperm separation devices [81], [85], [87]–[91], [94], [108]–[110]. 

Since these effects may cause physical or biological damage to sperm cells, a study 

quantifying sperm damage is necessary to verify clinical utility of the spiral channel.  

Commonly utilized verification methods from previous ART-supporting microfluidic 

technologies were sperm motility assays, sperm viability (live/dead), the TUNEL assay, 

fertilization rate, and sperm recovery tests. Among these tests, the motility and the viability 

tests have been the most common clinical methods to verify sperm quality. Through these 

tests the difference between the dead and live sperm count and between the initial sperm 

sample viability and the processed sample viability can indicate if there are significant 

defects generated in the spiral chip-processed sperm samples. In addition, the sperm 

recovery rate is also a critical trait to consider, since one of the goals of the spiral channel 

device is to separate sperm from microdissection testicular sperm extraction (mTESE) 

samples that only contain extremely small numbers of sperm.  

In this work, we performed viability, toxicity, and recovery tests using the proposed 

sperm separation method. These tests should provide initial verification of clinical 

usefulness. To show the effectiveness and safety of the device when used with a large 

number of samples, dozens of sperm samples were acquired randomly from the andrology 

clinic at the University of Utah and these samples were utilized in each test. All test results 

show promising evidence that the proposed sperm separation method doesn’t significantly 

affect the sperm when the spiral channel device system is operated under the regular 

process protocol.  
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4.2 Spiral Channel Design and Influence on Processed Sperm Cells 

The design of the spiral channel determines the optimal injection flow rate, the pressure 

on sperm cells, and the centrifugal force on sperm cells. Therefore, it is crucial to determine 

appropriate dimensions because those factors can directly influence the target cells by 

induced forces during flow.  

The optimal dimensions of the spiral channel need to be precisely calculated based on 

inertial microfluidics theory: the force ratio (𝑅𝑅𝑓𝑓 ), the ratio of particle diameter and 

hydraulic diameter (λ), and the aspect ratio of the channel. The force ratio (𝑅𝑅𝑓𝑓) is a ratio 

between the Dean drag force (𝐹𝐹𝐷𝐷) and the lift force (𝐹𝐹𝐿𝐿), where 𝐹𝐹𝐷𝐷 generates a secondary 

vortex which appears in the channel laterally and 𝐹𝐹𝐿𝐿 is the net lift force comprising the 

combination of the wall induced lift force and the shear gradient induced lift force that 

pushes particles away from the walls and center of the channel. The ratio λ should be more 

than 0.07 to generate optimal particle focusing flow [30] and the aspect ratio of the channel 

should be approximately between 0.5 - 0.25 (height/width) [26]. The ratio 𝑅𝑅𝑓𝑓 should be 

higher than 0.08 in order to generate flow focusing of the target particle. The equations 

describing each of these variables (𝐹𝐹𝐷𝐷, 𝐹𝐹𝐿𝐿, 𝑅𝑅𝑓𝑓, λ) follow [27]: 

𝐹𝐹𝐷𝐷 =  3𝜋𝜋𝜋𝜋𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝑎𝑎𝑝𝑝           (4.1) 

𝐹𝐹𝐿𝐿 = 0.05 𝑎𝑎𝑝𝑝4𝜌𝜌𝑈𝑈𝑚𝑚2

𝐷𝐷ℎ
2 (4.2) 

𝑅𝑅𝑓𝑓 = 𝐹𝐹𝐿𝐿
𝐹𝐹𝐷𝐷
≥ ~0.08             (4.3) 
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λ = 𝑎𝑎𝑝𝑝
𝐷𝐷ℎ
≥ 0.07 .      (4.4) 

In these equations 𝜋𝜋 is the fluid viscosity, 𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 is the average Dean velocity, 𝑎𝑎𝑝𝑝 is the 

target particle diameter, 𝑈𝑈𝑚𝑚 is the maximum fluid velocity, and  𝐷𝐷ℎ is the hydrodynamic 

diameter for a rectangular channel.  

In spite of the nonspherical nature of the target cells, the dimensions can be 

simplified as a sphere having the largest diameter of each cell or its rotational diameter 

[50]. The longest sperm head diameter is 5µm [104], [105]. Substitution of this value for 

the target diameter ( 𝑎𝑎𝑝𝑝) in order to simplify calculations is justified based on an 

experimental study involving asymmetrical particle focusing within a microfluidic channel 

by Hur et al.[50], which suggests that the maximum diameter of an asymmetrical particle 

determines the stable position and can be used to predict the flowing behavior of the 

asymmetrical particles. 

A range of dimensions and flow rates were used in the equations (Equation 4.1-4) to 

find the optimal condition of flow focusing (𝑅𝑅𝑓𝑓 , λ , and aspect ratio) and fabrication 

convenience was also considered. Through these calculations, we found a set of optimal 

dimensions which satisfied all ratio conditions above. The selected dimensions are as 

follows: height— 50 µm, width— 150 µm, space between channel— 310 µm, initial 

radius- 700 µm, and final radius— 899 µm. For the selected dimensions, λ for a 5 µm 

diameter particle is 0.067. The injection flow rate was selected based on the results of our 

previous report [100]. The flow rate from the previous study was 0.52 ml/min generating 

𝑅𝑅𝑓𝑓 values of 0.40 for 5 µm particles. From the selected dimension, the device and the 
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selected flow rate (0.52 ml/min) can generate high injection pressure and high centrifugal 

force. The measured injection pressure had an average pressure of 2.25 psi and a maximum 

pressure of 7 psi.  

The maximum calculated centrifugal force/acceleration from the spiral channel was 

4.19×10-12 N (19.45 g). The maximum value was calculated from the steepest curvature of 

the spiral channel (the first ring) with the centrifugal force equation (4.5), 

. 

𝐹𝐹𝑐𝑐 = M𝜔𝜔2𝑟𝑟 (4.5) 

where M is the mass of the particle, 𝜔𝜔 is the speed of the particle, and r is the radius of the 

channel. The calculated maximum centrifugal force from the spiral channel was still 

considerably lower than the force from clinical centrifuges which is ~500 g, or 1.083e-10 

N [112]. 

The shear stress (Τ) was also calculated with (4.6) for a Newtonian fluid. 

Τ(y) = µ du
dy

(4.6) 

where µ is the dynamic viscosity, u is the flow velocity along the boundary, and y is the 

height above the boundary. The dynamic viscosity of the working fluid was selected as 

water (8.90×10-4 Pa) and a plane flow velocity profile was obtained from a finite element 

simulation of the first ring structure of the spiral using COMSOL. The plane of the velocity 

profile was acquired from the half point of the first ring, which should have the fastest flow 

velocity. The velocity sampling pattern was a crucifix shape in the middle of the acquired 
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plane of raw velocity data. The calculated shear stress profile of the channel was plotted in 

Figure 4.1. The maximum shear stress was 1.9×10-3Pa among all calculated values of the 

sampled velocity plane.  

 

4.3 Fabrication of the Device and Possible Effects 

Fabrication of the designed device was carried out using polydimethylsiloxane (PDMS, 

Sylgard 184, Dow Corning, MI, USA) with an SU-8 (SU-8 3035, Microchem, MA, USA) 

mold. The SU-8 mold was fabricated on a 100 mm (4 inch) wafer according to the 

manufacturer’s instructions in a clean room environment. 40 ml of uncured PDMS at a 

10:1 (polymer: curing agent) ratio was poured over the mold, and it was placed in an oven 

at 60° C for at least 6 hours. The molded PDMS was peeled off from the mold and any 

excess PDMS removed. Inlets and outlets were cored with a 1.5mm diameter coring tool. 

After cleaning the surface of the PDMS, a glass slide (Corning 2947-70 X 50 mm) was 

plasma bonded with the PDMS to form closed channels.  

To complete the spiral channel device, two 1 ml clear polycarbonate syringes (BD, 1 

ml Syringe Luer-lock tip) were utilized to connect the spiral channel inlets through 

platinum-cured silicone tubing (Sani-Tech, Clear Platinum-Cured Silicone Tubing, STHT-

062-1) and nylon barbs (Nordson Medical, Straight Through Tube Fitting, N210-1). The 

outlet sample collection setup was constructed in the same manner as described previously 

(Figure 4.2).   

Even though all the materials (PMDS, glass, and polymers) in the device are well 

known for minimal toxic effects on live samples[113], the fabricated spiral channel device 

and connected components needed to be tested for overall biocompatibility, in order to 
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show the clinical safety of the method. The possible source of damage to the sperm is the 

inner surface of the completed system, which includes the spiral channel, connecting barbs, 

tubes, and syringes. 

4.4 Experimental Methodology 

The purpose of the study was to find effects on sperm caused by the spiral channel 

device and its operating protocols. Therefore, a series of viability and toxicity tests were 

conducted to see the change in the number of live/normal sperm before the process and 

after the process. Recovery tests were also conducted to measure the possible sample loss 

during the process.  

4.4.1 Sample Preparation Protocol 

All sperm samples were acquired under an Institutional Review Board-approved study, 

IRB00072239. Frozen and fresh samples were acquired from the University of Utah 

Andrology lab. Written, informed consent was obtained from all participants for their 

tissues to be utilized for this study. Sperm samples were prepared from freshly collected 

specimens from the clinic and previously frozen semen specimens were suspended in 

sperm media (Quinn’s Advantage media with HEPES Sage, CT, USA). The sperm 

concentration was adjusted depending on experimental needs through dilution with sperm 

media. Prepared samples were placed within two 1 ml syringes. The outlet sample 

collection setup was constructed in the same manner as the inlet setup and separated 

samples from the two outlets were collected into 1 ml plastic syringes at each outlet. 
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4.4.2 Sperm Viability Study 

In this study, we utilized 17 freshly collected semen samples to represent the universal 

influence of the device system and operation protocols. Samples were collected on different 

occasions due to the difficulty of getting consented donations from clinic patients. Within 

an hour of collection time, prepared samples were split into two syringes and injected into 

each spiral channel inlet using one dual syringe pump. Two inlets were used, rather than 

one, because having two inlets helps eliminate leaks near the inlet port, which was shown 

to be effective from our previous report[100]. The injection flow rate was 0.26 ml/min from 

each syringe, resulting in accumulated flow rate of 0.52 ml/min. To collect an equal amount 

of sample from the outlet, another dual syringe pump pulled sample with a slightly lower 

flow rate than the injection flow rate (0.2ml/min), which is also shown effective from our 

previous report.   

Collected samples in the syringes from each outlet were transferred to separate sample 

tubes (Corning plastic 10 ml sample tube). Then sample slides were made for the viability 

and the morphology test. The sample reading process was designed to be a blinded test in 

which each sample was labeled with a coded name. For making control references, two 

sample slides were prepared before the experiment.  

The sperm viability staining was conducted according to World Health Organization 

(WHO) guidelines [112]. The preparation proceeded as follows: several drops (~80 µl) of 

a mixture of Eosin Y (Sigma #E6003) and Nigrosin (Sigma #N4754) were applied with a 

drop (~40 μl) of well-suspended collected sample on a glass slide, then drops were mixed 

well to make a thin smear for microscopic examination. After the sample slides are 

completely dried, we randomly observed 100 sperm, including stained and unstained 
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sperm, under the microscope with 200X magnification. The standard protocol [112] for 

sample reading states that magnification should be 1000X with oil and count number 

should be 200. However, we reduced the magnification to 200X and the random sperm 

count to 100 because finding a set of 200 random sperm cells in low sperm concentration 

samples can be difficult.. The reading reference for stained (dead) and unstained (live) cells 

followed the WHO standard [112] which states: Eosin Y will penetrate the cell membrane 

of dead or membrane defective sperm so the head will appear pink on the smear. In contrast, 

sperm with normal membrane function will resist eosin penetration and will appear white 

against the purple nigrosin background (Figure 4.3). 

Sperm morphology testing was also conducted according to WHO guidelines [112]. To 

prepare sperm morphology slides, a well-suspended drop (~40 μ l) from the collected 

sample is smeared on a glass slide. Then the slide is stained using the standard hematoxylin-

eosin[112] method and then coverslipped for microscopic examination. Hematoxylin will 

stain the nucleic elements of cells (the sperm head) and eosin will stain the cytoplasmic or 

basic elements of cells (the sperm tail). With stained sample slides, a total number of 100 

sperm were randomly counted under the microscope at 1000X magnification. The reading 

reference for morphology of head and tail of sperm were WHO guidelines, which contains 

seven types of head shape to be categorized as normal morphology sperm, both head and 

tail shape should be within the normal boundary.  

4.4.3 Sperm Toxicology Study 

To understand the influence on sperm in terms of toxicology, the time-dependent 

toxicology study included exposures to the inner surface of the spiral device system of 5 



81 

min, 30 min, 1 hour, and 2 hours. Twenty semen samples were used to represent the 

universal toxic influence of the device system. To find possible effect differences between 

fresh and frozen samples, there were 10 frozen samples and 10 fresh samples within the 20 

samples. The selected time interval exposures were as follows: 5 min (regular operation 

time), 30 min, 1 hour, and 2 hours. Within 30 min of collection time, semen samples were 

split into two syringes and loaded into a spiral device system. For the 5 min. exposure time 

tests, sample loaded syringes were injected into each spiral channel device inlets using the 

same injection and collection protocol from the viability study. For rest of the time intervals 

(30 min, 1 hour, and 2 hours), the sample was injected halfway (0.25ml) and then the device 

system (one spiral device, four tubes, and four syringes) was placed in an incubator at 37°C. 

After the end of each time interval, the half of the sample remaining in the input syringes 

was injected into the device to push the exposed, earlier half of the sample into collection 

syringes (Figure 4.4).  

Collected samples were transferred to individual sample tubes and the sample was 

measured for motility of sperm under 200X microscope magnification. The motility of 

sperm was categorized as progressive motile, nonprogressive motile, and nonmotile, as 

defined by WHO standards [112]. Randomly selected couple sets of 100 sperm cells were 

analyzed and each set’s motility was recorded. For the live/dead sample reading, a drop of 

the well-suspended collected sample (~40 µl) was applied and smeared for viability tests 

using WHO’s standard stain procedures. To make viability (live/dead) control references, 

two sample slides were prepared before the experiment. After prepared viability (live/dead) 

sample sides were completely dried, we randomly counted a total number of 100 sperm, 

including stained and unstained sperm, under the microscope with 200X magnification. 
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The reading reference for stained (dead) and unstained (live) followed the WHO standard. 

4.4.4 Sperm Recovery Study 

To demonstrate the improvement of sample recovery rate from conventional methods 

of sperm collection from the high WBC semen sample and the mTESE sample, the device 

system needs to demonstrate high sperm sample yield after the operation. To prevent 

possible cell sticking on microchannel walls, the whole inside of the device system was 

soaked with 5% BSA on DI water (diluted from Bovine serum albumin, approx. 99%, 

SIGMA). 1ml of BSA was loaded up in each injection syringe then injected into the device 

with a flow rate of 0.1ml/min until the syringe reached half of the initial volume (0.5 ml). 

The BSA filled system sat at room temperature for 30 min and was then flushed out with 

a flow rate of 0.1 ml/min.  

The recovery tests performed with low concentration range (0.1, 1.1, 1.3, 6.5 

million/ml) sperm samples were conducted to determine yield for samples with limited 

numbers of sperm. Samples were injected with a flow rate of 0.52ml/min and two outlets 

were connected to one syringe to minimize sample transfers. Samples were pulled with a 

slightly lower flow rate (0.4 ml/min) to maintain a backpressure. After collection, the 

sample was transferred to a sample tube (Corning plastic 10 ml sample tube) and a 

measured concentration of sperm under the microscope with 200X magnification. To 

represent the extremely low sperm concentration case, a batch of samples were made by 

serial dilutions. After using the dilution technique, the sperm number of the sample should 

be around 20 sperm/ml. The collected volume (~1.5ml) was concentrated by the in-house, 

custom-made microfluidic volume concentrator using a hollow fiber membrane tube 
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(MicroKros® and MidiKros® hollow fiber membranes, Spectrum Labs). The concentrated 

sample (~80µl) was placed on a glass slide and observed by an inverted microscope with 

400X magnification (Figure 4.5). 

4.5 Results and Discussion 

4.5.1 Viability Study 

    The viability of collected sperm samples were verified by the viability stain 

(live/dead stain) test and the morphology test. The purpose of these tests was to show 

possible changes caused by the spiral channel device system and the operational protocol. 

According to the paired t test of the collected live/dead sample slides reading data, it 

shows higher p value between control and collected samples (Figure 4.6). This means 

there is no statistical difference between the control and the collected samples (inner 

and outer) in terms of the live sperm count. The paired t test of the morphology sample 

slides reading result (Figure 4.6) also shows that there is no statistical difference in the 

normal sperm count between the control and collected samples (inner and outer). These 

two plots (Figure 4.6) and statistical test results demonstrate that the spiral channel 

system and the operational protocol do not significantly affect the viability of sperm.  

Figure 4.6 also shows a higher number of live sperm on the outer outlet than the inner 

outlet. Figure 4.6 also shows that the normal morphology count of the outer outlet is higher 

than the inner outlet count. This number difference could be caused by the size-dependent 

nature of the particle sorting mechanism. Because the spiral channel was designed to 

generate flow focusing of 5 µm diameter sphere, similar size sperm cells such as normal 

head shape sperm (5 µm long, 3 µm width ellipse) should be separated toward the outer 



84 
 

 

outlet. If this effect can be optimized, automated sorting of normal head shaped sperm can 

be achieved.  

 

4.5.2 Time-Dependent Toxicology Study 

The toxicology study with four different time intervals verified the effect of the spiral 

channel device system to sperm samples exposed to the inner surface of the system such 

as the spiral channel, syringes, connectors, and connection tubing. Figure 4.7(1) shows the 

results of the live sperm count and the sperm progressive motility count of the regular 

protocol time (5-min exposure time). The p value from the paired t test suggests that there 

is no significant difference of live sperm count between the control samples and sperm 

recovered from the outer outlet. However, there is a slight change of live sperm count 

between control and inner outlet. This difference between inner and outer outlet can be 

explained by the flow focusing trend of sperm toward the outer outlet. Because the spiral 

channel is designed to separate sperm to the outer outlet, the outer outlet should have more 

live and progressively motile sperm than the inner outlet. These data are consistent with 

the finding that more morphologically normal cells are present in the outer outlet. In Figure 

4.7(2), the p value of motility data shows that statistical difference between control and 

outlet collected samples are significant but the difference is an only slight difference from 

control count. 

Figures 4.8, 4.9, and 4.10 show that the difference between control and collected outlet 

samples from the 30-min, 1-hour, and 2-hour exposure tests are significant. The motility 

test results also show that there are significant statistical differences between the control 

and collected outlet samples (except 30 minutes live sperm count between control and outer 
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outlet). This means longer exposure (30 min, 1-hour, and 2-hour) can cause negative effects 

on sperm samples. The motility statistical comparison results of 2-hours between the 

control and outer outlet is insignificant, which might be a statistical glitch due to lack of 

data plots for paired t-test. This can be improved by more data plots. The clear appearance 

of the negative effects from 30 min, 1 hour, and 2 hours also may be caused by the different 

temperature inductions between the device system and the control sample tube during 

incubation. Due to the multiple components of the system, the incubation heat couldn’t be 

conducted as quickly as that of the control sample tube. This may cause different rates of 

decay of viability and motility of sperm between the control and collected samples [114]. 

Overall, these data show that regular operation time exposure wouldn’t affect a sperm 

sample significantly until 30 min of exposure time, however, there was clear decay of live 

sperm count and sperm motility count from the 1-hour exposure case and the 2-hour 

exposure case (Figures 4.9, 4.10). 

4.5.3 Sperm Recovery Study 

The recovery test results show a high recovery rate with low concentration samples 

(0.1, 1.1, 1.3, 6.5 million/ml) from 96% to 85% (Figure 4.11). In the case of the extremely 

low concentration sample, recovery results also show promising evidence of high recovery 

capability as shown in Table 4.1. Note that the size of the concentration may explain ~10% 

of the relatively lower recovery rate of 0.1 million/ml sample case. In the extremely low 

sperm concentration case (Table 4.1), sperm recovery results are promising, even though 

there is always the high possibility of sample loss during sample transfer for every sample 

measurement. The sample counts are close (19 and 24 sperm) to the expected initial sample 
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counts (~20 sperm). The recovery data for the extremely low concentration case provides 

valuable evidence that this spiral channel device system may sucessfully extract sperm 

cells from actual mTESE samples, which may contain an extremly low number of sperm. 

4.6 Conclusion 

In conclusion, we successfully tested the biological effects and sample recovery 

capability of a spiral microfluidic device system with several sperm samples. Possible 

causes of biological damage were high injection pressures, shear stress, and centrifugal 

forces throughout the channel. To investigate the influence of the spiral channel device and 

the operation protocols on sperm, a series of tests were conducted including viability, time 

interval toxicity, and recovery tests. The results from the viability test show clear evidence 

of statistically insignificant changes in the number of live sperm between control and 

collected samples during regular operation. The live sperm data suggest that the spiral 

channel device system and the operation protocols would not significantly reduce the 

number of live sperm. The viability study also shows insignificant changes in the number 

of normal morphology sperm between the control and collected sample. The normal 

morphology sperm data suggest the spiral channel device system and the proposed 

protocols would not physically damage sperm significantly during regular operation time.  

The time interval toxicity test results show evidence of minimum change between the 

control and collected samples (inner and outer) within 30 min of operation time. Even 

though there are clear live and progressive motile sperm count differences between the 

control and collected samples during longer time cases (1-2 hours), the results from the 5- 

min and 30-min tests show promising evidence of almost no effect after the operation, 
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which suggests the designed spiral channel device and the operational protocols would not 

cause a significant negative effect during those operation times. There is also the possibility 

of reducing the statistical difference between the control and collected sample count by 

adding more data points. 

The sperm recovery test results showed evidence of minimum sample loss during the 

operation. The recovery capability for the low concentration (0.1, 1.1, 1.3, 6.5 million/ml) 

sample case was relatively high (up to 96%), for the extremely low number of sperm (~20 

sperm). In conclusion, the negative biological and physical effects of the spiral channel 

device system and the operational protocols are shown to be minimal according to viability, 

toxicity, and recovery test results. Therefore, the system may improve the clinical 

procedures of the sperm sample purification process without significant sperm loss and 

damage.  
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Figure 4.1 Calculated shear stress profile of height and width of the first ring of the spiral 
channel. (Orange) Shear stress profile across the height cross section, (Blue) Shear stress 
profile across the width. 
 

 

 
Figure 4.2 The PDMS spiral channel device system setup with two syringe pumps 
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Figure 4.3. Protocol flow chart of sperm viability test. 
 

 

 
Figure 4.4 Protocol flow chart of sperm toxicology test  
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Figure 4.5 Protocol flow chart of sperm recovery test steps (1~4) with low sample 
concentration (0.1, 1.1, 6.5million/ml) and extremely low concentration(~20sperm/ml).   * 
In-house custom-made microfluidic volume concentrator using a hollow fiber membrane 
tube. 

Figure 4.6 Viability study plots. (1) viability stain result for live sperm, (2) morphology 
results for normally shaped sperm. 

(1) (2) 
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Figure 4.7 Toxicology study of regular exposure time (5 min). (1) live sperm reading, (2) 
motility reading. 

Figure 4.8 Toxicology study of 30 min exposure time. (1) live sperm reading, (2) motility 
reading. 

(1) (2) 

(1) (2) 
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Figure 4.9. Toxicology study of 1 hour exposure time. (1) live sperm reading, (2) motility 
reading. 

 

 
 
Figure 4.10. Toxicology study of 2-hour exposure time. (1) live sperm reading, (2) motility 
reading. 

 
 

 

(1) (2) 

(1) (2) 
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Figure 4.11 Sperm recovery test for the spiral channel 
 

 
Table 4.1. Extremely low concentration recovery test results (~20sperm/ml) 

Sample 
Number 

Initial Sample 
Estimated Sperm 
Count (sperm/ml) 

Collected Sample Hard 
Count from ~1ml of 

Collected Sample 

1 ~20 19 

2 ~20 24 
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CHAPTER 5 

STUDY OF SPERM-LIKE-PARTICLE (SLP) BEHAVIOR IN CURVED 

MICROFLUIDIC CHANNELS AND ITS APPLICATION  

TO INERTIAL MICROFLUIDICS PRINCIPLES 
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5.1 Introduction 

In recent biological studies, focus has shifted from genetic analysis to cell biology as 

individual cells are considered to be the basic component of biological understanding. In 

molecular analysis demands, there have been challenges to make measurements at the 

single cell level, because cell samples are highly complex, containing many different 

species at widely different abundance levels [6]–[8]. Therefore, the ability to sort and 

separate individual cells or cell types has become particularly important and using 

microfluidic technology has proven a favorable solution due its inherent capabilities for 

automation and high throughput[6], [11], [12], [16], [22]. Microfluidic approaches have 

been applied specifically in male fertility studies in order to separate sperm from unwanted 

debris and to improve the efficiency of assisted reproductive technologies (ART) [23]. A 

current popular microfluidic approach for sperm separation utilizes parallel laminar fluid 

streams of media through a straight microchannel: one stream consisting of a dilute semen 

sample, and the other stream consisting of sperm media [82], [83]. At the micro scale, the 

two fluid streams do not mix readily such that only motile sperm, chemically attracted 

towards the sperm media, can travel across the interface between the two parallel streams. 

The two streams are separated again after a sufficient length to allow motile sperm to 

separate from non-motile sperm and debris. This, and all other microfluidic sperm 

separation approaches to date, have been heavily reliant on sperm motility, employing 

microchannel features such as: chemo-attractants[89]–[91], physical obstacles[99], and 

micro-diffusers[96]. Since these methods were only designed to separate progressive 

motile sperm cells from semen samples, they lose a significant number of viable sperm 

cells including nonprogressive, motile and nonmotile sperm cells. Therefore, for patients 
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with low quantities of low quality sperm, these approaches are not optimal as they select 

against the patient’s immature and nonmotile sperm cells despite the fact that those cells 

could have the potential for conception using ART. 

Recently we demonstrated sperm separation utilizing a spiral channel for simulated 

testicular sperm extraction (TESE) and microdissection testicular sperm extraction 

(mTESE) samples which include not only sperm cells, but also red blood cells (RBC), 

white blood cells (WBC), and other contaminating debris [100]. This study showed purely 

mechanical, label-free separation of sperm from a simulated mTESE sample using inertial 

microfluidics. The approach did not require any externally applied forces except the 

movement of the fluid sample through the instrument. Using this method, we were able to 

recover not only motile sperm, but also viable less-motile and nonmotile sperm at a high 

recovery rate. This separation was achieved primarily by generating a sharp flow focusing 

RBCs for separating the unwanted cells away from the sperm cells, while only generating 

a slight trend of sperm flow focusing. Although performing the separation in this way was 

an important step forward, and represented a significant contribution to the field, an 

optimized microfluidic inertial focusing system would generate sharp flow focusing of both 

RBCs and sperm cells. This type of system would be more capable of handling samples 

such as extremely low concentrations of sperm with high concentrations of contaminating 

cells (such as mTESE samples).  

Our hypothesis was that sharp flow focusing of sperm cells was possible and that a 

better understanding of sperm behavior in the curved channel was critical. Specifically, we 

hypothesized that an improved understanding of the dynamic forces felt by the 

nonspherical sperm cells was necessary in order to more reliably predict and control their 
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behavior. The separation of particles utilizing inertial microfluidics principles builds on the 

foundational assumption that the shape of the target particle is a spherical shape. However, 

live cell samples such as sperm cells, RBCs, and WBCs [18]–[20] are not always 

spherically shaped. There has been a study to understand the behavior of nonspherical 

shaped particles within the microchannel [50]. This study has attempted to characterize 

focusing behavior of different nonspherical particles, utilizing its rotating diameter.   

    In this study, we present an improved model of sperm cell behavior in curved 

channels based on both 2D COMSOL ® simulations and experimental studies (Figure 

5.1). The purpose of the study is to find the behavior of a sperm-like-particle (SLP) 

within a curved channel and propose an improved model of the SLP for generating a 

clear flow focusing of sperm.  Our results show that an SLP has clear alignment 

behaviors toward direction of primary flow. The alternative modeling from the 

understanding of SLP behavior can be utilized to calculate new optimal conditions for 

significantly improving flow focusing of sperm within the previously designed spiral 

channel [100]. The results show promising evidence that the proposed method should 

able to generate more precise sperm separation for mTESE samples. 

5.2 Known Design Principle and Challenges 

Previous studies of inertial effects have presented the physical design guidelines for 

generating flow focusing of target particles in a spiral channel [26], [27], [30], [31]. The 

guidelines include the following group of nondimensional parameters: the force ratio (𝑅𝑅𝑓𝑓), 

the ratio of particle diameter and channel hydraulic diameter (λ), and the aspect ratio of 

the channel.  
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The force ratio (𝑅𝑅𝑓𝑓) is a ratio between the Dean drag force (𝐹𝐹𝐷𝐷) and the net lift force 

(𝐹𝐹𝐿𝐿), where 𝐹𝐹𝐷𝐷 is the force resulting from a secondary vortex that appears laterally on the 

curved channel and 𝐹𝐹𝐿𝐿 represents the combination of wall effect lift and shear gradient lift 

force [26], [27], [30], [31]. According to the guidelines, 𝑅𝑅𝑓𝑓 should be greater than 0.08 

(5.1) and λ should be more than 0.07 (5.6). The aspect ratio of the channel should be 

between approximately 1:2 and 1:4 (height:width). The following equations show details 

of nondimensional values, and their constituent elements: 

𝑅𝑅𝑓𝑓 = 𝐹𝐹𝐿𝐿
𝐹𝐹𝐷𝐷
≥ ~0.08 (5.1)  

𝐹𝐹𝐷𝐷 =  3𝜋𝜋𝜋𝜋𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝑎𝑎𝑝𝑝             (5.2) 

𝐹𝐹𝐿𝐿 = 0.05 𝑎𝑎𝑝𝑝4𝜌𝜌𝑈𝑈𝑚𝑚2

𝐷𝐷ℎ
2 (5.3) 

𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷 = 1.8 × 10−2𝐷𝐷𝐷𝐷1.63 (5.4) 

𝐷𝐷𝐷𝐷 =  𝜌𝜌𝑈𝑈𝑓𝑓𝐷𝐷ℎ
𝜇𝜇

(5.5) 

λ = 𝑎𝑎𝑝𝑝
𝐷𝐷ℎ
≥ 0.07 , (5.6) 

In these equations, 𝜋𝜋  is fluid viscosity, 𝑈𝑈𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷  is the average Dean velocity, 𝑎𝑎𝑝𝑝 is 

particle diameter, De is Dean number, ρ is the density of the fluid (water), 𝑈𝑈𝑓𝑓  is flow 
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velocity, 𝐷𝐷ℎ hydraulic diameter,  μ is viscosity of the fluid, and 𝑈𝑈𝑚𝑚 is the maximum fluid 

velocity. 

While this theory is well established, it is built exclusively for spherical particles, and 

when used with nonspherical particles (such as many types of cells) requires the 

assumption of a representative diameter. Since this simplification has a significant impact 

on design, it been a critical consideration for the channel design guideline. Hur et al. [50] 

suggested the use of the rotational diameter of the particle since most particles rotate while 

they travel through the microchannel in laminar flow, and reported that the rotational 

diameter of the particle (regardless of its cross-section shape) could determine the final 

focused position in most cases. In other words, the focused position of a spherical particle 

will be similar to the final focused position of a nonspherical particle with the same 

rotational diameter. Based on this finding, the behavior of symmetrical, nonspherical cells 

has been approximated using the rotational diameter or the largest diameter of the cell [56], 

[58], [62].   

In our previous report, we also utilized Hur’s suggestion, using the rotational diameter 

to predict the focusing of target particles in inertial equations [101]. The sperm cell, which 

is in actuality composed of an ellipsoid head (~5 µm length, ~3.12 µm width) and a tail 

(36-49 µm length), was assumed to behave as a rotating sphere of diameter 5 µm [104]. 

RBCs, which are in actuality flat disks of ~9 µm diameter, were assumed to behave as 

rotating spheres of diameter 9 µm [102][103]. Due to irregularities, these dimensions are 

based on average measurements of a finite  number of cell samples. The longest dimension 

of the normal morphology sperm head (5 µm) was utilized as a simplified sphere diameter, 

while 9 µm and 12 µm diameter spheres were utilized as models for RBC and WBC 
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respectively. After a series of calculations, selected dimensions which meet required design 

guidelines, were selected as follows: channel height = 50 µm, channel width = 150 µm, 

space between channels = 310 µm, initial radius of the spiral = 700 µm, final radius of the 

spiral = 899 µm. 

As previously explained, while this spiral channel was able to generate clear, sharp 

flow focusing of RBCs, the sharp flow focusing of sperm didn’t appear. The successful 

flow focusing of RBCs, imply that the spherical model did accurately predict the behavior 

of RBC, but the lack of definitive focusing of sperm cells implies that the modeling of 

sperm cells wasn’t accurate. The lack of focusing of sperm can be improved by a recent 

study of aligning behavior of uneven doublet particle [44]. In Uspal’s study, an example 

of uneven double particles showed alignment of particle movement toward the primary 

flow in the microfluidic channel. Through the particle aligning phenomenon, we were able 

to predict the aligning behavior of sperm while it travels through the curved microfluidic 

channel due to the morphologic similarities. This behavior should be a good foundation to 

improve the modeling and focusing of sperm cells.    

5.3 Methodology 

In this work, we demonstrated that sperm cell alignment is the explanatory particle 

behavior mechanism. The sperm cell alignment behavior was validated through COMSOL 

simulation and observational data. With validation we developed an improved modeling of 

SLPs. We also showed the improved sperm focusing by new optimum condition from 

improved sperm modeling. We also included experiments using simulated mTESE samples 

in order to show a potential application of this newly discovered phenomenon. 
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5.3.1 Sample Preparation 

Depending on experimental necessity, three types of particles were used: sperm cells, 

red blood cells, and beads. Sperm cells and red blood cells were acquired and prepared 

(DAPI, PKH26 stain) as explained previously[100]. We also utilized 5 µm (Bangs 

laboratories, Fluorescent Carboxyl Polymer Microbeads, Red) and 3 µm (Polysciences, 

Fluoresbrite, Yellow Green) fluorescent microbeads. During device operation, all particles 

were suspended in Quinn’s media at various concentrations (sperm & microbeads:0.1-1 

million/ml, mTESE:-10 million/ml)   

5.3.2 Device Protocol and Operation 

Syringes, manipulated at a rate controlled with syringe pumps, were used to inject and 

withdraw samples from the spiral channel device whose fabrication and operation was 

explained extensively in a previous chapter [100].  

5.3.3 COMSOL Simulation 

Two dimensional (2D) finite element software simulations of SLP dynamics were 

performed using COMSOL Multiphysics®. 2D simulations were utilized due to the 

simplicity of the study and the limited computational power that it requires. Although 2D 

models neglect the Dean force induced secondary vortex flow, according to the Dean force 

Dean velocity equations (Equation 5.2 and 5.4), the lateral particle migration velocity 

imposed by the Dean force is relatively insignificant compared to the primary flow velocity 

in terms of magnitude, as the Dean velocity is thousands of times less than the primary 

flow velocity. In other words, net lift forces induced lateral particle migration is more 
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significant than Dean force induced lateral particle migration effect. Therefore, the 2D 

model should provide an appropriate representation of an SLP behavior under the curved 

channel.  

The SLP was geometrically identical to an ideal sperm cell, and contained an ellipsoid 

head (5 µm length, 3 µm width), and extended tail (30 µm long, 1 µm thick). To represent 

the flexibility of real cells, a Young’s modulus of 1.6 kPa was applied to the SLP, which 

is similar to Young’s modulus of the average cell membrane [115]. As the behavior of the 

SLP is most interesting in the initial part of the channel (before it has reached its focus 

location), only a small, initial portion of the channel was simulated, and the behavior of the 

particle across this length was used to draw conclusions about the SLP as it travelled the 

length of the channel. Specifically, channel dimensions were obtained from the first 1/16th 

of the innermost ring of the spiral channel. Thus the simulated length was 2.86 mm and 

150 µm wide. The no-slip condition was applied on the fluid boundaries. Through the 

input, fluid (water) was injected with a velocity of 0.14m/sec while the SLP was already 

inside of the channel near the inlet (Figure 5.2). 

To understand the behavior of an SLP with any initial condition, a total of seven 

simulations were completed, each of which had an SLP placed in the channel with a unique 

combination of location and orientation. These two variables were parameterized by the 

initial location of the head (as measured from the inner wall) and the orientation of the head 

(as measured by the alignment relative to the direction of the primary flow). In Figure 5.3, 

the eight different cases, which were simulated, are shown. These include seven different 

SLP positions/orientations and a sperm-head-like particle in the curved channel. The 

elliptical sperm-head-like particle provided an important background against which to 
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compare the results of the SLP simulations. 

We also quantified the movement of the SLPs through the length of the channel across 

the following variables: total travel time, number of 360° flips completed, percent of the 

time (and distance) that the particle spent rotating, and the percent of the time (and distance) 

that the particle spent aligned. The final alignment and location of the particle were also 

quantified with the same metrics that quantified the SLPs’ initial position.  

An additional case (Case 8) was added to compare the behavior of SLPs with the 

behavior of common nonspherical particle shapes. In this case, a sperm head like particle 

was simulated as simply an ellipse.  

5.3.4 Experimental Verification of the Simulation 

To verify COMSOL simulation results, a series of experiments were designed to 

experimentally observe the alignment behavior of SLPs. The experiment method was 

tracking individual sperm cells in the channel while injecting sperm through a spiral 

channel system. Using the high speed scanning capability of the microscope, we were able 

to confirm behavior of SLP which was identified from 2D simulation.  

To observe the alignment of various sperm cells, a Nikon AR1 inverted microscope 

with a high-speed scanner (230 frames/sec) was utilized to observe the alignment of various 

sperm cells (Figure 5.1(2)). The selected area near the outlet of the spiral channel was 

recorded while DAPI stained sperm were injected through the channel. The sperm sample 

concentration was between 0.1 and 1 million/ml. The injection flow rate was 0.3 ml/min, 

which was the highest possible flow rate that allowed sperm identification in a frame. The 

recorded files were accumulated over 5 minutes. The DAPI blue stained sperm head and 
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tail were clear identification factors allowing us to distinguish sperm from other particles. 

From the videos, 102 sperm cells were identified for alignment angle measurement. ImageJ 

was used to measure the estimated alignment angle between sperm cells and primary flow 

direction.  

5.3.5 Experimental Verification of the New SLP Model 

With the experimental confirmation of SLPs’ alignment behavior, we found enhanced 

understanding of SLP behavior for sperm modeling. With new modeling, we calculated 

improved optimum condition of sperm focusing.  Without changing channel dimension 

and condition of media (viscosity and density), we found new focusing flow rate for sperm 

cells. With this new flow rate, we conducted a series of experiments to confirm the flow 

focusing improvement of sperm, using a DAPI stained sperm sample, fluorescent 

microbeads and a stained simulated mTESE sample. 

The simulation study and the experimental confirmation provide new understanding 

and evidence of the SLP self-alignment behavior within the spiral channel and show that 

sperm do not continuously rotate as do the other nonspherical particles as reported as Hur’s 

study [50]. The observed behavior of the SLP give us an idea of how to change the target 

particle modeling, specifically by selecting a new representative particle diameter (𝑎𝑎𝑝𝑝). 

Since SLPs are mostly aligned in either a head lead or tail lead position, the two essential 

lateral particle migrating forces (𝐹𝐹𝐷𝐷 and 𝐹𝐹𝐿𝐿) will mostly effect the nonrotating side surface 

of the sperm heads and is not well-modeled by a 5µm diameter sphere. This estimation 

predicts reduction of the lateral force effect surface area of the particle, which means 

applying a new smaller value of 𝑎𝑎𝑝𝑝 in the force equations (5.2)(5.3). 
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Since the new sperm cell model requires reduced force effect area of the sperm head 

compared to the previous estimation method, the width of the sperm head (3.12 µm) can 

be selected as a more conservative particle model diameter (𝑎𝑎𝑝𝑝) than the length of the 

sperm head (5 µm). Therefore, the head width dimension was taken as a new 𝑎𝑎𝑝𝑝  and 

applied to the two force equations (5.2)(5.3). With a new 𝑎𝑎𝑝𝑝 and the current spiral channel 

dimensions, a set of calculations provided the minimum flow rate to reach 𝑅𝑅𝑓𝑓 > 0.08 for 

sperm cells. The calculated flow rate was 1.725 ml/min. 

A set of experiments was designed to verify the new optimum condition that was 

determined for the new sperm particle model. The experiments included tests of three types 

of particles (DAPI stained sperm, 5 µm (Red), and 3 µm (Green) fluorescent microbeads) 

at three different flow rates: 0.52, 1.04, and 1.7 ml/min. These tests allowed us to observe 

the changes in flow focusing of each particle with varied flow velocities. The utilized flow 

rate of 1.7ml/min was slightly lower than the calculated flow rate of 1.725 ml/min, but was 

utilized to prevent possible damage of the experimental setup due to the high pressure 

required. The two sizes of microbeads represent the two models of the sperm head. 

Specifically, the red 5 µm bead represents a rotating sperm cell using the longest head 

length and the green 3 µm bead represents the nonrotating sperm using the sperm head 

width as the diameter of the spherical particle models. The flow rate of 0.52 ml/min 

represents the flow rate calculated from ~5 µm sphere modeling and the flow rate of 1.7 

ml/min represented calculated flow rate based on ~3 µm sphere modeling. The flow rate 

of 1.04 ml/min is added to show the flow focusing pattern change of each particle while 

the flow rate is increased. With the same high-speed scanner microscopy (Nikon AR-1) 

from our previous work [100] videos were recorded for 6-8 sec (~1800 frames) and all 
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frames of videos were projected into an image to show traces of all particles. As before, 

videos were taken near the outlet of the spiral channel. The intensity profile of each 

projected image was extracted by NIS Elements software and plotted in Excel 

5.3.6 Application of the New SLP Model for mTESE 

To demonstrate the usefulness of this new method for mTESE sample, a set of 

experiments were designed to verify the focusing improvement effect of the new flow rate 

condition with simulated mTESE samples. Utilizing the same sets of flow rate conditions 

above (0.52, 1.04, and 1.7 ml/min), these tests allowed us to observe the changes in flow 

focusing of sperm cells and RBCs with varied flow velocities. The flow rate of 0.52 ml/min 

represents the flow rate calculated from ~5 µm sphere modeling and the flow rate of 1.7 

ml/min represented the calculated flow rate based on ~3 µm sphere modeling. The flow 

rate of 1.04 ml/min is added to show the flow focusing pattern change of each particle 

while the flow rate is increased. And the of data acquisition protocols of simulated mTESE 

sample test were the same as the sperm and microbeads characterization study above, 

except for the number of frames used for projection images. The total concentration of 

sperm cells and RBCs which was much higher (~10 million/ml) than stained sperm and 

microbeads test samples above (0.1-1 million/ml). To present changing of flow focusing 

of cells properly, only ~100 frames were utilized in all flow rate cases.  

5.3.7 Clinical Safety Verification 

As data from this study were used to propose a tool that is meant for clinical application, 

we needed to identify the potential biological and physical damage to any sperm that were 
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processed through the device. We performed both a live/dead test and morphology test (the 

most common clinical methods to verify sperm quality) on processed sperm. For both tests 

we utilized the standard WHO protocol [112] for test and sperm sample reading protocols. 

Samples from two different patients were used.  

5.4 Results and Discussion 

5.4.1 Simulation Results: Sperm Alignment 

Our simulations verify that unlike the rotational behavior of nonspherical particles 

which have been previously studied [50], the SLP have a  tendency to align with the 

primary flow in either a tail lead or head lead position and with a strong resistance to 

rotation. Aligned particle behavior was observed during almost the entirety of every SLP’s 

travel through the channel (84-100%) and was not observed at all in the case of the tail-

less particle (Case 8). In terms of rotations, two cases (Case 3 and 6) showed no flips and 

in cases where the SLP did rotate, rotations were quicker and shorter than in the tailless 

particle case (Figure 5.3, case 8). Even in Case 1 where three flips were observed, these 

flips happened over just 13% of the channel’s distance. This is as opposed to the tailless 

particle which tumbled throughout the entirety of its travel through the curved channel. 

The possible cause for the rotation is a combination of the parabolic flow velocity profile 

of the channel and wall induced lift force (Figure 5.4). When an SLP is located between 

multiple boundaries of clearly different velocity fields (Figure 5.3, Case 1, Case 2, Case 4, 

Case 5, and Case 7), the higher velocity pushes the closest edge of the SLP, which causes 

a rotation (Figure 5.2(2) 5.2(3)) or a self-alignment. In every case, the length of the channel 

that the particle spent rotating was very short compared to the overall particle travel 
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distance (Table 5.1). 

The alignment phenomenon can also be explained in terms of the particle’s location 

and orientation relative to the flow velocity profile. When the particle is located mostly 

in the higher velocity field (Figure 5.3, red color velocity profile area) in the middle of 

the channel (Figure 5.3, Case 3, Case 6), the particle alignment is maintained as the 

particle is exposed to a minimal difference between neighboring streamlines across the 

edges of the particle. This type of particle behavior should be more dominant in the 

later rings of the spiral channel, because particles should migrate to a stable equilibrium 

area (upper and bottom middle are of the channel, Figure 5.1(1) of the rectangular 

channel as the shear gradient lift force and wall effect lift force balance [27]. This 

also means that there shouldn’t be any rotation of SLPs after the focused flow of the 

particle length around later rings of the spiral channel.  

5.4.2 Experimental Confirmation of SLP Alignment Behavior 

Using the inverted microscope, we were able to image individual sperm cells as they 

travelled through the channel. In Figure 5.5(1), a polar plot is used to represent the 

alignment of each measured sperm cell, and Figure 5.5(2) and 5.5(3) shows two example 

images from which sperm cells were identified (among 102 cases). The results show a 

strong preference towards alignment and a weak preference towards the tail lead (Figure 

5.5(1)). Since the chance of having clearly identified sperm in each frame was entirely 

random, the alignment data collection can be used to reliably represent general behavior of 

the SLP. This result demonstrates that the self-alignment of sperm is a genuine 

phenomenon. 
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5.4.3 Improved Focusing Behavior: Microbeads and Sperm Cells 

With the three flow rates of 0.52 ml/min, 1.04 ml/min, and 1.7ml/min flow focusing 

behavior of 3 µm microbeads, 5 µm microbeads, and DAPI stained sperm, was observed 

near the outlet of the spiral channel; the images and intensity plots are shown in Figure 5.6. 

At the lowest flow speed, only the 5 um beads are focused, and increasing the flow rate 

increases the focusing of the 3 um beads and sperm cells, whose peaks appear sequentially 

from the inner to outer wall. This data appears to validate our hypothesis that the alignment 

behavior of the sperm cells in the channel would cause them to focus in a manner more 

similar to smaller particles. This is true both in terms of their location and the flow rate 

required to focus them.    

In Figure 5.6(A), the intensity percentile plot clearly shows different flow focusing 

behavior among the three different particles. Consistent with the theory, the 5 um beads 

are found to be focused into a tight stream. Quantitatively, the 5 um beads are found to 

focus at a position about 25% of the way across the channel into a tight peak that occupies 

less than 10% of the channel width (quantified at half-mast). The 3 um beads and sperm 

cells show a minimal tendency towards focusing, with a peak width spanning greater than 

40% of the width in both cases. Essentially, we would observe that the 3 um beads and 

sperm cells are not focused at this lowest flow rate (Table 5.2(1)). 

Figure 5.6(B) shows the focusing of particles at the flow rate of 1.04 ml/min, which 

demonstrated an improvement of flow focusing of all particle cases relative to the slower 

flow rate of 0.52 ml/min. The most distinct improvement in flow focusing is in the 3 um 

beads, whose stream width is now only ~10% of the channel’s width, nearly a 2X 

improvement in flow focusing (Figure 5.6(B4)) (Table 5.2(2)) . This data implies that the 
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forces created at this flow rate have led to a flow focusing tendency in the 3 um beads, 

although they have not led to complete flow focusing which occurs only at a higher flow 

rate (Figure 5.6(C)). The flow focusing of sperm cells also improves at this higher flow 

rate, although the improvement is slight, with the new stream width occupying ~37% of 

the channel. The focused stream of 5 um beads is nearly identical in both width and position 

to the stream at the lower flow rate (~22% of the way across the channel, ~7% of the 

channel width) (Table 5.2(2)). Although the flow focusing is not as evident in this case, as 

in the faster case the ordering of the beads in terms of size can already be seen, and is the 

mechanism by which separation is achieved. Here though, the ordering of the peaks can 

also be used as evidence that, from the perspective of the flow, the sperm cells are acting 

like particles that are smaller than the 3 um beads, which is especially interesting because 

the sperm cell’s smallest dimension is ~3 um.  

Figure 5.6(C) shows the behavior of the three particles at the increased flow rate of 1.7 

ml/min. As predicted by the theory, the flow focusing of 3 um beads is very precise at the 

higher flow rate with a width equivalent to only ~7% of the channel width (Table 5.2(3)). 

With the flow rate increased to focus smaller particles, the sperm cells have also focused 

much more tightly. Quantitatively, the width of the sperm cell stream is 25% of the channel 

width, which represents nearly a 2X improvement in focusing relative to the base case of 

0.52 ml/min (Table 5.2(3)). Although the flow focusing of the 5 um beads has diminished 

slightly with the increased flow rate, the stream width is still only ~12% of the channel 

width, and is still tight enough to separate the 5 um beads from other particles (Table 

5.2(3)). The sequential peaks, that move from the inner to outer wall as the apparent particle 

diameter decreases, are even more apparent at the higher flow rate (Figure 5.6(A4), 
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5.6(B4), 5.6(C4)).This observation implies that approximating the sperm cells as a sphere 

for use with present Dean flow theory requires using a representative diameter smaller than 

3 um, which would present an even faster velocity to achieve flow focusing. We were not 

able to perform experiments at higher flow rates, as the induced pressure was found to 

cause failure in our devices.    

5.4.4 Improved Focusing Utility: Simulated mTESE 

The application that drove our interest in this problem is the separation of sperm cells 

from digested testicular biopsy samples that are obtained as part of a treatment for infertile 

men. The goal of improving the flow focusing of sperm cells was twofold: (1) improve the 

separation by selecting a smaller portion of the RBCs, and (2) increase the concentration 

of sperm cells in the final output by selecting a smaller portion of the total channel width. 

The optimal device operation would result in two sharp, well separated streams—one of 

RBCs and one of sperm cells. The results of this work helped us move much closer to this 

type of performance, as we increased the operational flow rate from 0.52 ml/min to 1.7 

ml/min. 

In the 0.52 ml/min case, RBCs were focused in a sharp stream near the inner wall area 

of the channel (Figures 5.7(A1), 5.7(A3)) that occupies less than 6% of the channel width 

(measured at half-mast). However, sperm cells did not show a clear noticeable flow 

focusing trend (Figures 5.7(1), 5.7(2)), with a stream width of sperm greater than 40% of 

the channel width (Table 5.3(1)), as before. This behavior is consistent with our previous 

result and leads to an operation in which, instead of selecting for the sperm cells, we select 

for and remove the RBCs. The RBCs advantageously focused to an inner middle portion 
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of the channel where a waste selection can be made on the inner 35% of the channel to 

remove the vast majority of the RBCs (the small secondary peak impedes our ability to 

remove all of the RBCs). In this operation, it may be possible to flow the waste portion of 

the first run through the device again to try to recover the small quantity of sperm cells that 

would be selected in this stream, but this would only exacerbate the problem inherent in 

this operation: The sperm are of necessity suspended in a very large volume at a very low 

concentration. 

At a flow rate of 1.04 ml/min, the trend of flow focusing of sperm cells was improved 

relative to the 0.52ml/min case, although the ability to separate this stream from the stream 

of RBCs was diminished (Figure 5.7(A), 5.7(B)). The stream width of sperm cells is 

reduced to less than 30% of the channel width (Table 5.3(2)), reduced by over a quarter 

width from the results at a lower flow rate (Figure 5.7(B1), 5.7(B2), 5.7(B4)). The sperm 

cells focus into two peaks near the middle of the channel, the higher of which is located 

~60% of the way towards the outer wall of the channel. Meanwhile, the focused stream of 

RBC has shifted toward the middle area of the channel and the secondary peak has become 

more pronounced (Figure 5.7(B1), 5.7(B3), 5.7(B4)). Overall, the stream width has 

increased to ~20% of the channel, and the stream is now centered about 46% of the way 

across the channel. This leads to quite considerable and disadvantageous overlap between 

the streams of RBCs and sperm cells. This flow rate is found to be too high to tightly focus 

RBCs, and not high enough to create flow focusing of sperm cells.  

In the 1.7 ml/min case (Figure 5.7(C)), the focused stream of sperm cells was 

significantly improved compared to the previous flow rate cases. The stream width of 

sperm cells was ~22% of the channel width, about half of the width of the original 
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unfocused stream width from the 0.52 ml/min case (Table 5.3(1), 5.3(3)). The highest 

signal intensity is measured 60% of the way across the channel, although a fairly distinct 

secondary peak is present near the middle of the channel. The RBCs focused into a tight 

stream occupying ~7% of the channel width and located ~44% of the way across the 

channel, although a much smaller secondary peak appeared close to middle outer area of 

the channel (Figure 5.7(C4)).  

The new particle model based method clearly improved the flow focusing of sperm 

cells. However, the newly calculated flow rate also caused the focused stream to shift 

toward the middle of the channel. The shift could be caused by a combination of Dean drag 

force and the particle’s drive to reach an equilibrium position between where the shear 

gradient lift force and wall induced lift force are balanced (Figure 5.1(1), two equilibrium 

positions middle of near long face wall of rectangular shape channel). By considering this 

shift, it is possible to determine a much improved protocol which relies on the 

improvements offered by the improved focusing behavior reported here. 

5.4.5 Sperm Viability Test Results 

We were also able to verify that operating the spiral device at the higher flow rates 

suggested by this work does not impose increased biological or physical damage to the 

cells. This is true both in terms of sperm viability (live/dead) and sperm morphology. In 

terms of the live sperm count (Figure 5.8(1)), there is only a small, insignificant difference 

(-11 sperm and +1 sperm) between the control and processed samples. This difference is 

especially minor when compared with the natural decay of sperm cells during the clinical 

process [115]. In terms of morphology, both the normal sperm head and normal sperm tail 
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counts (Figure 5.8(2), 5.8(3)) demonstrate that the device does not impose excessive 

physical damage to the sperm cells. The morphological differences between the control 

and processed samples, both in terms of the head and tail morphologies, can be considered 

minor from the clinical perspective due to the high variability inherent in the morphology 

test’s manual cell count methodology. The counts provide evidence that the new protocol 

did not damage the sperm during processing. Overall, viability and morphology tests 

successfully showed valuable evidence that the device operation with new increased flow 

rate has only caused a minor defect.  

5.5 Conclusion 

In conclusion, we proposed a modeling approach of sperm which allowed us to 

demonstrate the alignment behavior of sperm in the spiral channel. The modeling was 

completed with 2D COMSOL ® simulation and experimental studies of SLP behavior 

under a curved channel verified these results. The SLP behavior study showed that the 

particle would not continuously rotate while it was traveling through the curved channel 

and that the particle is mostly aligned with the primary flow direction either in a tail lead 

or a head lead position. This behavior was also confirmed by observing the alignment angle 

of all recognizable sperm cells with high speed imaging near the outlet area of the spiral 

channel. The new understanding of the SLP led the lateral migration inducing forces (FL 

and FD) to act over a smaller effective surface than is suggested by the rotating particle 

model.  

A series of experiments with sperm cells and microbeads showed a clear improvement 

between the new model approach and the previous approach. Analysis of projection images 
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from recorded high-speed videos confirmed that the flow focusing behavior (in required 

flow rate and position) was more similar to the 3 µm microbeads than to the 5 um beads, 

and that the sperm cells may act like particles even smaller than the 3 um beads. This new 

approach also improved separation of sperm from simulated mTESE samples. The flow 

focusing of sperm cells and RBCs were significantly improved as confirmed by analysis 

of the projection image from recorded videos. The focused sperm cells stream appeared in 

the middle area of the channel and the focused RBCs stream appeared at the mid-inner wall 

area of the channel. However, there was still a trend of slight overlapping between sperm 

cells and RBCs focused stream, which would prevent complete separation.  

A biocompatibility test shows the biological/physical effects of the new approach. Two 

semen samples were utilized to conduct survival and morphology tests according to WHO 

guidelines. The live and normal shape sperm count results show that there were only minor 

changes in the quantities of living and normal sperm cells between control and processed 

samples. This means there was almost no significant negative effect from the new 

approach. Overall, the new understanding of SLP behavior under the curved channel 

provides improved sperm modeling, allowing for sharper flow focusing of sperm cells. 

This new approach can provide more precise sperm separation from mTESE samples, 

which may significantly reduce sperm searching efforts compared to the conventional 

method. The simple biocompatibility study also gives us promising evidence that the 

approach can be used clinically.   
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Figure 5.1. Overview of the study. (1) Understanding impact of the particle behavior within 
inertial microfluidics principles. (2) SLP behavior study utilizing COMSOL and 
experimental confirmation studies. Then find improved solution of SLP modeling. (3) 
Experimental confirmation studies utilizing sperm, microbeads, and simulated mTESE 
samples to show the improvement of flow focusing of sperm cells. 
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Figure 5.2 An example of 2D COMSOL® simulation, (1) initial position of the SLP, (2) 
the first rotation of the SLP, (3) the second rotation of the SLP, and (4) the final position 
of the SLP. 
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Figure 5.3 Eight different initial position cases for 2D COMSOL simulation study 



129 
 

 

 
Figure 5.4 SLP alignment behavior summary within a pair of parallel wall (1) head leading 
with flow direction case, 0° < θ < 45°; (2) head leading with flow direction case, 310° < 
θ < 0°; (3) tail leading with flow direction case, 135° < θ < 180°; (4) tail leading with flow 
direction case, 180° < θ < 225°. 
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Figure 5.5 Sperm alignment measurement results from 100 sperm image captures (1) The 
polar plot of sperm alignment within the spiral channel, (2-3) identified sperm cell samples 
from a single frame of recorded high-speed video. 
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Figure 5.6 Characteristics of DAPI stained sperm, ~5µm, and ~3µm diameter microbeads 
at a flow rate of 0.52ml/min (A), 1.04ml/min (B), and 1.7ml/min (C). (1) projection image 
of DAPI stained sperm, (2) projection image of 5µm fluorescent microbeads, (3) projection 
image of 3µm fluorescent microbeads, (4) fluorescent intensity percentile plot of all three 
types particle. 
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Figure 5.7 Characteristics of stained simulated mTESE (A) at a flow rate of 0.52ml/min, 
(B) 1.04 ml/min, (C) and 1.7 ml/min. (1) Projection image of DAPI stained sperm and
PKH26 stained RBC, (2) Sperm projection image, (3) RBC projection image.
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Figure 5.8 Plot results for the biological influence of the device operation protocol, (1) live 
sperm count from viability (live/dead) test of two different samples, (2) normal head 
morphology count from morphology test of two different samples, (3) normal tail 
morphology count from morphology test of two different samples. 
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Table 5.1 2D simulation summary table. The simulation of the SLP with different initial 
positions (Case1-Case8). * The particle location is the distance from the inner wall. ** 

The angle “θ” is the angle between the primary flow direction and the SLP (Figure 5.4). 

Case # Case 
1 

Case 
2 

Case 
3 

Case 
4 

Case 
5 

Case 
6 

Case 7 Case 8 

Initial 
location of 
head* (µm) 

30 100 72 30 110 75 75 35 

Initial 
alignment 

with θ** ° 

Tail 
lead 
190 

Tail 
lead 
190 

Tail 
lead 
175 

Head 
lead 
10 

Head 
lead 
10 

Head 
lead 
10 

Perpendi
cular 
90 

Sperm 
head N/A 

Total travel 
time (sec) 

0.593 0.542 0.523 0.560 0.584 0.518 0.532 0.619 

Number of 
flips 

3 1 0 2 2 0 0.5 11 

Rotation 
time ratio 
(distance)%  

 11.8 
(13) 

4.1 
(7.6) 

0 
(0) 

10.7 
(11.1) 

3.9 
(8) 

0 
(0) 

47.7 
(~16) 

N/A 
Tumbling 

Aligned 
time ratio 
(distance) 

89 
(87) 

96 
(93.4) 

100 
(100) 

89.3 
(88.9) 

96.1 
(92) 

100 
(100) 

52.3 
(~84) 

N/A 
Tumbling 

Final 
alignment 

with θ**° 

Head 
lead 
~10 

Head 
lead 
~2 

Tail 
lead 
~10 

Heard 
lead 
~1 

Head 
lead 
~10 

Head 
lead 
0 

Head 
lead 
~20 

N/A 

Final 
location of 
head(µm)* 

60 105 70 35 110 77 47 15 
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Table 5.2. Intensity profile plot analysis of sperm, and microbeads when injection 
flowrate is 0.52ml/min, 1.04ml/min, and 1.7ml/min. *The peak width is the number of 
points measured from the left initial location with half intensity of the highest intensity 
peak value to the final half intensity value of right end. The total points were there to 
show span width compare to total width of the channel. ** The value in ( ) is the total 

number points of each plot from inner wall to outer wall. 

0.52ml/min 
Case (1) 

PEAK 
WIDTH* 

HIGHEST 
PEAK 
POSITION** 

PEAKS 
MIDDLE 
POSITION** 

Sperm 17/42 19th/42 23.5th/42 

3µm bead 18/42 15th/42 17.5th/42 

5µm bead 4/42 11th/42 10th/42 

1.04ml/min Case (2) 

Sperm 15/41 26th/41 23.5th/41 

3µm bead 4.5/41 15th/41 15th/41 

5µm bead 3/41 9th/41 8.5th/41 

1.7ml/min Case (3) 

Sperm 11/43 26th/43 24.3th/43 

3µm bead 3/43 20th/43 19.5th/43 

5µm bead 5/43 14th/43 13.5th/43 
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Table 5.3 Intensity profile plot analysis of simulated mTESE sample test when injection 
flowrate is 0.52ml/min, 1.04 ml/min, and 1.7 ml/min. *The peak width is the number of 
points measured from the left initial location with half intensity of the highest intensity 

peak value to the final half intensity value of right end. The total points shows span width 
compare to total width of the channel. ** The value in () is the total number points of 

each plot from inner wall to outer wall. 

0.52 
ML/MIN 
Case (1) 

PEAK 
WIDTH* 

HIGHEST 
PEAK 
POSITION** 

PEAKS 
MIDDLE 
POSITION**

Sperm 18.5/(44) 32th/(44) 25.7th/(44) 

RBC 2.5/(44) 10th/(44) 10th/(44) 

1.04 ml/min Case (2) 

Sperm 13/(46) 26th/(46) 23th/(46) 

RBC 9.5/(46) 18th/(46) 21.5th/(46) 

1.7 ml/min Case (3) 

Sperm 10/(45) 27th/(45) 25th/(45) 

RBC 3/(45) 20th/(45) 20th/(45) 
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CONCLUSION 
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6.1 Summary 

In conclusion, this thesis successfully demonstrated the use of inertial microfluidic 

technology to purify sperm by focusing sperm in a spiral channel flow. Unlike conventional 

sperm separation techniques, the technique presented here was not dependent upon sperm 

motility, nor does it require any labels. Initial modelling of the sperm, RBCs, and WBCs 

as 5μm, 9μm, and 12μm diameter spheres respectively, allowed a set of spiral channel 

dimensions to be selected that adequately separated these cells, though further modelling 

may suggest better channel geometries for these asymmetric particles.  

This study also successfully tested the biological effects and sample recovery 

capabilities of an inertial microfluidic device with significant numbers of healthy sperm 

samples. To show the biocompatibility influence of the proposed method, a series viability, 

time interval toxicity, and the recovery tests were performed. Results from the viability 

study showed clear evidence of statistically insignificant changes in the number of live 

sperm between control and collected samples during regular operation time (~5 minutes). 

The live sperm count data suggest that there are minimal negative effects on number of 

live sperm from the proposed approach. The viability study also showed statistically 

insignificant changes in morphology between control and processed samples. The normal 

morphology sperm count data also suggest minimal damage has occurred. 

Lastly, this study proposed alternative modeling of sperm by utilizing head width 

(~3μm) as particle diameter for force equations (𝐹𝐹𝐿𝐿 and 𝐹𝐹𝐷𝐷). This new modeling technique 

is founded on a series of 2D COMSOL® simulations and the experimental study of single 

sperm-like-particle (SLP) behavior in curved channels. The study showed that the SLP 

would not continuously rotate while it was traveling through the curved channel, instead 
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the particle would mostly align with the primary flow direction in either the tail-lead 

position or head-lead position. This behavior was also confirmed by experimental study. 

The alignment behavior of the SLP gives a new understanding to adapt the new particle 

diameter within the lateral migration force equations (lift and Dean drag forces) for 

representing a new force effect surface. Two forces will mostly influence the long slim 

surface of the nonrotating sperm head which has a smaller surface than if one assumes a 

rotating sperm head particle based model (rotating ellipsoid: ~5μm rotating diameter). 

Based on the new understanding of the sperm-like particle behavior, the new particle 

modeling approach utilizes the width of the sperm head (~3µm) as the relevant diameter in 

force equations.  The experimental results based on designs optimized by the new approach 

show significantly improved flow focusing of sperm compare to the initial approach 

(Chapters 2, 3). Overall, the presented new understanding of SLP behavior in the spiral 

channels improved modeling of SLP when using inertial microfluidics principles. This new 

approach can provide higher precision sperm separation from highly contaminated sperm 

samples such as mTESE samples, which can significantly reduce sperm searching efforts 

when compared to the conventional method. 

6.2 Conclusions 

The following statements are what can be learned from this study: 

• Inertial microfluidics can be used to enhance sperm purity without sperm motility.

• For the case of RBCs and WBCs, the measured diameter can be used in the inertial

effect equations.

• Rotation diameter of RBCs and WBCs are 9µm and 12µm, respectively, for modeling.
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• Rotation diameter method cannot be used for sperm modeling due to the alignment

behavior of the sperm.

• According to simulation and experimental studies, sperm typically align with the flow

and experience minimal rotation (~<20% of total time)

• Lateral migration inducing forces (𝐹𝐹𝐿𝐿  and 𝐹𝐹𝐷𝐷 ) are the primary influence on the

nonrotating, long, slim surface of the sperm head since a sperm-like-particle won’t

rotate like ellipsoids or spheres.

• The estimated width of a sperm head can be used as the model diameter in force

equations.

• Inertial separation improvement occurs by sample concentration controls (length

fraction changes).

• Range of equilibrium channel length estimation is also useful for cell experiments.

• Damage to sperm cells from centrifugal forces in spiral channels and the device

materials was acceptable for clinical use.

6.3 Contributions 

• MATLAB based spiral channel design tool utilizing inertial effects principles.

• 2D COMSOL modeling for traveling behavior of sperm-like-particle under laminar

flow within a curved channel.

• Utilizing the alignment behavior of a sperm-like-particle in inertial microfluidic

principles.

• Sample concentration dilution protocol for effective flow focusing of sperm and blood

cells.
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• The spiral channel device operation protocol for the sperm enhancement and

separation.

• PDMS spiral device fabrication for pressure endurance purposes.

6.4 Future Work 

Although this study successfully demonstrated enhancing highly contaminated sperm 

samples using a spiral channel, there are still many aspects of the proposed method that 

can be improved, from the channel design to the application protocol.  

One obvious design improvement of the spiral channel can be generated from the new 

sperm modeling in Chapter 4. Since the use of the 3µm diameter in the force equations 

showed successful improvement to the flow focusing of sperm, a new design of the spiral 

channel can be developed and fabricated for generating sharp flow focusing of sperm with 

relatively lower injection flow rate than 1.7ml/min. The design change can be started by 

altering the radius, width, and height of the channel, which can lead to fewer channel turns 

and reduce the footprint of the device. This dimensional modification can lead to lower 

injection flow rates, which should help to prevent high pressure in the spiral channel 

system.  

Another design change possibility is adopting a multistage spiral in the system, which 

can make separate collection steps for each cell type. This also can help to recapture 

possible lost sperm from the disposal outlet.     

Another interesting topic is a more in-depth, specialized study about inertial effects on 

the particle. Using the particle equilibrium position shift towards the wall due to higher Re 

could be a good solution to achieving better separation between sperm and blood cells. 
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Since increasing Re can be achieved by increasing flow velocity or altering the viscosity 

of the media or altering the dimensions of the channel, a series of experimental studies can 

be performed under the high speed camera equipped microscope to observe behavior 

change of focused flow on different cells. While samples are prepared to be injected at the 

minimum flow rate to achieve flow focusing of each cell type (𝑅𝑅𝑓𝑓 > 0.08), the flow rate 

can be increased to observe equilibrium position shifting toward the wall. If there is an 

optimal Re to achieve better splitting of the focused flow of each cell type, a similar effect 

can be achieved to adjusting viscosity or channel dimension. The ratio between particle 

and channel dimension (λ = 𝑎𝑎𝑝𝑝 𝐷𝐷ℎ⁄ ) can also be utilized to control the equilibrium position 

of cells. By adjusting channel dimensions, finding a proper λ may be another solution to 

achieve better flow focusing of sperm and better splitting of the focused flow of each cell 

type.     

Understanding particle behavior in the microfluidic channel can be a big branch of 

future study due to asymmetrical nature of cells and the natural flexibility of cell walls. A 

specialized study about the physical characteristics of sperm cell could lead to 

understanding of its behavior within a Poiseuille flow. Since this study presented 2D 

COMSOL® simulations about sperm-like behavior within curved channels, the 3D version 

of this simulation can provide additional understanding of Dean drag force effect on a 

sperm-like-particle. This additional simulation study should show a better understanding 

of the behavior of sperm-like-particles in a curved channel.  

For clinical purposes, additional biocompatibility studies need to be done with better 

protocols and highly trained personnel who can read various sperm test samples more 

precisely. The reason behind this studies is a lack of complete data for current viability and 
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toxicity study which still don’t have sufficient numbers to give assurance to the clinical 

community. Therefore, hundreds of sperm sample tests are needed; larger quantities of data 

may improve the trend of current statistics on the sperm tests. In order to improve the 

biocompatibility data, completing all sample reading procedures by highly trained 

personnel may also improve the test results and further improve the current data trend. 

Recovery tests for extremely low number sperm samples would also be an important 

addition. This recovery test should be conducted with an actual mTESE sample, so the 

clinical community can be convinced of the rapid sperm collecting capability of the spiral 

channel approach.           
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