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For successful fertilization in mammals, sperm must migrate through the female 

reproductive tract, reach the site of fertilization where an egg is released, and fuse with 

the egg. During this migration within the tract, sperm must use multiple navigational 

mechanisms to maintain the appropriate swimming behavior as it ascends towards the 

fertilization site. These navigational mechanisms through which sperm cope with the 

dynamic conditions within the tract are known to rely upon the biophysical and 

biochemical clues present in the tract. The central idea of this dissertation is to identify 

the navigational mechanisms associated with bovine sperm migration using 

microfluidic devices designed to mimic the biochemical and biophysical properties of 

the female reproductive tract. We use bovine sperm as our model because the 

outcomes of this dissertation are intended to be valuable for dairy and beef industries 

as well as human reproductive medicine.  

In Chapter 1 and Chapter 2, we focus on two previously known navigational 

mechanisms: sperm upstream swimming (rheotaxis) and the boundary-following 

navigation caused by hydrodynamic interactions of sperm with nearby rigid 

boundaries. We discuss how these two mechanisms are the basis for a motility-based 

selection of sperm, during which the female reproductive tract selects for the most 

vigorous ones. 



 

In chapter 3, we discuss sperm rolling around its longitudinal axis, and its function in 

navigation within the female reproductive tract. We demonstrate that sperm rolling is 

sensitive to ambient fluid viscosity and viscoelasticity. That is, the rheological 

properties of the swimming media can reversibly suppress rolling and transition sperm 

swimming behavior from progressive to diffusive circular motion. Since the viscosity 

and viscoelasticity of the fluid within the female tract vary according to functional 

region, the tract possibly regulates sperm navigation via modulating the rheological 

properties of the swimming media and controlling the rolling component.  

Finally, in Chapter 4, we focus on hyperactivation, as sperm response to biochemical 

stimuli. We demonstrate that hyperactivation regulates sperm navigation through 

physical boundaries, which subsequently stimulates a previously unknown mechanism 

of sperm accumulation in areas with the highest concentration of hyperactivation 

agonist.  
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INTRODUCTION 

Fertilization process in mammals starts with the deposition of sperm cells within the 

female reproductive tract. After deposition, sperm must traverse the tract, reach the site 

of fertilization and fuse with the egg. During this migration, interactions with the female 

reproductive tract are essential to keep sperm alive and prepare it for fusion with the 

egg. Further, the female reproductive tract regulates sperm swimming behavior and thus 

promotes efficient navigational mechanisms towards the egg. It is well-established that 

these navigational mechanisms are based on sperm response to the biophysical and 

biochemical clues supplied by the female reproductive tract. 

The biophysical clues present in the female tract include the flow of the mucus within 

the tract, as well as tract’s physical architecture. In addition, the rheological properties 

of the mucus vary according to the functional region within the tract, so that viscosity 

and viscoelasticity of the swimming media modulates sperm motion as it ascends 

towards the egg. Also, variations in the temperature of different regions in the tract may 

act as biophysical clues where sperm respond to temperature gradients within the tract. 

The biochemical clues secreted from the female tract may also contribute to sperm 

navigation. These biochemical clues include possible chemoattractants, ligands that 

modulate sperm swimming behavior, and receptors on the female tract that bind to 

sperm and change their flagellar beating.  

One possible way to execute a quantitative study on mammalian sperm navigation 

within the female reproductive tract is to probe sperm swimming behavior within the 

tract in vivo and ex vivo. However, because sperm swimming behavior in the tract is 

influenced simultaneously by several biophysical and biochemical clues, decoupling the 
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effect of each clue is subject to error. Another option is to investigate sperm motion in 

vitro and quantify how each individual biochemical/biophysical factors modulate sperm 

swimming behavior. Although the second approach is more feasible, it has challenges 

too, since controlling the biochemical and biophysical factors in vitro as well as 

mimicking the environment of the female reproductive tract (even partially) are key to 

such a study.  

A paradigm shift in thought that has developed over the past decade, is to make use of 

microfluidics for exploring sperm navigation in vitro. Microfluidics is the technology 

of fabricating devices with micron size channels and features. This technology also 

provides high precision control over the physical and chemical conditions within the 

micron-sized channels and features. As such, this technology allows for the study of 

sperm motion within confined spaces similar to the female tract, yet, under precisely 

controlled physical and chemical conditions.   

This dissertation, which is organized as four relatively independent chapters, features 

my Ph.D. research at Cornell University on mammalian sperm navigation using 

microfluidics (1–4). The focus of this dissertation is to study bovine sperm as a model 

because the outcomes are intended to be useful for cattle reproduction and thus the beef 

and milk industries. Chapters 1 and 2 focus on sperm navigation in response to an 

external flow as well as the boundary-following navigation caused by sperm interactions 

with nearby physical architectures. We further discuss the physical principles of these 

two navigational mechanisms and introduce two microfluidic devices for sperm 

separation: a critical step for infertility treatments. In chapter 3, we focus on sperm 
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response to the rheological properties of the swimming media. We demonstrate that 

sperm rolling around its longitudinal axis is sensitive to ambient fluid viscosity and 

viscoelasticity. That is, the rheological properties of the swimming media can reversibly 

suppress rolling and transition sperm swimming behavior from progressive to diffusive 

circular motion. Since the rheological properties of the fluid within the female tract vary 

as sperm ascends toward the egg, the tract possibly regulates sperm migration by 

modulating the rheological properties of the swimming media and controlling the rolling 

component. Chapter 4 is concerned with sperm hyperactivation, a response to 

biochemical stimuli. We use caffeine and 4-aminopyridine, widely used hyperactivation 

agonists, to demonstrate that hyperactivation modulates sperm navigation through 

physical boundaries. This regulatory mechanism subsequently promotes a previously 

unknown mechanism of sperm accumulation in areas with the highest concentration of 

biochemical stimulant. 
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CHAPTER 1 

 

RHEOTAXIS-BASED SEPARATION OF SPERM WITH PROGRESSIVE 

MOTILITY USING A MICROFLUIDIC CORRAL SYSTEM 

 

Abstract 

 

The separation of motile sperm from semen samples is sought-after for medical 

infertility treatments. In this work, we demonstrate a high-throughput microfluidic 

device that can passively isolate motile sperm within corrals inside a fluid channel, 

separating them from the rest of the diluted sample. Using finite element method 

simulations and proposing a model for sperm motion, we investigated how flow rate 

can provide a rheotaxis zone in front of the corral for sperm to move 

upstream/downstream depending on their motility. Using three different flow rates that 

provided shear rates above the minimum value within the rheotaxis zone, we 

experimentally tested the device with human and bovine semen. By taking advantage 

of the rheotactic behavior of sperm, this novel microfluidic device is able to corral 

motile sperm with progressive velocities in the range of 48–93 μm/s and 51–82 μm/s 

for bovine and human samples, respectively. More importantly, we demonstrate that the 

separated fractions of both human and bovine samples feature 100% normal motility. 

Furthermore, by extracting the sperm swimming distribution within the rheotaxis zone 

and sperm velocity distribution inside the corral, we show that the minimum velocity of 

the corralled sperm can be adjusted by changing the flow rate. That is, we are able to 

control the motility of the separated sample. This microfluidic device is simple to use, 

robust, and has a high throughput compared to traditional methods of motile sperm 
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separation, fulfilling the needs for sperm sample preparation for medical treatments, 

clinical applications, and fundamental studies.  

Keywords: Sperm separation, medical infertility treatment, microfluidic, rheotaxis 

Introduction 

Sperm motility is required for sperm to traverse the female genital tract, reach the 

site of fertilization, and penetrate the cumulus extracellular matrix around the oocyte 

and zona pellucida (1, 2). According to clinical reports, 10% of couples worldwide are 

infertile (3, 4), and almost half of these infertility cases are due to male infertility as a 

result of low sperm motility (2). Assisted reproductive technologies (ARTs), such as 

intrauterine insemination, in vitro fertilization, and intracytoplasmic sperm injection, 

are used clinically to overcome infertility. All of these infertility treatments include an 

initial step of separating motile sperm with acceptable morphology from the semen 

sample. There is some evidence that improvement in the quality of collected sperm can 

increase the likelihood of successful insemination (5, 6).  

Two methods currently exist for the separation of sperm with desirable motility 

characteristics, including swim-up and density gradient centrifugation. However, these 

techniques are time- and labor-intensive. Furthermore, they are not wholly selective, 

isolating abnormal as well as desirable motile sperm (3, 6, 7). The sperm swim-up 

method requires the semen sample to be centrifuged (200–400g), which is hazardous to 

sperm morphology and has a relatively low-yield (8). Density gradient centrifugation 

exposes semen samples to even greater centrifugal force as well as free-radical mediated 

DNA damage, which may threaten paternal content and be hazardous to the morphology 

of the sperm cell (4, 9,10).  
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The development of methods to isolate motile sperm, especially methods that 

circumvent centrifugation, would benefit infertility treatments, and improve our 

understanding of sperm biology. The factors that influence the journey of a sperm cell, 

which starts with ejaculation and ends with egg fertilization, are poorly characterized. 

Some efforts have investigated the response of sperm to external stimuli, like chemical 

gradients and fluid flow; responses that are generally referred to as “taxis” (10, 11). 

Researchers have also investigated the tail beating patterns of sperm in different 

situations (12–14), as well as the molecular interactions between sperm and the female 

reproductive tract (1, 15, 14, 16). However, since the study of sperm in vivo is 

complicated by the existence of many environmental variables, such as pH, chemical 

gradients, and fluid flow (2, 10, 11), many questions about sperm behavior remain 

unanswered. The concurrent existence of these variables impedes our ability to gain 

better insight into sperm motion itself, which is a complex topic (17). Thus, the isolation 

of motile sperm in vitro (eliminating all external hydrodynamic velocity fields and dead 

sperm), could further assist the study of sperm locomotion. Additionally, isolating 

sperm in a particular region would enable the evaluation of an individual sperm’s 

biological and physiological responses to a specific chemical or physical factor (18). To 

summarize, any improvement towards separation and/or isolation of motile sperm from 

the rest of the semen sample would be an achievement in facilitating the study of 

mammalian reproduction.  

Microfluidic systems are promising tools of fluid manipulation, which could be used 

to successfully separate and analyze sperm (19). With exquisite precision at small scales 

(2 µm–1 mm), microfluidics can enable us to manipulate microswimmers (i.e., 
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microorganisms that swim using a flagella) more easily compared to traditional methods 

and with fewer drawbacks, as no centrifugal force is required. Additional advantages 

include low sample consumption and the capability of automation. Recently developed 

microfluidic technology has been applied to investigate the physical aspects of sperm 

locomotion and chemotaxis. One such device guides sperm in a counter-clockwise 

direction in a “one-way street” to investigate the effects of structural changes of the 

microfluidic device on sperm movement (17). Other papers have investigated the 

inclination of sperm to swim near rigid boundaries (20–24), and another experimental 

study has provided a theoretical model for the rheotactic behavior of sperm (25), i.e., 

their proclivity to swim in the opposite direction of the surrounding fluid flow (26).  

In the last decade, some microfluidic devices have been proposed for ART 

applications (27–29), including those that have been used to separate sperm (30). In one 

effort, a passive microfluidic system called MISS was proposed that could separate 

motile sperm from the rest of the sample (8). Although the motility of the separated 

sample using this device was reported roughly as 100%, extant of sperm with abnormal 

motility in the separated fraction lowers its purity. Additionally, this device provided no 

tunable selectivity to modify the velocity distribution of the selected sperm, which 

lowers the precision of the technique. Active microfluidic methods have also been 

reported (18, 31, 32), in which external active forces such as hydrostatic pressure, 

optical traps and magnetophoretic are used for sperm separation. However, these 

techniques are not suitable for the isolation of healthy sperm (8), being too invasive. In 

addition, complex experimental setups are required for these active methods, making 

them time and labor intensive.  
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In this study, we present a microfluidic device that can noninvasively and passively 

separate and isolate motile sperm from the rest of the semen sample in a precise and 

tunable manner. This design relies on the rheotactic behavior of sperm. Employing this 

device, we demonstrate the isolation of motile human and bovine sperm in a corral-

shaped feature inside the microfluidic channel. To generate a rheotaxis zone in front of 

the corral, where only sperm with normal motility would be able to swim upstream and 

thus enter the structure, we performed finite element method (FEM) simulations to 

determine appropriate injection rates of the sperm medium. Moreover, we 

experimentally measured a minimum shear rate within the rheotaxis zone required for 

sperm to reorient upstream.  We subsequently demonstrated that this new separation 

method provides enhanced precision in sperm selection by experimentally extracting 

the sperm movement distribution within the rheotaxis zone, measuring the velocity 

distribution of the captured sperm, and proposing a theoretical model for sperm motion 

within this zone. This new separation method is highly tunable in regards to the motility 

of the isolated sample, providing marked improvement in comparison to established 

sperm isolation methods. No dead or abnormal sperm (in terms of velocity or swimming 

pattern) were observed within the corral using the optimized injection rates. 

Consequently, 100% of the separated sperm were motile. Finally, by designing and 

incorporating sperm retainers inside the corral we made our device more stable, 

increasing the residence time of the sperm from ~12 s to more than 45 minutes.   

We tested the technique on both human and bovine sperm species and found no 

significant difference in terms of separations efficiency. Thus, this passive microfluidic 

sperm isolation device could be used in numerous applications, including within the 
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dairy and beef industry, as well as for medical infertility treatments and clinical studies 

on human sperm.  

Mechanism of sperm separation and simulations 

The ability of sperm to swim upstream (33) enables these microswimmers to travel 

distances over 10,000-times longer than their head-to tail length in order to fertilize an 

oocyte. This important attribute of sperm results from the hydrodynamic interactions of 

sperm with walls and the front-back asymmetry of their shape (21). In the absence of an 

external fluid flow, sperm locomotion is roughly circular in both right and left-handed 

modes (11). However, in the presence of an external fluid flow, different torques exist 

on the head and tail of the sperm, due to the difference in resistive forces applied to 

each. This generates a rotation, causing sperm to orient themselves in the opposite 

direction of the fluid influx. This mechanism is utilized by sperm as a navigational 

system to track and fertilize the oocytes (34). The upstream swimming, rheotactic 

behavior of sperm is observed for a discrete shear rate of the surrounding fluid (11, 24, 

33). A minimum threshold shear rate for sperm orientation is required, while shear rates 

above the maximum threshold will prevail over the force produced by the sperm 

flagellum (25). There are some reports suggesting that velocities in the range of 27–110 

µm/s for bovines and 22–102 µm/s for humans can lead to sperm rheotaxis (11, 21, 24). 

For this reason, we decided to begin our microfluidic investigations at these two velocity 

ranges, as they are consistent with the typical physical and biological properties 

experienced by the sperm samples. 

Unlike the forces produced by the medium flow, sperm progressive motility that 

results from the flagellum’s propulsive force (2), cannot contribute to its upstream 
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orientation. Once sperm swims in a shear flow, its head is closer to the surface and 

barely influenced by the flow while its tail experiences a greater force, as shown in 

Fig.1a. Based on the resistive force theory, the torque resulted from this situation, rotates 

sperm in the top view plane around its pivot (head) as depicted in Fig.2 B; the angular 

velocity of this rotation (Ω) can be described by Eq. 1 (21), 

Ω =
dθ

dt
= −Aγ sin θ (1) 

in which γ is the shear rate of the sperm medium near the wall (viable sperm mostly 

swim in the vicinity of the wall) and A is a constant related to the geometry of the 

microswimmer (21, 35). This rotation is temporary and once the sperm finds its 

consistent orientation (θ = 0), it starts swimming upstream with the propulsive force 

provided by the flagellum(22).  

 

 

 

Figure 1 Minimal hydrodynamic model for the upstream orientation of sperm. (A) Slide 

view of the sperm in vicinity of the top surface. Sperm tail experiences a greater force than 

its head. (B) Top view of sperm. The rotation caused by shear leads to upstream orientation. 

(C) A PDMS-based microfluidic device featuring 7 corrals inside the channel is depicted. 
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On the basis of this rheotactic behavior of sperm, we propose a microfluidic channel 

design featuring seven interior corrals. The width of the channel, its depth, and the outer 

and inner radii of the corrals are 500 µm, 30 µm, 150 µm, and 100 µm respectively (Fig. 

1C). The rationale behind this design is to create rheotaxis zones in front of each corral 

using appropriate sperm medium injection rates, thus enabling motile sperm who pass 

through these regions to reorient themselves and begin swimming towards the opposite 

direction of the flow until they enter the interior of the corral structure and become 

trapped. In this manner, healthy, motile sperm can be separated from the rest of the 

sample, which includes dead, abnormal (motility lower than the minimum cutoff), and 

misproportioned microswimmers (in which abnormal morphology affects motility).  

The velocity field of the sperm medium in the rheotaxis zone should be gentle 

enough for viable sperm to swim upstream (11) as compared to the surrounding velocity 

in the channel, in which they cannot overcome the flow. Since the corral is an obstacle 

in the middle of the microfluidic channel, the velocity field of the sperm medium in 

front of it will be lower than above or below this feature. Thus, using the corral as a 

barrier, we can create an area in front of this structure in which the velocity field is 

gentler than in any other region throughout the channel. As illustrated in Fig. 1C, dead 

sperm (shown in red) move along the fluid streamlines, but normal and viable sperm 

(shown in green) can swim upstream in front of the corral and eventually enter it, 

becoming trapped. While some of the motile and live sperm do not enter the rheotaxis 

zone and consequently cannot enter the corral, all the sperm that do enter this zone, and 

are motile enough to swim upstream, will enter the corral.  
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To produce a gentle flow in front of the corrals that encourages the upstream 

swimming behavior of motile sperm (thus trapping them inside the structures), we 

conducted FEM simulations in order to estimate an appropriate range for the sperm 

medium injection flow rate. Momentum and mass conservation equations were solved 

using no-slip boundary conditions at the walls, enabling us to extract the velocity field 

across the microfluidic layout. The velocity field within the channel is expressed in 

colors so that red represents the maximum velocity (~480 µm/s) and blue corresponds 

to zero velocity. The velocity field is expressed in Y-Z cut planes at four different 

positions, as can be seen in Fig. 2A, and the contour levels corresponding to each of 

these positions is demonstrated in Fig. 2B. We also demonstrated the velocity field in 

an X-Y cut plane featuring a depth as half as large as the depth of the channel in Fig. 

2C, in which the direction of the velocity field at each calculated point is depicted using 

arrows. Within the corral, the velocity field is zero and the medium is shown to be 

quiescent. Since transportation of dead sperm relies on drag force, the absence of 

streamlines entering the corral supports our previous assertion that no dead sperm can 

enter the structure. 
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Figure 2 . Simulation-based velocity field of the sperm medium and trajectories 

extracted for sperm inside the rheotaxis zone (A) Velocity field of the semen sample 

medium is calculated and presented in four different Y-Z cut planes. Red correlates to 

the maximum value of the velocity field (480 µm/s) whereas blue corresponds to zero. 

(B) The velocity fields of the Y-Z cut planes are drawn in contour levels. (C) Velocity 

field around the corral at an injection rate of 1.2 mL/h in an X-Y cut plane. (D) Shear 

rate in the vicinity of the top surface. (E) The velocity field of the sperm medium along 

the X axis. (F) The rheotaxis zone in front of the corral is depicted and the medium 

velocity field and shear rate in the zone is calculated by FEM simulations. This zone is 

a hypothetical area in front of the corral in which sperm entering it are likely to enter 

the corral. The sperm enter the rheotaxis zone from points M and N with Qin. A portion 

of these sperm will enter the corral at the rate of Qcorral. (G) Equations of sperm motion 

were solved for 400 sperm with velocities between 40–90 µm/s following a normal 

distribution with a mean value of 65 µm/s. As the flow/shear rate increases, the number 

of sperm moving upstream toward the corral (Qcorral) drops.  
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The rheotactic behavior of the sperm in the vicinity of the microfluidic channel’s 

top surface is correlated to the shear rate of the fluid in that region in the Z direction. 

Therefore, we calculated the shear rate distribution on the top surface, which is shown 

in Fig. 2D for an injection rate of 1.2 mL/h. In this figure, the yellow color corresponds 

to a shear rate of γ = 8.21 s−1 while the minimum shear rate (γ = 0) is shown in black. 

Since the evolution of sperm orientation is determined by the shear rate in proximity of 

the top surface, this shear profile throughout the structure and in the vicinity of its top 

surface was required to simulate sperm movement in front of the corral. Moreover, to 

experimentally determine the minimum shear rate required for sperm to undergo 

rheotaxis, the shear rate in the rheotaxis zone must be known. 

To provide a more vivid understanding of the fluid flow in front of the corral, we 

reported the velocity field for different flow rates (0.6–1.8 mL/h with steps of 0.12 

mL/h) along the X axis, where X is shown in Fig. 2D. According to the simulations, the 

velocity field of the sperm medium is zero near the corral wall. As X increases, the 

velocity field of the medium also increases, until it finally reaches a constant value 

between 110–135 µm/s (depending on the injection rate) at approximately 300 µm from 

the corral (Fig. 2E).  

If the shear rate in the rheotaxis zone is above a threshold value, then all the motile 

sperm will be able to orient themselves in an upstream direction, with the angular 

velocity varying depending on the shear rate at the reorientation point. However, 

reorientation cannot guarantee the entrance of sperm into the corral. Sperm must be 

motile enough to overcome the fluid flow. Therefore, the fraction of the sperm that are 

motile enough to move towards the corral depends on the velocity field within the 
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rheotaxis zone. Higher flow rates lead to a smaller fraction, whereas lower flow rates 

increase the portion, therefore the resolution of the motility-based sperm selection in the 

corral is proportional to the velocity field within the rheotaxis zone.  

To model and calculate the fraction of sperm that can enter the corral as a function 

of flow rate, we solved the equations of the sperm motion within the rheotaxis zone 

(Fig. 2F). We assumed that sperm propulsive velocity does not change over time and its 

direction evolves as equation 1 describes. We also assumed that sperm has a lateral head 

movement that can be modeled as white Gaussian noise ξ(t) using 〈ξ(t)ξ(t′)〉 = δ(t −

t′). We solved the equations of the motion for 400 sperm with a normal velocity 

distribution and a uniform initial direction, entering the rheotaxis zone from the top-left 

(point M) and the bottom-left (point N) corners with the rate of Qin (i.e., the number of 

sperm entering the rheotaxis zone per second) (Fig. 2F). As the flow/shear rate increases 

the number of sperm moving upstream decreases, as it can be seen in Fig. 2G. 

Consequently, it was expected that the shape of the sperm velocity distribution inside 

the corral will be narrower as the flow rate increases. 

Experimental results of motile sperm separation 

In addition to simulations, we also studied the motion of sperm in the fabricated 

microfluidic device featuring 7 corral structures. According to our experimental results, 

the trapped sperm are motile and viable, and their motilities are seemingly normal (~65–

89 µm/s for bovine and 58–81 µm/s for human). All the isolated sperm have a regular 

tail beating pattern and normal lateral head movement and show a strong tendency to 

swim in proximity of the interior walls of the corral (see Fig. 3 and the trajectories of 

the sperm). Our results indicate that the number of isolated bovine sperm has increased 
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with time. In addition to the increasing number of isolated sperm, the dynamic of sperm 

inside the corral includes their hydrodynamic interactions with the interior walls. In fact, 

once the sperm encounter the interior walls, they start rotating to swim along the walls, 

and eventually, most of the sperm accumulate near the interior wall. An increase in the 

number of isolated sperm and accumulation near the interior wall is also observed for 

human sperm. Since the velocity field inside the corral is negligible, this observation is 

not correlated to the velocity field of the sperm medium outside the corral. 

Figure 3 Sperm undergoing rheotaxis in bovine and human samples. (A) Sperm 

with upstream swimming behavior prior to isolation in the bovine sample are detected 

and indicated with red ovals whereas the isolated sperm indicated with yellow ovals. 

(B) We similarly labeled sperm in the human sample with red and yellow ovals to 

indicate upstream-swimming and isolated sperm, respectively. (C) The trajectories of 

twenty different sperm in the bovine sample are depicted. All trajectories begin at the 

black filled-in circles. (D) The trajectories of human sperm nearby and inside the corral 

are also shown. In (C) and (D), the trajectories that show a change in sperm orientation 

due to rheotaxis are indicated with arrows. 
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To validate our hypothesis that rheotactic behavior can guide sperm towards the 

corrals, we recorded video of sperm movement inside the microfluidic device. As shown 

in Fig. 3A and 3B, bovine and human sperm, respectively, were tracked swimming 

upstream and entering the corral. The red ovals label sperm that are undergoing 

rheotaxis, whereas the yellow ovals indicate sperm that have already been isolated 

within the corral and have stopped moving upstream, returning to their original flow-

free swimming pattern. These figures highlight only a small portion of the total number 

of sperm (~150) swimming upstream to convey the separation mechanism. 

We extracted the trajectories of both bovine and human sperm and demonstrate them 

in Fig. 3C and D, respectively. The black circles represent the starting point of each 

trajectory. Based on these patterns, we can see that the sperm begin to swim upstream 

once they enter the rheotaxis zone behind the corral. It takes less than 2 s for the sperm 

to transition their swimming direction towards the opposite direction of the flow. Based 

on the earlier theoretical model provided, this orientation of the sperm cell is anticipated, 

and we already know that the time of the rotation is correlated to the shear rate around 

the sperm close to the wall. This change of direction is discernible in the trajectories of 

some sperm in both Fig. 3C and 3D, as indicated with arrows.  As illustrated in Fig. 3C 

and 3D, most of these trajectories finish near the interior wall of the corral. 

In addition, to quantitatively assess the role of rheotaxis in increasing the isolation 

efficiency of motile sperm inside the corral device, and to experimentally confirm the 

theoretical model, we investigated the distribution of movement of the sperm in front of 

the corral as a function of flow rate. The distribution of the sperms’ movement status 

for both human and bovine samples demonstrates that the percentage of upstream-
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reoriented sperm within the rheotaxis zone was ~35-50%. This percentage shows us 

that providing the rheotaxis zone in front of the corral increased the number of isolated 

sperm. Our experimental results agreed with the corresponding corral tunability in 

capturing the sperm, predicted by simulation-based results and the values acquired from 

the experimental data are juxtaposed with the simulation-based results for both human 

and bovine sperm samples. Eventually, to determine the minimum shear rate at which 

sperm can undergo rheotaxis and reorient themselves upstream, we experimentally 

extracted the swimming distribution for sperm within the rheotaxis zone for three 

different flow rates including 0.1, 0.5, and 0.6 mL/h and we found that the minimum 

shear rate required for sperm to display rheotactic behavior was γmin = 3.43 ±

0.12 s−1. 

To quantitatively report the motility of the captured sperm, we calculated the 

velocity distribution of the isolated microswimmers inside the corral. To calculate the 

velocity of a single sperm, we measured the progressive distance covered by the motile 

sperm. Next, by dividing this distance by the elapsed time, we were able to obtain the 

average progressive velocity of each sperm. These velocities were measured inside the 

corral where the velocity field is zero. As a result, the reported velocity of the sperm is 

solely due to their own propulsion force. We observe that the velocity of sperm with 

maximum abundancy (in terms of the number of isolated sperm) is not associated with 

the input flow rate. As long as the injection flow rate (~10–30 µL/min) produces a 

moderate velocity field in front of the corral, the maximum abundance for the human 

sperm occurs for those displaying a velocity of 55–65 µm/s. The corresponding velocity 

range of the most abundant captured bovine sperm was 70–80 µm/s. Overall, we observe 
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that most of the sperm in the collected samples are motile and normal in morphological 

appearance. The robust performance of this device at different injection flow rates 

suggests the rheotaxis-based separation is successful and consistent under different 

conditions. The velocity distribution of the isolated sperm remains nearly constant 

despite user-variability and small variations in the fluid flow rate, which is a common 

and inevitable noise source in all injection systems. 

Furthermore, as established in the velocity distributions, there is a lower cutoff for the 

velocity of the isolated sperm. This minimum cutoff is principally related to the 

injection rate and depends on the type (i.e., the species used) and quality of the semen 

sample. We demonstrate that the number of sperm with motilities lower than the 

minimum cutoff (40 µm/s) is zero. These zero values confirm that the entrance of dead 

sperm and sperm with low motilities is hampered, and hence this device ensures that 

all isolated sperm are normally motile. This level of isolation efficiency (up to 100%) 

is desirable for ARTs as an alternative to current sperm separation methods. 

Tunable isolation of sperm based on motility  

 

The last characteristic of our device is its motility-based tunability in sperm 

selection. As described previously, when the flow rate increases, sperm will be selected 

in a narrower motility range based upon rheotactic behavior and the sperms’ ability to 

overcome the fluid flow, causing the minimum sperm velocity cutoff to increase. When 

the injection rate increases, sperm with motilities lower than the new cutoff cannot swim 

upstream and consequently cannot enter the corral, while sperm with high motility are 

still able. As such, we can use the injection rate to control the motility range of the 

separated sperm. In the data presented herein, we demonstrate that we can hinder sperm 

with motilities lower than 55 µm/s in human samples and lower than 53 µm/s in bovine 
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samples from entering the corral. This similarity between the cutoff for human and 

bovine sperm may underlie a similarity between their locomotive structures and 

strategies.  

Sperm retainers and residence time in the corral 

Upon entrance to the corral, the sperm begin to move with their own propulsive 

force since the velocity field of the sperm medium is zero in this area. Once a sperm 

reaches the interior wall of the corral, because of its hydrodynamic interaction with the 

structure, it starts to move parallel to the wall, and consequently exits back into the 

microfluidic channel. The residence time of sperm inside this corral design is 10.2 ±

4.6 s and 12.3 ± 3.4 s for bovine and human sperm, respectively, and can be either 

increased or decreased by changing the size of the corral. As a result, this type of 

structure can be used for sperm entrapment for a limited time interval, which is still 

useful for many applications, such as investigating the response of sperm to drug 

exposure.  

To retain all captured sperm inside the corral, which is imperative for sperm sample 

preparation and ART applications, we designed sperm retainers inside the corral (Fig. 

4A).  Sperm retainers enabled the corral to keep all trapped motile sperm inside, as the 

extracted trajectories in Fig. 4B confirm. Following the interior wall, the sperm 

eventually encounter the corners provided by the retainers and therefore cannot follow 

the wall any further, as can be seen in Fig. 4C and D for both bovine and human sperm, 

respectively. If the sperm could by any chance escape the corner, the interior wall steers 

it again to the inside of the corral.  
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The sperm retainer design made the corral system extremely stable. All captured 

sperm (~150 sperm for a poor bovine sample and ~600 sperm for a normal human 

sample after 2 minutes sample injection) remained within the corral even after washing 

the semen sample from the main channel with TALP using a flow rate of 5 mL/h. To 

retrieve the isolated sperm sample, we washed the chip at a higher flow rate of 5 mL/h 

also using TALP. This amount of shear/flow rate, which is very low in comparison to 

human and bovine ejaculation, is also much smaller in comparison with the forces sperm 

experience in conventional separation methods. 100% of the isolated sperm within the 

corrals are motile, demonstrating the incredible efficiency of the device as judged by 

the velocity distribution of the separated sperm sample. However, another measure of 

the device’s efficiency is in terms of the total number of isolated sperm in each corral. 

We were able to isolate 1.94±0.32% (1.56±0.1%), 1.03±0.11(0.98±0.08) and 

0.32±0.07% (0.32±0.04) of the motile and viable human (bovine) sperm inside each 

corral at flow rates of 0.6, 1.2 and 1.8 mL/h respectively. Although we demonstrate that 

the number of captured sperm is determined by the sperm motile vs nonmotile ratio of 

the sample, the percentage of the motile sperm that are captured by each corral is solely 

determined by the injection rate. 
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Conclusion  

The viability and motility of sperm in a semen sample is vital for mammalian 

reproduction. Several centrifugation-based methods are currently used to separate 

motile sperm from semen samples in order to increase the effectiveness of various 

ARTs. These conventional methods are time-consuming and labor-intensive and have 

been reported to be detrimental to the morphology and paternal content of the sperm. In 

this work, we have proposed a new microfluidic high-throughput device that can 

passively separate motile sperm from the rest of the semen sample. The passive nature 

Figure 4 Enhanced sperm retention using a modified corral structure. (A) The 

microfluidic corral device with sperm retainers. (B) The trajectories extracted for human 

sperm entering the corral. All the sperm remained inside the corral by being captured in 

the corners or following the interior walls of the retainers. (C) Bovine semen sample 

was injected, the motile sperm entered the corral and remained inside. (D) Human 

semen sample was injected, and the corral captured and maintained the motile sperm. 
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of our device promises to conserve the viability and quality of the sperm for applications 

such as in vitro fertilization. 

The design of our microfluidic system for sperm separation relied upon the 

generation of rheotaxis zones in front of a microfluidic corral system. We 

experimentally measured the minimum shear rate within the rheotaxis zone for sperm 

to undergo rheotaxis. Additionally, by experimentally extracting the sperm movement 

distribution within the rheotaxis zone, we demonstrated the role of rheotaxis in 

increasing the number of corralled sperm. Moreover, by providing a model for sperm 

movement inside the rheotaxis zone, and comparing that with experimental data, we can 

quantify the motility-based selection of our device as a function of flow/shear rate. 

Our microfluidic device is simple to use and effective. It corrals only motile sperm 

capable of upstream swimming, ensuring that the number of dead sperm within the 

corral is zero, resulting in a separation efficiency of 100%. We have also demonstrated 

that sperm separation by our device is dependent on flow rate. By using different fluid 

injection rates (0.6, 1.2, and 1.8 mL/h), our device is capable of selecting sperm with 

motilities higher than a tunable minimum cutoff. Additionally, we demonstrated how 

retainers fabricated inside the corral system increased the residence time of the sperm 

within the corral from ~12 s to 45 min. 

We believe these findings have a broad range of applications, including the dairy 

and beef industry, as we have demonstrated the device can be used to separate motile 

bovine sperm as well. Our device could further be used for clinical studies on human 

sperm and for ARTs.  



24 

Materials and methods 

Human and bovine sperm medium 

A human semen sample was generously provided by Weill Cornell Medical School. 

This fresh semen sample was first diluted with Tyrode’s albumin lactate pyruvate 

(TALP) medium (24) and kept at a constant temperature of 37 ºC for the duration of the 

experiment. Cryopreserved bovine samples from four different bulls were generously 

donated by Genex Cooperative (Ithaca, NY). Semen from two of the bovines was frozen 

in a milk-based extender and semen from the other two bulls was frozen in an egg-yolk 

based extender in 250 µL straws at a concentration of 100 million sperm/mL. The frozen 

straws were thawed in a 37 ºC water bath and diluted 1:1 with TALP medium prior to 

use. After dilution, the dynamic viscosity of the human and bovine sperm sample was 

3.42 and 2.11 mPa.s respectively. In the experiments, we used 10 replicates of the 

bovine samples and 3 replicates of the human sample. 

Device fabrication and injection systems 

We used conventional soft lithography (36) to fabricate the microfluidic device out 

of polydimethylsiloxane (PDMS). Syringe pumps (Chemyx Fusion 200) were used to 

control the flow rate of the sperm medium at different injection rates of 0.6, 1.2, and 1.8 

mL/h.  

Image and video acquisition  

Images and videos were acquired at 25 frames per second using phase contrast 

microscopy with a 10x objective and a digital Neo CMOS camera. During the 

experiments, the microfluidic chip was kept on a heated microscope stage (Carl Zeiss, 

at 37 ºC). The velocity average path of the sperm was determined using ImageJ (Version 
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1.51j8) and MATLAB (Version R2017a) software by measuring the average distance 

between the center of the sperm head in each frame divided by the time elapsed (VAP). 

Simulation software 

The layout of the microfluidic device was imported into COMSOL 

MULTIPHYSICS (Version 5.2) simulation software. Using the laminar fluid module in 

stationary mode, we solved the Navier-Stokes (Eq. 2) and conservation of mass (Eq. 3) 

equations with no-slip boundary condition at the walls. The simulations were performed 

for eleven input flow rates between 10 µL/min and 30 µL/min at 2 µL/min steps. 

ρ(v. ∇v) = −∇p + ∇. μ(∇v + (∇v)T) (2) 

∇. v = 0 (3) 

Where v denotes velocity field, ρ is the density of the sperm medium, p is pressure, and 

μ is the dynamic viscosity.  
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CHAPTER 2 

 

STRICTURES OF A MICROCHANNEL IMPOSE FIERCE COMPETITION TO 

SELECT FOR HIGHLY MOTILE SPERM 

 

Abstract 

 

Investigating sperm locomotion in the presence of an external fluid flow and geometries 

simulating the female reproductive tract can lead to a better understanding of sperm 

motion during the fertilization process. In this study, using a microfluidic device 

featuring a stricture that simulates the fluid mechanical properties of narrow junctions 

inside the female reproductive tract, we observed the gate-like role the stricture plays in 

preventing sperm featuring motilities below a certain threshold from advancing towards 

the other side of the stricture (i.e., fertilization site). At the same time, all sperm slower 

than the threshold motility accumulate before the stricture and swim in a butterfly-

shaped path between the channel walls, which maintains the chance of penetrating the 

stricture and thus advancing towards the fertilization site. Interestingly, the 

accumulation of sperm before the stricture occurs in a hierarchical manner so that sperm 

with higher velocities remain closer to each other and as the sperm velocity drops, they 

spread further apart. 

Keywords: motility-based selection, rheotaxis, boundary-following navigation, steering 

mechanisms, sperm competition 
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Introduction 

In mammals, the number of sperm entering the female reproductive tract (~60–

100 million) exceeds the number of available eggs (one egg during every ovulation) by 

far(1). Accordingly, only a few sperm can fertilize the available eggs. Since motility is 

required for sperm to traverse the female genital tract(2), it has been thought that normal 

motility is one of the critical properties that determine the sperm’s fertilization 

chances(3). Consequently, motility-based competition must take place so that sperm 

with higher motility have a greater chance of fertilizing the egg(4).   

In addition to motility, sperm require steering mechanisms to swim on the 

correct path towards the egg(5). Chemotaxis(6) has been identified as a steering 

mechanism for the sperm of marine invertebrates, such as sea urchins(7–13). However, 

its role in the guidance of mammalian sperm towards the egg is disputable(14). In 

mammals, the fluid mechanical steering mechanisms of sperm, including the tendency 

to follow rigid boundaries(15, 16) and swim upstream(17–19) (i.e., sperm rheotaxis), 

are known to be responsible for guiding sperm towards the egg. Swimming along rigid 

boundaries enables sperm to move parallel to the walls of the female reproductive tract, 

and the rheotactic behavior leads to their ability to swim opposite to the directional flow 

of secreted genital mucus(20–23). Since, the fluid mechanical steering mechanisms 

solely guide motile sperm, all non-motile sperm are carried away by the genital mucus 

flow while the healthy, motile sperm advance towards the fertilization site(23). This 

ability of the motile sperm to swim upstream has been used to design new microfluidic 

tool to hasten the process of sperm separation required for assisted reproductive 

technologies(24).  
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To date, mammalian sperm locomotion, including its fluid mechanical steering 

mechanisms, has been studied using microfluidic technology(16, 18). However, the 

sperm rheotaxis-based navigation in the presence of a fluid flow has been examined 

exclusively in straight swimming channels(17, 20, 21, 23). Whereas the 

biophysical/fluid mechanical conditions of the female reproductive tract are more 

complex(25, 26). In fact, the sperm swimming channel within the female reproductive 

tract does not have constant dimensions, but rather varies in width. Deviation in width 

of the swimming channel results in alteration of the flow magnitude, which 

consequently influences the sperm rheotactic and boundary swimming behavior. 

Therefore, investigation of sperm locomotion in a channel that mimics the biophysical 

aspects of the swimming channel in vivo will reveal the impact of the channel geometry 

on the sperm steering mechanisms. By the same token, the effect of the fluid mechanical 

properties of the female reproductive tract on motility-based competition among sperm 

cells can be revealed.   

In this work, we examine sperm motion, including their fluid mechanical steering 

mechanisms, by solving sperm equations of motion inside a microfluidic design 

featuring variable width. Additionally, by experimentally observing sperm locomotion 

within the design, we show that strictures inside the sperm swimming channel play a 

gate-like role. That is, sperm slower than a threshold velocity cannot pass through the 

stricture, revealing the function of narrow junctions in the reproductive tract in selecting 

for highly motile sperm. Interestingly, sperm slower than the threshold velocity resist 

against the flow and accumulate before the stricture in a hierarchical manner in which 

motility-based competition becomes fiercer among highly motile sperm. 
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Sperm motion behind a microfluidic stricture 

We designed and fabricated a microfluidic device with 30 µm in depth using 

conventional soft lithography that featured three eye-shaped compartments connected 

to each other by a progressive narrowing in width of the microchannel (Fig. 1a). The 

width of the channel in the narrowest section (i.e., the stricture) was 40 µm while the 

maximum width of each compartment was 300 µm. The angle of the stricture mouth 

was ~80°. The velocity field of the sperm medium (i.e., shear rate along the �̂� and �̂� 

directions) within each stricture was designed to be high enough to act as a barrier so 

that no sperm can pass through. The velocity field within the microfluidic channel was 

obtained by solving the conservation of momentum and mass equations with no-slip 

boundary conditions using finite element method simulations. The velocity field in an 

X-Y cut plane at a Z position corresponding to half the channel depth is demonstrated 

in Fig. 1(a), which shows the mean velocity field increases as the width of the channel 

decreases. In Fig. 1(b), the velocity profile of the fluid in four different cross sections is 

demonstrated using contour levels (X = 0, 25, 50 and 75 µm). According to the 

simulations, the maximum velocity field (125 µm/s) occurred in the stricture of the 

channel (X = 0) and decreased to as low as 20 µm/s at X = 300 µm. To use these 

numerical results for simulating the rheotactic behavior of the sperm, we extracted the 

shear rate of the fluid on the top surface of the chip in the �̂� direction using 𝛾𝑧 =
𝜕𝑣

𝜕𝑧
, as 

shown in Fig. 1(c), in which 𝑣 is sperm medium velocity field. Moreover, we found the 

shear rate near the sidewalls using 𝛾𝑛 =
𝜕𝑣

𝜕𝑛
, in which n is the perpendicular distance 
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from the sidewall. �̂�, the unit vector perpendicular to the sidewalls, is depicted in Fig. 

1(d). 

 To simulate the swimming path of the sperm, we assumed that the sperm 

location was influenced by its propulsive velocity, the velocity field of the medium, and 

the velocity components induced by the hydrodynamic interactions with the sidewalls. 

These hydrodynamic interactions with the sidewalls are created from the contribution 

of the microswimmer to the fluid flow in the presence of boundaries. Consequently, the 

time derivative of the sperm location can be written using the following equation: 

𝑑𝑟

𝑑𝑡
= �⃗�𝑠𝑝𝑒𝑟𝑚 + �⃗�𝑓𝑙𝑢𝑖𝑑 +

𝑑�⃗�⊥

𝑑𝑡
+

𝑑𝜌′⃗⃗⃗⃗
⊥

𝑑𝑡
(1) 

in which �⃗�𝑠𝑝𝑒𝑟𝑚 is the sperm propulsive velocity in the absence of the sidewalls and 

fluid flow, and �⃗�𝑓𝑙𝑢𝑖𝑑 is the sperm medium velocity field within the microfluidic channel 

at 𝑍 = ℎ − 𝛿, where h is the channel height and the 𝛿 value reported for sperm is ~10 

µm. The two rightmost terms in Eq. 1 represent the drift velocity components induced 

by hydrodynamic interactions of the sperm with the sidewalls, and the terms 𝜌⊥ and 𝜌′⊥ 

are the perpendicular distances of the sperm from the sidewalls, as shown in Fig. 1(d).  

 To determine the drift velocities induced by the hydrodynamic interactions at 

large distances from the sidewalls (𝜌⊥ or 𝜌′⊥ > 50µm), we first calculated the 

contribution of the microswimmer to the fluid flow by using a dipole pusher swimmer 

model proposed by Berke et al(27). In the dipole pusher swimmer model, the flow 

produced by the swimmer is modeled by two forces with equal magnitudes and opposite 

directions that act on two points in the fluid with a distance equal to the swimmer length. 

For a point force, the solution of the Stokes equation is its Green’s function, known as 
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“Stokeslet,” and the solution for a dipole swimmer is thus Stokes doublet. For the sake 

of simplicity, we then used the image method to consider the existence of the sidewalls 

and satisfy the no-slip boundary condition on the sidewall. By neglecting the reflection 

of each image system on the other sidewall, the hydrodynamic interaction terms (drift 

velocities) were found to be inversely correlated to the perpendicular distance of the 

sperm from the sidewalls, as described by: 

𝑑�⃗�⊥

𝑑𝑡
= −

3𝑃

64𝜋𝜂𝜌⊥
3

(1 − 3 cos2 𝜃)�⃗�⊥ (2) 

𝑑𝜌′⃗⃗⃗⃗
⊥

𝑑𝑡
= −

3𝑃

64𝜋𝜂𝜌′
⊥

3
(1 − 3 cos2 𝜃′)𝜌′⃗⃗⃗⃗

⊥
(3) 

in which P is the dipole strength of the sperm, 𝜂 is the viscosity of the sperm medium, 

and 𝜃 and 𝜃′ are the angles between the swimming direction of the sperm and the 

sidewalls. Based on equations (2) and (3), when |cos 𝜃| ≤ 1/√3, the sidewalls repel the 

sperm; otherwise, they attract it. To calculate the vertical distance of the sperm from the 

sidewalls, we found the microswimmer’s minimum distance from the sidewalls at each 

point simulated in the channel. 

 However, the dipole swimmer model as a far-field approximation is not accurate 

at distances closer to the wall (𝜌⊥ or 𝜌′⊥ < 50µm). Therefore, we further developed a 

model based on the lubrication approximation to obtain the drift velocities imposed on 

the swimmer at near-wall conditions. Based on our model, the drift velocities imposed 

on the swimmer at near-wall conditions can be described by:  

𝑑�⃗�⊥

𝑑𝑡
=

6𝜂𝑑𝑉𝑠𝑖𝑛(𝜃)

𝜉𝑛𝐿𝑐𝑜𝑡2(𝜃)
(

2𝐿𝑐𝑜𝑠(𝜃)

2𝜌⊥ + 𝐿𝑐𝑜𝑠(𝜃)
+ 𝑙𝑛 (

𝜌⊥

𝜌⊥ + 𝐿𝑐𝑜𝑠(𝜃)
)) (4) 
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𝑑𝜌′⃗⃗⃗⃗
⊥

𝑑𝑡
=

6𝜂𝑑𝑉𝑠𝑖𝑛(𝜃′)

𝜉𝑛𝐿𝑐𝑜𝑡2(𝜃′)
(

2𝐿𝑐𝑜𝑠(𝜃′)

2𝜌′
⊥

+ 𝐿𝑐𝑜𝑠(𝜃′)
+ 𝑙𝑛 (

𝜌⊥

𝜌′
⊥

+ 𝐿𝑐𝑜𝑠(𝜃′)
)) (5) 

Where  V is the magnitude of the sperm velocity, L is the length of the sperm tail, 𝜉𝑛 is 

the friction coefficient of the sperm medium in the normal direction and d is the sperm 

width and considered to be 5 µm. 

 We considered the magnitude of the �⃗�𝑠𝑝𝑒𝑟𝑚 as a constant value over time, since 

the sperm energy loss was not considered in this paper. However, sperm swimming 

direction evolves with time and the sperm angular velocity is affected by its fluid 

mechanical response to an external fluid, intrinsic rotation, and response to the sidewalls 

(i.e. hydrodynamic interactions). Therefore, and based on the superposition principle, 

the angular velocity of the sperm at each point between the sidewalls can be described 

by:  

Ω⃗⃗⃗𝑠𝑝𝑒𝑟𝑚(𝑟, 𝑡) = (−Ω𝑅𝐻 − Ω𝐼𝑁 − Ω𝐻𝐼)�̂� (6) 

in which Ω𝑅𝐻 is the rheotactic angular velocity caused by the response of the sperm to 

the fluid flow. Bukatin et al.(20) have observed that under a flow reversal condition, 

half of the sperm make a left-hand U-turn, whereas the other half make a right-hand turn 

based on their initial alignment. We thus assume that the sperm rotation towards the 

left- and right-hand sides obeys a similar rate (we examine the accuracy of this 

assumption in the following experimental sections). This sperm rotation rate has been 

described with Eq. 7 (by Tung et al. (21)and Bukatin et al.(20)):  

Ω𝑅𝐻 = 𝜆𝛾𝑧 sin 𝜓(𝑟, 𝑡) (7) 

in which 𝜆 is a dimensionless constant related to the asymmetry in the sperm geometry, 

𝛾𝑧 is the shear rate in the vicinity of the top surface along the -�̂� direction (Fig. 1(c)), 
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and as shown in Fig. 1(e), 𝜓(𝑟, 𝑡) is the angle between the direction of the sperm 

movement and the velocity field, which can be obtained by 𝜓(𝑟, 𝑡) =

cos−1(
�⃗⃗�𝑠𝑝𝑒𝑟𝑚.�⃗⃗�𝑓𝑙𝑢𝑖𝑑

|�⃗⃗�𝑠𝑝𝑒𝑟𝑚|.|�⃗⃗�𝑓𝑙𝑢𝑖𝑑|
) . 

The intrinsic rotation (Ω𝐼𝑁) is the angular velocity created from asymmetry in 

the beating pattern of the sperm tail. The sperm flagellum does not feature a sine wave 

with a single frequency and phase. Rather, the mechanical wave produced by the sperm 

tail encompasses sine waves with different frequencies and initial phases. Consequently, 

the sperm tail beating pattern is asymmetric, which yields to an intrinsic rotation (14). 

This rotation can be modeled by an intrinsic angular velocity that is described by Eq. 8: 

Ω𝐼𝑁 ∝ 𝑣𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 (
𝜉𝑡

𝜉𝑛
)

𝑦𝑛

𝐿2
cos(𝜙) (8) 

in which 𝜉𝑡 is tangential friction coefficient of the sperm medium, 𝑦𝑛 is the amplitude 

of the nth harmonic of the sperm tail, and 𝜙 is the phase difference between the main 

sine wave and the nth harmonic. Since 𝜙 is an arbitrary parameter, Ω𝐼𝑁 can vary 

from −Ω𝑚𝑎𝑥 to Ω𝑚𝑎𝑥, which means its rotation can be either counterclockwise or 

clockwise. To experimentally measure the intrinsic angular velocity, we extracted the 

trajectories of 28 sperm trapped in an area with no background fluid flow. Interestingly, 

the majority of the sperm were moving clockwise and the value we measured for those 

sperm was 〈Ω𝐼𝑁〉 = 0.12 ± 0.06 𝑠−1. Accordingly, the absolute value of the intrinsic 

angular velocity in all simulations was assumed to be less or equal to 〈Ω𝐼𝑁〉 (|Ω𝐼𝑁| ≤

〈Ω𝐼𝑁〉 = Ω𝑚𝑎𝑥).  

 To find the rotation induced in the swimmer caused by the hydrodynamic 

interaction, we used the dipole swimmer model for distances adequately far from the 
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sidewalls, while for near-wall conditions, the lubrication theory was used. Therefore, 

the total rotation caused by the presence of the sidewalls can be written out as:  

Ω𝐻𝐼(𝑟, 𝑡) =  Ω1
𝐻𝐼

(𝑟, 𝑡) + Ω2
𝐻𝐼(𝑟, 𝑡) (9) 

Where Ω1
𝐻𝐼 and Ω2

𝐻𝐼 are the contribution of each sidewall in the induced rotation. If 

the distance of the swimmer from a sidewall is large enough (𝜌⊥ > 50 µm), the sperm 

rotation induced by that wall can be described by: 

Ω1
𝐻𝐼(𝑟, 𝑡) = −

3𝑃 cos 𝜃 sin 𝜃 (3 + cos2 𝜃)

128𝜂 𝜌⊥
3

(10) 

as proposed by Berke et al(27). Otherwise (𝜌⊥ < 50 µm), based on our model 

(lubrication approximation), we describe the rotation. By calculating the rotation 

induced by the other sidewall using a similar manner, the rotation induced on the sperm 

by hydrodynamic interactions were reflected in the calculations. 

 As sperm is a large microswimmer (in comparison to bacteria and other 

swimming particles), and the role of noisy fluctuations is important for swimmers with 

size much smaller than sperm, we neglect the white zero-mean Gaussian noise in 

rotation of the sperm head(12). Finally, we can write the time-derivative of the sperm 

swimming direction �̂�𝑡(𝑟, 𝑡) as the outer product of this unit vector with the angular 

velocity vector of the sperm: 

�̇̂�𝑡(𝑟, 𝑡) = Ω⃗⃗⃗(𝑟, 𝑡) × �̂�𝑡(𝑟, 𝑡) (11) 

 

For Ω𝐼𝑁 = 0 and the initial sperm orientation parallel to the sidewall, the 

trajectory calculated for the sperm with different velocities is presented in Fig. 1(f). 

Since the shear rate within the stricture is too high for sperm to pass, the swimmer 
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detaches from the sidewall at the vicinity of the stricture and is swept away by the flow 

until it reaches the other sidewall. The sperm trajectory depicted in Fig. 1(f) shows that 

the location of the initial contact point of the sperm and this sidewall is not linearly 

related to the sperm velocity. That is, as the sperm velocity declines, the sperm are 

increasingly carried away by the fluid flow. To demonstrate the impact of intrinsic 

rotation on the sperm locomotion, the trajectories of the swimmers with velocities of 

40, 50, and 60 µm/s are also depicted in Fig. 1(g) for | Ω𝐼𝑁| ≤  Ω𝑚𝑎𝑥. As can be seen, 

the effect of intrinsic rotation is more substantial on slower sperm (40 µm/s) whereas 

the increase/decrease in location of the initial contact point caused by Ω𝐼𝑁 is smaller for 

faster sperm (60 µm/s). 

Upon arrival to the opposing sidewall, the shear rate along �̂� (i.e. 𝛾𝑛) starts 

rotating the sperm upstream. Depending on the angle between the sperm orientation and 

the sidewall at the contact point (Fig. 1(h), top), and the sperm velocity, which 

determines the location of the contact point, the rotation time will vary (Fig. 1(h), 

bottom). In Fig. 1(h) top, the initial angle of the sperm with the sidewall is depicted for 

different velocities, with the red, green, and blue curves corresponding to Ω𝐼𝑁 =

−Ω𝑚𝑎𝑥, 0, and Ω𝑚𝑎𝑥, respectively. The evolution of the angle between the sperm 

orientation and the sidewall at the contact point is determined by Eq. 5, in which 𝛾𝑧 is 

replaced with 𝛾𝑛 and the rotation rate obtained from lubrication theory. Therefore, the 

time required for the sperm to reorient itself upstream is the time required to decrease 

its angle with the sidewall from 𝛼0 to 𝛿 𝐿⁄ ~
𝜋

20
. After the upstream orientation, the sperm 

starts following the sidewall. This boundary movement is simply determined by the 

shear rate along the �̂� direction multiplied by 𝛿 subtracted from its propulsive velocity. 
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Finally, the total time required for sperm to return to its initial X coordinate (𝐴 → 𝐶), τ 

is shown in Fig. 1(i) for different sperm velocities. τ includes the time required for sperm 

to transfer from one sidewall to the other (τt), rotate upstream at the contact point B/D 

(τr), and follow the boundary in the stricture direction (τf). Clearly, the time required for 

sperm to return to the initial X and Y coordinates is 2×τ. 

Based on the simulation, sperm movement before the stricture –i.e. 

hydrodynamic barrier- is comprised of three different modes: (1) transfer mode, in 

which the sperm detaches from the sidewall, becomes swept back by the flow and 

reaches the opposing sidewall; (2) rotation mode, which involves sperm rotation around 

its head (i.e., the pivot) at the contact point; and (3) boundary swimming mode. When 

sperm motion begins at point A, its initial orientation is parallel to the sidewall, as can 

be seen in Fig. 1(d). The high shear rate at the mouth of the stricture causes the sperm 

to be swept back to point B on the opposing sidewall (i.e., transfer mode), at which point 

it stops moving perpendicular to the BC sidewall and starts rotating counterclockwise 

(i.e., rotation mode). By rotating near the wall, the sperm orients its direction parallel to 

the BC sidewall and begins moving along it in the direction of the stricture (i.e., 

boundary swimming mode). Upon arrival at point C, it detaches from the sidewall 

(similar to point A) due to the high shear rate of the structure and begins swimming 

towards the AD sidewall again. This periodic motion takes on a butterfly-shaped path 

(𝐴 → 𝐵 → 𝐶 → 𝐷 → 𝐴) and continues until the sperm has no more energy to swim. 

For a given angle between the two sidewalls (𝛽), only sperm with velocities in 

a specific range can move in butterfly-shaped paths. The upper limit of this range is 

determined by the shear rate in the stricture. The lower limit of the range, however, is 
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determined by two conditions: (1) proximity to the stricture; and (2) return-ability 

conditions. The proximity condition determines the velocity of all sperm that can 

become proximate to the stricture while the return-ability condition means that at point 

B and D, the shear rate is adequate to reorient sperm towards upstream. Since the shear 

rate outside the stricture decreases, depending on the angle, sperm can get close to the 

stricture. By defining the proximity zone as 𝑥 < 5 µm (the average size of the bull sperm 

head), for 𝛽~ 80º, all the sperm with velocities between ~30–80 µm/s were able to 

become proximate to the stricture. By considering the return-ability condition, we 

observed that among the sperm with velocities in this range, the fluid flow can reorient 

only sperm with velocities higher than 40 µm/s at point B (and D) in Fig. 1(d). In fact, 

the angle between the swimming direction and the sidewall at point B (and D) for sperm 

with motilities slower than 40 µm/s becomes greater than 90º and the shear rate in these 

points is inadequate to reorient the sperm upstream. Consequently, sperm slower than 

40µm/s follow the boundary in the downstream direction.  
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Figure 1 Simulation of sperm motion before the stricture. (a) 2D velocity field of the 

sperm medium within the device at Z = 15 µm. (b) The velocity field of the medium 

demonstrated in YZ cut planes using contour levels. (c) The shear rate on the top surface 

of the channel. (d) Schematic of sperm butterfly-shaped motion, with depiction of all 

the variables. The terms 𝜌⊥ and 𝜌′⊥ indicate the sperm perpendicular distance from both 

sidewalls, �̂�𝑡  is the unit vector along the sperm orientation, 𝜃 and 𝜃′ are the angles 

between the sperm orientation and the unit vector normal to the sidewalls. These 

variables are used in Eq. 2, 3, and 4. (e) Microscopic image of the sperm and the 

direction of flow. (f) The sperm path before the stricture for sperm with different 

velocities (40–80 µm/s). (g) The influence of 𝛺𝐼𝑁 on the sperm path. The value used as 

𝛺𝐼𝑁 was experimentally measured as 0.12 ± 0.06 s-1. (h) Top, the initial angle of the 

sperm with the sidewall at the contact point for 𝛺𝐼𝑁 = −𝛺𝑚𝑎𝑥 , 0, and 𝛺𝑚𝑎𝑥, illustrated 

with red, green, and blue respectively. Bottom, the time required for sperm to rotate 

upstream towards the stricture. (i) The total period (τ) required for sperm to depart from 

point A (C) and reach point C (A). The time elapsed in each mode is illustrated 

separately so that 𝜏𝑓, 𝜏𝑟, and 𝜏𝑡 correspond to the boundary, rotation, and transfer mode 

times. 
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Given the similarity between this stricture to the junctions of the sperm’s path 

towards the site of fertilization, and the direction of the fluid flow, which simulates the 

mucus outflux within the tract, the final goal of the sperm in this situation is to pass 

through the stricture and advance towards the site of fertilization, or at least to maintain 

its location nearby the stricture. Since it is known that no sperm with velocities in the 

range of 40–80 µm/s can pass through the stricture, we defined the ability of the sperm 

to remain close to the stricture mouth as a competition index (CI). Since, the main path 

of the sperm towards the fertilization site is in the −�̂� direction, we projected the sperm 

periodic motion onto the  𝑥 axis, as can be seen in the schematic of sperm motion in 

Fig. 2(a). Given the total period of the sperm motion (𝑇 = τ), and neglecting the 

translational diffusivity of the sperm(28), the probability of the sperm to be closer to the 

stricture than at 𝑥 = 𝑎 can be defined as:  

𝐶𝐼 = 𝐹𝑋(𝑥) = 𝑝𝑟{𝑋 ≤ 𝑥 = 𝑎} = ∫ 𝑑𝑥𝑃(𝑥, 𝑡) = ∫
𝑑𝑡

𝑇
+ ∫

𝑑𝑡

𝑇
=

𝑇𝑎 + 𝑇 − 𝑇′
𝑎

𝑇

𝑇

𝑇′
𝑎

𝑇𝑎

0

𝑎

0

(12) 

in which 𝑇𝑎 and 𝑇′
𝑎 are the times at which 𝑥 = 𝑎. We calculated the CI for different 

values of 𝑎 as a function of sperm velocity, the results of which are shown in Fig. 2(b).  
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We also experimentally observed the butterfly-shaped motion described by the 

simulation in our microfluidic device. We also experimentally observed the butterfly-

shaped motion described by the simulation in our microfluidic device. To observe all 

the sperm with motilities in the range of 40–80 µm/s swim in butterfly-shaped paths and 

demonstrate rheotactic behavior, and to perform comprehensive experimental 

characterization of this swimming behavior, we designed the flow rate such that the 

shear rate of the stricture was 8 s−1. This shear rate is high enough to prevent all the 

sperm from passing through. Furthermore, given the shear rate within the stricture was 

8 s−1, the stricture mouth angle was chosen to be equal to ~80° so that all the sperm 

with motilities in the range of 40–80 µm/s were able to exhibit rheotactic behavior and 

thus swim in a butterfly-shaped path. Although the butterfly-shaped swimming path was 

Figure 2 Sperm motion modes and the competition index. (a) The schematic of sperm 

motion in different modes, including transfer, rotation, and boundary swimming modes, 

illustrated in red, green, and blue, respectively. The sperm projection in the X direction 

demonstrates a periodic motion, on which we based the competition index. (b) The 

competition index for sperm slower than a particular velocity drops depending on the 

value of a. 
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also discernible at different stricture mouth angles, the motility range of the sperm that 

exhibit such a motion was smaller than 40–80 µm/s, which lowers the 

comprehensiveness of our study. The butterfly-shaped motion of a bull sperm with a 

velocity of 54 µm/s is demonstrated in Fig. 3(a) and (b). Fig. 3(a) is a combined image 

of the sperm location at 23 different frames and Fig. 3(b) is the corresponding schematic 

of the sperm swimming pattern based on Fig. 3(a) for better visualization. As can be 

seen, the butterfly-shaped path is left-right symmetric, confirming the assumption we 

made regarding the sperm featuring a similar rotation towards the right- and left-hand 

sides. This left-right symmetry is also in total agreement with previous observations 

reported by Bukatin et al(20). To extract the sperm trajectories, we acquired videos of 

the device, and tracked the sperm movement over the elapsed time (i.e., 3–20 periods). 

Using MATLAB R2017a, we tracked 44, 35, and 51 sperm heads displaying different 

motilities to elucidate the trajectories of each microswimmer in three different sperm 

samples. Fig. 3(c) displays the motion of a single sperm at two different periods, in 

which the shape of the swimming path remained relatively constant over the elapsed 

time (𝑡𝑏𝑙𝑢𝑒 = 0 − 6.24 s, 𝑡𝑟𝑒𝑑 = 38.14 − 44.11 s). The motion of the sperm and its 

butterfly-shaped path, as can be seen in Fig. 2(c), is similar to the results obtained by 

simulations presented in Fig. 1(f).   

 To confirm the results obtained from the simulations, we experimentally 

measured the distance between the sperm-sidewall contact points (B and D) and 

detachment points (A and C), i.e., the “withdrawal distance,” for sperm with different 

velocities. As shown in Fig. 3(d), the increasing velocity of the sperm led to a decay in 

the withdrawal distance (W). According to simulation- and experimental-based results, 
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the decay in the withdrawal distance is exponentially correlated to the sperm velocity. 

That is, the difference in the withdrawal distances of two sperm is not only related to 

difference in the velocity of those swimmers—the velocity of the sperm plays a 

determinative role as well. For instance, based on experimental data, the mean 

withdrawal distances measured for sperm with velocities of ~75 µm/s and ~85 µm/s 

were 39.1 and 28.2 µm, respectively. However, for two slower sperm (~55 µm/s and 

~65 µm/s) with the same difference in velocity, the corresponding withdrawal distances 

were 74.6 µm and 51.3 µm. This dependency of the sperm swimming path with the 

velocity of the sperm suggests that swimmers with higher velocities move closer to each 

other, and their corresponding CIs are closer in comparison than slower sperm.  
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In addition to withdrawal distance, we also measured the elapsed time taken for 

sperm to move in the transfer, rotation, and boundary swimming modes. The images 

acquired from sperm at different time frames and modes are presented in Fig. 4. In the 

pictures shown in Fig. 4(a), 5 sperm are moving in the transfer mode, in which three of 

them (colored blue) are departing the upper sidewall and moving towards the bottom 

Figure 3 Observation of the butterfly-shaped swimming path and withdrawal 

distance of sperm before a stricture. (a) The butterfly-shaped path extracted for a 

sperm with velocity of 57 µm/s. (b) The schematic of the butterfly-shaped path based 

on the experimental results obtained in part (a) for better visualization. (c) The 

trajectory of the sperm during two different periods to illustrate the consistency of the 

butterfly-shaped path over time. W is the withdrawal distance of the sperm. (d) 

Experimental values of the withdrawal distance extracted from 130 sperm with 

different velocities from three different samples in comparison with values expected 

by simulations. 
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sidewall. Likewise, the remaining two sperm (yellow-colored) are departing the bottom 

sidewall towards the upper sidewall. In Fig. 4(b), a moderately motile sperm with a 

velocity of ~59 µm/s can be seen beginning to rotate upstream due to the shear rate 

along the normal direction of the sidewall. Later on, this sperm swims along the 

boundary of the sidewall until it reaches the stricture, as can be seen in Fig. 4(c). These 

experimental observations of sperm movement thus help confirm our simulated-

derivations of the three different sperm swimming modes.  

The corresponding elapsed times of each mode (τt, τr, τf) are presented in Fig. 

4(d). Since the rotation and boundary swimming times somewhat overlap, especially for 

highly motile sperm, we combined the amount of time required for each of these modes 

into a single measurement (τr + τf). Using these times, we measured the CI from 

experimental data of sperm featuring different velocities for different values of 𝑎 (Fig. 

4(e)). At 𝑎 = 40 𝜇𝑚, the CI measured for sperm with velocities higher than 78 m/s 

was close to 100%, which means these sperm were always closer than 40 m to the 

stricture. For velocities below 78 m/s, the CI decays, with the CI for the slowest sperm 

(𝑣 = 48 m/s) being 14.3%. In the case of 𝑎 = 50 𝜇𝑚, the range of velocity for sperm 

with CI of 100% expands and sperm faster than 72 m/s are always closer than 50 m 

to the stricture.  

The similarity between human and bovine sperm in terms of the shape and 

swimming mechanism  suggests that the motion of the human sperm before the stricture 

is like that of bovine sperm. We also experimentally observed human sperm motion 

before the stricture, and as was expected, the butterfly-shaped swimming path was seen 

in human sperm as well.  
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Figure 4 Experimentally measured times of the different swimming modes (i.e., 

transfer, rotation, and boundary swimming) and CI calculated for sperm. (a) 

Images of sperm (blue and yellow) moving in transfer mode. (b) A single sperm (green) 

in rotation mode, reorienting upstream. (c) A sperm (red) in the boundary swimming 

mode begins following the sidewall. (d) The times required for sperm to transfer (𝜏t), 

rotate (𝜏r) and follow the boundary (𝜏f) were experimentally measured for 120 sperm. 

Since the rotation and the boundary swimming times overlapped, their sum (𝜏r + 𝜏f) was 

reported and measured. (e) For a given a, as the velocity of the sperm decreases, its 

likelihood to maintain its X coordinate closer than a decays. 

 



50 

 

Accumulation of sperm near the stricture 

In agreement with previous studies done in the absence of fluid flow(29, 30), the 

butterfly-shaped motion (due to the sperms’ ability/tendency to swim counter to the 

flow and parallel to the sidewalls) also leads to the accumulation of sperm near the 

stricture, which could be interpreted as a mechanism used by the sperm to resist against 

the fluid flow. In fact, despite dead and non-motile sperm being carried away by the 

flow, motile sperm maintained their proximity to the stricture and thus their likelihood 

to pass through it is high. To observe this accumulation phenomenon, we observed the 

microfluidic device using low-magnification phase contrast microscopy(31). To assess 

the abundancy of the sperm we took advantage of the twinkling effect observed in the 

motile bull sperm due to the paddle-shaped head of the microswimmers, in which the 

side of the sperm flashes bright under the imaging conditions, while the head’s top and 

bottom face appear dark (Fig. 5(a)). Zone A of Fig. 5(b), which describes the area of the 

device that includes the stricture, features more twinkling, whereas zone B, which 

includes the wider region of the channel, twinkles less. Based on this evidence, we can 

conclude that more sperm accumulate near the stricture. To validate this twinkling 

effect-based result, we manually counted the total number of motile sperm swimming 

in zones A and B at high-magnification, the results of which are shown in Fig. 5(c) for 

three samples. With this method as well, we observed that the number of sperm that 

accumulate before the stricture is greater than that of zone B.  This accumulation before 

the stricture demonstrates sperm resistivity against the flow, which leads to persistence 

upon advancing towards the egg, thus maintaining the chance of fertilization.  
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Figure 5 Accumulation of sperm before the stricture and the twinkling effect. 

(a) Phase contrast microscopy leads to twinkling of the bull sperm. (b) Low 

magnification image of our device with a concentrated sample injected. Zones A and 

B are indicated in the image. (c) The number of live sperm in each zone for three 

different samples were counted manually to confirm the accumulation of the sperm.  
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Gate-like role of the stricture 

The height of the hydro-mechanical barrier (i.e., the shear rate within the 

stricture) determines the threshold motility that sperm must possess to overcome and 

pass through the stricture. To experimentally observe the gate-like role of the stricture, 

we decreased the sperm medium injection flow rate and consequently the shear rate 

within the stricture to 7.98 s-1. As a result, the sperm with the highest motility (𝑣 =

84.2 µm/s, sperm number 1) could resist against the flow within the stricture, as can be 

seen in Fig. 6(a). Meanwhile, all the sperm with lower velocities (sperm numbers 2–6) 

maintained their location before the barrier by periodically moving between the 

sidewalls. In these conditions, sperm number 1 is almost static in the observer frame in 

the �̂� direction, as neither the shear rate of the flow nor the sperm’s motility can 

overcome the other. By further decreasing the shear rate of the stricture to 7.16 s-1, 

eventually sperm number 1 can overcome the barrier and advance towards the next 

compartment, as can be seen in Fig. 6(b). Meanwhile, all other sperm with lower 

velocities accumulate before the barrier in a hierarchical manner, i.e., sperm with higher 

velocities remain closer to the stricture and slower sperm are swept further back by the 

flow. To characterize the gate-like role of the stricture in motility-based selection of 

sperm, we gradually decreased the flow rate (thus the shear rate of the stricture) and 

measured the velocity of the sperm that passed through the stricture, which we call the 

“threshold sperm velocity.” The threshold sperm velocity with regards to the shear rate 

within the stricture indicates a linear correlation (p-value = 0.01) between the threshold 

sperm velocity and the shear rate of the stricture. The similarity between the geometry 

of the stricture and the junctions within the female reproductive tract suggests that the 
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gate-like selective behavior of this microfluidic stricture can mimic the potential role of 

junctions in motility-based selection for sperm during fertilization(26).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  6 Gate-like role of the stricture. (a) Sperm number one is able to resist against 

the shear rate in the stricture, and therefore it has approximately no movement in the -

X direction. The other sperm (numbers 2-7) move in butterfly-shaped paths, but they 

cannot pass through the junction. Hierarchical swimming is discernible and sperm with 

higher velocity are closer to the stricture and to each other. (b) A small decrease (7.98 

to 7.16 s-1) in the injection flow rate led to sperm number 1 advancing and entering the 

adjacent compartment. Meanwhile, the slower sperm continue to swim on the butterfly-

shaped path before the stricture.  
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Conclusion  

The sperm response to fluid flow and their inclination to follow solid boundaries leads 

to sperm accumulation before the opening of the stricture inside a microfluidic design. 

The accumulated sperm feature a hierarchy, in which swimmers with higher motilities 

are closer together near the stricture mouth, while slower sperm remain further apart 

away from the stricture. Using numerical simulations and experimental observations, 

we can quantitatively show that this hierarchical structure imposes competition among 

the sperm, with the fiercest occurring among highly motile microswimmers in 

comparison with the slower sperm. Moreover, depending on the shear rate within the 

stricture, sperm with velocities higher than a threshold value can pass through the 

stricture, whereas sperm slower than the threshold accumulate before the stricture. This 

gate-like behavior shows that sperm location is maintained near the stricture until the 

shear rate within the stricture decreases; thus, the chance of the sperm to pass through 

the stricture is maximized.  

This gate-like behavior of the stricture suggests a motility-based selection mechanism 

that may potentially be used by the female reproductive tract to select for sperm with 

the highest motility. Moreover, since we observed sperm accumulation before the 

stricture when the shear rate was not sufficiently low enough for the sperm to pass 

through the stricture and given the fluid mechanical similarity between the stricture in 

the microchannel and junctions of the female reproductive tract, this investigation 

suggests that in such geometries, highly motile sperm are more likely to pass through 

the fluid mechanical barriers and advance towards the fertilization site. 

 



55 

 

Materials and methods 

Bull and human sperm samples 

All the experiments were performed with four bull sperm samples frozen in 250 

µL straws that were purchased from Genex Cooperative (Ithaca, NY). Semen from two 

of the bulls was frozen in a milk-based extender and semen from the other two bulls 

was frozen in an egg-yolk based extender at a concentration of 100 million sperm/mL. 

Frozen straws were thawed in a 37 °C water bath. Then the live sperm were separated 

from the dead sperm using a density gradient method(23). The separated sample was 

then diluted 1:3 using TALP (Tyrode's albumin lactate pyruvate) medium. The viscosity 

of the bull sperm sample after the dilution was 0.87 mPa∙s at T = 37 ºC.  

Fresh human sperm samples were generously provided by Weill Cornell 

Medicine in accordance with the Weill Cornell Medicine Institutional Review Board 

(IRB) guidelines. An approved IRB consent form was used to prospectively recruit 

patients interested in participating in this study. The original concentration of the human 

sperm sample was 46 million sperm/mL. All experiments carried out on human samples 

diluted 1:3 with TALP medium at T = 37 ºC. The viscosity of the human sample after 

the dilution was 0.94 mPa∙s.  

TALP recipe: NaCl (110 mM), KCl (2.68 mM), NaH2PO4 (0.36mM), NaHCO3 

(25 mM), MgCl2 (0.49 mM), CaCl2 (2.4 mM), HEPES buffer (25 mM), Glucose (5.56 

mM), Pyruvic acid (1.0 mM), Penicillin-G (0.006% or 3mg/500 mL), BSA (20 mg/mL).  

Device fabrication and injection systems 

We used conventional soft lithography(32) to fabricate the microfluidic device out of 

polydimethylsiloxane. We used conventional soft lithography to fabricate the microfluidic 
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device out of polydimethylsiloxane. Syringe pumps (Chemyx Fusion 200) were used to 

control the flow rate of the sperm medium at different injection rates of 0–2 mL/h. Using 

the syringe pump, we were able to manipulate the input pressure as well as the injection 

rate. Furthermore, to obtain very low flow rates (0–0.6 mL/h), we used gravity o inject 

the sample, in which case the flow rate was controlled by changing the height of the 

sample container. 

Image and video acquisition  

Images and videos were acquired at 25 frames per second using phase contrast 

microscopy with a 10x objective and a digital Neo CMOS camera. During the 

experiments, the microfluidic chip was kept on a heated microscope stage (Carl Zeiss, 

at 37 ºC). The average path velocity of the sperm was determined using ImageJ (Version 

1.51j8) and MATLAB (Version R2017a) software by measuring the average distance 

between the center of the sperm head in each frame divided by the time elapsed. This 

quantity is known and reported as VAP (average path velocity) in computer-assisted 

sperm analysis (C.A.S.A) systems.  

Simulation software 

The layout of the microfluidic device was imported into COMSOL 

MULTIPHYSICS (Version 5.2) simulation software. Using the laminar fluid module in 

stationary mode, we solved the Navier-Stokes (Eq. 13) and conservation of mass (Eq. 

114) equations with a no-slip boundary condition at the sidewalls(33): 

ρ(v. ∇v) = −∇p + ∇. μ(∇v + (∇v)T) (13) 

∇. v = 0 (14) 



57 

 

in which v denotes the velocity field, ρ is the density of the sperm medium, p is pressure, 

and μ is the dynamic viscosity. To numerically solve the sperm equations of motion, 

MATLAB (Version R2017a) and an explicit Runge-Kutta method (i.e., the Dormand-

Prince pair(34)) was used.  
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CHAPTER 3 

 

ROLLING CONTROLS SPERM NAVIGATION IN RESPONSE TO THE 

DYNAMIC RHEOLOGICAL PROPERTIES OF THE ENVIRONMENT 

 

Abstract 

Mammalian sperm rolling around their longitudinal axes is a long-observed 

component of motility, but its function in the fertilization process, and more specifically 

in sperm migration within the female reproductive tract, remains elusive. While 

investigating bovine sperm motion under simple shear flow and in a quiescent 

microfluidic reservoir and developing theoretical and computational models, we found 

that rolling regulates sperm navigation in response to the rheological properties of the 

sperm environment. In other words, rolling enables a sperm to swim progressively even 

if the flagellum beats asymmetrically. Therefore, a rolling sperm swims stably along the 

nearby walls (wall-dependent navigation) and efficiently upstream under an external 

fluid flow (rheotaxis). By contrast, an increase in ambient viscosity and viscoelasticity 

suppresses rolling, consequently, non-rolling sperm are less susceptible to nearby walls 

and external fluid flow and swim in two-dimensional diffusive circular paths (surface 

exploration). This surface exploration mode of swimming is caused by the intrinsic 

asymmetry in flagellar beating such that the curvature of a sperm’s circular path is 

proportional to the level of asymmetry. We found that the suppression of rolling is 

reversible and occurs in sperm with lower asymmetry in their beating pattern at higher 

ambient viscosity and viscoelasticity. Consequently, the rolling component of motility 
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may function as a regulatory tool allowing sperm to navigate according to the 

rheological properties of the functional region within the female reproductive tract. 

Keywords: Sperm rolling, Ambient rheology, Surface exploration, B. taurus, Female 

reproductive tract 

Introduction  

In mammals, sperm must migrate through the female reproductive tract to 

fertilize an egg (1, 2). During this migration, sperm require navigational mechanisms to 

swim in the correct direction (3, 4). These navigational mechanisms rely on external 

and dynamic biochemical and biophysical cues that are present in the female 

reproductive tract (4–6). Although the role of biochemical cues in mammalian sperm 

navigation remains poorly understood (4, 7), in vitro and in vivo studies have provided 

evidence for two navigational mechanisms that rely on external biophysical cues, 

namely rheotaxis (8–11) and wall-dependent navigation (12–16). Rheotaxis, as an 

upstream swimming in response to an external fluid flow, has been observed and 

quantitatively studied for bovine, human and mouse sperm (8, 9). Wall-dependent 

navigation, as sperm response to the nearby physical boundaries such as walls of the 

female reproductive tract, has been also observed and characterized for bovine and 

human sperm (6, 14).    

 Although wall-dependent navigation combined with rheotaxis may characterize 

regulatory mechanisms of sperm navigation within the complex geometry of the female 

reproductive tract and under dynamic fluid flow, it remains unclear how sperm rolling 

contributes to these navigational mechanisms (17–21). Furthermore, the dynamic 

biophysical factors of the female reproductive tract are not limited to its complex 
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geometry and the varying flow of the mucus within it. The rheological properties of the 

mucus also change according to the functional region within the female reproductive 

tract (1, 22, 23). It also remains poorly understood how the rheology of the environment 

influences sperm swimming behavior, and in particular, rheotaxis and wall-dependent 

navigation.  

To address these questions, we investigated bovine sperm motion in a 

microfluidic device to identify how the rolling component of its motility contributes to 

navigation under simple shear flow and within a quiescent reservoir. To avoid errors 

arising from studying sperm motility under external fluid flow, such as experimental 

inaccuracies caused by decoupling the effect of flow on sperm motion from active 

swimming, we employed a multi-step approach. In this approach, we first isolated sperm 

within a quiescent reservoir using a rheotaxis-based method to ensure that sperm within 

the reservoir could swim upstream before entering the reservoir (24). We then 

characterized the components of sperm motility, including flagellar beating and rolling, 

in viscous and viscoelastic media, in the absence of external flow. Finally, we studied 

wall-dependent navigation within the reservoir and, by tracking the sperm prior to their 

entry into the reservoir, we evaluated rheotaxis to identify the function of rolling in 

sperm navigation under fluid flow. 

We found that rolling enables sperm to swim progressively even when the sperm 

flagellar beating pattern is intrinsically asymmetric, which subsequently promotes 

rheotaxis and wall-dependent navigation. Sperm that lack rolling swim along two-

dimensional (2D) diffusive circular paths and are less susceptible to being influenced 

by the nearby walls and external flow. We observed that the suppression of rolling 
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occurs by increasing ambient viscosity or viscoelasticity, such that an increase in 

ambient rheological properties transitions progressive motion into 2D diffusive circular 

surface exploration. Such diffusive circular surface exploration is caused by the intrinsic 

asymmetry of flagellation and the curvature of the circular path is proportional to the 

level of asymmetry. We noticed that suppression of rolling was reversible, as a decrease 

in ambient viscosity or viscoelasticity resulted in reactivation of rolling. Furthermore, 

we found out that the level of flagellar asymmetry in a sperm population forms a 

continuum, and suppression of rolling in sperm with lower flagellar asymmetry occurs 

at higher viscosity or viscoelasticity.  

Sperm swimming behavior transitions between progressive and diffusive 

circular motions after each incidence of suppression or reactivation of rolling. Since the 

suppression or reactivation of rolling relies on changes in the viscosity or viscoelasticity 

of the media, sperm swimming behavior manifests differently in response to the 

rheological properties of the environment. Because the characteristics of these 

swimming behaviors (circular versus progressive) are different and the viscosity and 

viscoelasticity of the mucus in the female reproductive tract varies according to 

functional regions (1, 23, 25–27), our results suggest that rolling potentially enables 

sperm to regulate its navigation in response to the dynamic rheological properties of the 

mucus in the tract.  

Characterization of sperm rolling 

To select sperm based on their rheotactic behavior and to isolate them inside the 

quiescent reservoir, we used a microfluidic corral system. Within the reservoir filled 

with standard Tyrode’s albumin lactate pyruvate medium (TALP), a sub-population of 
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sperm (<5%) exhibited an in-plane 2D asymmetric flagellar beating pattern, where the 

midpiece of each flagellum was consistently bent more significantly to one side (Figure 

1A). This asymmetric beating pattern results in circular swimming at an angular velocity 

of Ω, whereas other sperm within the population swim progressively (Figure 1B). 

Unlike circular motion, progressive motion is not just produced by 2D in-plane 

symmetric flagellation, rather frequent but irregular rollings contribute to sperm motility 

(Figure 1C). The rolling component was detected when a change in the light intensity 

of the sperm heads was visualized under a phase-contrast microscope (Figure 1C). 

Rollings occur rapidly and discontinuously (19, 20), such that the elapsed time between 

two consecutive rolling events (𝑇𝑆𝑅) is not constant. While tracking the sperm within 

the reservoir and under the flow prior to their entry into the reservoir, we found that 

progressive motility included the rolling component, both under the flow and within the 

quiescent reservoir, whereas sperm exhibiting a circular motion did not exhibit rolling 

under either condition (Figure 1D). Although rolling occurs independently of external 

fluid flow, it does depend on the rheological properties of the medium, as the percentage 

of rolling sperm decreases with an increase in the viscosity and viscoelasticity of the 

medium (Figure 1E). Our results indicate that the suppression of rolling is more 

sensitive to viscoelasticity than to viscosity. We used varying concentrations of 

polyvinylpyrrolidone (PVP) and polyacrylamide (PAM) to prepare viscous and 

viscoelastic solutions (23).  

We observed that, in all the solutions we used, rolling sperm swam 

progressively, whereas non-rolling sperm exhibited 2D asymmetric flagellar beatings 

and swam in circles, such that the curvature of the circular path was found to be 
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proportional to the asymmetry level of flagellar beating. Furthermore, an increase in 

viscosity decreased the frequency of rolling (𝜔𝑆𝑅 = 1
𝑇𝑆𝑅

⁄ ) in rolling sperm (Figure 

1F) as well as their progressive velocities, such that rolling sperm continue to swim 

progressively but slowly, with rolling occurring at lower frequency in a viscous solution. 

An increase in viscoelasticity did not, however, change the frequency of rolling and the 

average path velocity of rolling sperm (Figure 1F). We also observed that suppression 

of rolling in the viscous solution (4% PVP) occurred with a significant decrease in the 

propulsive velocity of non-rolling sperm, whereas rolling suppression in the viscoelastic 

solution (1% PAM) did not result in a decrease in the propulsive velocity of non-rolling 

sperm (Figure 1G). Considering that viscosity of 1% PAM solution is an order of 

magnitude higher than that of 4% PVP solution, these results seem to contradict our 

claim that an increase of viscosity leads to suppression of rolling as well as decrease in 

the propulsive velocity. However, we stress that the storage modulus (𝐺′) of 1% PAM 

solution which represents the elastic properties of the fluid was two orders of magnitude 

higher than that of 4% PVP solution. The higher elasticity of 1% PAM indicates that 

this increase contributed significantly to the suppression of rolling, while it did not result 

in decrease of the sperm propulsive velocity.  

We also noticed that the range of curvature (𝜅) of the circular path in the non-

rolling sperm population depended on ambient viscoelasticity (Figure 1H). As shown in 

Figure 1H, the suppression of rolling in sperm with a higher degree of asymmetry in 

their beating pattern occurred at lower ambient viscoelasticity, whereas higher ambient 

viscoelasticity was needed to suppress the rolling of sperm that exhibited lower 
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asymmetry in their beating patterns. Similar behavior was observed when we increased 

the viscosity of the solution.   

In TALP + 1% and 2% PVP solutions, some sperm exhibiting circular motion 

(<10%) also exhibited infrequent rollings, such that Ω𝑇𝑆𝑅 > 2𝜋. Such infrequent 

rollings changed the direction of the circular motion (Figure 1I) and resulted in abrupt 

relocations of the circular path’s center without significantly changing the curvature of 

the path.  

Although our results indicate that rolling is a key contributor to progressive 

motility, more evidence is needed to validate the hypothesis. Therefore, we decreased 

the concentration of bovine serum albumin to 0.5% in TALP and tethered sperm heads 

to the glass surface upon their entry into the reservoir (28). Tethering the sperm heads 

to the glass surface suppressed the rolling component, and the 2D flagellar beating 

pattern was observed separately from rolling. We observed that, without rolling, 

flagellation was not necessarily symmetric and >80% of the sperm began rotating 

around the sperm head upon tethering, although their motion was progressive prior to 

the surface binding (Figure 1J).  

Another piece of evidence that validates our hypothesis was observed by 

tracking single sperm migrating between TALP and 1% PAM or 4% PVP solutions 

(Figure 1K). The representative sperm trajectories shown in Figure 1K, indicate that 

suppression of rolling upon exiting TALP and entering into the viscous or viscoelastic 

solutions (blue trajectories) resulted in an instantaneous transition in sperm swimming 

behavior from progressive to circular. The transition in sperm swimming behavior was 

found to be reversible, as reactivation of rolling upon exiting the viscous or viscoelastic 
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solutions and entering into TALP (red trajectories) caused sperm to start swimming 

progressively. This reversible transition was observed in more than 95% of sperm cells 

(total count = 109) migrating between TALP and 1% PAM or 4% PVP solutions. This 

finding agrees with the results shown in Figure 1G, as sperm velocity of average path 

for the blue and red trajectories was measured to be (70 ± 5) 𝜇𝑚𝑠−1 in TALP, 

(45 ± 5) 𝜇𝑚𝑠−1 in 4% PVP, and (75 ± 5) 𝜇𝑚𝑠−1 in 1% PAM solutions.   

We measured the angular velocities of all tethered sperm and compared them with that 

of untethered sperm, which were swimming freely in circles (Figure 1L). Consistent 

with Figure 1H, tethered sperm exhibited lower angular velocities than untethered 

sperm. Thus, rolling sperm exhibit lower asymmetry than their non-rolling counterparts 

and, accordingly, higher ambient viscosity and viscoelasticity is needed to suppress the 

rolling motion of sperm with lower asymmetry in flagellation and vice versa. 
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Figure 1. Sperm motility within the quiescent reservoir. (A) Flagellar asymmetric 

beating. The midpiece of the flagellum consistently bends more prominently in one 

direction. (B) The circular motion caused by the asymmetric beating. A least-squares 

fitting algorithm was used to fit a circle into the sperm trajectory. (C) Rolling under a 

phase contrast microscope. (D) All progressively motile sperm exhibit frequent rolling 

under flow and within the quiescent reservoir. (E) Increasing viscosity and 

viscoelasticity suppresses rolling and increases circular motion within the population 

(p > 0.05). (F) An increase in viscosity results in a decrease in rolling frequency in 

rolling sperm while an increase in viscoelasticity does not change the frequency of 

rolling in rolling sperm. (G) Propulsive velocity of non-rolling sperm in 4%PVP is 

significantly lower than that of 1%PAM. (H) Suppression of rolling for sperm exhibiting 

less asymmetry in their flagellation occurs at higher viscoelasticity. (I) Infrequent 

rolling changes the direction of motion from CW to CCW or vice versa. (J) Sperm 

rotating around the tethering point upon adhesion to the glass surface. Progressive 

motion before tethering was generated by frequent rolling. (K) Reversible transition 

between progressive and circular motions through suppression and reactivation of 

rolling. Trajectories in TALP and 1% PAM were obtained with 0.08s intervals. Intervals 

in 4% PVP were 0.16s. (L) Distribution of sperm angular velocity Ω for both tethered 

and untethered sperm. ∗ p > 0.05 ,∗∗ p < 0.01. The p-values were obtained from two-

tailed t-tests, with adjustments for multiple comparisons (Bonferroni correction). The 

concentrations are reported in weight percent. 
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Rolling and progressive motion  

To quantify the relationship between rolling and progressive motion, we first 

characterized asymmetry in the flagellar beating pattern. In agreement with (29) 

,measuring bending in the midpiece of the flagellum in time (Figure 2A) and the 

corresponding normalized fast Fourier transform (𝑃∗(𝑡)) revealed the presence of a 

zeroth harmonic within the frequency domain of flagellation (Figure 2B). Note that the 

constant offset in the normalized power spectrum is white noise in our measurement 

system. Furthermore, the experimental noise coming from our measurement system 

(e.g., image processing) is also included in the peak width around the first harmonic 

frequency. That is, the peak width centered at 𝜔 includes the intrinsic noise originated 

from flagellar sources, as well as the noise associated with our measurement system.  

Writing the flagellar beating pattern in Fourier series ansatz (Eq. 1) and further 

modeling the flagellar beating pattern, we found that 𝜎 =
𝑎1−𝑎0

𝑎1
 approximately presents 

the asymmetry level in the beating pattern. That is, 𝜎 = 1 presents symmetric beating 

whereas lower values correspond to higher asymmetry in the beating pattern: 

𝑦(𝑥, 𝑡) = ∑ 𝑎𝑛𝑐𝑜𝑠(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛=0

. (1) 

In Eq. 1, the 𝑥 axis was set parallel to the flagellum at its straight-line form, 𝑘 =
2𝜋

𝜆
, 

(with 𝜆 ≈ 𝐿) is the wave number, 𝜔 is the main frequency and 𝑎𝑛is the amplitude of the 

nth harmonic. Note that the amplitude and frequencies of beating include delta-

correlated Gaussian noise that can be described as 𝑎𝑛 = �̃�𝑛(1 + 𝜂𝑛(𝑡)) and 𝜔𝑛 =

�̃�𝑛(1 + 𝜉(𝑡)), respectively, with 〈𝜂𝑛(𝑡)〉 = 〈𝜉(𝑡)〉 = 0,  〈𝜂𝑛(𝑡)𝜂𝑛′(𝑡′)〉 =

𝐷𝑛𝛿𝑛𝑛′𝛿(𝑡 − 𝑡′), and 〈𝜉(𝑡)𝜉(𝑡′)〉 = 𝐷𝜔𝛿(𝑡 − 𝑡′). The tilde sign above a quantity 



72 

represents its time average value. Following (28–30), we applied small amplitude (i.e., 

∀𝑛 → 𝑎𝑛 ≪ 𝐿) and length preservation constraints and used resistive force theory, to 

find that the zeroth harmonic in the beating pattern yields a toque as follows: 

𝜏𝑓 = (𝜉𝑁 − 𝜉𝑇)𝜔𝑘𝐿𝑎0 ∑ 𝑛

𝑛=0

�̃�𝑛
2. (2) 

Note that 𝜉𝑇 and 𝜉𝑁 are drag coefficients in the tangential and normal directions and 𝐿 

is the sperm length. Although the propulsive force produced by the flagellum correlates 

with the characteristics of the first and higher harmonics, the amplitude of the zeroth 

harmonic is involved solely in the torque produced (Eq. 2). Applying the zero net torque 

and force constraints, we found that propulsive (�̃�𝑃) and angular (Ω̃) velocities were 

related through 𝑎0: 

Ω̃ ∝
𝜉𝑇

𝜉𝑁
(

𝑎0

𝐿2
�̃�𝑃) . (3) 

To verify Eq. 3, we measured the angular velocity of the sperm and plotted a 

normalized path curvature (𝐿Ω𝑉𝑃
−1) with respect to the normalized amplitude of the 

zeroth harmonic (𝑎0𝐿−1) in TALP, TALP + 4% PVP (viscous), and TALP + 1% PAM 

(viscoelastic) solutions (Figs. 2C and 2D). The linear correlation between 𝐿Ω𝑉𝑃
−1 and 

𝑎0𝐿−1 is consistent with our mathematical arguments (Eq. 1–3), confirming that 𝑎0 

modulates the curvature of the non-rolling sperm path. Furthermore, the linear 

relationship between 𝐿Ω𝑉𝑃
−1 and 𝑎0𝐿−1 predicted by the resistive force theory is 

preserved for sperm motion in a viscoelastic solution whereas the slope differs from that 

observed for sperm motion in standard and viscous solutions (31–35). 
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 The resistive force theory, as a mean field approach, cannot explain the 

observed inconsistency in the circular path. The inconsistency in the circular path, 

however, can be characterized by quantifying the random fluctuations at the center of 

the circular path (36). We noticed that fluctuations at the center, and thus circular 

motion, are diffusive in character as the mean square displacement (MSD) of the center 

is proportional to the elapsed time: MSD~𝑡 (Figure 2E). This diffusive motion can be 

quantified by the diffusion coefficient of the center determined by the intercept of MSD, 

or alternatively, the center’s speed distribution (Figure 2F). 

  We measured the head light intensity (HLI) of the sperm over time to 

characterize rollings during progressive motility (Figure 2G). HLI is a pulse-type 

quantity, with the pulse duration shorter than the time that elapses between two 

consecutive pulses, 𝑇𝑆𝑅. Therefore, we defined the edge-sensitive function Π(𝑡) with 

Π(0) = 1, such that Π(𝑡) is multiplied by −1 at each positive edge of HLI (Figure 2G). 

Note that Π(𝑡) captures the rolling component as a rapid switch in the direction of 

asymmetry (Figure 1I); rolling can therefore be incorporated into Eq. 1 with Π(𝑡): 

𝑦(𝑥, 𝑡) = ∑ Π(𝑡)𝑎𝑛𝑐𝑜𝑠(𝑛𝜔𝑡 − 𝑘𝑥).

𝑛=0

(4) 

Solving the equations of motion using Eq. 4, we found that, depending on Ω𝑇𝑆�̃�, sperm 

swim along varying pathways with average progressive velocity of: 

�̅� = �̃�𝑃

2 sin (
Ω𝑇𝑆�̃�

2
)

Ω𝑇𝑆�̃�

  (5) 

At the frequent rolling limit (Ω𝑇𝑆�̃� → 0), �̅� approaches �̃�𝑃, which means that frequent 

rolling asymptotically yields progressive motion with the average path velocity equal to 
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the propulsive velocity even though Ω̃ ≠ 0. Our experimental measurements are 

consistent with this finding because Ω𝑇𝑆�̃� is less than 2𝜋 for rolling sperm, whereas for 

circular motion with infrequent rolling it is greater than 2𝜋. Note that for non-rolling 

sperm, Ω𝑇𝑆�̃� → ∞. 

Even though Ω𝑇𝑆�̃� determines the average path, how do deviations of 𝑇𝑆𝑅 from 

the mean during motion influence the trajectory? Our measurements of 𝑇𝑆𝑅 for one 

rolling sperm for ~40s indicate that the mean and standard deviation of this random 

variable are �̃�𝑆𝑅 ≈ 0.11𝑠, 𝜎𝑆𝑅 ≈ 0.02𝑠, respectively (Figure 2H). Combining arbitrary 

values for Ω̃ with 𝑇𝑆𝑅 distribution, we found that the direction of the average path obeys 

a similar distribution with mean of zero and standard deviation of √𝑛𝑆𝑅𝜎𝑆𝑅Ω̃ (Figure 

2I), in which 𝑛𝑆𝑅  is the number of rolling occurrences. 

Considering rolling as a switch in the direction of asymmetry, we investigated 

how rolling influenced sperm rheotaxis. The sperm-rheotactic behavior and angular 

velocity of upstream orientation is modeled using an Adler-type equation (10): 

𝛺𝑅𝐻 = −𝐴𝛾 sin 𝜃 (6), 

in which 𝛾 is the shear rate, 𝐴 is a constant, and 𝜃 is the relative orientation of the sperm 

with respect to the external fluid stream. For sperm with intrinsic angular velocity (Ω), 

the net angular velocity under fluid flow is 𝛺𝑅𝐻 + Ω, which orients the sperm with 

respect to the flow during upstream motion (𝜃𝑈𝑃): 

𝜃𝑈𝑃 = sin−1 (
𝛺

𝐴𝛾
) . (7) 

Including the rolling component in Eq. 7 using 𝛱(𝑡), the average orientation of the 

sperm with respect to flow during upstream motion is: 
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�̃�𝑈𝑃 = 〈sin−1 (
𝛺Π(𝑡)

𝐴𝛾
)〉 = 𝛱(𝑡) sin−1 (

𝛺

𝐴𝛾
) ≪ sin−1 (

𝛺

𝐴𝛾
) . (8) 

Notably, 𝛱(𝑡) ≪ 1. Eq. 8 predicts that rollings result in significant decay in �̃�𝑢𝑝. 

Consequently, Eqs. 9 and 10 respectively present sperm net velocity in the upstream 

direction (�̃�𝑈𝑃) in the presence or absence of frequent rollings: 

�̃�𝑈𝑃 = 𝑉𝑃 cos(�̃�𝑈𝑃) − 𝑉𝐹 ≈ 𝑉𝑃 − 𝑉𝐹 (9) 

�̃�𝑈𝑃 ≈ 𝑉𝑃 − 𝑉𝐹 − (𝑉𝑁

𝛺

𝐴𝛾
+

1

2
𝑉𝑃 (

𝛺

𝐴𝛾
)

2

) . (10) 

In Eqs. 9 and 10, 𝑉𝑃 and 𝑉𝑁 are sperm propulsive and perpendicular velocities 

(corresponding to the angular velocity), respectively, whereas 𝑉𝐹 is the external flow 

velocity. To experimentally confirm the prediction obtained from Eqs. 9 and 10, we 

back-tracked and analyzed sperm motion under flow prior to their entry into the 

quiescent zone. We observed that �̃�𝑢𝑝 is greater for non-rolling sperm (�̃�𝑈𝑃 = 40° ±

10°) than for those exhibiting the rolling motion (�̃�𝑈𝑃 = 10° ± 5°). Furthermore, the 

average upstream velocity of rolling sperm was much higher (�̃�𝑈𝑃 = 60 ± 10 𝜇𝑚/𝑠) 

than that of non-rolling sperm (�̃�𝑈𝑃 = 30 ± 10 𝜇𝑚/𝑠). These results indicate that, even 

though the rolling component is not required for sperm rheotaxis, it facilitates rheotactic 

behavior by minimizing the angle between sperm orientation and the external fluid flow, 

thus maximizing the upstream component of their motion. 
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Figure 2. Characteristics of sperm motility. (A) Bending in the midpiece (y(t)). (B) 

The Fourier transform of y(t), P∗. (C) The average angle that the sperm sweeps in each 

beat, Δθ and the corresponding a0̅̅ ̅. (D) The normalized curvature of the path (LΩVp
−1) 

versus the normalized amplitude of the zeroth harmonic (a0L−1) measured in TALP, 

TALP + 4% PVP, and TALP + 1% PAM. (E) Mean square displacement of the circular 

path’s center and (F) distribution of the center’s speed for two sperm swimming in 

circles. (G) The plot of head light intensity (HLI) versus time and the corresponding 

Π(t). (H) The distribution of TSR for a single progressively swimming sperm with 

rolling. The distribution has mean and standard deviation of μSR and σSR, respectively. 

(I) A single sperm with arbitrary Ω and frequent rollings swims progressively. The 

direction of progressive motion has a similar distribution to that of the frequent rolling, 

with mean and standard deviation of 0 and √nSRσSRΩ̃, respectively. See the effect of 

Ω in the inset plot. 
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Sperm surface exploration  

 

Non-rolling sperm swim along diffusive circular paths and explore the surface 

(36). To characterize the diffusivity in circular motion (Figure 2E and F) we overlayed 

consecutive images of one sperm with 0.08s intervals over different times (Figure 3A). 

The thickness of the combined circular paths (𝛿1−4) increases over time in all directions, 

𝛿1−4 ∝ √𝑡 (Figure 3B) as predicted by the MSD of the circular path’s center (Figure 2E 

and F). For any sperm that diffused more rapidly, cell tracking followed by circle fitting 

was used to characterize the motion of circular path’s center (Figure 3C). 

To identify the flagellar source of the center’s diffusion, we solved equations of 

motion where the amplitude and phase of all harmonics included white Gaussian noises, 

as described in Eq. 1 (the results are shown in Figure 3D). Our simulations suggest that 

noise in the amplitudes and the phases of first and higher harmonics yielded a noisy 𝑉𝑃 

without resulting in fluctuations of the center. By contrast, the noise in the amplitude of 

the zeroth harmonic yielded a similar noise in Ω but not in 𝑉𝑃. Therefore, Ω and 𝜅 can 

be expressed as Ω(𝑡) = Ω̃(1 + 𝜂0(𝑡)) and 𝜅(𝑡) = �̃�(1 + 𝜂0(𝑡)), respectively, such that 

lower signal-to-noise ratios (SNR =
�̃�2

〈𝜅2〉−�̃�2) for identical mean curvatures yielded 

faster diffusion, whereas higher SNRs yielded more consistent pathways (Figure 3D). 

We measured the normalized mean step size 〈𝛿2𝜅2〉 and the corresponding SNR and 

found that our experimental data were consistent with the simulation-based results, 

except for a constant as shown in Figure 3E and F. That is, as suggested by simulations, 

the normalized mean step size was found to be inversely correlated with the signal-to-

noise ratios: 〈𝛿2𝜅2〉 ∝ SNR−1. 
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As previously published (36, 37), these fluctuations in the circular path’s center 

correspond to non-thermal noise in the sperm flagellar beating, rather than thermally 

driven fluctuations. Approximating sperm as a rod with length of ~ 80 𝜇𝑚 and diameter 

of ~ 5 𝜇𝑚, the rotational diffusion caused by thermal fluctuations is in the other of  

10−6𝑠−1, which yields a 𝑆𝑁𝑅 ~ 107 for �̃� ~ (5 × 10−3)𝜇𝑚−1. This order of 𝑆𝑁𝑅 

estimated for thermal fluctuations is far greater than our measured values and the 

experimental resolution; therefore, the contribution of thermal noise to the sperm 

diffusive circular motion is negligible.  

Diffusive circular motion might be abruptly interrupted by infrequent rollings 

(Figure 1I, Figure 3G and H). In this case, the center of the circular path not only diffuses 

in time but also relocates ballistically upon rolling in a random direction with 𝑉𝑟 (Figure 

3H, I), such that 
𝐷

𝑉𝑟
 ~ 10−1 − 1 𝜇𝑚. This two-phase motion is an intermittent search, 

with greater efficiency in surface exploration than with normal diffusion (38). This 

increase in the efficiency of exploration may be interpreted as a decrease in the 

probability of revisiting previously swept spots. More precisely, the average area swept 

by the sperm through diffusion is proportional to the square root of diffusion time 

〈𝐴(𝑡)〉 ∝ √𝑡. Assuming that 𝑇𝑖 is the timeframe between the 𝑖 − 1𝑡ℎand 𝑖𝑡ℎ relocations, 

the areas swept with and without relocation are proportional to ∑ √𝑇𝑖𝑖  and √∑ 𝑇𝑖𝑖 , 

respectively. Because √∑ 𝑇𝑖𝑖  ≤ ∑ √𝑇𝑖𝑖 , infrequent rolling increases the area swept by 

the sperm.  
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Figure 3. Infrequent rolling and diffusive circular motion. (A) Overlayed 

consecutive images of a single sperm. Intervals: 0.08s (B) Diffusive motion increases 

δ1−4 in time. (C) Manual tracking of the sperm and the corresponding circular path’s 

center. (D) Trajectories of the sperm’s circular motion obtained by solving equations of 

motion. The SNR value is inversely correlated with the diffusion coefficient of the 

center. (E) Normalized mean step size obtained from experimental data and (F) from 

results shown in (D). (G) Infrequent rolling results in relocation of the center. (H) Two-

phase intermittent search caused by infrequent rolling. (I) Experimental tracking of a 

sperm exhibiting intermittent search. 
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Rolling and wall-dependent navigation  

 

In addition to active swimming and external flow, the surrounding walls 

contribute to sperm motion (39). For a sperm that is positioned away from the walls 

(distance from the wall > the sperm length), the wall’s effect on the swimmer is known 

to be a drift velocity that can be either attractive or repulsive depending on the 

swimmer’s angle with respect to the wall (39). The model proposed for studying this 

drift velocity is based on positing the swimmer as a force dipole that includes the 

propulsive force provided by the flagellum as well as the corresponding drag force (39). 

However, this model can be used when the sperm exhibits fully symmetric flagellation. 

We therefore developed a new swimmer model that includes the torque caused by 

asymmetric beating. We then carried out finite element method simulations in a 

cylindrical domain, like our microfluidic quiescent reservoir, and solved the Stokes and 

mass conservation equations for our model to find the velocity field imposed by the 

sperm active swimming. 

The simulation results indicated that the motion of the microswimmer is 

influenced to a lesser degree by nearby boundaries as the circular component emerges 

in the motility. This decay in the drift velocity caused by the circular component of 

motion was also predicted by the analytical solution derived from a Stokeslet (40, 41) 

description. The attraction of the sperm toward the wall in the presence of circular 

behavior can be described by the following equation: 

𝑈𝑤 = 𝑈𝑤
𝑝 (1 −

3

2
sin(2∆�̃�)) , (11) 
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where 𝑈𝑤 and 𝑈𝑤
𝑝

 are the drift velocities with and without the circular motion. 

Calculating the average far-field drift velocity imposed on the sperm during one round 

of circulation, we found that the average magnitude of the drift velocity in one round 

(< 1 μm/s) is much smaller than random fluctuations (> 5– 40 μm/s) of the circular 

path’s center; therefore, the sperm’s circular motion is more strictly controlled by the 

level of asymmetry in its flagellum and diffusivity than by distant walls.  

Frequent rollings, however, negate the contribution of circular components of 

the motion, producing a drift velocity as if the flagellation is symmetric and the sperm 

behaves like a dipole swimmer, 

  𝑈�̃� = 𝑈𝑤
𝑝 (1 −

3

2
Π(𝑡)̃sin(2∆�̃�)) ≈ 𝑈𝑤

𝑝 . (12) 

We reiterate that Π(𝑡)̃ ≪ 1. Eq. 12 states that frequent rollings make the sperm more 

readily disposed to physical boundaries at the far field.  

 Sperm near-field interactions with its nearby walls fit in one of the four 

categories shown in Figure 4A. A rolling sperm reorients upon wall contact and swims 

along the wall (𝑆1) whereas, with a non-rolling sperm, depending on Ω and the location 

of the circular path’s center at the contact point, three other behaviors were observed. 

At a high magnitude of Ω, the sperm do not contact the wall, maintaining their circular 

motion (𝑆2,). At lower magnitudes of Ω, the sperm contact the wall and, depending on 

the location of the path’s center relative to the contact point, either swim near the wall 

temporarily and detach (𝑆3) or swim more slowly along the wall (compared with 𝑆1) 

with a tilted orientation with respect to the wall (𝑆4). We compared these four types of 

sperm–wall interactions quantitatively using the time of sperm detention on the wall 
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(𝑇𝐷, Figure 4B), sperm velocity on the wall divided by its velocity before wall contact 

(𝑉∗, Figure 4C), and the normalized length of detention 𝜌∗ (Figure 4D, E). Based on the 

measurements shown in Figs. 4B–4E, we found that the 𝑆1 and 𝑆3 categories yield 

similar 𝑉∗ values (close to 1), whereas for 𝑆4, 𝑉∗ is smaller than 1 and for Ω > 1.5 𝑠−1 

the sperm do not migrate along the wall. Furthermore, 𝑆1 and 𝑆4 yield similar 𝜌∗ values, 

close to 1, whereas for 𝑆3, 𝜌∗ is much smaller than one, indicating temporary detention 

on the wall. A simple yet insightful approach to understanding these four categories 

involves surface contact force analysis (42), where the sperm contact with the wall can 

be modeled by a positive force that is perpendicular to the surface 𝑁. 

Suppose that a sperm swims along a wall at an angle 𝛽 (Figure 4F). Under a zero 

net force constraint, the normal surface force becomes 𝑁 = 𝐹𝑇𝑠𝑖𝑛(𝛽) − 𝐹𝑁𝑐𝑜𝑠(𝛽), 

where 𝐹𝑇 and 𝐹𝑁 are the propulsive and perpendicular forces produced by the sperm, 

respectively. The threshold angle (𝛽𝑡ℎ) that corresponds to the 𝑁 = 0 situation is equal 

to tan−1 𝛾, where 𝛾 =
𝐹𝑁

𝐹𝑇
. For 𝛽 < 𝛽𝑡ℎ, 𝑁 becomes negative and no contact occurs (𝑆2). 

Because an increase in 𝛾 leads to higher 𝛽𝑡ℎ, sperm with greater 𝛾 values are less likely 

to contact and follow the wall. For 𝛽 values greater than 𝛽𝑡ℎ, where sperm–wall contact 

occurs, greater 𝐹𝑁 yields a smaller 𝑁 and leads to easier detachment from the wall (𝑆3). 

When the direction of the sperm perpendicular force at the contact point is against the 

wall (𝑁 = 𝐹𝑇𝑠𝑖𝑛(𝛽) + 𝐹𝑁𝑐𝑜𝑠(𝛽𝑠)), a greater surface force is exerted, yielding a 

stronger attachment to the wall (Figure 4G). In this configuration, however, the parallel-

to-the-wall components of the perpendicular and propulsive forces thwart each other 

and cause slower sperm motion along the wall. Therefore, asymmetric flagellation 
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perturbs sperm motion along the wall by decreasing either its detention time (𝑆3) or 

velocity (𝑆4) on the wall. However, the rolling component functions as a switch between 

𝑆3 and 𝑆4, and not only guarantees longer detention but also increases sperm velocity 

along the wall (Figure 4H, I). 

Based on previous theoretical and computational studies on hydrodynamic 

interactions of a sperm (or a bacteria) with a wall (43–47), we developed a simple 

hydrodynamic model of sperm–wall interaction at the lubrication limit. Solving Stokes 

and mass conservation equations, we plotted the phase curve (�̇� vs 𝛽) of sperm 

dynamics after contacting the wall (Figure 4J). Note that �̇� is the effect of the wall 

superimposed with intrinsic Ω. For Ω = 0, stability (�̇� = 0) occurs at 𝛽𝑆 = 0, implying 

that the final orientation of a symmetrically beating sperm with respect to the wall is 0. 

For Ω > 0, corresponding to 𝑆4, 𝛽𝑆 > 0 is the final angle between the sperm and the 

wall. For Ω < 0, corresponding to 𝑆3, 𝛽𝑆 < 0 and 
𝑑𝛽

𝑑𝑡
>  0 at 𝛽 = 0, suggesting that 

swimming parallel to the wall is unstable, and the sperm detaches from the wall with 

𝛽𝑆. Figure 4J shows that the instability that occurs at 𝛽𝑈 =
𝜋

2
 (for Ω = 0 ) changes with 

Ω as well.  

To include the contribution of rolling in sperm dynamics after wall contact, we 

modeled rollings as transitions between two curves in the phase space with positive and 

negative values of Ω (Figure 4K). We then can rewrite �̇� and include Π(𝑡) such that: 

�̇� = 𝑔(𝛽) + Π(𝑡)Ω. (13) 

Note that 𝑔(𝛽) is the curve in the phase space that corresponds to Ω = 0. Insofar as 

stability occurs at �̇� = 0, 
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𝛽𝑆
∗(𝑡) = 𝑔−1(−Π(𝑡)Ω) →  𝛽𝑆

∗(𝑡) = Π(𝑡)𝑔−1(−Ω) = Π(𝑡)𝛽𝑆, (14) 

in which 𝛽𝑆
∗
 and 𝛽𝑆 are the stable points with and without taking rolling into account. 

Because Π(t)̃ ≪ 1, the average of 𝛽𝑆
∗(𝑡) is: 

𝛽𝑆
∗̃ = Π(𝑡)̃ 𝛽𝑆 ≪ 𝛽𝑆 (15) 

Eq. 15 suggests that, at the frequent rolling limit where Π(t)̃ approaches zero, 𝛽𝑆
∗̃ 

approaches zero as well. Consequently, frequent rollings mitigate the destructive role of 

Ω in sperm motion along the wall, thereby yielding faster and longer-lasting swimming 

along the wall. Because at the frequent rolling limit 𝛽𝑆
∗̃ is close to zero, we posit that 

𝑔(𝛽𝑆
∗̃) ≈ 0, and thus �̇� near the stable point can be written as 

�̇� = 𝑔(𝛽𝑆
∗̃) + Π(𝑡)Ω ≈ Π(𝑡)Ω. (16) 

Based on Eq. 16, 𝛽(𝑡) is a triangular function near the stable point in the form of 

𝛽(𝑡)  ≈ Λ(𝑡)Ω + 𝛽𝑆
∗̃.  (17) 

We measured �̇� experimentally to verify the results obtained from the 

lubrication theory (Figure 4J). The net rotation (�̇�) with respect to the angle between 

the sperm and wall (𝛽) that corresponds to 𝑆1 and 𝑆4 is consistent with the results 

obtained from our model (Figs. 4J, 4L, 4M). Furthermore, the frequent rollings observed 

in the 𝑆1 category decreased 𝛽�̃� significantly to ~10° (Figure 4N) in comparison with 

𝛽�̃� for 𝑆4, which was greater and linearly correlated with 
Ω

𝑉
 (Figure 4N, inset plot). This 

measurement supports our prediction that rolling enables the sperm to swim stably along 

the wall by decreasing 𝛽𝑠. Measuring 𝛽(𝑡) during stable swimming along the wall for 

25 sperm that belong to the 𝑆1 category, we found that 𝛽(𝑡) is indeed a triangular 

function near the stable point, as predicted by Eq. 17.  
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Figure 4. Sperm–wall interactions. (A) Sperm–wall interaction categories. Rolling 

sperm rotate and align with the wall upon contact to swim stably along it (𝑆1). Non-

rolling sperm exhibiting circular motion either do not contact the wall (𝑆2), detach from 

the wall after temporarily swimming along it (𝑆3), or swim slowly along the wall (𝑆4) 

depending on the magnitude and direction of angular velocity. (B) Sperm detention time 

on the wall, i.e. 𝑇𝐷. (C) Sperm normalized velocity on the wall, i.e. 𝑉∗. (D) A schematic 

to illustrate the definition of 𝜌∗. (E) 𝜌∗ versus 𝛺. (F) Free body diagram for the 𝑆3, (G) 

𝑆4, and (H) 𝑆1 categories. (I) Rolling results in alterations between 𝑆3 and 𝑆4, forming 

𝑆1. (J) The phase curves describing the dynamics of the angle between the sperm and 

wall after contact. Filled dots are stable points. Note that negative and positive 𝛽𝑆 values 

correspond to the 𝑆3 and 𝑆4 categories, respectively. (K) Rolling can be modeled as a 

transition between two phase curves obtained for ± 𝛺. A frequent transition between 

± 𝛺 results in 𝛽�̃� ≪ 𝛽𝑆
∗
. (L) The phase curve for a rolling sperm. The final angle 

between the sperm and wall is ~10°. (M) The phase curve for a non-rolling sperm. The 

final angle between the sperm and wall is ~30°. (N) The distribution of 𝛽�̃� for 20 rolling 

sperm. 𝛽�̃� is linearly related to 
𝛺

𝑉
 for non-rolling sperm (inset plot.) 
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A unified picture of sperm motion within the quiescent reservoir can be obtained 

by developing a state diagram and identifying the transitions between the 𝑆1−4 states, 

possibly through the diffusivity of the circular motion and rolling. Suppose that, within 

the quiescent reservoir (radius of 𝑅), the non-rolling sperm swims in circle (with a radius 

of 𝑅′), such that the distance between the centers of the two circles is 𝑑(𝑡), which 

evolves through diffusion (Figure 5A). Defining 𝑠(𝑡) =
1

2
(𝑅2 + 𝑅′2

− 𝑑(𝑡)2), the 

circular path does not intersect the reservoir for 𝑠(𝑡) > 𝑅𝑅′ (category 𝑆2), whereas for 

0 < 𝑠(𝑡) ≤ 𝑅𝑅′ the angle between the two circles at the intersection point (sperm 

incidence angle) is greater than 𝛽𝑢 (category 𝑆3); for 𝑠 < 0, the angle at the intersection 

point is less than 𝛽𝑢 (category 𝑆4). Assuming that at 𝑡 = 0 and the sperm is in the 𝑆2 

state, the circular path starts to diffuse over time, which leads to transitions between the 

𝑆2 and 𝑆3 states. The average time for the first occurrence of a transition is 〈𝑇〉 =
(𝑅−𝑅′)

2

2𝐷
 

(Figure 5B). One might expect the diffusion process to continue until 𝑠(𝑡) becomes 

negative and the transition to 𝑆4 occurs (Figure 5B). However, the angle at which the 

sperm detaches from the wall after the first contact (𝛽𝑠) depends on Ω rather than the 

location and angle at which contact occurs (Figure 5C). Therefore, after first contact, 

the sperm returns to the wall at an incidence angle that is identical to the angle at which 

it detaches from the wall (𝛽𝑠). Therefore, the transition from 𝑆3 to 𝑆4 occurs if 𝛽𝑠 > 𝛽𝑢. 

Given that 𝛽𝑠 ≈
Ω

|𝑔′(0)|
, 𝛽𝑢 ≈

𝜋

2
+

Ω

𝑔′(
𝜋

2
)
, and |𝑔′(0)| ≪ 𝑔′ (

𝜋

2
), the condition of such a 

transition reduces to 
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Ω >
𝜋

2

|𝑔′(0)|𝑔′ (
𝜋
2)

𝑔′ (
𝜋
2) − |𝑔′(0)|

≈
𝜋

2
|𝑔′(0)|. (18) 

The prime indicates derivative with respect to 𝛽. The corresponding curvature 

that satisfies Eq. 18 is 𝜅~ 0.1 𝜇𝑚−1, which is much greater than the experimentally 

observed values. The state diagram of non-rolling sperm–wall interactions and the 

possible transitions are summarized in Figure 5D.  

For rolling sperm, the state diagram shown in Figure 5D alters significantly. 

First, infrequent rollings result in abrupt changes in 𝑑(𝑡) and thus 𝑠(𝑡), causing 

reversible transitions between 𝑆2, 𝑆3, and 𝑆4 (Figure 5F). Second, at the frequent rollings 

limit one may write  𝑠(𝑡) ≈  Π(𝑡)|𝑠|, so that �̃� approaches 0 (Figure 5E). Consequently, 

in the presence of frequent rollings all states transition to 𝑆1, where the sperm swims 

stably along the wall (Figure 5F). 

 

 

 

 

 

 

 

 

 

 

 



90 

 

 

 

 



91 

 

Discussion  

 

In summary, rolling is a component of mammalian sperm motility that is 

sensitive to ambient viscosity and viscoelasticity. In a solution with low viscosity and 

viscoelasticity, most sperm exhibit a rolling and progressive motion that is susceptible 

to external fluid flow (rheotaxis) and rigid physical boundaries (wall-dependent 

navigation). As ambient viscosity or viscoelasticity increases, the rolling component 

becomes suppressed and subsequently the sperm swim in diffusive circular paths 

(surface exploration), a type of motion that is less susceptible to being influenced by 

external fluid flow or nearby walls. Suppression of rolling was found to be reversible, 

as sperm migrate into medium with low viscosity or viscoelasticity, rolling reactivates 

and thus sperm swimming transitions from surface exploration to progressive motion. 

Furthermore, we demonstrated that the suppression of rolling in sperm with lower 

asymmetry in their flagellar beating pattern occurs at higher viscosity or viscoelasticity. 

Figure 5. Transition between surface exploration and wall-dependent navigation. 

(A) The circular path does not intersect with the reservoir for s > RR′; whereas 0 < s <

RR′ corresponds to S3 and  s < 0 corresponds to S4. (B) Diffusivity in circular motion 

results in the evolution of s(t), after which 〈T〉 S2 transforms into S3. (C) The angle at 

which the sperm detaches from the wall (βS) is independent of the incidence angle at 

the contact point. After the first contact and detachment, the sperm returns to the wall 

with βS. (D) State diagram of non-rolling sperm–wall interactions. (E) At the frequent 

rollings limit, the time-average of s(t) approaches zero, where s̃ ≈ 0, which corresponds 

to S1. (F) Frequent rollings convert all the states into the S1 state, whereas infrequent 

rollings result in reversible transitions between S2, S3, and S4, as needed for an efficient 

surface exploration. 
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Therefore, the suppression of rolling, and thus the onset of surface exploration, depends 

on both ambient rheological properties and the level of asymmetry in sperm flagellation. 

Our results evidenced sperm flagellar beating is intrinsically asymmetric, but 

frequent rolling counteracts this asymmetric flagellation by alternating the direction of 

asymmetry, and results in a progressive motion. This progressive motion resulted from 

frequent rollings found to be key to the sperm rheotaxis and wall-dependent navigations. 

But why is susceptibility to external fluid flow and nearby walls under dynamic 

conditions not controlled solely by the level of asymmetry in flagellation so that 

maximum susceptibility appears with the fully symmetric beating pattern? 

 We argue that while fully symmetric beating pattern yields an efficient wall-

dependent navigation, it does not result in an efficient rheotaxis, because the tilted 

orientation of the sperm (caused by rolling) with respect to the surface is needed for 

efficient rheotaxis, as demonstrated previously (9). More importantly, it is possible that, 

unlike the asymmetric beating pattern that is modulated by chemical factors (7, 48, 49), 

rolling depends on the ambient viscosity and viscoelasticity of the medium alone (21). 

Because the viscosity and viscoelasticity of the fluid within the female reproductive 

tract varies across functional regions, the tract possibly regulates sperm navigation by 

independently controlling: (1) the rolling component through regulating the rheology of 

the environment and (2) the asymmetry level in the flagellar beating pattern through 

secreting chemical factors. To show how regulating of asymmetrical beating caused by 

chemical factors works together with rolling, which is impacted by ambient viscosity 

and viscoelasticity, more studies regulating both aspects are needed. 
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Our results also demonstrate that the transition found between fast progressive 

and slow diffusive circular motions is reversible and occurs through suppression or 

reactivation of rolling. This finding, in particular, suggests that sperm motion during 

migration within the female reproductive tract is possibly bimodal. The fast progressive 

mode is an appropriate swimming behavior for sperm to migrate long distances between 

different functional regions within the female reproductive tract. This mode of motion 

may be regulated by the tract through rheotaxis and wall-dependent navigation. Whereas 

the slow diffusive motion is an appropriate swimming behavior for exploring the 

functional regions within the female reproductive tract to possibly receive physiological 

signals from these regions that are essential for the fertilization process. These 

physiological signals may include specific ligands secreted by the tract (50), or pH of 

the functional region (51).  

Our findings also suggest that elastic properties of the swimming media are key 

to the suppression of rolling and thus sperm motion. Characterizing the rheological 

properties of our viscous (4% PVP) and viscoelastic (1% PAM) solutions, we noticed 

that viscosity of 1% PAM is two orders of magnitude greater than that of 4% PVP 

solution. Rolling suppression in 1% PAM occurred without a loss in sperm propulsive 

velocity, whereas rolling suppression in the 4% PVP occurred with a significant loss in 

the propulsive velocity. Since the storage modulus of 1% PAM solution was two orders 

of magnitude greater than that of 4% PVP, we, therefore, conclude that the absence of 

a loss in the sperm propulsive velocity was due to the elastic properties of the solution. 

Accordingly, the elasticity of the swimming media is a key contributing factor to the 

sperm navigation within the female reproductive tract.   



94 

Our findings revealed the potential role of sperm rolling in mammalian 

fertilization, which results in a holistic and fundamental understanding of the 

fertilization process. Furthermore, these results are useful for more practical purposes 

such as designing technologies to improve fertility in cattle industry, as well as 

diagnosing and treating human male infertility. Furthermore, our results can be used to 

design new types of synthetic microswimmers that are responsive to dynamic physical 

environments, and thus more sensitive while exploring confined spaces.  

 

Materials and methods 

Sperm sample and culture media preparation 

 Commercially available cryopreserved bovine semen samples taken from two mature 

black and white Holstein bulls (5.5 and 6 years old) were kindly donated by Genex 

Cooperative (Ithaca, NY) in milk and egg yolk–based extender in plastic straws. The 

ejaculate concentration was 2.9 and 3 billion cells/mL, respectively, and had a pre-

freeze motility of 65%. The semen was thawed at 37 ºC in a water bath and diluted in a 

1:4 ratio with TALP. After dilution, the viscosity of the samples was ~5 mPas. The 

initial sperm concentration in the thawed semen samples was ~200 million/mL, which 

was diluted to ~40 million/mL with TALP. The motility of the semen sample after 

dilution decreased to 20%–30%. We used 10 separate semen samples in both the milk 

and egg yolk–based extender. At least three replicates were performed for each 

experiment to validate the accuracy of data and obtain a valid value for error bars.  

TALP was prepared as follows: NaCl (110 mM), KCl (2.68 mM), NaH2PO4 (0.36 mM), 

NaHCO3 (25 mM), MgCl2 (0.49 mM), CaCl2 (2.4 mM), HEPES buffer (25 mM), 
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glucose (5.56 mM), pyruvic acid (1.0 mM), penicillin G (0.006% or 3 mg/500 mL), and 

bovine serum albumin (20 mg/mL). To tether the sperm head to the glass surface, we 

reduced the concentration of bovine serum albumin to 5 mg/mL. To increase the 

viscosity and viscoelasticity of TALP, we added 1%–4% of PVP (weight percent) and 

0.25%–1% PAM (weight percent).  

Rheological Measurements 

Dynamic rheological measurements were performed with a rheometer (MCR 501, 

Anton Paar, Stuttgart, Germany) with a 50 mm parallel plate at a gap of 0.5 mm. The 

amplitude sweep was conducted from 0.01% to 100% strain with a 1 Hz angular 

frequency to identify the linear viscoelastic region. The frequency sweep was performed 

from 1 to 100 s-1 (23) with a constant 1% strain (within the linear viscoelastic region). 

The viscosity was measured using the steady shear mode with the shear rate from 0.01 

to 100 s-1. Samples were characterized at 37°C. 

Microfabrication and semen injection 

The microfluidic device was made of polydimethylsiloxane using a standard soft 

lithography protocol. The diameter of the circular quiescent zone was 500 µm and the 

height of the chamber was 25 µm. Diluted semen was injected into the microfluidic 

device using gravity and the flow generated in the channel was controlled by changing 

the height of the semen container. Because sperm rheotaxis occurs under a very low 

shear rate (0.6 s−1), using gravity instead of conventional syringe pumps is more 

efficient for obtaining and controlling low flow rates. 

Rheotaxis-based sperm isolation and phase-contrast microscopy 
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To isolate motile bovine sperm inside the quiescent reservoir, we used a microfluidic 

corral system that isolated motile swimmers based on their ability to move upstream. 

As we injected the sample at an injection rate of 1.2 μLh−1, sperm with motilities higher 

than 53.2 μms−1 could swim upstream and enter the quiescent zone, which was filled 

with TALP, allowing us to study sperm movement with minimal fluid mechanical noise. 

Sperm movement was observed with a Nikon Eclipse TE300 inverted phase-contrast 

microscope (20 and 40X magnifications) and recorded with an Andor Zyla 5.5 sCMOS 

camera (25 and 50 frames/s). 

Cell tracking and zeroth harmonic measurement 

Sperm trajectories and other motility-related characteristics were analyzed using ImageJ 

and MATLAB. To identify the harmonics of midpiece bending, we first removed noise 

and background using Gaussian filter and image subtraction. We then binarized the 

images taken from the sperm at 25 frames/s and measured the deviation of the midpiece 

(i.e., the segment located at 10 ± 1 μm from the head) from the centerline using the 

optical flow Flareback method. Taking the fast Fourier transform of the bending, we 

identified the zeroth, first, and second harmonics of the bending signal. A simple method 

for measuring the amplitude of the zeroth harmonic involves measuring the maximum 

bending toward the left (𝑦𝐿) and right (𝑦𝑅) sides of the swimmer. Therefore, the 

magnitude of the zeroth harmonic can be calculated using the following equation: 

𝑎0 =
|𝑦𝐿 − 𝑦𝑅|

2
. (19) 

The main advantage of our method is its simplicity, as tracking the whole flagellum was 

not required for measurement of zeroth harmonic.   
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Numerical simulation 

Beating pattern 

 To model the beating pattern of a sperm, we posited that the flagellation in one beat 

could be described by a sine wave at a temporal interval of [𝜋 − 𝜙0, 𝜙0], such that 𝜙0 ∈

[𝜋, 2𝜋]. 𝜙0 determines the level of asymmetry in the beating pattern. Thereafter, by 

evenly extending the function, we obtained the beating patterns, where 𝜙0 determined 

the asymmetry in the beating. For example, 𝜙0 = 2𝜋 corresponds to 𝜎 = 1, and thus 

symmetric beating, whereas 𝜙0 < 2𝜋 results in 𝜎 < 1, and thus asymmetric beating. 

We then applied a fast Fourier transform on the beating patterns to determine their 

temporal frequencies. These steps were performed using MATLAB (version R2017a). 

Finite element method simulations 

To obtain the velocity field imposed by the swimmer model and determine the far-field 

hydrodynamic interactions, we first imported the cylindrical structure of the quiescent 

zone to the COMSOL MULTIPHYSICS (version 5.2) platform. Two orthogonal 

Gaussian pulse functions (defined in the 𝑥 and 𝑦 directions) were used to define each 

point force in the swimmer model. The mathematical form of the pulse is a 2D Gaussian 

distribution, as follows: 

𝑓𝛿(𝑥 − 𝑥0)𝛿(𝑦 − 𝑦0) =
𝑓

2𝜋𝜎𝑥𝜎𝑦
𝑒

−(𝑥−𝑥0)2

2𝜎𝑥
2 𝑒

−(𝑦−𝑦0)2

2𝜎𝑦
2

. (20) 

We used 𝑥0,𝑦0 to move and 𝜎𝑥, 𝜎𝑦 to focus the point forces arbitrarily. This strategy 

was chosen to lower the computational cost and avoid issues related to using small 

volumetric forces and their associated meshing problems in the finite element method. 

Finally, assuming that sperm swim in a quasi-2D plane that is located 5 μm below and 
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parallel to the top surface, we solved the Stokes (Eq. 21) and mass conservation 

equations for varying Δ𝜃 values: 

∇𝑝 − 𝜇∇2𝑣 = ∑ 𝑓𝑖𝛿(𝑟 − 𝑟𝑖) . (21) 

In Eq. 21, p is the pressure, μ is the dynamic viscosity of the TALP medium (3.2 mPas), 

v is the fluid velocity, r is the position, 𝑟𝑖 is the position of the point force 𝑓𝑖, and 𝛿 is 

the Dirac delta function.  

To find the torque imposed on the sperm in near-field conditions through lubrication 

approximation, we used a finite element method to solve Stokes and mass conservation 

equations for the configuration. Given that the contribution of pressure in the stress 

tensor dominates that of viscous stress (𝑝𝐼 ≫ 𝜇(∇𝑣 + ∇𝑣𝑇)), we extracted the pressure 

exerted on the sperm (Figure S14) at varying incident angles (−90° < 𝛽 < 90°) for a 

constant progressive velocity (𝑉𝑝 = 80 μm/s). The torque exerted on the sperm from 

the wall and the corresponding angular velocity was then calculated: 

�̇� =
𝑑𝛽

𝑑𝑡
=

𝛼

𝜉𝑁

∫ 𝑝(𝑥 − 𝑥𝑐𝑚)𝑑𝑥
𝐿

0

∫ (𝑥 − 𝑥𝑐𝑚)2𝑑𝑥
𝐿

0

. (22) 

In Eq. 22, 𝑝 is pressure, 𝑥𝑐𝑚 is the coordinate of the sperm center of mass, 𝐿 is the sperm 

length, and 𝛼 is a fitting parameter. Note that �̇� is linearly correlated to 𝑉𝑝.  
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CHAPTER 4 

MAMMALIAN SPERM HYPERACTIVATION REGULATES NAVIGATION VIA 

PHYSICAL BOUNDARIES AND PROMOTES PSEUDO-CHEMOTAXIS 

Abstract  

Mammalian sperm migration within the complex and dynamic environment of 

the female reproductive tract toward the fertilization site requires navigational 

mechanisms, through which sperm respond to the tract environment and maintain the 

appropriate swimming behavior. In the oviduct (fallopian tube) sperm undergo a process 

called “hyperactivation”, which involves switching from a nearly symmetrical, low 

amplitude flagellar beating pattern to an asymmetrical, high amplitude beating pattern 

that is required for fertilization in vivo.  Here, exploring bovine sperm motion in high 

aspect-ratio microfluidic reservoirs, as well as theoretical and computational modeling, 

we demonstrate that sperm hyperactivation, in response to pharmacological agonists, 

modulates sperm-sidewall interactions and thus navigation via physical boundaries. 

Prior to hyperactivation, sperm remained swimming along the sidewalls of the 

reservoirs; however, once hyperactivation caused the intrinsic curvature of sperm to 

exceed a critical value, swimming along the sidewalls was reduced. We further studied 

the effect of noise in the intrinsic curvature near the critical value and found that these 

non-thermal fluctuations yielded an interesting “Run-Stop” motion on the sidewall. 

Finally, we observed that hyperactivation produced a “pseudo-chemotaxis” behavior, in 

that sperm stayed longer within microfluidic chambers containing higher concentrations 

of hyperactivation agonists.  
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Keywords: Mammalian sperm, female reproductive tract, Hyperactivation, Navigation, 

Sperm-wall interactions    

Introduction  

The navigational mechanisms that regulate sperm migration through the 

complex and dynamic physical and chemical environments of the female reproductive 

tract to the site of fertilization are poorly understood (1, 2). Over many years, studies 

have revealed that the biophysical navigational cues for sperm in the female tract 

include fluid flow (3–7), wall architecture (8–12), ambient rheological properties such 

as fluid viscoelasticity (13), and possible temperature gradients (14, 15). There is also 

evidence that biochemical cues from the female tract serve to modulate sperm migration 

(16). These may include chemoattractants (17, 18), molecular triggers that change sperm 

flagellar beating patterns (19–21), and sperm receptors on the epithelium of the tract 

that anchor sperm (22–24).  

The in vivo biochemical factors that transform sperm flagellar beating patterns 

are not precisely known (16), but in vitro exposure to certain chemical stimuli results in 

similar transformation of the flagellar beating pattern (25). Specifically, exposure to 

certain chemical stimuli results in the rise of cytoplasmic Ca2+ in sperm (26, 27) through 

either activation of CATSPER membrane ion channels and flux of exogenous Ca2+ ions 

into the flagellum (28, 29), or by mobilization of intracellular Ca2+ stores (30–32), or 

both. In turn, this rise of cytoplasmic Ca2+ concentration results in an increase of 

asymmetry in the flagellar beat cycle. This process is called “hyperactivation”, and it is 

required for fertilization (33, 34), as it enhances the ability of sperm to penetrate the 
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matrix of the oocyte’s cumulus oophorus and zona pellucida to reach the plasma 

membrane of the oocyte (21). Furthermore, there is evidence that hyperactivation assists 

sperm swimming through viscoelastic substances in the female reproductive tract (35) 

and plays a role in detaching sperm from epithelial cells in the oviduct (36). It has been 

observed that hyperactivation is stimulated via a concentration-dependent mechanism 

(21). 

Although past findings have revealed roles that hyperactivation plays in 

supporting the success of fertilization, it remains elusive whether this functional state 

of motility is directly involved in sperm navigation within the female reproductive tract. 

Accordingly, we hypothesized that hyperactivation influences sperm-sidewall 

interactions and thus regulates sperm navigation via nearby wall architecture. Further, 

we expected this regulatory mechanism to be dependent on the concentration of 

hyperactivation agonists. 

Here, using microfluidic experimentation with bovine sperm, as well as 

theoretical and computational modeling, we investigated the effect of hyperactivation 

on hydrodynamic sperm-sidewall interactions in both standard and viscoelastic media. 

We used two established pharmacological agents to trigger hyperactivation in sperm: 

caffeine (25) and 4-aminopyridine (4-AP) (37). We demonstrated that hyperactivation 

directly regulates sperm interactions with sidewalls of our microfluidic reservoirs, and 

thus navigation via physical boundaries. As a result of this concentration-dependent 

regulatory mechanism, we observed a “pseudo-chemotaxis” phenomenon in which 

sperm accumulated within reservoirs with higher concentrations of hyperactivation 
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agonists. Our results revealed a potential role of hyperactivation in the navigational 

response of sperm to biochemical cues within the female reproductive tract.  

Quantitative characterization of hyperactivated motility 

Our microfluidic device consisted of a main channel that was connected by 

smaller channels to side circular reservoirs (Fig. 1A). The diameter and height of the 

circular reservoirs were 600 and 30 µm, respectively. These dimensions were chosen to 

mimic the generic high aspect-ratio geometry of the sperm swimming environment in 

the female reproductive tract, specifically microgrooves (4) and narrow spaces between 

mucosal folds that line areas of the tract. We further explain the rationale for choosing 

a circular geometry in the next section. These circular reservoirs were filled with a 

standard bovine sperm medium, Tyrode albumin lactate pyruvate (TALP) medium (7), 

containing the agonist caffeine or 4-AP to stimulate hyperactivation. Caffeine and 4-AP 

were chosen as hyperactivation agonists because they have been used by various 

laboratories to trigger hyperactivation in bovine and other species of mammalian sperm 

(25, 36–38). In some experiments, 1% polyacrylamide (PAM) was also added to 

increase viscoelasticity of the solution (39), to model the levels present in some parts of 

the female reproductive tract. When we injected diluted semen into the main channel, 

sperm showing normal motility swam along the sidewalls of the main channel and 

subsequently entered the reservoirs, where they became exposed to a treatment. We 

should note that only progressively motile sperm entered the reservoirs; immotile and 

weakly motile sperm remained behind near the injection point. 
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Motility of freely swimming sperm in a standard (non-viscoelastic) solution (TALP) 

with and without the treatment were seen to be composed of two components, 2D 

(planar) flagellar beating (40) and sperm rolling about its longitudinal axis (41, 42), as 

shown in Fig. 1B. Because quantifying the flagellar beating pattern was challenging 

when sperm were rolling, we first suppressed the rolling component by tethering the 

sperm head to the bottom glass surface of the reservoir (Fig. 1C) to characterize the 

beating pattern (43). We observed that asymmetry in the sperm flagellar beating yields 

a rotation about the tethering point with a time-averaged angular velocity of Ω𝑖𝑛
̅̅ ̅̅̅ (Fig. 

1C).  While measuring the bending in the midpiece of the flagellum and taking its fast 

Fourier transform (𝑃∗(𝜔), Fig. 1D), we observed that asymmetry in the flagellar beating 

pattern is caused by existence of a zeroth harmonic (static component) in the frequency 

domain of sperm flagellar beating (40). 

To characterize transformation of sperm motility by caffeine or 4-AP treatments, 

we selected a range of 0-5 mM of the agonists, because our preliminary observations 

showed that, at caffeine or 4-AP concentrations higher than 5 mM, more than 40% of 

sperm became immotile. Measuring Ω𝑖𝑛
̅̅ ̅̅̅ for tethered sperm at 0-5 mM 4-AP or caffeine, 

we found that these agonists increased Ω𝑖𝑛
̅̅ ̅̅̅ in a concentration-dependent manner (Fig. 

1E). According to our regression model with the least-squares approach, Ω𝑖𝑛
̅̅ ̅̅̅ =

0.15𝑐2 + 1.75 (R2 ≈ 0.95) for 4AP and, Ω𝑖𝑛
̅̅ ̅̅̅ = 0.14𝑐2 + 1.17 (R2 ≈ 0.96) for caffeine. 

Note that 𝑐 represents the agonist concentration in mM. In contrast, 𝑇𝑅
̅̅ ̅ (the time-average 

of the timeframes between two consecutive occurrences of rolling in a sperm) did not 

change in the non-tethered sperm in response to the treatments with 4-AP or caffeine 
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(Fig. 1F). Therefore, mammalian sperm hyperactivation involves an increase of 

asymmetry in the flagellar beat and the corresponding Ω𝑖𝑛
̅̅ ̅̅̅, without a significant change 

in rolling.  

  When we added 1% PAM to approximate viscoelasticity levels in parts of the 

female tract (39), sperm rolling was suppressed in most (>95%) sperm. Therefore, in 

the viscoelastic fluid, sperm swam in circular paths, the curvatures of which were related 

to the level of asymmetry in the flagellar beating pattern (40) (Fig. 1G). Upon 

hyperactivation, sperm propulsive velocity (𝑉𝑝) and circular path curvature 

(𝜅𝑖𝑛 =
Ω𝑖𝑛

𝑉𝑝
⁄ ) were increased significantly (Fig. 1H and I), which agrees with the 

results shown in Fig. 1E and F. For the sake of consistency, we refer to the sperm 

intrinsic curvature as 𝜅𝑖𝑛 in the rest of the manuscript. This term must not be confused 

with the average curvature of the sperm flagellum. Note that sperm motility featured 

frequent rolling in the standard solution with and without the agonist treatment. This 

frequent rolling appeared to counteract the effect of asymmetric beating by alternating 

the asymmetry direction, which resulted in progressive motion in the majority (>90%) 

of sperm with and without treatments.  

 

 

 

 

 



111 
 

 

 

 

 

 

 

 



112 
 

Effect of hyperactivation on sperm-sidewall interactions 

Like other microswimmers (44, 45), sperm physical interactions with nearby 

walls influences its motion. We observed that in both standard and viscoelastic 

solutions, with and without treatments, sperm swam consistently close to (<5 µm) the 

bottom or top surfaces, which agrees with previous studies. Due to this consistent 

swimming in proximity to the bottom or top surfaces, sperm motion was effectively 2D. 

Based on previous studies, hydrodynamic interactions between rolling sperm and these 

surfaces results in a circular motion. Note that this circular motion is caused by sperm 

frequent rollings (42) and should not be confused with the circular motion caused by 

asymmetry in sperm flagellar beating. To characterize this circular motion caused by 

Figure 1 Characterization of hyperactivated motility. (A) The microfluidic 

reservoir. Diameter and height of reservoir is 600 and 30 µm, respectively. (B) 

Sequential images of free sperm flagellar beating in the standard solution with 5 mM 4-

AP. The time between two consecutive images is 0.08 s. (C) Asymmetric flagellar 

beating of a tethered 4-AP-treated sperm yields rotation about the tethering point. (D) 

Existence of a zeroth harmonic in the frequency domain results in the flagellar 

asymmetry and thus the sperm’s angular velocity about the tethering point. (E) 

Ω𝑖𝑛
̅̅ ̅̅̅ increases with the concentration of treatments. (F) 𝑇𝑅

̅̅ ̅ remained unchanged by 4-AP 

or caffeine. (G) Circular motion of sperm in viscoelastic (1% PAM) solution with and 

without 5 mM 4-AP. Rolling was suppressed in the viscoelastic solution. These images 

were obtained by combining consecutive images taken from sperm for 200 ms at 50 

frames/sec. Scale: 50 µm. (H) Treatment with 5 mM caffeine or 4-AP increased sperm 

propulsive velocity and (I) circular path curvature in the viscoelastic solution. Units of 

 𝑉𝑝 and 𝜅𝑖𝑛 are 𝜇𝑚 ∙ 𝑠−1 and 𝜇𝑚−1. * p-value < 0.025, ** p-value < 0.0001. These p-

values were obtained from two-tailed t-tests, with adjustments for multiple comparisons 

(Bonferroni correction).  
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rolling, we measured the average curvature of the circular motion in rolling sperm just 

before the sperm contacted the sidewall of the reservoirs and, as our measurements 

indicate, 𝜅𝑅 = 0.8 ± 0.3 × 10−3 𝜇𝑚−1. Since the curvature of this circular motion is 

much lower than that of our microfluidic reservoirs (𝜅𝑤 = 3.3 × 10−3 𝜇𝑚−1), we 

neglected the effect of top or bottom surfaces on sperm motion and developed simple 

2D models to focus on sperm hydrodynamic interactions with sidewalls. For clarity, we 

refer to sperm hydrodynamic interactions with sidewalls as sidewall interactions 

throughout the manuscript.   

In general, sperm-sidewall interactions result in stable swimming along the 

walls, known as boundary-following motion (8). Sidewall interactions, which are 

sensitive to the architectural features of the wall, are known to contribute to sperm 

navigation in confined spaces such as in the female reproductive tract (4). According to 

our experimental measurements of sperm orientation with respect to the sidewall, we 

did not observe a substantial change in the orientation before sperm contacted the 

sidewall. Therefore, and based on previous studies about hydrodynamic interactions of 

sperm (or bacteria) with flat sidewalls (46, 47), we developed a simple model to 

understand the governing physical principles of sperm-sidewall interactions, as follows. 

Once a high aspect-ratio swimming rod that represents a single progressively motile 

sperm contacts a flat sidewall, it experiences a rotation imposed by the sidewall 

(i. e., Ω𝑤), which depends on the rod angle with respect to the line perpendicular to the 

sidewall at the contact point (i. e. , 𝜑(𝑡)), its propulsive velocity (i. e. , 𝑉𝑝), and fluid 
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properties such as viscosity. Because of the linearity of the Stokes equation, and as our 

simulations confirmed, Ω𝑤 is linearly correlated with 𝑉𝑝, and it can be written as 

Ω𝑤 = 𝑉𝑝 ∙ 𝑔(𝜑). (1) 

Note that 𝑔(𝜑) has a dimension of curvature and describes the dynamic of the rod 

rotation after contacting the sidewall. Computational, theoretical, and experimental 

characterizations of 𝑔(𝜑) validate that sperm-wall dynamics are bistable with stabilities 

𝜑 =
𝜋

2
, −

𝜋

2
 and instability at 𝜑 = 0. Consequently, sperm stably swim along the 

sidewall after the contact, so that the direction of swimming in either  𝜑 =
𝜋

2
 or −

𝜋

2
 

direction depends on the initial incidence angle.  

Corners (48), where two flat sidewalls meet, and gradient of sidewall curvature 

(49) influence the motion of a microswimmer on a wall. We expanded our model to 

study sidewall interactions in the vicinity of corners, where sperm experience the 

weighted superimposed effects from both sidewalls. Our expanded model suggested that 

when a sperm that is swimming along a flat sidewall encounters an acute-angle corner, 

the sperm cannot pass across the corner and thus fails to begin swimming along the 

adjacent sidewall. However, as a corner’s angle increases and becomes wide, sperm 

eventually pass across the corner, reorient to become parallel to the adjacent sidewall, 

and begin swimming along it. The time required for sperm to reorient at corners results 

in slower motion and temporary accumulation of sperm within the corner. However, 

sperm velocity and thus distribution is uniform around a circular sidewall with zero 

gradient of sidewall curvature and no corners. To experimentally verify the results 

obtained from our model, we combined frames of the videos acquired from sperm in the 
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standard solution within triangular, square, pentagonal, hexagonal, and circular 

reservoirs, and measured the optical intensity of the sperm layer formed on the perimeter 

of each reservoir. The optical intensity of the sperm layer verified the accumulations of 

sperm at the corners, and uniform distribution around the circular sidewall.  

To study the effect of hyperactivation on sidewall interactions, a circular 

reservoir was chosen as it eliminated the temporary accumulations and complexities 

associated with corners and curvature gradients in the sidewalls. Accordingly, our 

observations are solely caused by the influence of hyperactivation on sperm-sidewall 

interactions, rather than geometrical features on the sidewall. Furthermore, because the 

diameter of the circle (600 m) was much greater than sperm length (50 m), we could 

approximate the sidewall as a plane in our models of sperm-sidewall interactions.    

In viscoelastic solutions, where the rolling component was suppressed, the 

curvature of the sperm’s circular path increased with hyperactivation as expected (Fig. 

2A). Consequently, fewer wall contacts and interactions occurred with hyperactivation, 

even after long periods of observation (~10 min). For the sake of simplicity, we first 

characterized sperm hydrodynamic interactions with the sidewall when rolling was 

suppressed. Recalling that 𝑔(𝜑) describes the dynamic of interactions between 

progressive sperm and sidewall after contact, 𝑔∗(𝜑) (Eq. 2) captures the influence of 

sperm intrinsic curvature (𝜅𝑖𝑛) in the dynamic.   

𝑔∗(𝜑) = 𝑔(𝜑) + 𝜅𝑖𝑛(1 + 𝑙2𝑔2(𝜑)), (2) 

Note that 𝑙 is sperm length and  𝜅𝑖𝑛 can be positive or negative at the contact point. In 

Eq. 2, we neglected the effect of sidewall curvature (𝜅𝑤) as 𝜅𝑤 ≪ (2𝑙)−1 . The defining 



116 
 

potential function 𝑈(𝜑) = − ∫ 𝑔∗(𝜑) 𝑑𝜑, is bistable with one unstable (𝜑𝑢) and two 

positive and negative stable equilibrium points at 𝜑𝑠 (Eq. 3) that correspond to positive 

and negative values of Δ𝜅 (Fig. 2B). 

 𝜑𝑠 = 𝑔−1(Δ𝜅),

∆𝜅 ≈
−1 + √1 − 4𝑙2𝜅𝑖𝑛

2

2𝑙2𝜅𝑖𝑛
. (3)

 

For Δ𝜅 > 0, the sperm swims along the sidewall with a final orientation of 𝜑𝑠 

with respect to the sidewall (Fig. 2C) and thus, its averaged swimming velocity on the 

sidewall depends on Δ𝜅, i.e., 𝑉𝑤 = 𝑉𝑝 sin 𝜑𝑠 = 𝑉𝑝 sin(𝑔−1(Δ𝜅)). Whereas for Δ𝜅 < 0, 

the sperm detaches after temporarily swimming along the sidewall with an angle of 

𝜑𝑜𝑢𝑡 =
𝜋

2
− 𝜑𝑠 (Fig. 2D).  Interestingly, as the sperm intrinsic curvature increases and 

|Δ𝜅| > max {𝑔(𝜑)}, circular motion dominates the wall effect regardless of the 

curvature’s sign at the contact point, and consequently the sperm swims in circular paths 

with curvature of 𝜅𝑖𝑛, and negligibly influenced by the sidewall (Fig. 2E). Therefore, 

for sperm with intrinsic curvatures above a critical value (Eq. 4), the sidewall 

interactions diminish and the sperm swim independently of nearby sidewalls.  

𝜅𝐶 = max {
𝑔(𝜑)

1 + 𝑙2𝑔2(𝜑)
} . (4) 

While measuring 
𝑉𝑤

𝑉𝑝
⁄  for the sperm with Δ𝜅 > 0 and 𝜑𝑜𝑢𝑡 for the sperm with 

Δ𝜅 < 0 (Fig. 2F), we found the critical value of 𝜅𝐶 = (7.08 ± 0.83) × 10−3𝜇𝑚−1. In 

agreement with our prior observations, 70 ± 5% of sperm with 5 mM 4-AP treatment 
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and 60 ± 7% with 5 mM caffeine treatment exhibited 𝜅𝑖𝑛 > 𝜅𝐶 , as opposed to the 

control, where 5 ± 2% exhibited 𝜅𝑖𝑛 > 𝜅𝐶. 

To summarize, the sidewall interactions for non-rolling sperm fall into four 

categories (Fig. 2G): (I) |𝜅𝑖𝑛| < 𝜅𝑤, which results in Δ𝜅 > 0 and thus there is stable 

swimming along the sidewall; (II) |𝜅𝑖𝑛| > 𝜅𝑤 with Δ𝜅 < 0, which results in detachment 

after temporarily swimming along the sidewall; (III) |𝜅𝑖𝑛| > 𝜅𝑤 with Δ𝜅 > 0, which 

results in stable but slower swimming as compared to (I); and (IV) wall-independent 

swimming, which corresponds to 𝜅𝑖𝑛 > 𝜅𝐶 . Treatment with 4-AP or caffeine, resulted 

in more sperm falling into Category IV, in which a sperm’s circular motion would not 

be influenced by its nearby physical side boundaries.  
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Remarkably, unlike sperm in the control TALP solution, agonist-treated sperm 

did not distribute uniformly around the sidewalls; instead, irregular and sporadic 

accumulations were observed with 5 mM 4-AP  or 5 mM caffeine treatments (Fig 3A 

and B). Furthermore, the thickness of sperm layers significantly increased with the 

treatment, which indicates that the angle between sperm and the sidewall had increased 

with onset of hyperactivation.  

 To understand the dynamic of sidewall interactions in the standard solution, we 

emphasize that in the standard solution sperm roll frequently, which repeatedly changes 

the sign of 𝜅𝑖𝑛 at the contact point on the sidewall. We captured the frequent rolling in 

our analysis with a function Π(𝑡), such that 𝜅𝑖𝑛(𝑡) = Π(𝑡) ∙ 𝜅𝑖𝑛 (Eq. 5). 

𝑔∗(𝜑, 𝑡) = 𝑔(𝜑) + Π(𝑡) ∙ 𝜅𝑖𝑛(1 + 𝑙2𝑔2(𝜑)), (5) 

𝑔∗(𝜑, 𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ≈ 𝑔(𝜑). (6) 

Figure 2 Effect of hyperactivation on sperm-sidewall interactions. (A) Time 

projection of sperm motion in viscoelastic solutions with and without 5 mM 4-AP. 

These images were obtained by combining frames acquired from sperm (25 frames/sec) 

within circular reservoirs over one-minute periods. (B) Modeling sperm as a high aspect 

ratio rod, the defining potential function of sperm-sidewall interactions is bistable and 

sperm swimming behavior on the sidewall depends on the magnitude and sign of its 

intrinsic curvature (Ωin/Vp) at the contact point. x axis, φ, Ωin, Vp and Ωw are depicted 

in the schematic. (C) For ∆κ > 0 a sperm swims along the sidewall, while for (D) ∆κ <
0 a sperm detaches after a temporary retention on the sidewall. (E) For κin > κc, no 

swimming along the sidewall occurs. Images shown in (C), (D) and (E) are obtained by 

combining four images taken from sperm at 100 ms intervals. (F) For ∆κ < 0, sperm 

velocity on the wall and for ∆κ > 0, detachment angle with respect to the intrinsic 

curvature. Solid red line is obtained from simulation while blue dots represent 

experimental measurements. Error bars are used to indicate the estimated error in a 

measurement. The units for φout and κin are degrees and μm−1. (G) Four categories of 

sperm-sidewall interactions. 
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Note that Π(𝑡 = 0) = 1, and it multiplies by -1 at each incidence of rolling, which yields 

Π(𝑡)̅̅ ̅̅ ̅̅ ≈ 0. Accordingly, sperm-sidewall interactions alternate between Categories II and 

III (positive and negative Δ𝜅) with each incidence of rolling, and stability shifts between 

𝜑𝑠 and 𝜋 − 𝜑𝑠 (or −𝜑𝑠 and 𝜑𝑠 − 𝜋) frequently. Frequent shifts between 𝜑𝑠 and 𝜋 − 𝜑 

(or −𝜑𝑠 and 𝜑𝑠 − 𝜋), push stability toward its mean value, which depends on 𝜅𝑖𝑛 and 

approaches 
𝜋

2
 (or −

𝜋

2
) as 𝜅𝑖𝑛 → 0. In other words, frequent rolling counteracts the 

influence of intrinsic curvature (13) and thus, reduces its time-averaged effect on the 

sidewall interactions (Eq. 6). Therefore, rolling sperm reorient after contact with the 

sidewall and swim along it isotropically in both directions, depending on the initial sign 

of Δ𝜅 at the moment of contact (Fig. 3C-control, Fig. 3D-control).  

However, hyperactivated rolling sperm with 𝜅𝑖𝑛 > 𝜅𝐶, did not swim along the 

sidewall and maintained perpendicular orientation with respect to the wall (Fig. 3C - 

5mM 4-AP and Fig. 3D - 5 mM 4-AP and 5 mM caffeine). In a standard solution, 84±5% 

of sperm maintained perpendicular orientation with respect to the sidewall with 5 mM 

4-AP treatment, and 79±8% with 5 mM caffeine treatment. To understand the dynamic 

of sidewall interactions after hyperactivation, we recall Eq.2, which describes the 

dynamic of sidewall interactions for non-rolling sperm. Once hyperactivation results in 

a rise of intrinsic curvature above the critical value, the contribution of the first term of 

Eq.2 in the dynamic of sidewall interactions diminishes. Thus, the dynamic of sidewall 

interactions for hyperactivated sperm in the presence of rolling can be written as:  

𝑔∗(𝜑, 𝑡) ≈ Π(𝑡) ∙ 𝜅𝑖𝑛(1 + 𝑙2𝑔2(𝜑)). (7) 
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Note that the time-average effect of intrinsic curvature in Eq. 7 is zero (Π(𝑡)̅̅ ̅̅ ̅̅ ≈ 0), 

which yields: 

𝑔∗(𝜑, 𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ≈ 0. (8) 

By measuring 𝜑𝑖𝑛 for 40 hyperactivated sperm, as well as solving Eq. 7, we noticed that 

our model agrees with experimental observations and hyperactivated rolling sperm with 

𝜅𝑖𝑛 > 𝜅𝐶 contact the sidewall perpendicularly (due to steric repulsions) and maintain 

their orientation with respect to the sidewall after contacting it (Eq. 8). Consequently, 

sperm average velocity on the sidewall is reduced to zero, as was also observed 

experimentally. We will refer to this behavior as “Stop” (Fig. 3E). In contrast, rolling 

sperm with 𝜅𝑖𝑛 < 𝜅𝐶, swam along the sidewall after contacting it. We will refer to this 

behavior as “Run” (Fig. 3E).  

 To characterize the transition from the isotropic Run motion on the sidewall that 

was observed in the absence of hyperactivation agonist, to the Stop motion that was 

observed in most sperm treated with 5 mM of 4-AP or caffeine, we defined 𝑍 =

〈�̂� ∙ (�̂� + �̂�)〉 parameter. Note that �̂� is a unit vector representing the sperm orientation 

on the sidewall, while �̂� and �̂� represent the normal and tangential directions of the 

sidewall at the contact point. Since 𝑍 is an average over the ensemble, it is equal to 0 

when all sperm are exhibiting the Run motion isotropically on the sidewall, whereas 𝑍 =

1 corresponds to the situation where all sperm exhibit Stop behavior on the sidewall 

(Fig. 3F). Experimental measurements of 𝑍 parameter at different concentrations of 

caffeine or 4-AP (Fig 3G) indicate that transition from 𝑍 = 0 to 𝑍 = 1 obeys a logistic 

curve: 
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𝑍 =
1

1 + 𝑒−𝛽(𝑐−𝑐𝑜)
, (9) 

with 𝛽 = −1.01 ± 0.38 and 𝑐𝑜 = 2.22 ± 0.48 for 4-AP and 𝛽 = −1.09 ± 0.21 and 

𝑐𝑜 = 2.07 ± 0.46 for caffeine. These values obtained from a linear regression model 

fitted to ln (
1−𝑍

𝑍
), using the least squares approach.  
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Figure 3 Effect of hyperactivation on sperm-sidewall interactions. (A) Time 

projection of sperm motion in standard medium with and without 5 mM 4-AP. These 

images were obtained by combining frames acquired at (25 frames/sec) of sperm in 

circular reservoirs over one-minute periods. (B) The normalized optical density of the 

sperm layer formed around the circular sidewall with and without 5 mM 4-AP. The 

distribution of sperm around the sidewall was uniform in the control, whereas 

treatments with hyperactivation agonists yielded irregular accumulations along the 

sidewall. Similar results were obtained for 5 mM caffeine. (C) Rolling sperm 

reorientation after sidewall contact in the control medium. With 5 mM 4-AP (or 

caffeine), sperm maintained perpendicular orientation with respect to the sidewall. (D) 

Experimental measurements of sperm orientation with respect to the sidewall with and 

without treatment. (E) Rise of intrinsic curvature above the critical value yields Stop 

motion on the sidewall. (F) Definition and (G) experimental measurements of 𝑍 

parameter at different concentrations of caffeine or 4-AP. Each point and error bar 

corresponds to three replicates.  
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Noise in the sperm intrinsic curvature  

Non-rolling sperm swim in circular paths, with curvature 𝜅𝑖𝑛 that depends on 

the level of asymmetry in the flagellar beating pattern. However, our measurements of 

the intrinsic curvature with and without the treatments indicated that it obeys a Gaussian 

distribution (Kolmogorov–Smirnov test), and thus may be simply written as 𝜅𝑖𝑛(𝑡) =

𝜅𝑖𝑛 + 𝜂(𝑡), where 𝜂(𝑡) is a delta-correlated, zero mean white Gaussian noise. As a 

result of this noise in the intrinsic curvature, and as our experimental measurements 

indicate, the center of the circular path diffuses in time (50) with diffusion coefficient 

𝐷𝑠 (Fig. 4A). Note that 𝐷𝑠  is inversely correlated to the signal-to-noise ratio of the 

intrinsic curvature. This diffusive circular motion that is observed in non-rolling sperm 

with and without agonist treatments is less susceptible to the sidewalls than are the 

movements of rolling sperm and becomes even less susceptible with hyperactivation. 

Therefore, this non-rolling circular motion could serve as a surface exploration 

mechanism through which the swimmer searches the top and bottom surfaces of the 

microfluidic reservoir enclosed by nearby physical side boundaries (Fig. 4B).  

Our experimental measurements showed that with hyperactivation, the intrinsic 

curvature increased while the corresponding diffusion coefficients decreased 

significantly. As expected, non-rolling hyperactivated sperm swept smaller areas than 

activated sperm. However, we were interested to know whether this decrease in the 

swept areas was solely due to increase of the intrinsic curvature. To answer this 

question, we measured the characteristic time required for the center points of the 

sperm’s circular paths to diffuse the corresponding radii (𝑇𝐷 = (2𝐷𝑠 〈𝜅𝑖𝑛
2 〉)−1) with 

(control) and without 5 mM 4-AP or 5 mM caffeine treatments (Fig. 4C). Importantly, 
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significant increase of 𝑇𝐷 with agonist treatment (Fig. 4D) indicated that hyperactivation 

not only increases the curvature of paths, but also results in relatively less noisy and 

more consistent pathways, which consequently yields decrease in the swept areas.  

At 3-5 mM 4-AP (caffeine), we observed that  30.2 ± 8.5% (26.2 ±

11.3%), 10.8 ± 2.4% (14.1 ± 8.7%), and 3.5 ± 1.0% (7.8 ± 3.7%), respectively, of 

rolling sperm exhibited a “Run-Stop” motion on the sidewall.  In this mixed type of 

motion, a sperm Run on the sidewall was interrupted by intermittent Stops.  

Remarkably, intermittent Stops could change the direction of swimming (Fig. 4.E). To 

characterize this type of motion, we experimentally measured sperm orientation with 

respect to the sidewall (�̂� ∙ �̂�) for Stop (at 5 mM 4-AP, Fig. 4F) and Run-Stop (at 3 mM 

4-AP, Fig. 4G) types of motion on the sidewall. Note that the change in the slope sign 

(Fig. 4G) indicates a change in the sperm swimming direction on the sidewall. 

Furthermore, we found that the normalized length swam by sperm on the wall(𝑆∗) in 

the Run-Stop motion is correlated to the �̂� ∙ �̂� (Fig. 4H). 

To demonstrate that this Run-Stop behavior happens through increase of the 

intrinsic curvature above (or decay below) the critical point, as well as the noise in the 

𝜅𝑖𝑛 near the critical point, we measured sperm intrinsic curvature at 0, 3, and 5 mM of 

4-AP, the distribution of which is shown in Fig. 4I. Since the intrinsic curvature obeys 

a Gaussian distribution (~𝑁(𝜅𝑖𝑛, 𝐷)), with mean of 𝜅𝑖𝑛 and variance of 𝐷, the 

probabilities of sperm exhibiting Run (𝑃𝑅) and Stop (𝑃𝑆) and the phases of motion can 

be calculated as follows: 
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𝑃𝑅(𝜅𝑖𝑛) = ∫ 𝑁(𝜅𝑖𝑛, 𝐷)𝑑𝜅 ≈
𝜅𝑐

0

1

2
(1 + erf (

𝜅𝑐 − 𝜅𝑖𝑛

√2𝐷
)),    𝑃𝑆 = 1 − 𝑃𝑅 (10) 

Note that the Gaussian noise in the intrinsic curvature is assumed to be delta-correlated. 

Accordingly, the probability of transition between Run and Stop phases is:  

𝑃𝑅↔𝑆 = 2𝑃𝑆𝑃𝑅 ≈
1

2
(1 − erf 2 (

𝜅𝑐 − 𝜅𝑖𝑛

√2𝐷
)) . (11) 

Eq. 11 indicates that the probability of sperm exhibiting transitions between Runs and 

Stops (Run-Stop phases) is maximum at 𝜅𝑖𝑛 = 𝜅𝐶 and decays as 𝜅𝑖𝑛 moves away from 

the critical point. We measured 𝑃𝑅 and 𝑃𝑅↔𝑆 for distributions shown in Fig. 4I (using 

Eq. 10 and 11) and, in agreement with our observations, 𝑃𝑅 = 0.99 for non-treated 

sperm (Run), 𝑃𝑅 = 0.59 for sperm treated with 3 mM 4-AP (Run-Stop), and 𝑃𝑅 = 0.09 

for sperm treated with 5 mM 4-AP (Stop). Furthermore, 𝑃𝑅↔𝑆 = 0.02 for non-treated 

sperm, 𝑃𝑅↔𝑆 = 0.48 for sperm treated with 3 mM 4-AP, and 𝑃𝑅↔𝑆 = 0.14 for sperm 

treated with 5 mM 4-AP, which agrees with our observation that Run-Stop was observed 

mostly at 3 mM 4-AP (or caffeine), and therefore at an intermediate level of 

hyperactivation.  

Note that, at each transition from Stop to Run, sperm may change the direction of 

swimming depending on the sign of Δ𝜅 at the time of transition. Assuming that the 

probability of change in the swimming direction after each Stop to Run transition is 
1

2
, 

this Run-Stop type of motion can be modeled by a one-dimensional Markovian random 

walk (51), with effective diffusion coefficient of: 
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𝐷eff
Run−Stop

=
1

2
𝑉𝑝

2𝜏 ∙ (
𝑃𝑅

𝑃𝑆
) . (12) 

Note that 𝜏 refers to the time of sperm rotation from 𝜑 = 0 to 𝜑 = ±
𝜋

2
 and thus the 

transition from Stop to Run. While experimentally measuring 𝐷eff
Run−Stop

 for sperm 

performing Run-Stop motion at 3-4 mM 4-AP, we noticed that the effective diffusion 

coefficient decreased with concentration. The results we presented in this part reveal 

that, while the implications of noise in the sperm’s intrinsic curvature are negligible 

without agonist, upon hyperactivation, noise promotes new swimming behaviors on 

the sidewall.  
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Figure 4 Noise in the sperm intrinsic curvature. (A) Diffusivity of non-rolling 

sperm’s circular motion caused by the noise in the intrinsic curvature.  This image was 

obtained by combining frames taken from sperm circular motion at 50 frames/sec. 

Scale: 50 µm. (B, C) Definition of 𝜅, 𝐷 and 𝑇𝐷. (D) 𝑇𝐷 increased significantly with 

hyperactivation induced by 5 mM caffeine or 4-AP. ** p-value < 0.0001. These p-values 

were obtained from two-tailed t-tests, with adjustments for multiple comparisons 

(Bonferroni correction). (E) Sperm Run-Stop motion on the sidewall in a standard 

solution after treatment with 3 mM 4-AP, which incorporated change in the direction of 

swimming on the sidewall. Experimental measurements of sperm-sidewall orientation 

in (F) Stop (5 mM 4-AP) and (G) Run-Stop (3 mM 4-AP) types of motion. (H) 

Normalized sperm-sidewall orientation was proportional to the normalized arc length 

swum by sperm on the sidewall. (I) Noise promoted Run-Stop motion near the critical 

point.  
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Sperm pseudo-chemotaxis 

 The concentration-dependent modulation of sperm intrinsic curvature and thus 

sidewall interactions by agonists that induce hyperactivation in vitro indicates that, in 

vivo, sperm guidance by walls is regulated by biochemical stimuli. One aspect of this 

important phenomenon became apparent when we investigated sperm movement 

between two connected reservoirs (Fig. 5A), one of which (the source) was filled with 

control TALP solution and the other (the sink) was filled with 0, 3, or 5 mM 4-AP or 

caffeine in TALP. Note that there was negligible fluid flow introduced into the device 

at the time of the experiments. All sperm cells were initially within the source reservoir, 

and as time proceeded, we observed sperm migration from the source to the sink. After 

5 minutes, we gently washed the source with control TALP and counted the number of 

sperm that exited the sink reservoir (𝑛𝑜𝑢𝑡).  

Calculating 𝑁𝑜𝑢𝑡 = ∫ 𝑛𝑜𝑢𝑡𝑑𝑡, we noticed that, with no caffeine or 4-AP in the 

sink, more than 98.0±1.0% of sperm evacuated the sink and returned to the source in 

58.2±3s. However, as we increased the concentration of caffeine in the sink to 3 mM 

and 5 mM, only 44.2±4.3% and 12.4±3.7% of sperm left the sink and returned to the 

source in 60s (Fig. 5B). These numbers for 3 mM and 5 mM of 4-AP in the sink were 

24.1±3.4% and 5.7±1.3% in 60 s, respectively (Fig. 5D). These fractions increased to 

53.0±6.3% (3 mM caffeine), 14.8±2.1% (5 mM caffeine), 35.3±8.1% (3 mM 4-AP), 

6.2±1.4% (5 mM 4-AP) after 120s. To ensure that these results were solely caused by 

agonist treatments in the sink rather than other potential factors, we set the agonist 

concentration equal to 0 in the sink and added caffeine or 4-AP to the source. The source 

treatments were 3 mM or 5 mM of caffeine or 4-AP. Our results indicate that these 
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treatments did not influence sink evacuation time and sperm return to the source in 

64.7±3.8s.  

We call this behavior “pseudo-chemotaxis” as it enables sperm to accumulate 

within reservoirs with higher concentrations of hyperactivation agonists. We stress 

pseudo-chemotaxis is not a drift motion toward a region with higher concentrations of 

chemical stimuli, which was reported previously for sperm of sea urchin and known as 

chemotaxis (52, 53). Pseudo-chemotactic behavior in standard solution is caused by two 

effects of hyperactivation: [1] hyperactivation decreases sperm average path velocity 

(𝑉𝐴𝑃) prior to sidewall contact, and [2] hyperactivation increases sperm intrinsic 

curvature above the critical value, which reduces sperm motion on the sidewall, as 

described in Fig. 3 and 4. In fact, 𝑉𝐴𝑃 of sperm without treatment is higher than that of 

sperm treated with caffeine or 4-AP, which results in a subsequent increase of the sperm 

residence time within reservoirs with higher concentrations of caffeine or 4-AP. 

Furthermore, 𝑉𝐴𝑃 of a sperm without treatment drops to zero upon contact with the 

sidewall and in less than 1s, returns to the initial 𝑉𝐴𝑃 (before contact) and swims along 

the sidewall until it exits the sink. However, 𝑉𝐴𝑃 of a single sperm treated with 5 mM of 

4-AP (or caffeine) drops to zero upon contact and does not return to the initial 𝑉𝐴𝑃. 

Therefore, the decrease in sperm average path velocity as well as the negligible guiding 

effect of sidewalls on hyperactivated sperm contribute to the observed pseudo-

chemotactic behavior.  

Similar observations were made as we when we added 1% PAM to increase 

viscoelasticity in the sink to mimic the effect of mucus in areas of the female 
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reproductive tract (Fig. 5C and E). At 0 mM caffeine or 4-AP in the viscoelastic sink, 

46.5±8.7% of sperm returned to the source after 120s, and this number reached a plateau 

of 61.6±8.3% after 300s. As we increased the concentration of caffeine to 3 mM and 5 

mM, 36.8±3.4% and 17.2±2.6% returned to the source after 120s. These numbers 

increased to 53.0 ±8.5% and 22.4±5.0% after 300 s. When we used 3 mM and 5 mM of 

4-AP instead of caffeine, 30.0±4.3% (39.1±8.7%) and 8.2±3.4% (9.4±4.7%) of sperm 

returned to the source after 120s (300s). 

This pseudo-chemotactic behavior in viscoelastic solution is caused by two other 

effects of hyperactivation: [1] hyperactivation increases the characteristic time of the 

diffusive circular motion of sperm, and [2] hyperactivation increases sperm intrinsic 

curvature above the critical value, which reduces sidewall interactions. In fact, the 

increase in the characteristic time of the diffusive circular motion implies that the center 

of the circular path diffuses more slowly, which subsequently increases sperm residence 

time in the reservoirs with higher concentrations of agonists. Furthermore, the increase 

of sperm intrinsic curvature above the critical value during hyperactivation transitions 

sidewall interactions from Categories I, II and III to Category IV, and thus reduces 

sperm guidance via sidewall interactions, even close to the sidewall. To support this 

claim, we calculated the portion of sperm that evacuated the viscoelastic sink by 

swimming along the sidewall in the viscoelastic solution at different concentrations of 

agonists and noticed that more than ~90% of sperm evacuated the viscoelastic sink via 

sidewall interactions. That is, the transition of sidewall interactions from Categories I, 

II and III to Category IV which occurs through hyperactivation, directly contributes to 

the observed pseudo-chemotactic behavior. 
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These percentages obtained from sperm return to the source after entry to the 

sink, indicate that difference in the viscoelasticity as well as difference in the 

concentration of hyperactivation inducing agonists directly influence sperm movement 

between two connected reservoirs and could do so for similarly connected regions in 

the female tract. Based on the numbers obtained for 𝑁𝑖𝑛 and 𝑁𝑜𝑢𝑡 after 120s, we 

calculated 
𝑁𝑜𝑢𝑡

𝑁𝑖𝑛
⁄  which represents the portion of sperm that exited from the standard 

and viscoelastic sinks after agonist treatments and returned to the source (Fig. 5F). 

While comparing the values obtained for 
𝑁𝑜𝑢𝑡

𝑁𝑖𝑛
⁄ , one notices that this fraction 

decreases with increase of the agonist concentration in the sink, for both standard and 

viscoelastic solutions. A more interesting conclusion was obtained when we compared 

this fraction between standard and viscoelastic solutions with identical agonist 

concentrations. In controls, this fraction for the viscoelastic sink (0.44±0.06) was much 

lower (p-value<0.0001) than that from the standard sink (0.99±0.01), meaning that, in 

the absence of chemical stimuli, the difference between viscoelasticity of the source and 

the sink highly influences sperm migration between two reservoirs. As the concentration 

of caffeine or 4-AP increased to 3 mM, the difference between 
𝑁𝑜𝑢𝑡

𝑁𝑖𝑛
⁄ for viscoelastic 

and standard sinks decayed.  Eventually, for 5 mM of caffeine or 4-AP, the difference 

between 
𝑁𝑜𝑢𝑡

𝑁𝑖𝑛
⁄ for viscoelastic and standard sinks decayed to a negligible degree. 

The decay in the difference between 
𝑁𝑜𝑢𝑡

𝑁𝑖𝑛
⁄ for viscoelastic and standard sinks with 

the agonist treatments implies that the biochemical factors contributed more strongly to 
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sperm movement between the two reservoirs than did the viscoelasticity difference 

between the reservoirs.  

 

 

 

 

 

 

Figure 5 Sperm pseudo-chemotaxis. (A) Two circular reservoirs (diameter: 600 µm) 

connected by a narrow channel (width: 40 µm). The left reservoir (Source) is filled with 

standard solution and no agonist; the right (Sink) contains treatments. Viscoelastic sinks 

contained 1% PAM. Nout as the cumulative percentage of sperm that exited the standard 

(B) and viscoelastic (C) sinks at 0, 3, and 5mM caffeine. Nout as the cumulative 

percentage of sperm that exited the standard (D) and viscoelastic (E) sinks at 0, 3, and 

5 mM 4-AP. All transparent lines indicate replicates, while the lines with solid colors 

indicate the means. (F) 
Nout

Nin
⁄ ratios, corresponding to viscoelastic and standard sinks 

with different concentrations of caffeine or 4-AP. The p-values were obtained from two-

tailed t-tests. 
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Progesterone induces similar responses in bovine sperm 

Although the pharmacological agonists for mammalian sperm hyperactivation  

(25–27, 36, 38, 54) have been well established, physiological agonists that induce 

hyperactivation in vivo have not yet been firmly established. Nevertheless, progesterone 

(P4) has recently been reported to induce hyperactivation in frozen/thawed bull sperm 

(55), so we tested P4 to determine whether it induces the same hyperactivation 

swimming patterns that we observed for caffeine and 4-AP. To measure the percentage 

of hyperactivated sperm after each treatment, we set a quantitative definition of 

hyperactivation and identified sperm with 𝜑 < 60° as hyperactivated. Note that for a 

full Stop, 𝜑~0° − 15° and for a full Run, 𝜑~70° − 90. We found that treatment with 

10, 50, and 250 nM P4 resulted in 42 ± 5% (total count = 50, 48, 51), 45 ± 2% (total 

count = 67, 52, 68) and 41 ± 8% (total count = 42, 41, 35) hyperactivation, respectively, 

which differed significantly from the control (p<0.001, t-tests with Bonferroni 

corrections). We also observed transition from Run to Stop on the sidewall in sperm 

hyperactivated with P4, and the measured 𝑍 parameter increased accordingly with P4 

treatments. It should be noted that our microfluidics devices were constructed using 

polydimethylsiloxane (PDMS), currently the most widely used polymer for 

biomicrofluidic devices, because it is transparent, flexible, binds strongly to glass slides, 

and is permeable to oxygen (56). PDMS has been found to absorb steroids like P4 (56, 

57), and therefore the concentration of P4 available to the sperm throughout the 

experiment may have varied. Further studies using other construction materials for 

devices, such as agarose (58), is warranted. 
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Discussion  

To summarize, our results revealed the effects of hyperactivation on sperm 

sidewall interactions. We found that sperm undergoing hyperactivation exhibited higher 

intrinsic curvature, depending on the concentration of the hyperactivating agonist, while 

the rate of rolling remained unaffected. Remarkably, we found that the transformation 

of motility by hyperactivation diminished the guiding influence of sidewalls on sperm 

movement when the intrinsic curvature of sperm exceeded a critical value. We further 

found that the reduction of the influence of sidewalls on sperm movement resulted in a 

pseudo-chemotactic behavior through which sperm accumulated within reservoirs with 

higher concentrations of hyperactivating agonist. We called this phenomenon “pseudo-

chemotaxis” because it was mainly due to an increase of sperm residence time in 

reservoirs with higher agonist concentrations, rather than to a deterministic drift of 

sperm toward higher concentrations.  

Since the intrinsic curvature exhibited non-thermal Gaussian noise, we also 

investigated the effect of this noise on sperm motion and subsequent sidewall 

interactions. Considering that the noise in the intrinsic curvature produced a diffusive 

component into the circular motion of non-rolling sperm, we found that the diffusivity 

and the characteristic time of the circular motion decreased significantly with 

hyperactivation, and circular motion exhibited more consistency.  Moreover, noise in 

the intrinsic curvature of rolling sperm (standard solution) near the critical value resulted 

in a remarkable Run-Stop motion along the sidewall. This Run-Stop motion is a one-

dimensional Markovian random walk that incorporates changes into the swimming 

direction of sperm on the sidewall.  
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Our results are obtained from investigating sperm motion within high-aspect 

circular microfluidic reservoirs. These reservoirs are designed to be high aspect-ratio so 

that they mimic narrow channels in surfaces and narrow spaces between mucosal folds 

within the female reproductive tract. Although the circular and smooth shape of the 

sidewalls of reservoirs might not fully represent the sidewalls of the female reproductive 

tract, this specific geometry was chosen to minimize the influence of geometrical 

features such as corners and curvature gradients on sperm motion. That is, our results 

are solely due to the effect of hyperactivation on sperm-sidewall interactions, rather than 

other potential factors.   

The biochemical factor(s) that trigger hyperactivation in vivo have not been 

firmly established and various factors may trigger hyperactivation at different functional 

regions within the female reproductive tract.  Furthermore, the signaling pathway 

involved in the induction of hyperactivation in vitro depends on the biochemicals used 

for such a purpose. For instance, caffeine, as one of the hyperactivation-inducing 

agonists used in this study, activates CATSPER channels and elevates the cytoplasmic 

Ca2+ concentration by influx of exogenous Ca2+ (59). There is evidence that caffeine 

cannot induce hyperactivation in Ca2+-depleted medium (32). In contrast, there is 

evidence that 4-AP induces hyperactivation by mobilizing intracellular stored Ca2+, as 

well as by activating CATSPER channels and accordingly, 4-AP can induce 

hyperactivation in Ca2+-depleted medium (60). Our use of caffeine and 4-AP as 

commonly used agonists with different mechanisms for induction of hyperactivation 

and yet obtaining quantitatively similar outcomes, suggests that our results stand 

independent of the factors that trigger hyperactivation. Therefore, these results are likely 
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to be broadly applicable to the other agonists of hyperactivation, particularly the factors 

that induce hyperactivation in vivo. 

Previous studies suggested that hyperactivation occurs first in the oviduct, as 

hyperactivated sperm have not been observed to pass through the uterotubal junction 

(61). If this is true, the Run phase of motion on the wall may contribute to sperm 

navigation within the lower part of the female reproductive tract and before reaching 

the oviduct. Low concentrations of the biochemical factor(s) that trigger hyperactivation 

did not eliminate the Run mode, thereby allowing wall-determined navigation to 

continue to function. However, once the concentration rose to a critical threshold that 

corresponded to the critical intrinsic curvature, rolling sperm would exhibit Run-Stop 

motion on the sidewalls of the female reproductive tract. This motion might be the 

sperm navigational mechanism at intermediate distances from a source of agonists or at 

a low concentration of agonists in vivo. Eventually, once the concentration exceeded 

the critical threshold by some amount, navigation along walls would be diminished and 

the sperm would Stop on its position on the wall.  

In regions within the female reproductive tract where fluid viscoelasticity is 

high, rolling would be suppressed. Based on our results, we anticipate that the motion 

of sperm in these regions would be diffusive and circular, so that radii, sidewall 

interactions, and diffusion coefficients, would decrease with hyperactivation. That is, as 

sperm swim in higher concentrations of hyperactivation agonists, they would perform 

tighter and more consistent circular motions which are not susceptible to nearby 

sidewalls.  
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Modulation of sperm motility via hyperactivation results in pseudo-chemotactic 

behavior, through which sperm accumulate within reservoirs with higher concentrations 

of hyperactivation agonists. In contrast to the chemotaxis observed in sperm of sea 

urchins, this pseudo-chemotactic behavior is due to the increase of sperm residence time 

in regions with higher concentrations, rather than to a deterministic drift of sperm 

toward higher concentrations of biochemical stimuli (53). This behavior suggests that, 

as sperm ascend the female reproductive tract and move into regions with high 

concentrations of hyperactivation-inducing factors, they become less likely to leave 

those regions and return to the regions with lower concentrations.   

Our results reveal the potential role of hyperactivation in mammalian sperm 

navigation within the female reproductive tract. Our findings demonstrate that 

hyperactivation regulates sperm-sidewall interactions and navigation via physical 

boundaries, which suggests that a combination of biochemical and biophysical cues 

organizes sperm navigation within the confined and complex environment of the female 

reproductive tract. Furthermore, since hyperactivation occurs in the oviduct far from the 

oocyte and even before ovulation, most likely through biochemicals secreted from the 

female reproductive tract (62–64), our results suggest that the contribution of 

biochemical factors to sperm navigation may not be limited to chemotaxis at close 

distances from the oocyte, and they modulate sperm navigation even at far and 

intermediate distances from the oocyte.   

Materials and methods 

Sperm preparation and chemicals 
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Commercially available cryopreserved semen of Bos taurus (5.5-6.5 years of 

age) diluted in egg yolk extender were generously donated by GENEX under the URUS 

holding company, Ithaca, NY, USA. The ejaculate concentration was 50 × 106 sperm 

per straw (0.25 mL) with pre-freeze motility of 65%. A combination of gentamicin, 

tylosin, lincomycin, and spectinomycin were added to the semen as antibiotics prior to 

cryopreservation. For each experiment, two straws were thawed in a 38ºC water bath 

for 30 sec and then diluted with 1 mL Tyrode’s albumin lactate pyruvate medium 

(TALP) (36). The sperm samples and microfluidic device were maintained at 38ºC 

throughout the experiments using a heated glass microscope plate (Bioscience tools).  

All chemicals used for this study were purchased from Sigma Aldrich, unless 

specified. TALP medium contained: NaCl (110 mM), KCl (2.68 mM), NaH2PO4 (0.36 

mM), NaHCO3 (25 mM), MgCl2 (0.49 mM), CaCl2 (2.4 mM), HEPES buffer (25 mM), 

glucose (5.56 mM), pyruvic acid (1.0 mM), penicillin G (0.006% or 3 mg/500 mL), and 

bovine serum albumin (20 mg/mL, Caisson Labs). After preparation, the pH of the 

medium was adjusted to 7.3-7.4 by gradual addition of HCl. We did not observe 

significant change in the pH after addition of caffeine and 4-aminopyridine (4-AP) to 

the medium.  

To tether the sperm head to the glass surface, we reduced the concentration of 

bovine serum albumin to 5 mg/mL (43). To increase the viscoelasticity of TALP to 

suppress sperm rolling, we added 1% (by weight) long-chain polyacrylamide with 

molecular weight of ~ 5-6 MDa (39). The rheological properties of the standard and 

viscoelastic solutions were measured by a TA Instruments HR-3 Rheometer available 
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at Cornell Center for Material Research. To induce hyperactivation, various 

concentrations of caffeine and 4-AP (Santa Cruz Biotechnology), as commonly used 

hyperactivation-inducing pharmacological agonists, were added to the TALP solution.  

Microfabrication and microscopy 

Our microfluidic device was made of polydimethylsiloxane (PDMS) through a 

standard soft lithography protocol available at Cornell NanoScale Facility (CNF) (65). 

The height of the microfluidic device was 30 µm and diameter of the circular reservoirs 

was 600 µm. After injecting the culture medium and pharmacological agonists used in 

this paper into the reservoirs and degassing, diluted sperm samples were injected into 

the microfluidic device using gravity. The flow generated in the channel was controlled 

by changing the height of the semen container. This method enabled us to decrease the 

injection rate and increase the rate of sperm entry into the reservoirs. Sperm motion 

within the reservoirs was observed with a Nikon Eclipse TE300 inverted phase-contrast 

microscope (20 and 40X magnifications) and recorded with an Andor Zyla 5.5s CMOS 

camera (25 and 50 frames/s). Sperm rolling under the phase contract optics was 

identified through change in the sperm head light intensity (12, 42).  

Cell tracking  

  To extract sperm trajectories, we used both manual and automatic head tracking 

depending on the resolution of our acquired videos. Our automatic tracking method was 

based on tracking a single sperm using image subtraction and tracking the centroid of 

the moving element identified with Farneback method (66). Overlaying consecutive 

frames acquired at 0.08 s intervals from moving sperm yielded sperm trajectories. To 
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characterize the midpiece bending, we removed Gaussian noise and background image 

using a simple Gaussian filter and image subtraction. We then binarized the images 

acquired at 25 frames/s into black and white, and measured the deviation of the midpiece 

(or alternatively sperm head) from the centerline. Fast Fourier transform of the extracted 

signal demonstrated that the zeroth harmonic of the signal is related to the tethered 

sperm angular velocity, which increased with hyperactivation. This method was based 

on previously established reports, and the findings are in agreement with the literature 

on the asymmetry in the sperm flagellar beating (40). To measure the angle between 

sperm and the wall, we used manual measurements as well as the “Eccentricity” and 

“Orientation” properties of “regionprops” command in MATLAB, depending on the 

quality of the videos and number of sperm within the field of interest.   

Numerical Simulation 

 The following numerical simulation is based on previous numerical and 

experimental studies on the hydrodynamic interaction of sperm (or bacteria) with a flat 

surface (46). To simulate sperm-sidewall interactions we modeled sperm as a high 

aspect ratio rod (10:1), and used a finite element method to solve Stokes and mass 

conservation equations (COMSOL MULTIPHYSICS) at the lubrication limit (67). The 

corresponding boundary conditions were 𝑢 = 𝑉𝑝 on sperm surface, and 𝑢 = 0 on the 

sidewall. To calculate the angular velocity imposed on the sperm by the sidewall, we 

extracted the pressure exerted on the sperm (𝑝) at varying incident angles for a range of 

constant progressive velocities (𝑉𝑝 = 40 − 80 μm/s) and calculated the toque acted 

upon sperm by pressure. Applying torque-free constraint, the toque produced by 
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pressure was canceled out with the torque produced by drag force, and consequently 

sperm angular velocity (𝛺𝑤) was then calculated using Eq. 13: 

𝛺𝑤(𝜑) =
∫ (𝑥 − 𝑥𝐶𝑀)𝑝(𝑥, 𝜑)𝑑𝑥

𝑙

0

(
𝜉𝑁

𝜆
) ∫ (𝑥 − 𝑥𝐶𝑀)2𝑑𝑥

𝑙

0

. (13) 

Note that 𝑥 axis is set parallel to the long axis of the rod with 𝑥 = 0 at the sidewall 

contact point (Fig. 2B), 𝑥𝑐𝑚 is the coordinate of the sperm center of mass on 𝑥 axis, 𝑙 is 

the sperm length, 𝜉𝑁 is the drag coefficient in normal direction, and 𝜆 is a fitting parameter equal 

to 1.5 × 10−3. This fitting parameter is needed because the experimental value reported 

for 𝜉𝑁 (40) corresponds to a three-dimensional motion while our model is two-

dimensional. In agreement with previous studies (46), our simulations indicate that 𝑝 is 

linearly proportional to the 𝑉𝑝, so we define a function 𝑔(𝜑) (Eq. 14) that is independent 

of propulsive velocity and describes the dynamic of sperm-sidewall interactions.  

𝑔(𝜑) =
𝜆

𝑉𝑝 ∙ 𝜉𝑁

∫ (𝑥 − 𝑥𝐶𝑀)𝑝(𝑥, 𝜑)𝑑𝑥
𝑙

0

∫ (𝑥 − 𝑥𝐶𝑀)2𝑑𝑥
𝑙

0

. (14) 
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