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Abstract 7 

The study of navigational mechanisms used by mammalian sperm inside a microenvironment 8 

yields better understanding of sperm locomotion during the insemination process, which aids in 9 

the design of tools for overcoming infertility. Near- and far-field hydrodynamic interactions with 10 

nearby boundaries and rheotaxis are known to be some of the steering strategies that keep sperm 11 

on the correct path toward the egg. However, it is not known how the beating patterns of sperm 12 

may influence these navigational strategies. In this study, we investigate the effect of flagellar 13 

beating pattern on navigation of sperm cells both theoretically and experimentally using a two-14 

step approach. We first isolate bovine sperm based on their rheotactic behavior in a zone with 15 

quiescent medium using a microfluidic system. This step ensures that the swimmers are able to 16 

navigate upstream and have motilities higher than a selected value, even though they feature 17 

various flagellar beating patterns. We then explore the flagellar beating pattern of these isolated 18 

sperm and their subsequent influence on boundary-dependent navigation. Our findings indicate 19 

that rheotaxis enables sperm to navigate upstream even in the presence of circular motion in their 20 

motility, whereas boundary-dependent navigation is more sensitive to the circular motion and 21 

selects for progressive motility. This finding may explain the clinical importance of progressive 22 
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motility in semen samples for fertility, as the flow of mucus may not be sufficiently strong to orient 23 

the sperm cells throughout the process of insemination. 24 

Keywords: Mammalian sperm | Navigation | Rheotaxis | Boundary-dependent navigation | 25 

Progressive motility  26 

Significance 27 

Finding the egg and moving toward it while traversing the complex structure of the female 28 

reproductive tract is necessary for mammalian sperm. Previous studies have shown how sperm use 29 

navigational steering mechanisms that are based on swimming upstream (i.e. rheotaxis) and along 30 

the boundaries of the female reproductive tract. We demonstrate that the performance of theses 31 

navigational mechanisms is associated with the primary characteristics of sperm motility. In fact, 32 

sperm rheotaxis is more sensitive to the motility and thus average velocity of sperm while 33 

navigation via rigid boundaries is more sensitive to the flagellar beating pattern and selects for 34 

symmetric beating. Our results can be expanded to other autonomous microswimmers and their 35 

subsequent navigation mechanisms. 36 

 37 

 38 

 39 

 40 

 41 
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Introduction 44 

For successful fertilization, sperm cells must traverse the distance between the location of 45 

semen deposition and the egg (1). During this transport, sperm cells require navigational 46 

mechanisms to find the correct direction in which to move (2). These navigational mechanisms 47 

rely on external stimuli, including chemical (3–5), thermal (6), and fluid mechanical (7–9) clues, 48 

which vary among different species. For instance, marine plants and animals (10, 11) release their 49 

gametes into the sea, where chemotactic behavior is observed (4, 11–13). Strikingly, the role of 50 

this chemical communication observed in marine invertebrate sperm (which is reminiscent of 51 

bacterial chemotaxis (14)) is uncertain in the navigation of mammalian sperm (13, 15–19). In 52 

contrast, in vitro/vivo evidence suggests that the navigation of mammalian sperm within the female 53 

reproductive tract depends more on fluid mechanical clues rather than other external stimuli (2, 7, 54 

9, 20, 21).  55 

The navigational system of mammalian sperm to find the correct path toward the 56 

fertilization site includes boundary-dependent navigation (20–22) and upstream swimming 57 

behavior, known as “rheotaxis” (8, 23, 24). Based on extensive studies carried out previously, the 58 

characteristics of rheotactic behavior are determined by the external flow in which the sperm are 59 

swimming, and a minimum shear rate is required for upstream swimming to emerge (23). 60 

However, boundary-dependent navigation that relies upon the hydrodynamic interactions of the 61 

swimmer with rigid walls, as well as self-propulsion and steric repulsion of sperm cells (25), is 62 

independent of the external flow and exists even in a quiescent medium. In fact, boundary-63 

dependent navigation consists of a far-field hydrodynamic attraction of the sperm toward nearby 64 

walls (26–29), such as those of the female reproductive tract, followed by stably swimming along 65 

these boundaries (20, 21, 37, 22, 30–36). Berke et al. (27) proposed a dipole swimmer model that 66 
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describes the attraction of sperm as a microswimmer with absolute progressive motility toward 67 

rigid boundaries at distances far enough from the boundaries (i.e., the far-field approximation). At 68 

close distances, swimming along boundaries is observed ubiquitously among microswimmers and 69 

Denissenko et al. (20) have demonstrated this boundary-following motion in the sperm using a 70 

microchannel and proposed it as a navigational mechanism.  71 

Although sperm rheotaxis and boundary-dependent navigation have been studied, the 72 

intriguing unanswered question is how does the flagellar beating pattern affect these navigational 73 

mechanisms? Since sperm cells in a population feature both progressive and non-progressive 74 

motility, answering this question reveals the optimum motility mode required for sperm to be 75 

steered by such navigational mechanisms. Previous studies have explored sperm flagellar beating 76 

and its hydrodynamic interaction with rigid boundaries (20, 38, 39).  However, such studies have 77 

not revealed the role of the beating pattern in sperm navigation comprehensively because they 78 

have not considered sperm rheotaxis. The dynamic flow of mucus within the female reproductive 79 

tract necessitates studying the effect of the flagellar beating pattern on sperm rheotaxis and 80 

boundary-dependent navigation concurrently.  Therefore, controlled experimentation to quantify 81 

the effect of the beating pattern on different sperm navigational mechanisms is desirable. However, 82 

at shear rates at which upstream swimming occurs, characterizing the role of the beating pattern 83 

in the sperm locomotion and subsequent interactions is challenging as the flow overcomes all the 84 

non-upstream components of the motion. Furthermore, decoupling the contribution of the flow 85 

and the beating in the sperm motion is experimentally challenging in itself.  86 

In this study, we investigate the navigation of sperm cells both theoretically and 87 

experimentally using a two-step approach. The first step is to isolate the sperm cells in a reservoir 88 

with quiescent medium via a rheotaxis-based method using a microfluidic system (40). This 89 
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microfluidic rheotaxis-based isolation step ensures that all sperm cells navigate upstream via 90 

rheotaxis and have motilities higher than a selected threshold value, even though they feature 91 

various flagellar beating patterns. The second step is to study the tail beating of these sperm and 92 

their subsequent boundary-dependent navigation in a reservoir with quiescent medium to 93 

determine the influence of the tail beating pattern on this navigational mechanism. For this second 94 

step, we use phase contrast microscopy, cell tracking, resistive force theory (41), lubrication 95 

approximation (42), and finite element method simulation. This two-step approach bypasses the 96 

challenges associated with studying the flagellar beating pattern in simple shear flow yet enables 97 

us to investigate sperm rheotaxis and boundary-dependent navigation concurrently.   98 

Results and Discussion  99 

To characterize the sperm flagellar beating patterns, we first isolated motile swimmers 100 

within a zone of a microfluidic chip filled with Tyrode albumin lactate pyruvate (TALP) medium 101 

using a rheotaxis-based method (40). For more details about this isolation technique, please see 102 

the Methods section. The movement of the motile sperm inside the microfluidic zone filled with 103 

quiescent medium can be seen in Movie S1, which shows that sperm with symmetric beating 104 

patterns move with progressive motion, whereas those with asymmetry in their beating patterns, 105 

i.e., one part of the flagellum consistently bends more significantly to one side, swim in circular 106 

paths. Interestingly, all these sperm have navigated upstream via rheotaxis even though they 107 

feature different beating patterns ranging from symmetric to asymmetric. In addition, the velocity 108 

of the average path (VAP) in the separated sample is higher than a threshold value (VAP ≥109 

53.2 μm/s). In our previous study (40), we demonstrated that this minimum threshold is tunable 110 

via the injection rate. The various flagellar beating patterns and the tunable minimum VAP in the 111 
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separated samples indicate that sperm rheotaxis is more sensitive to VAP and thus motility itself 112 

rather than the pattern of the flagellar beating.  113 

 The asymmetric flagellar beating pattern and pathway of these circular-swimming sperm 114 

were captured using phase-contrast microscopy, as shown in Fig. 1(a) and (b). Fig. 1(c) 115 

demonstrates the trajectories of nine other sperm exhibiting such circular motion, in which the 116 

centers of these circular paths move randomly over time. Initial observations also suggest the non-117 

significant influence of the wall on the motion of the sperm with non-progressive motility 118 

compared to that of the progressive ones. In fact, due to near-wall hydrodynamic interactions, 119 

when sperm with symmetric beating patterns and thus progressive motility encounter the side wall, 120 

they begin to swim parallel along it (indicated by the blue line in Fig. 1(d)).  Meanwhile, the sperm 121 

with asymmetric beating either retain their circular trajectory (indicated by the red line in Fig. 1(d)) 122 

or return to the circular trajectory after partially following the wall. 123 

To quantitatively describe the asymmetric beating pattern, circular motion, and 124 

hydrodynamic interactions of the sperm, we first quantified the correlation between the asymmetry 125 

in the beating and the circular motion. It has been observed that in a quiescent medium, sperm 126 

(similar to E. coli) swim in proximity to surfaces and in large circles so that the rotation axis is 127 

perpendicular to the surface even if the motion produced by the flagellum is progressive. Tung et 128 

al. (23) and Lauga et al. (43) attributed this circular motion to the swimmer’s hydrodynamic 129 

interactions with the surface, as the head and tail of bacteria rotate counter clockwise and clockwise 130 

(or vice versa), respectively (44–46), while sperm exhibit self-rolling motion. This self-rolling 131 

motion consists of the sperm head and tail rotating in the x-z plane with Ω𝑅, as indicated in Fig. 132 

1(E). This rotation in the sperm head and tail generates a subsequent angular velocity that leads to 133 

the microswimmer swimming in circles in the x-y plane. Otherwise, in the absence of the self-134 
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rolling motion, a progressive sperm cell does not experience torque and swims progressively. We 135 

used phase-contrast microscopy (47) to examine whether the sperm in our experiment exhibit this 136 

self-rolling motion, in which the paddle-shaped head of the bovine sperm twinkles as it flips as 137 

demonstrated in Fig. 1(F). As can be seen in Fig. 1(b) and (c), no twinkling was observed in the 138 

sperm with intrinsic circular motion. Therefore, the hydrodynamic interactions with the top (or 139 

bottom) surface of the microfluidic chip are not responsible for the circular motion we observe, 140 

indicating the circular motion is solely due to intrinsic asymmetry in the flagellar beating pattern. 141 
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 142 

 143 

Fig. 1. Experimental observation of sperm motion and their interactions with a curved wall. (A) The 

asymmetric sperm flagellar beating pattern over time, in which the thicker part of the flagellum always 

bends toward the left side of the sperm. (B) Image of a single sperm exhibiting intrinsic circular motion 

over time, acquired with phase contrast microscopy. As no twinkling was observed, it is apparent the sperm 

does not flip. (C) Trajectories of nine different sperm with intrinsic circular motion, in which no 

deterministic movement toward any direction was observed. (D) The sperm isolated within the quiescent 

medium feature either progressive (blue dashed line) or intrinsic circular motion (red dashed line). (E) Self-

rolling motion in the swimmer results in a torque and subsequent swimming in circles. For 𝛺𝑅 = 0, no 

circular motion occurs. (F) Phase contrast microscopy enables us to differentiate the sperm with and without 

self-rolling. Rotation in the sperm head can be identified by it twinkling. Scale bar: 10 µm 
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Asymmetry in the flagellar beating pattern of sperm is shown to be reliant on the 144 

intracellular Ca2+ concentration when it is exposed to a chemical stimulant (48, 49). For instance, 145 

the biological pathway of asymmetric beating for some marine invertebrates in a gradient of 146 

chemical stimulant, including Ciona and sea urchin, is known to involve Ca2+-sensitive proteins 147 

called “calaxin” (10) and “calmodulin” (48, 50, 51), respectively. The increase in the intracellular 148 

concentration of Ca2+ leads to calaxin (or calmodulin) suppressing the movement of the outer 149 

dynein arm. This suppression of the outer dynein arm then leads to asymmetric beating. Although 150 

the role of calmodulin involved in the motility of stimulated sperm is known to be central for most 151 

mammals (52) (e.g., bovine sperm (49)), the biological details of asymmetric beating at different 152 

stages of sperm motility, including activated (i.e., unstimulated) and hyperactivated (i.e., 153 

stimulated) is still unknown. Therefore, further molecular insight into asymmetric beating in 154 

mammalian sperm is required to propose a mathematical model at the single cell level that captures 155 

the molecular details of the process. Nevertheless, several studies have been carried out to propose 156 

potential mechanisms for in-plane sperm circular motion caused by asymmetric flagellar beating 157 

for both unstimulated and stimulated sperm. A well-established method to connect the asymmetry 158 

in the beating pattern of unstimulated sperm to its circular movement  is to measure the intrinsic 159 

flagellar curvature (41), so that a non-zero curvature in one beat yields a circular motion. This non-160 

zero curvature can be due to the compression of the sperm flagellum by the internal forces in a 161 

viscous fluid, which results in a buckling behavior so that symmetry in the beating breaks and thus 162 

the sperm swims in circular trajectories, as proposed by Gadelha et al. (53). Recently, Saggiorato 163 

et al. (39) studied the motion of a progesterone-stimulated tethered human sperm and proposed 164 

that a phase difference between the first and second harmonic yields a non-zero torque and thus 165 

can lead to a circular motion of stimulated sperm. Although this study brings new insights about 166 
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the role of temporal harmonics in the beating pattern and its relation to the circular motion of 167 

stimulated tethered human sperm, it is not necessarily valid for the untethered, unstimulated bovine 168 

sperm in our study. Therefore, other potential mechanisms at the single cell level by which 169 

asymmetric flagellar beating of untethered and unstimulated bovine sperm leads to circular 170 

movement are required.  171 

To determine the relation between asymmetric beating and circular motion of sperm, we 172 

first reconstructed the beating patterns of the flagellum over one beat. We then applied the Fourier 173 

transform to the beating pattern to yield its temporal frequencies (Supplementary Information Part 174 

I). Our results indicate that asymmetry in the beating pattern is associated with an increase of the 175 

main frequency (i.e., first harmonic) as well as decrease in its amplitude. Moreover, the zeroth and 176 

higher harmonics simultaneously appear in the frequency domain as the asymmetry occurs. We 177 

then described the beating pattern in the Fourier series ansatz, which includes an offset term as 178 

well as the first and higher harmonics, as described in Eq. 1, 179 

𝑦(𝑥, 𝑡) = ∑ 𝑎𝑛𝑐𝑜𝑠(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛=0

                  (1) 180 

in which 𝑘 =
2𝜋

𝜆
 (with 𝜆 ≈ 𝐿 ) is the wave number, 𝜔 is the main frequency, and 𝑎𝑛 is the amplitude 181 

of the nth harmonic, including a non-thermal white Gaussian noise (54). That is, the amplitude can 182 

be described by 𝑎𝑛 = �̃�𝑛(1 + 𝜂𝑛(𝑡)) with 〈𝜂𝑛(𝑡)〉 = 0 and 〈𝜂𝑛(𝑡) ∙ 𝜂𝑛′(𝑡′)〉 = 𝐷𝑛𝛿𝑛𝑛′𝛿(𝑡 − 𝑡′). 183 

This non-thermal noise may stem from asynchrony in the collective dynamic (55–57) of the dynein 184 

motor proteins that are responsible for transport along microtubules within the sperm flagella (3, 185 

10).  186 
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 Applying resistive force theory on the wave function described by Eq. 1, we can calculate 187 

the forces produced by each segment of the flagellum in the tangential (x) and normal (y) directions 188 

using 𝑓𝑥 = −(𝜉𝑁 − 𝜉𝑇)(
𝜕𝑦

𝜕𝑡
)(

𝜕𝑦

𝜕𝑥
) and 𝑓𝑦 = −𝜉𝑁 (

𝜕𝑦

𝜕𝑡
) + (𝜉𝑁 − 𝜉𝑇)(

𝜕𝑦

𝜕𝑡
)(

𝜕𝑦

𝜕𝑥
)2, in which 𝜉𝑁 and 𝜉𝑇 189 

are drag coefficients in the normal and tangential directions. Therefore, the time-averaged forces 190 

produced by each segment of the flagellum in the tangential (𝑓𝑥) and normal (𝑓𝑦) directions can be 191 

described by:  192 

𝑓𝑥 = −
1

2
(𝜉𝑁 − 𝜉𝑇)𝜔𝑘 ∑ 𝑛�̃�𝑛

2 

𝑛=0

         (2) 193 

𝑓𝑦 = (𝜉𝑁 − 𝜉𝑇)𝜔𝑘2𝑎0𝑠𝑖𝑛(𝑘𝑥) ∑ 𝑛�̃�𝑛
2                (3).

𝑛=0

 194 

Integrating 𝑓𝑥 and 𝑓𝑦 over the flagellum, the total forces produced in the tangential and normal 195 

directions are 𝐿𝑓𝑥 and zero, respectively. Although the emergence of the zeroth harmonic does not 196 

lead to a net normal force and subsequent translational motion, it produces a torque 197 

𝜏𝑓 = (𝜉𝑁 − 𝜉𝑇)𝜔𝑘𝐿𝑎0 ∑ 𝑛�̃�𝑛
2                 (4).

𝑛=0

 198 

The obtained relations for the produced force and torque by the flagellum reveal that while the 199 

tangential force is correlated to the characteristics of the first and higher harmonics, the amplitude 200 

of the zeroth harmonic is involved in the torque as well. Applying the zero net torque and force 201 

constraint, the tangential and angular velocity are found to be correlated through 𝑎0: 202 

Ω̃ =
𝜉𝑇

𝜉𝑁
(
24𝑎0

𝐿2
�̃�𝑝)         (5) 203 

in which Ω̃ is the average angular velocity (Supplementary Information Part II). 204 
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 To validate the analysis, we experimentally measured the angle sperm sweeps out in one 205 

beat (Δ𝜃), in which Δ𝜃 is the difference between the deviation of the sperm head direction from 206 

the average path to its left (𝜃1) and right (𝜃2) sides (Fig. 2A). Fig. 2B displays the measured Δ𝜃 207 

values for sperm with progressive motility and circular motion. As can be seen, the average of 208 

Δ𝜃(𝑡) (i.e., Δ�̃�) for sperm with circular movement are significantly higher than that of sperm with 209 

progressive motility. Considering that Ω̃ =
𝜔

2𝜋
∙ Δ�̃�, we measured the normalized angular velocity 210 

(LΩ̃Vp
−1) and curvature of the sperm path (�̃�𝐿) with regards to the amplitude of the zeroth 211 

harmonic, as shown in Fig. 2C. Based on Fig. 2C, we determined 
𝜉𝑁

𝜉𝑇
 to be 1.93 ± 0.33, which is 212 

comparable to previously reported values (58). Based on these experimental results and the 213 

agreement they show to the relations we derived from resistive force theory, we conclude that the 214 

circular motion in the sperm motility is attributed to the zeroth harmonic in the flagellar beating.  215 

 216 
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 217 

 218 

We also demonstrate the effect of non-thermal Gaussian noise (33) in the amplitude of the 219 

zeroth harmonic on the sperm trajectory. Based on the results gained from the resistive force theory 220 

analysis, the noise in the zeroth harmonic yields a similar noise in the angular velocity. Therefore, 221 

the angular velocity can be described as Ω = Ω̃(1 + 𝜂0(𝑡)). Including the non-thermal white 222 

Fig. 2. Intrinsic circular motion caused by the presence of the zeroth harmonic. (A) Schematic of 

sperm motion featuring intrinsic circular motion. 𝜃1and 𝜃2 are the deviation in the sperm direction towards 

the left and right of the mean path.  (B) ∆𝜃 measured for sperm with circular motion (top) and progressive 

motility (bottom). The average value of ∆𝜃 is significantly higher in sperm with circular motion. (C) The 

normalized angular velocity (𝐿�̃�𝑉𝑝
−1, blue)  and curvature of the sperm path (�̃�𝐿, red) plotted versus the 

amplitude of the zeroth harmonic (𝑎0෦) to experimentally confirm the results obtained from resistive force 

theory. 
𝜉𝑁

𝜉𝑇
 was determined to be 1.80 ± 0.34 and 2.07 ± 0.31 for the blue and red data points, respectively. 

The average of these values reported as 
𝜉𝑁

𝜉𝑇
 in the main text.   
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Gaussian noise in the angular velocity and simulating the sperm motion at different signal-to-noise 223 

ratios (SNR), we found that this noise leads to stochastic movement of the center of the sperm’s 224 

circular path, as can be seen in Fig. 3A, which is consistent with our experimental observation of 225 

bull sperm movement shown in Fig. 1C. These findings suggest that the inconsistency in the 226 

sperm’s circular path is a consequence of the noise in the amplitude of the zeroth harmonic. In 227 

addition, we found the sperm are more capable of maintaining their circular path at higher SNR 228 

values (SNR = 50, 55, 60), and thus we observe less movement at the center of these paths, as can 229 

be seen in Fig. 3A. At lower SNR values, the sperm motion contains more stochasticity and thus 230 

covers a larger domain. We repeated the simulation for 1000 sperm cells to find the diffusivity of 231 

the circular path’s center (i.e., 𝐷𝑐) at different SNR values, and as can be seen in Fig. 3B, 𝐷𝑐 is 232 

inversely correlated to the SNR. Accordingly, we expect the distance of the circular path’s center 233 

from its initial location, 𝑟𝑐(𝑡) to increase over time with (𝐷𝑐𝑡)0.5. Fig. 3C shows the 𝑟𝑐(𝑡) obtained 234 

at different SNR values, which confirms the localization of the sperm at high SNR and the increase 235 

of 𝑟𝑐(𝑡) in time with 𝑡0.5.   236 
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 237 

 238 

 239 

 240 

 241 

Fig. 3. Noise in the angular velocity and the corresponding diffusivity of the circular path’s 

center. (A) The sperm trajectory at 9 different signal-to-noise ratios (20 ≤ 𝑆𝑁𝑅 ≤ 60). Higher 

SNR values yield more consistent and deterministic circular motion. (B) The diffusivity of the 

circular path’s center vs. SNR. Each point in the figure was obtained by simulating the motion of 

1000 sperm cells with similar initial conditions. (C) The distance of the circular path’s center from 

its initial location with respect to time. The obtained results are at 9 different SNR; 4 of which are 

demonstrated in this figure. 
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Berke et al. (27) modeled the far-field approximation of the flow generated by a 242 

microswimmer with progressive motion as a pusher force dipole. Therefore, we used the sperm 243 

dipole model, including the components of the circular motion, to calculate the sperm contribution 244 

to the fluid flow and thus the hydrodynamic interactions inside the quiescent zone at distances 245 

adequately away from the curved sidewall (> 2 × sperm length). The proposed model is depicted 246 

in Fig. 4A, in which 𝑓 is the tangential force produced by the sperm flagellum, 𝑓′′ is the 247 

perpendicular force corresponding to the torque caused by asymmetric beating, and 𝑓′ is the drag 248 

force required for the torque-free condition (26). The magnitude of 𝑓′ and 𝑓′′are equivalent to 249 

each other while the 
𝑓′′

𝑓
 ratio (i.e., γ) is equal to 

2�̃�0

𝐿
 (see Eq. S38). The contribution of the sperm’s 250 

active swimming to the fluid flow is the solution of the Stokes equation for the proposed model 251 

shown in Fig. 4A. The general form of the Stokes equation for such a swimmer is 252 

∇𝑝 − 𝜇∇2𝑣 = ∑ 𝑓𝑖𝛿(𝑟 − 𝑟𝑖)         (6) 253 

in which p is the pressure, μ is the dynamic viscosity of the TALP medium (0.94 mPa/s), v is the 254 

fluid velocity, r is the position, 𝑟𝑖 is the position of the point force 𝑓𝑖, and 𝛿 is the Dirac delta 255 

function. To solve the Stokes equation, we can either use Green’s function, known as the 256 

“Stokeslet” description (42, 59), or solve the equation numerically. The analytical expression for 257 

the swimmer model using the Stokeslet description and mirror image (46, 60) method is explained 258 

in Part IV of the Supplementary Information.  259 

 The near- and far-field flow produced by sperm has been studied previously (61). However, 260 

for the sake of simplicity and precision, we carried out finite element method simulations in a 261 

cylindrical domain similar to the quiescent zone to numerically solve the Stokes equation along 262 

with mass conservation (62). Considering the sperm swim in a quasi-2D plane that is located ~5 263 
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μm below the top surface and parallel to it (63), we obtained the velocity field imposed by the 264 

flagellar beating for ∆�̃� = 0° − 15° (Fig. 4B). We then integrated the net flow in the y direction 265 

(Fig. 4B) imposed on the sperm body, which is caused by the presence of the no-slip walls, to 266 

calculate the hydrodynamic interaction (i.e., HI), the results of which are demonstrated in Fig. 4C. 267 

The velocity field generated by the progressive flagellar beating (∆�̃� = 0) in the presence of the 268 

no-slip boundaries leads to the attractive hydrodynamic interactions (> 0), as indicated in Fig. 4C, 269 

which agrees with previous studies (22). As we added and increased the components of the circular 270 

motion, the attractive hydrodynamic interactions decayed for a constant progressive velocity of 271 

the sperm (20 𝜇𝑚/𝑠 <𝑉𝑝 < 80 𝜇𝑚/𝑠), indicating that the motion of the microswimmer is less 272 

influenced by nearby boundaries as components of circular motion emerge in the motion. To gain 273 

a better understanding about the mechanism of this reduction in hydrodynamic attraction, we 274 

simulated the flow field produced by components of the progressive (𝑓) and the circular motion 275 

(𝑓′′⃗⃗⃗⃗⃗⃗  and −𝑓′′⃗⃗⃗⃗⃗⃗ ) and their corresponding drags (−𝑓,𝑓′⃗⃗ ⃗⃗ and −𝑓′⃗⃗ ⃗⃗ ) separately (Fig. S4). The flow field 276 

produced by the progressive component and its corresponding drag is outward in the front and rear 277 

of the swimmer, while inward on the sperm’s right and left sides. In contrast, the flow field 278 

produced by the components of the circular motion and their corresponding drags are inward in 279 

the front and rear of the swimmer, while outward on the sperm’s right and left sides. Accordingly, 280 

as the components of the circular motion becomes larger, more of the flow imposed by the 281 

progressive motion is damped by that of the circular motion and therefore the hydrodynamic 282 

attraction decreases with sperm circular motion. 283 

 This decay in the far-field hydrodynamic interaction is also predicted by the analytical 284 

expression for the swimmer model using the Stokeslet description. In fact, the attraction of the 285 
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sperm toward the wall in the presence of the components of the circular motion can be described 286 

by:  287 

𝑢𝑦 = 𝑢𝑦
𝑝(−2 + 3𝑐𝑜𝑠(2∆�̃�) − 𝛾𝑠𝑖𝑛(2∆�̃�))                   (7), 288 

in which 𝑢𝑦 and 𝑢𝑦
𝑝
 describe the far-field attraction with and without the components of the circular 289 

motion. Neglecting 𝛾, an increase in ∆�̃� results in a decrease of attraction to the walls. 290 

Interestingly, at ∆�̃�𝑛 =
1

2
cos−1 2

3
≈ 24.1° and corresponding curvature of �̃�𝑛 =

𝜔

4𝜋�̃�𝑝
cos−1 2

3
, the 291 

swimmer experiences no attraction toward the walls and becomes neutral.  292 

 293 

 294 

 295 
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 296 

 297 

 298 

 299 

 300 

Fig. 4. Dipole swimmer model and far-field hydrodynamic interactions. (A) The dipole swimmer 

model, including the components of the circular motion (𝑓′ and 𝑓′′). (B) The velocity field obtained from 

solving the Stokes equation for the dipole swimmer model in a quiescent medium. The colors represent the 

magnitude and the arrows are normalized to visualize the direction of the vector field. (C) The attraction 

caused by the presence of the wall decays as we increase ∆𝜃. 
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At the near-wall condition (< the sperm body length), the dipole approximation is no longer 301 

valid (35) and the sperm-wall interaction can be understood by near-field approximations, as 302 

previous theoretical (38, 64) and simulation-based (65) studies suggest. We categorize the sperm 303 

interaction with the curved sidewall into four different types: 1) a progressive sperm encounters 304 

the wall, rotates, and follows it, as can be seen in Fig. 5A(I); 2) a non-progressive sperm encounters 305 

the wall, follows it temporarily, and detaches (Fig. 5A(II)); 3) a non-progressive sperm that does 306 

not contact the wall (Fig. 5A(III)); and 4) a non-progressive sperm that encounters the wall and 307 

stays still or moves slowly along it (Fig. 5A(IV)). These categories can be seen in Movie S2. To 308 

interpret these near-wall interactions, we first used surface contact force analysis, in which the 309 

wall influence on the sperm movement is modeled as a normal force.  310 

When sperm is in contact with the wall surface there is a positive surface contact force, 311 

whereas a surface force of zero corresponds to detachment of the swimmer from the wall (66). 312 

Consider a sperm that encounters the wall of the quiescent zone with an incident angle of β, as 313 

depicted in Fig. 5B. Under a zero-net force constraint, the normal surface force becomes 𝑁 =314 

𝐹𝑇𝑠𝑖𝑛(𝛽) − 𝐹𝑁𝑐𝑜𝑠(𝛽), where 𝐹𝑇 and 𝐹𝑁 are the tangential and perpendicular forces, respectively. 315 

The threshold angle that corresponds to the 𝑁 = 0 situation (i.e., 𝛽𝑡ℎ) is equal to tan−1 𝛾. For 𝛽 <316 

𝛽𝑡ℎ, the normal surface force becomes negative and no contact occurs accordingly. Hence, the 317 

sperm does not follow the wall. Since an increase in 𝛾 leads to higher 𝛽𝑡ℎ, sperm with greater 𝛾 318 

values are less likely to contact and follow the wall. 319 

 For incident angles greater than 𝛽𝑡ℎ (where the sperm-wall contact occurs), an increase in 320 

𝐹𝑁 leads to a smaller N, and thus easier detachment from the wall results. For the other condition, 321 

in which the direction of the perpendicular force is opposite (Fig. 5C), the surface force becomes 322 

greater (𝑁 = 𝐹𝑇𝑠𝑖𝑛(𝛽) + 𝐹𝑁𝑐𝑜𝑠(𝛽)) and detachment is more difficult. However, since the final 323 
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orientation of the swimmer at the contact point is tilted, the component of the perpendicular force 324 

along the wall overcomes the tangential force, and subsequently the sperm movement along the 325 

wall becomes slower. At the extreme condition, the sperm cell stands still.  326 

 327 

 328 

 329 

Fig. 5. Near-field interactions and the susceptibility of the sperm to follow the wall. (A) Sperm with (I) 

progressive motility that is susceptible to the wall, (II) low intrinsic circular motion and partial susceptibility to 

the wall, and (III) high intrinsic circular motion and zero susceptibility to the wall. A non-progressive sperm that 

encounters the wall and stays still is also depicted in (IV). Scale bar: 10𝜇𝑚 (B) The forces produced by the sperm 

flagellum and the normal surface contact force (𝑁). This arrangement describes Fig. A(I) and (II) and (III). (C) 

The forces produced by the sperm flagellum and the normal contact force. This arrangement describes Fig. A(IV). 

(D) The pressure distribution caused by sliding of sperm nearby the wall at 𝛽 = −20°, 0°, and 20°, from left to 

right. This pressure distribution is used to calculate the torque and angular velocity imposed on the sperm by the 

presence of the wall. (E) Dynamic of the sperm incidence angle in the phase-plane, depicted at different intrinsic 

angular velocity values (−23 °/𝑠 ≤ Ω𝑖𝑛 ≤ 23 °/𝑠). (F) The sperm detention time on the curved wall measured 

for sperm with different intrinsic angular velocities. Sperm with |Ω𝑖𝑛| > 76°/𝑠 (red box) do not contact the wall, 

while the ones with 8° ≤ |Ω𝑖𝑛| ≤ 76° (blue box) are partially susceptible to the wall and follow it temporarily. 

Sperm with |Ω𝑖𝑛| ≤ 8° (green box) are capable of following the wall without detaching. The detention time for 

sperm cells corresponding to (IV) in Fig. 5(A) and Fig. 5(C) are presented in the yellow box.  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 21, 2020. ; https://doi.org/10.1101/2020.01.20.913145doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.20.913145
http://creativecommons.org/licenses/by-nd/4.0/


22 
 

Although surface contact force analysis can be used to gain a general notion of near-field 330 

interactions, its only valid under circumstances where contact occurs. Therefore, we also 331 

developed a hydrodynamic explanation for near-field interactions to obtain more quantitative 332 

characterization. We used lubrication theory as a platform, where the sperm distance from the wall 333 

was assumed to be much smaller than its length (42). We then solved the Stokes equation and 334 

extracted the pressure distribution for sperm (Fig. 5D) at different incident angles (−90° < 𝛽 <335 

90°) and constant progressive velocity (𝑉𝑝 = 80 𝜇𝑚/𝑠). Given that the contribution of pressure in 336 

the stress tensor dominates that of the viscous stress (42) (𝑝𝐼 ≫ 𝜇(∇𝑣 + ∇𝑣𝑇)), the torque exerted 337 

by the wall was calculated and the corresponding angular velocity is  338 

𝑑𝛽

𝑑𝑡
=

1

𝜉𝑁

∫ 𝜎(𝑥 − 𝑥𝑐𝑚) 𝑑𝑥

∫(𝑥 − 𝑥𝑐𝑚)2𝑑𝑥
                (8) , 339 

in which 𝜎 is the stress tensor and 𝑥𝑐𝑚 is the coordinate of the sperm’s center of mass. The obtained 340 

angular velocity as a function of 𝛽, including the effect of Ω𝑖𝑛, is shown in Fig. 5E. As can be seen 341 

in Fig. 5E, for Ω𝑖𝑛 = 0, the stable point occurs at 𝛽 = 0 with 
𝑑𝛽

𝑑𝑡
= 𝜔𝑐, which is the required 342 

angular velocity to follow the boundary of the curved wall (Supplementary Information part IV). 343 

Whereas for Ω𝑖𝑛 > 0, which corresponds to the configuration of Fig. 5B, 
𝑑𝛽

𝑑𝑡
>  𝜔𝑐 at 𝛽 = 0, 344 

meaning it is not stable when following the boundary and the sperm subsequently detaches from 345 

the wall. For Ω𝑖𝑛 < 0 (Fig. 5C), 
𝑑𝛽

𝑑𝑡
− 𝜔𝑐 = 0 at 𝛽 < 0, which results in the tilted orientation of 346 

the sperm at its contact point, and thus harder detachment and slower boundary-following motion. 347 

 To confirm our results obtained from the surface force analysis and lubrication 348 

approximation, we experimentally measured the time of sperm detention on the wall (i.e., 𝑇𝐷) for 349 

different Ω𝑖𝑛 (Fig. 5F). The experimental results for 𝑇𝐷 indicate that the sperm exhibiting intrinsic 350 
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circular motion either do not contact the wall (|Ω𝑖𝑛| > 76°/𝑠) or swim on the wall for shorter 351 

times (8 °/𝑠 < |Ω𝑖𝑛| < 76°/𝑠) compared to progressive sperm, which is consistent with the 352 

findings of the surface force analysis. The detention time for sperm cells corresponding to (IV) in 353 

Fig. 5(A) and Fig. 5(C) are presented in the yellow box in Fig. 5(F), which confirms that the 354 

components of the circular motion in sperm can lead to higher detention times and harder 355 

detachments, as we anticipated. Based on these experimental data, and similar to the far-field case, 356 

sperm with progressive motility are the most susceptible to near-field boundary-dependent 357 

navigation.  358 

 By isolating sperm cells based on their rheotactic behavior using a microfluidic system, we 359 

demonstrated that sperm cells are able to navigate via upstream swimming while they feature a 360 

continuum of asymmetry in their flagellar beating patterns. To identify the role of asymmetric 361 

beating on the boundary-dependent navigation, and then compare it to rheotaxis, we then 362 

investigated sperm motion after isolation in a quiescent zone with curved walls. Our results 363 

indicate that asymmetric flagellar beating patterns cause sperm to swim in circles. This circular 364 

motion of the sperm the far-field hydrodynamic interactions so that sperm with intrinsic circular 365 

motion are less attracted to walls. Likewise, at distances closer to the wall, the sperm with non-366 

progressive motility are less likely to navigate along the wall in comparison to completely 367 

progressive sperm.  368 

Based on these results, we conclude that boundary-dependent navigation is more sensitive 369 

to the beating pattern compared to sperm rheotaxis; whereas sperm rheotaxis is more sensitive to 370 

the motility (VAP). Accordingly, the findings of this paper, accompanied with the clinical 371 

correlation between fertility and progressive motility in sperm samples (67), suggests that at some 372 

points during the fertilization process, boundary-dependent navigation plays a central role. The 373 
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findings of this study provide a comprehensive understanding of sperm locomotion during the 374 

fertilization process before reaching the fertilization site and thus can be used to improve the 375 

conventional tools for infertility diagnosis and treatment (68). 376 

Materials and Methods 377 

Semen sample preparation. Commercially available cryopreserved bovine semen samples were 378 

kindly provided by Genex Cooperative (Ithaca, NY) in milk and egg yolk-based extender in plastic 379 

straws. The semen in the straws were thawed in a 37 ºC water bath and then diluted 1:3 with TALP 380 

(the sperm culture medium). After dilution, the viscosity of the samples was ~2.1 mPa s-1. The 381 

initial sperm concentration in the semen samples were ~100 million/mL and after diluting with 382 

TALP, reduced to a quarter of the initial concentration. The motility of the semen sample after 383 

dilution ranged from 20–30%. We used 10 different semen samples in both milk and egg yolk-384 

based extender. The TALP recipe was as follows: NaCl (110 mM), KCl (2.68 mM), NaH2PO4 385 

(0.36 mM), NaHCO3 (25 mM), MgCl2 (0.49 mM),CaCl2 (2.4 mM), Hepes buffer (25 mM), glucose 386 

(5.56 mM), pyruvic acid (1.0 mM), penicillin G (0.006% or 3 mg/500 ml), and bovine serum 387 

albumin (20 mg/ml).  388 

Micro fabrication process and semen injection. The microfluidic device was made of 389 

polydimethylsiloxane using a standard soft lithography protocol (69, 70). The diameter of the 390 

curved quiescent zone was 200 µm and the height of the chamber was 25 µm. The diluted semen 391 

was injected into the microfluidic device using gravitation and the flow generated in the channel 392 

was controlled by changing the height of the semen container. Since sperm rheotaxis emerges 393 

under very low shear rate (0.6 s-1), using gravitation instead of conventional syringe pumps is a 394 

more efficient way to obtain and control low flow rates.   395 
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Rheotaxis-based sperm isolation and phase-contrast microscopy. To isolate motile bovine 396 

sperm inside the quiescent zone, we utilized a microfluidic corral system(40) that isolates motile 397 

swimmers based on their ability to move upstream. As we injected the sample with an injection 398 

rate of 1.2 mL/h, sperm with motilities higher than 53.2 μm/s can swim upstream and enter the 399 

quiescent zone (which is filled with TALP), allowing us to study the sperm movement with 400 

minimal fluid mechanical noise. The movement of the sperm cells were acquired with a phase-401 

contrast microscope, where flipping of the sperm head leads to subsequent phase shifts in the light 402 

passing through, leading to variation in the observed brightness (i.e., a twinkling effect). 403 

Cell tracking and zeroth harmonic measurement.  The sperm trajectories and other motility 404 

related characteristics were analyzed with ImageJ and a custom MATLAB code. To measure the 405 

amplitude of the zeroth harmonic, we measured the maximum amplitude of the beating towards 406 

the left (𝑦𝐿) and right (𝑦𝑅) sides of the swimmer, so that the magnitude of the zeroth harmonic is:  407 

𝑎0 =
|𝑦𝐿 − 𝑦𝑅|

2
         (9). 408 

The error bars in Fig. 2(C) result from measuring 𝑎0 at 10 different beats, while the error bars of 409 

Ω̃ and �̃� in the same figure were obtained from 10 circles of movement.   410 

Numerical simulation 411 

Beating pattern reconstruction. To reconstruct the beating pattern of the sperm, we posited the 412 

temporal part of the flagellar beating could be described by two Sine and Cosine function defined 413 

on the interval of [𝜋 − 𝜙0, 𝜙0] so that 𝜙0 ∈ [𝜋, 2𝜋]. Later, by evenly extending the function (71), 414 

we obtained the beating patterns so that 𝜙0 determines the asymmetry in the beating; e.g. 𝜙0 = 2𝜋 415 

corresponds to completely symmetric beating and thus progressive motility, while 𝜙0 < 2𝜋 results 416 
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in asymmetry. We then applied a fast Fourier transform on the beating patterns to determine their 417 

temporal frequencies. These steps were performed using MATLAB (version R2017a).  418 

Finite element method simulations. To obtain the velocity field imposed by the dipole swimmer 419 

model and determine the far-field hydrodynamic interactions, we first imported the structure of 420 

the quiescent zone in the COMSOL MULTIPHYSICS (version 5.2) platform. Two orthogonal 421 

Gaussian pulse functions (defined in the 𝑥 and 𝑦 directions) were used to define each point force 422 

in the dipole swimmer model. The mathematical form of the pulse is a 2D Gaussian distribution  423 

𝑓𝛿(𝑥 − 𝑥0)𝛿(𝑦 − 𝑦0) =
𝑓

2𝜋𝜎𝑥𝜎𝑦
𝑒

−(𝑥−𝑥0)2

2𝜎𝑥
2 𝑒

−(𝑦−𝑦0)2

2𝜎𝑦
2

             (9). 424 

We use 𝑥0,𝑦0 to move and 𝜎𝑥, 𝜎𝑦 to focus the point forces arbitrarily. This strategy was chosen to 425 

lower the computational costs and prevent issues related to using small volumetric forces and their 426 

associated meshing problems in the finite element method. Finally, solving the Stokes and mass 427 

conservation equations for different Δ𝜃 values, we obtained the results demonstrated in Fig. 4B. 428 

Then by integrating the velocity field imposed by the sperm, we obtained the hydrodynamic 429 

interactions in the y direction, as shown in Fig. 4C.  430 

 To find the torque imposed on the sperm at near-field through the lubrication 431 

approximation, we first solved the Stokes equation for the schematic shown in Fig. 5D at different 432 

incident angles. Exporting the pressure distribution and assuming the sperm’s center of mass was 433 

located on the flagellum and twice closer to the head than to the tail, the torque imposed by the 434 

wall on the sperm and the subsequent angular velocity were calculated. 435 
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Effect of flagellar beating pattern on sperm rheotaxis and boundary-605 

dependent navigation 606 
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I. Reconstruction of sperm beating patterns and Fourier analysis 611 
 612 

To model beating patterns that resemble that of the sperm flagella, we studied the pattern in one 613 

cycle of flagellar beating using a traveling sine wave with a temporal phase of 𝜙(𝑡) = 𝜔𝑡 (with 614 

𝜔 = 40𝜋 Hz as the angular frequency) in the range of 𝜋 − 𝜙0 ≤ 𝜙(𝑡) ≤ 𝜙0 so that 𝜙0 ∈ [𝜋, 2𝜋]. 615 

In turn, we constructed the even extension of the partial sine wave to form the flagellar beating 616 

function over time. Fig. S1 shows these constructed patterns, which resemble the flagellar beating 617 

of the sperm observed inside the quiescent zone. Here, the completely symmetric beating (𝜙0 =618 

2𝜋) corresponds to sperm with absolute progressive motion, while asymmetry within the flagellum 619 

motion (𝜙0 < 2𝜋) results in intrinsic circular motion. To analyze the beating patterns and the 620 

resulting sperm motion, we applied the Fourier transform to yield the temporal frequencies (Fig. 621 

S2). Interestingly, with increasing temporal asymmetry in the beating pattern, the frequency of the 622 

main (first) harmonic increases while its amplitude decreases. Moreover, the zeroth and second 623 

harmonics simultaneously appear in the frequency domain. 624 

 625 
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 626 

 627 

 628 

 629 

 630 

 631 

 632 

Fig. S1. The beating pattern of the sperm flagellum. The 𝜙0 = 2𝜋 situation corresponds to symmetric 

beating, and thus absolute progressive motility. As 𝜙0 decreases, asymmetry in the beating emerges and 

the motility includes a circular motion. 𝑥∗and 𝑦∗are normalized 𝑥 and 𝑦 axes as the sperm motion can be 

described in 2D Cartesian system.  
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 640 
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 642 

 643 

Fig. S2. The harmonics of the sperm beating. At 𝜙0 = 2𝜋, the beating pattern comprises a single 

frequency equal to 20 Hz. As asymmetry emerges in the beating, the main frequency shifts and higher 

harmonics along with the zeroth harmonic appear in the spectrum. 𝒂∗ is the normalized amplitude of 

the harmonics.  
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II. Resistive force theory 644 

In this section we use resistive force theory to derive equations describing the forces produced by 645 

each segment of the flagellum and follow the presentation by Friedrich et al. (ref 41) and 646 

Saggiorato et al.(ref 39). The velocity of each segment in the y direction (𝑉) can be decomposed 647 

into its tangential and normal components, 𝑉𝑇 and  𝑉𝑁, using 𝛼, which is the tangential angle (S1–648 

4).    649 

𝑉 =
𝜕𝑦

𝜕𝑡
                            (𝑆1). 650 

𝑉𝑇 = 𝑉 sin 𝛼                   (𝑆2) 651 

𝑉𝑁 = 𝑉 cos 𝛼                    (𝑆3) 652 

tan 𝛼 =
𝜕𝑦

𝜕𝑥
                       (𝑆4) 653 

Relying upon resistive force theory, the forces produced by each element in the tangential and 654 

normal directions are linearly related to the velocity in those directions:   655 

𝑓𝑇 = −𝜉𝑇𝑉𝑇                     (𝑆5) 656 

𝑓𝑁 = −𝜉𝑁𝑉𝑁                    (𝑆6). 657 

In which, 𝜉𝑇 and 𝜉𝑁 are drag coefficients in the tangential and normal directions. Since the 658 

amplitude of all harmonics are small in comparison to the sperm length, we can make the following 659 

assumptions:  660 

∀𝑛, 𝑎𝑛 ≪ 𝐿 → tan 𝛼 ≈ sin 𝛼 ≈ 𝛼          (𝑆7) 661 

cos 𝛼 ≈ (1 −
𝛼2

2
)       (𝑆8). 662 

Using the approximations in Eq. S7–8, we can write out the tangential and normal velocities and 663 

forces using Eq. S9–12.  664 

 𝑉𝑇 ≈  (
𝜕𝑦

𝜕𝑡
) (

𝜕𝑦

𝜕𝑥
)                     (𝑆9) 665 
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𝑉𝑁 ≈  (
𝜕𝑦

𝜕𝑡
) (1 −

1

2
(

𝜕𝑦

𝜕𝑥
)

2

)                (𝑆10) 666 

𝑓𝑇 = −𝜉𝑇 (
𝜕𝑦

𝜕𝑡
) (

𝜕𝑦

𝜕𝑥
)                         (𝑆11) 667 

𝑓𝑁 = −𝜉𝑁 (
𝜕𝑦

𝜕𝑡
) (1 −

1

2
(

𝜕𝑦

𝜕𝑥
)

2

)       (𝑆12) 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

The force produced by each segment in the x and y directions are described by Eq. S13–14.  679 

𝑓𝑥 = 𝑓𝑇 cos 𝛼 − 𝑓𝑁 sin 𝛼                   (𝑆13) 680 

𝑓𝑦 = 𝑓𝑇 sin 𝛼 + 𝑓𝑁 cos 𝛼                    (𝑆14) 681 

Plugging Eq. S7, 11–12 into Eq. S13–14: 682 

𝑓𝑥 = −𝜉𝑇 (
𝜕𝑦

𝜕𝑡
) (

𝜕𝑦

𝜕𝑥
) (1 −

1

2
(

𝜕𝑦

𝜕𝑥
)

2

) + 𝜉𝑁 (
𝜕𝑦

𝜕𝑡
) (

𝜕𝑦

𝜕𝑥
) (1 −

1

2
(

𝜕𝑦

𝜕𝑥
)

2

)      (𝑆15) 683 

𝑓𝑦 = −𝜉𝑇 (
𝜕𝑦

𝜕𝑡
) (

𝜕𝑦

𝜕𝑥
)

2

+ −𝜉𝑁 (
𝜕𝑦

𝜕𝑡
) (1 −

1

2
(

𝜕𝑦

𝜕𝑥
)

2

) (1 −
1

2
(

𝜕𝑦

𝜕𝑥
)

2

)           (𝑆16), 684 

yields Eq. S17–18, which are the forces produced by the flagellum in the x and y directions.   685 

𝑓𝑥 = −(𝜉𝑁 − 𝜉𝑇) (
𝜕𝑦

𝜕𝑡
) (

𝜕𝑦

𝜕𝑥
)         (𝑆17) 686 

𝑓𝑦 = −𝜉𝑁 (
𝜕𝑦

𝜕𝑡
) + (𝜉𝑁 − 𝜉𝑇) (

𝜕𝑦

𝜕𝑡
) (

𝜕𝑦

𝜕𝑥
)

2

        (𝑆18) 687 

 688 

Fig. S3. A segment of flagellum. 
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III. Force and Torque produced by the flagellum 689 

1. Force in the x direction 690 

The forces produced by a segment of flagellum moving with 𝑦(𝑥, 𝑡) in the tangential and normal 691 

directions can be described by Eq. S17 and S18, where 𝜉𝑇 and 𝜉𝑁 are the corresponding drag 692 

coefficients. Plugging Eq. S19 into Eq. S17 yields Eq. S20. 693 

𝑦(𝑥, 𝑡) = ∑ 𝑎𝑛𝑐𝑜𝑠(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛=0

    (𝑆19) 694 

𝑓𝑥 = (𝜉𝑁 − 𝜉𝑇) (∑ 𝑎𝑛(𝑛𝜔) sin(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛=0

) ∙ (∑ −𝑎𝑛𝑘 sin(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛=0

)           (𝑆20) 695 

𝑓𝑥 = −𝑘𝜔(𝜉𝑁 − 𝜉𝑇) (∑ 𝑖𝑎𝑖𝑎𝑗 sin(𝑖𝜔𝑡 − 𝑘𝑥) sin(𝑗𝜔𝑡 − 𝑘𝑥)

𝑖,𝑗

)                                    (𝑆21) 696 

For 𝑖 ≠ 𝑗, the time average of 𝑓𝑥 would be zero, thus we only retain terms with 𝑖 = 𝑗. This yields 697 

Eq. S22–23.   698 

𝑓𝑥 = −𝑘𝜔(𝜉𝑁 − 𝜉𝑇) (∑ 𝑛𝑎𝑛
2 sin2(𝑖𝜔𝑡 − 𝑘𝑥)

𝑛=1

)                                                              (𝑆22) 699 

𝑓𝑥 = −
1

2
𝑘𝜔(𝜉𝑁 − 𝜉𝑇) (∑ 𝑛𝑎𝑛

2(1 − cos2(𝑖𝜔𝑡 − 𝑘𝑥))

𝑛=1

)                                              (𝑆23) 700 

By calculating the time average of Eq. S23, the average force produced by each segment of the 701 

flagellum in the x direction can be described by Eq. S24.  702 

𝑓�̃� =
1

𝑇
∫ 𝑓𝑥 𝑑𝑡

𝑇

0

= −
𝟏

𝟐
𝒌𝝎(𝝃𝑵 − 𝝃𝑻) ∑ 𝒏�̃�𝒏

𝟐                                                                       (𝑆24)

𝒏=𝟏

 703 

Integrating the 𝑓�̃� over the flagellum, the total force and velocity produced in the x direction is:  704 

�̃�𝑥 = 𝐿𝑓�̃� = −
1

2
𝑘𝜔𝐿(𝜉𝑁 − 𝜉𝑇) ∑ 𝑛�̃�𝑛

2

𝑛=1

= −𝜉𝑇 �̃�𝑝 𝐿 →  �̃�𝑝 =
1

2
𝑘𝜔 (

𝜉𝑁

𝜉𝑇
− 1) ∑ 𝑛�̃�𝑛

2

𝑛=1

     (33). 705 
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2. Force in the y direction and the corresponding torque  706 

Plugging Eq. S19 into Eq. S18 yields Eq. S25.  707 

𝑓𝑦 = −(𝜉𝑁 − 𝜉𝑇) (∑ 𝑎𝑛(𝑛𝜔) sin(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛=0

) ∙ (∑ 𝑎𝑛𝑘 sin(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛=0

)

2

         (𝑆25) 708 

𝑓𝑦 = −𝑘2𝜔(𝜉𝑁 − 𝜉𝑇) (∑ 𝑛𝑎𝑛 sin(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛=0

)  ∙ (∑ 𝑎𝑖𝑎𝑗 sin(𝑖𝜔𝑡 − 𝑘𝑥) sin(𝑗𝜔𝑡 − 𝑘𝑥)

𝑖,𝑗

) (𝑆26) 709 

One can write out Eq. S26 in the form of Eq. S27.   710 

𝑓𝑦 = −𝑘2𝜔(𝜉𝑁 − 𝜉𝑇) (∑ 𝑛𝑎𝑛𝑎𝑖𝑎𝑗 sin(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛,𝑖,𝑗

sin(𝑖𝜔𝑡 − 𝑘𝑥) sin(𝑗𝜔𝑡 − 𝑘𝑥))                (𝑆27) 711 

 Since we are interested in time average values of 𝑓𝑦, the following terms of Eq. S27 are non-zero: 712 

𝑖 = 0, 𝑗 = 𝑛 713 

𝑗 = 0, 𝑖 = 𝑛 714 

Therefore, Eq. S27 reduces to Eq. S28–29: 715 

𝑓𝑦 = −2𝑎0𝑘2𝜔(𝜉𝑁 − 𝜉𝑇) sin(−𝑘𝑥) (∑ 𝑛𝑎𝑛
2 sin2(𝑛𝜔𝑡 − 𝑘𝑥)

𝑛

)                         (𝑆28). 716 

𝑓𝑦 = 𝑎0𝑘2𝜔(𝜉𝑁 − 𝜉𝑇) sin(𝑘𝑥) (∑ 𝑛𝑎𝑛
2(1 − cos2(𝑛𝜔𝑡 − 𝑘𝑥))

𝑛

)                       (𝑆29) 717 

Taking the average of Eq. S28, the average force produced by each segment in the y direction is: 718 

 719 

 720 

 721 

𝑓�̃� =
1

𝑇
∫ 𝑓𝑦 𝑑𝑡

𝑇

0

= (𝝃𝑵 − 𝝃𝑻)𝝎𝒌𝟐𝒂𝟎𝒔𝒊𝒏(𝒌𝒙) ∑ 𝒏�̃�𝒏
𝟐               (𝑆30).

𝒏=𝟎
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Interestingly, but not surprisingly, the force produced by each segment of the flagellum in the y 722 

direction is a function of x, meaning that the effect of the zeroth harmonic can be seen in the force 723 

produced in the y direction.  724 

Integrating the forces produced by each segment in the y direction over the flagellum, the total 725 

force produced in the y direction becomes zero: 726 

�̃�𝑦 = ∫ 𝑓�̃�

𝐿

0

𝑑𝑥 = 0               (𝑆31). 727 

However, the total force produced in the front half of the sperm is non-zero and equal to the force 728 

produced in the rear half of the sperm:  729 

�̃�𝑦𝐹 = ∫ 𝑓�̃�

𝐿
2

0

𝑑𝑥 = 2(𝜉𝑁 − 𝜉𝑇)𝜔𝑘𝑎0 ∑ 𝑛�̃�𝑛
2                            (𝑆32) 

𝑛=0

 730 

�̃�𝑦𝐵 = −2(𝜉𝑁 − 𝜉𝑇)𝜔𝑘𝑎0 ∑ 𝑛�̃�𝑛
2                                             (𝑆33).

𝑛=0

 731 

We calculated these two forces for the 𝛾 ratio, which is required for the Stokeslet description of 732 

the microswimmer model. Although the total force produced in the y direction is zero, the torque 733 

produced by the flagellum is not zero:  734 

𝜏𝑓 = ∫(𝑥 − 𝑥𝐶𝑀)𝑓𝑁𝑑𝑥 = (𝜉𝑁 − 𝜉𝑇)𝜔𝑘𝐿�̃�0 ∑ 𝑛�̃�𝑛
2

𝑁

          (𝑆34). 735 

To find the angular velocity of the sperm �̃�, we need to calculate the torque produced by drag as 736 

well:  737 

𝜏𝑑 = − ∫(𝑥 − 𝑥𝐶𝑀)2𝜉𝑁�̃�𝑑𝑥 = −𝜉𝑁�̃�
𝐿3

12
                               (𝑆35). 738 

Considering the zero net-torque condition, we can simply find the angular velocity of the sperm: 739 
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 740 

 741 

 742 

 743 

Since the curvature of the sperm trajectory is described by �̃��̃�𝑝
−1

 (in which �̃� is the angular 744 

velocity of the sperm and �̃�𝑝 is the sperm velocity), the curvature can be defined as: 745 

 746 

 747 

 748 

In turn, one can write out the 𝛾 ratio as:  749 

 750 

 751 

 752 

  753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

𝜏𝑓 + 𝜏𝑑 = 0 → �̃� =
12 (𝜉𝑁 − 𝜉𝑇)𝜔𝑘𝐿�̃�0

𝜉𝑁𝐿3
∑ 𝑛�̃�𝑛

2

𝑁

=
𝝃𝑻

𝝃𝑵
(

𝟐𝟒�̃�𝟎

𝑳𝟐
�̃�𝒑) (𝑆36). 

�̃� =
�̃�

�̃�𝒑

=
𝟐𝟒�̃�𝟎

𝑳𝟐
(

𝝃𝑻

𝝃𝑵
)                 (𝑆37).    

𝜸 =
�̃�𝑵𝑭

𝟐�̃�𝑻

=
𝟐𝒂𝟎

𝑳
               (𝑆38) 
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IV. The analytic solution for the swimmer model using the Stokeslet description 764 

The velocity field imposed by a source point is known as the Stokeslet (Eq. S39), i.e., the most 765 

fundamental solution for the Stokes equation. Based on the linearity in the Stokes equation, the 766 

contribution of the actively swimming sperm on the fluid flow can be described by superimposing 767 

the flow fields produced by each point force. For the sake of simplicity, we write out the imposed 768 

velocity field in three terms, including:  769 

1) The velocity field imposed by 𝑓 and −𝑓 (Eq. S40),  770 

2) 𝑓′⃗⃗⃗ ⃗ and −𝑓′⃗⃗⃗ ⃗ (Eq. S41), and  771 

3) 𝑓′′⃗⃗⃗⃗⃗ and −𝑓′′⃗⃗⃗⃗⃗ (Eq. S42). In which the magnitude of   𝑓′⃗⃗⃗ ⃗ and 𝑓′′⃗⃗⃗⃗⃗ are equal to 𝛾𝑓.  772 

�⃗⃗�𝑓 =
1

8𝜋𝜇
{
𝑓

𝑟
+

(𝑓. 𝑟)𝑟

𝑟3
}          (𝑆39) 773 

�⃗⃗�{𝑓,−𝑓} = �⃗⃗�𝑓 + �⃗⃗�−𝑓 =
𝑝𝑟

8𝜋𝜇𝑟3
{−1 + 3 𝑐𝑜𝑠2 𝜑}          (𝑆40) 774 

�⃗⃗�{𝑓′,−𝑓′} =
1

8𝜋𝜇𝑟3
{𝑓′⃗⃗⃗ ⃗𝑟𝑑𝑐𝑜𝑠𝜑 − 𝑓′𝑟𝑠𝑖𝑛𝜑𝑑 +

3𝑟𝑑𝑐𝑜𝑠𝜑

𝑟2
𝑓′𝑟𝑠𝑖𝑛𝜑𝑟}             (𝑆41) 775 

�⃗⃗�{𝑓′′,−𝑓′′} =
1

8𝜋𝜇𝑟3
{𝑓′′⃗⃗⃗⃗⃗𝑟𝑑′𝑐𝑜𝑠(𝜑 + 𝛥𝜃) − 𝑓′′𝑟𝑠𝑖𝑛(𝜑 + 𝛥𝜃)𝑑′⃗⃗⃗⃗ −

3

2
𝑓′′𝑑′𝑠𝑖𝑛(2𝜑 + 2𝛥𝜃)}   (𝑆42) 776 

 Using Eq. S40, S41, and S42, the velocity field imposed by the swimmer model is: 777 

�⃗⃗�𝑇 =
𝑝

8𝜋𝜇𝑟2
{𝐴�̂� + (𝐼�̿�𝑜𝑠(𝜑) − �̿�𝑐𝑜𝑠(𝜑 + 𝛥𝜃))𝛾𝑓′̂ − (𝐼�̿�𝑖𝑛(𝜑) − �̿�𝑠𝑖𝑛(𝜑 + 𝛥𝜃))𝛾�̂�}       (𝑆43) 778 

with 779 

𝐴 = −1 + 3𝑐𝑜𝑠2𝜑 +
3

2
(𝑠𝑖𝑛(2𝜑) − 𝑠𝑖𝑛(2𝜑 + 2∆𝜃)) 780 

�̿� = [
𝑐𝑜𝑠∆𝜃 −𝑠𝑖𝑛∆𝜃
𝑠𝑖𝑛∆𝜃 𝑐𝑜𝑠∆𝜃

] and 𝐼 ̿ = [
1 0
0 1

]. 781 

 782 
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The influence of the no-slip boundary condition on the imposed flow is modeled by the mirror 783 

image of the swimmer in the boundary. Accordingly, the velocity field imposed on the sperm that 784 

causes the far-field attraction toward the wall is 𝑢𝑇 with 𝑟 = 2ℎ, in which ℎ is the distance between 785 

the sperm and the wall. For 𝜑 = 𝜋/2, 𝐴 = −1 +
3

2
𝑐𝑜𝑠(2∆𝜃), 786 

𝑢𝑦 =
𝑝

32𝜋𝜇ℎ2
{1 −

3

2
𝑐𝑜𝑠(2∆𝜃) +

𝛾

2
𝑠𝑖𝑛(2∆𝜃)}                   (𝑆44) 787 

is the attractive velocity field imposed on the swimmer by the wall. This equation can also be 788 

written out as:  789 

𝑢𝑦 = 𝑢𝑦
𝑝 (−2 + 3𝑐𝑜𝑠(2∆�̃�) − 𝛾𝑠𝑖𝑛(2∆�̃�))          (𝑆45).  790 

Interestingly, assuming 𝛾 ≪ 3, at ∆�̃�𝑛 =
1

2
cos−1 2

3
≈ 24.1°, the swimmer experiences no attraction 791 

toward the walls and becomes neutral. Given the relation between ∆�̃�, �̃�, and �̃�𝑝, the corresponding 792 

curvature that is inversely related to the progressive velocity is:  793 

�̃�𝑛 =
𝜔

4𝜋�̃�𝑝

cos−1
2

3
               (𝑆46) . 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 
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V. The flow field produced by the progressive motility and circular motion.  804 

The flow field produced by the swimmer model in Fig. 4 is the superposition of the flow field 805 

produced by the components of  progressive motility (𝑓) and circular motion (𝑓′′⃗⃗⃗⃗⃗⃗  and −𝑓′′⃗⃗⃗⃗⃗⃗ ) and 806 

their corresponding drags (−𝑓,𝑓′⃗⃗ ⃗⃗ and −𝑓′⃗⃗ ⃗⃗ ). To identify the mechanism of reduction in the far-field 807 

attraction with the components of circular motion, we simulated the progressive term with 808 

corresponding drag (Fig. S4(A)) and the components of circular motion with corresponding drags 809 

(Fig. S4(B)), separately.  Similar to Fig. 4 in the manuscript, the arrows show the normalized 810 

vector field while the magnitude of the flow is represented in color.  811 

 812 

 813 

 814 
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 815 

 816 

 817 

 818 

 819 

 820 

Fig. S4. The flow field produced by the components of the progressive motility and the circular 

motion. (A) The flow produced by the progressive component of motility and its corresponding drag. (B) 

The flow produced by the components of circular motion and their corresponding drags, ∆𝜃, ranging from 

3° to 15°. The arrows are the normalized direction while the colors represent the magnitude of the velocity 

field.  
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 821 

VI. Lubrication approximation 822 

The stress tensor is  823 

𝜎 = −𝑝𝐼 ̿ + 𝜇(𝛻𝑢𝑇 + 𝛻𝑢)                 (𝑆47). 824 

At distances adequately close to the wall, the contribution of the pressure dominates and 𝜎 ≈ −𝑝𝐼.̿ 825 

Accordingly, the torque exerted on the sperm by the boundary can be written out as  826 

𝜏 = ∫ −𝑝(𝑥 − 𝑥𝐶𝑀)𝑑𝑥                     (𝑆48). 827 

Neglecting the sperm mass, the net torque applied on the sperm is equal to zero, meaning that the 828 

drag torque cancels out the torque exerted by the wall. This constraint gives us  829 

𝑑𝛽

𝑑𝑡
=

1

𝜉𝑁

∫ 𝑝(𝑥 − 𝑥𝐶𝑀)𝑑𝑥

∫(𝑥 − 𝑥𝐶𝑀)2
                      (𝑆49), 830 

in which 𝛽 is the angle of the sperm swimming direction with respect to the wall.  831 

 832 

 833 
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