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Abstract
Sperm cells swim through the fluid by a periodic wave-like beating of their flagellum. At lowReynolds
numbers and in confinement, the directedmotion of sperm and othermicroswimmers is strongly
influenced by steric and hydrodynamicwall interactions.Wemodel spermmotility inmesoscale
hydrodynamics simulations by imposing a planar traveling bendingwave along the flagellum. Sperm
are simulated swimming in curved, straight, shallow and zigzag-shapedmicrochannels. Changes in
the sidewallmodulations and the imposed beat pattern allow the identification of a strong dependence
of the surface attraction on the beat-shape envelope of the sperm cell. For swimming in zigzag
microchannels, the deflection-angle distribution at sharp corners is calculated and found to be in good
agreementwith recentmicrofluidic experiments. The simulations reveal a strong dependence of the
deflection angle on the orientation of the beat planewith respect to the channel sidewall, and thus
deepen the understanding of spermnavigation under strong confinement. Detachment of sperm,
while swimming along curvedwalls, is dominated by the change of beat-plane orientation. Therefore,
either the emergence of a nonplanar component of the flagellar beat with increasingwavelength or the
strong confinement in shallow channels drastically increases wall attraction. Our simulation results
reveal a consistent picture of passive sperm guidance that is dominated by the steric interactions of the
beat patternwith the nearby surfaces.

1. Introduction

Spermpropel themselves through a fluid by a periodic wave-like beat of their long and thinflagellum [1]. The
travelingwave breaks time-reversal symmetry, leading to unidirectional swimmingmotion. Sperm consist of a
passive head of large radius (≈3 μm), followed by a long (35–250 μm), tube-like flagellumwith a small radius
(250 nm–1 μm).While the underlying cellular structure is highly conserved across animal species, the length,
beat shape and beat frequency vary significantly [2]. The purpose of sperm is to transportmaleDNA to the
female egg cell for fertilization. In order to reach the egg cell, spermneed tofind it andmodify its direction of
motion accordingly. Several biophysicalmechanisms play a significant role in the navigation of the sperm cell.

In active guidance—like chemotaxis—the sperm cell registers an external signal (the chemical
concentration) and adapts the beat pattern in order to steer uphill in the gradient [3, 4]. Passive guidance, on the
other hand, relies solely on given sperm shape and beat pattern, and the physical effects of the suroundings.
Rheotaxis [5, 6], where the spermorients against aflow gradient, is such a passive guidance effect: similar to aflag
in thewind, the flagellum is rotated against the flow [7]. Becausemammalian sperm swim in closed confinement
of thewinded Fallopian tube, interactions with boundaries provide another importantmechanism for active or
passive guidance. Early works of Rothschild et al [8] already suggested hydrodynamic interactions as the cause
for the enhanced density of bull spermnear glass plates. As pusher-type swimmers, sperm show a
hydrodynamical attraction to planar walls [9]. Strong confinement of sperm inmicroratchets [10], rectangular
straight [11] and branched channels [12] has been shown to be a useful tool in directing, sorting and selecting

OPEN ACCESS

RECEIVED

3August 2018

REVISED

17November 2018

ACCEPTED FOR PUBLICATION

30November 2018

PUBLISHED

18 January 2019

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2019TheAuthor(s). Published by IOPPublishing Ltd on behalf ofDeutsche PhysikalischeGesellschaft

https://doi.org/10.1088/1367-2630/aaf544
https://orcid.org/0000-0001-7300-0923
https://orcid.org/0000-0001-7300-0923
https://orcid.org/0000-0002-8904-0986
https://orcid.org/0000-0002-8904-0986
mailto:s.rode@fz-juelich.de
mailto:j.elgeti@fz-juelich.de
mailto:g.gompper@fz-juelich.de
https://doi.org/10.1088/1367-2630/aaf544
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aaf544&domain=pdf&date_stamp=2019-01-18
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aaf544&domain=pdf&date_stamp=2019-01-18
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


spermbased on their DNA integrity. Several recent experiments studied sperm in detail inmodulated
microchannels [10, 13]. Sperm align and swim along the sidewalls. Notably, sperm swimming in zigzag-like
channels scatter off rectangular corners in fan-like trajectories [14, 15].

In this work, we focus on passive guidance of spermby solid boundaries.We implement aminimalistic
spermmodel, where theflagellumbeats with an predefined beat pattern.When sperm approachwalls,
hydrodynamic and steric interactions influence the trajectory (figure 1 and supplementarymovie 1 available
online at stacks.iop.org/NJP/21/013016/mmedia). Our simulations reproduce the fan-like deflection-angle
distribution in zigzag channels observed experimentally.We establish a simplified stericmodel that explains the
ensemble dynamics of the deflection process, and use it to design channels with curved regions to tunewall
attraction based upon the beat pattern.

2.Models andmethods

2.1. Spermmodel
Although the specific structure of sperm cells differs from species to species, it showsmany common features.
The geneticmaterial is located in a relatively large head, which is pushed through thefluid by themuch longer
but thinner flagellum.We base our spermmodel on an elasto-mechanical description, which demonstrated
realistic trajectories in bulk and close to planar walls previously [16].

Theflagellum is constructed from four semi-flexiblefilaments, two of thempassive, two active (figure 2).
Eachfilament consists ofNf=100 points which are connected by stiff springs of bond length lb=0.5 a, where a
is a length scale of the simulation (see section 2.3). This results in aflagellumof arc length L=50 a, that is
composed of 100 nodes of rhombus shapewith side length lb. The two passive and the two activefilaments
oppose each other rendering the structure symmetric with respect to the center of the cross section. Additional
diagonal springs stabilize the structure (see figure 2 for details).

The head of the sperm cell is approximated by a sphere of radius rh=2 a. It ismodeled byNb=163 beads
with one bead in the center and 162 beads uniformly covering the surface of the sphere. All surface beads are
connected to their next neighbors forming a triangulated densemesh. They are also connected to the center
bead. Thefirst four nodes of theflagellum are inside the head. Springs connect eachfilament of theflagellum
with two beads of the sphere. Thefirst bead of eachfilament is connected to the center bead, while the fourth
bead of eachfilament is connected to the closest bead on the surface of the sphere. Due to the two-point
connection theflagellum can rotate independently from the head along the central axis e. A full list of
parameters is presented in the appendix C.

2.2. Beat pattern
The beat pattern is imposed along theflagellumby changing the bond lengths of the two activefilaments li

j

( j= 0, 2), whereas the bond lengths offilament 1 and 3 are kept constant at the average bond-length value lb.

Figure 1.Parallel/perpendicular beat plane orientation—Overlay of a sperm cell swimming along the sidewall of a zigzag channel
with parallel (blue) and perpendicular (red) beat-plane orientation to the sidewall. Note that the beat-plane orientation angleβ is
defined by the z-axis and the normal vector p of the beat-plane. See also supplementarymovie 1.
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In order to create active beating of the flagellum, the equilibrium length of the active springs

p
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varies periodically, where i is the segment index, which increases along the arc length,A is the amplitude,λ is the
wavelength andω=2π/τb is the frequency of the beat. Thismodulation induces bending torques along the
flagellum [17] that produce the beat shape. No activity is imposed along the first 20 nodes (i�20), in order to
model the stiffmidpiece of sperm.Diagonal springs connecting active and passivefilaments are diagonals of

isosceles trapezoids. Accordingly their equilibrium length follows as + ( )l l li
j

b
2

b
2 .

For w ¹ 0, the difference in imposed equilibrium curvature and actual curvature of the flagellum leads to
effective torqueswhich bend the flagellum.Due to the anisotropic friction in the hydrodynamic solvent, a
propagating sinusoidal bendingwave leads to forward swimming, where the average swimming velocity scales as

wlµv A2 3 [18].
We characterize the instantaneous configuration of the flagellumby the position of its centroid and the three

principle axes of the gyration tensor of the flagellum (figure 3). The active filaments ( j= 0, 2)define the beat
plane, which is characterized by the beat-plane normal p.

2.3.Hydrodynamic simulation
Hydrodynamic interactions with thewalls and between the beads of the spermmodel are introduced by using
multi particle collisions dynamics (MPC) [19, 20], amesoscale hydrodynamic simulation technique. This
method has been employed for hydrodynamic descriptions of various biologicalmicroswimmers in recent years
[9]. Themain advantage of thismethod for this study is an easy implementation of complex boundaries.MPC is
a particle-based simulationmethod allowing for highly parallelized, efficient simulations. Thefluid consist
of an ensemble of point particles ofmassm. Successively, in each time-step, a collision and streaming step is

Figure 2.Model of sperm flagellum—(a)Two successional segments, connected by nodes along theflagellum are shown in the local
coordinate system, described by the principle axes of the gyration tensor e,b andp. (b)Each node consists of four beads, labeled 0, 1, 2
and 3 (blue spheres) that are arranged in a rhombus shapewith equal side length lb. Springs connecting these beads are shown as thin
lines with a zigzag pattern. The filaments (red) 1 and 3 are passive and provide stability, whereas thefilaments 0 and 2 are actively
shortened/stretched. The activefilaments define the beat plane of the sperm cell. Additional springs provide stability for theflagellum
structure: five springs within the rhombus-shaped node, four diagonal springs on each of the outer faces and four diagonal springs
stabilizing the passive filaments of successive segments. Note that for clarity only the four diagonal springs on the outer face 2–3
(yellow) between nodes i+1 and i+2 and the inner face 1–3 between nodes i and i+1 are shown. Springs connecting the faces 0–1,
1–2, 2–3, 3–0 and 1–3 between all successional nodes are not shown.
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performed. In the streaming step, eachfluid particle ismoving ballistically according to its velocity. Particles
interact only in the collision step on a box level. Particles are sorted into the boxes of a cubic lattice with lattice
constant a. All particles in a box exchangemomentum such that the center ofmass velocity of the entire box is
conserved. For each box a randomaxis is chosen aroundwhich the relative velocities of the particles are rotated
by a fixed collision angle of 130°. This introduces noise and long-range hydrodynamic correlations between
particles. Coupling betweenfluid and spermmotions is achieved by integrating the spermbeads (mMD=5m)
into theMPC collision step. The dynamics of the beads of the sperm cell are integrated using a classical velocity-
Verlet algorithm.

Here, we use amean free path lengthλp=0.05 a, afluid density of ρ=10 a−3 particles per box. This
ensuresfluid-like behavior. The temperature of thefluid is regulated by a global thermostat to kbT. Length and
energies aremeasured in units of a and kbT, receptively, which corresponds to setting a=1,m=1 and
kbT=1.

Along the x-direction of the cubic simulation box, we impose periodic boundaries. No slip at the sidewalls is
implemented via bounce-back boundary conditions and virtual wall particles [21].Whereas the no-slip wall
along the z-direction is planar, the sidewall orientation of the channel varies periodically. Therefore, the bounce-
back at the sidewall is implemented in a simplified formby inverting the fluid particle velocity just beforewall
crossing.

2.4. Channel geometry
Wefirst study sperm swimming along the sidewall of a zigzag channel with corner angle γ (figure 4). The cubic
simulation box has the dimensions = =L a L a400 , 400x y and Lz=25 awith periodic boundaries along the
x-direction. The specific channel pattern is embedded in the simulation box and limits themotion in y-direction
by two sidewalls, which are separated by a normal distance of 35.4 rh. The zigzag channel has a height h=25 a,
width d=106 a and sidewall length =l a200 2 (see also appendix C). The zigzag channel is reconstructed
with the same aspect ratio, as used in the experiments of Kantsler et al [15].

In the second setup, we smooth the corner by replacing the sharp cornerwith a quarter-circles of constant
radius of curvatureR. Straight parts connect the alternating quarter circles. Thereby, the curved channel remains
similar to the alternating pattern of the zigzag channel.

Figure 3.Principle axes of the sperm cell—Abeating sperm cell withλ = 0.63L andA=0.05rh and the orientation of the principle
axes of the gyration tensor e, b andp in the 3d lab system,where e is themain-axis of theflagellumpointing from the head along the
tail, b is the beating direction and p is the beat-plane normal.
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3. Results

3.1. Zigzag channels
We simulate sperm swimming in zigzag channels with γ=90° corners (supplementarymovie 1). The sperm
beat with awavelengthλ=0.63 L and a beat frequency w = ( )k T a m0.05 B

2 at two different beat
amplitudesA=0.05 rh andA=0.04 rh. The choice of wavelength, and in particularλ<L, is based upon
previouswork on tethered sperm [17], where this wavelength reproduces experimentally observed beat patterns
verywell. The chosen beat frequency ensures both low-Reynolds-number dynamics with negligible inertia
effects and reasonable simulation run times.

Typical trajectories and their deflection angles are shown infigure 4. Sperm follow the sidewall—until they
detach at the tip of the corner, cross the channel and reorient along the opposing sidewall. The deflections show a
large spread for different realizations. Note that the reorientation happenswhile the flagellum stays in contact
with the sidewall. After it looses contact, the trajectory becomes almost straight. This already hints an important
result of this work, whichwewill strengthen further through this paper: the instantaneous beat shape of the
sperm cell crucially determines the outcome of the deflection.

For amore quantitative analysis, the deflection angleα is defined as the turning of the sperm cell between the
positionwhen the center of the head is at the tip of the corner and its position 60 beats afterwards, when the
entire sperm cell is detached from the sidewall.When spermdonot change swimming direction, they continue
to swim along the extension of the sidewall. This corresponds to a = 0. Turning around the corner toward the
originating sidewall is defined as a positiveα, whereas turning away from the sidewall extension is defined as a
negativeα (figure 4).

The simulated trajectories for A= 0.05 rh imply that themean deflection angle is positive, aá ñ » 15 , with a
very broad distribution from slightly negativeα up toα=45° (figure 5).

Nevertheless, even for the large deflections, the sperm cell always crosses the channel and reaches the
opposing side, i.e. it never sneaks around the corner. For the larger beat amplitude,A=0.05 rh two distinct
peaks can be identified, whereas the spermwith smaller beat amplitudeA=0.04 rh show a distributionwith a
single peak that fits the experimental data verywell. As shown previously in simulations [16], spermorient their

Figure 4.Zigzag channel—(a) Sketch of the dimensions of the zigzag channel and its embedment into the simulation box (red):
h=25 a, width d=106 a and sidewall length =l a200 2 . The channel has periodic boundaries in x-direction. No-slip boundaries
conditions are enforced on all four faces of the channel. (b)Top view of a γ=90° corner with trajectories of sperm cells swimming
around it (blue lines). The red rhombusmarks the position, where the center ofmass of the sperm cell crosses the line parallel to the
y-axis defined by the tip of the corner, whereas the green rhombusmarks the center-of-mass position 60 beat periods afterwards,
when the sperm cell is completely detached from the sidewall. The deflection angleα quantifies by the total deflection of the sperm
cell, defined by these two rhombi.
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beat plane parallel to a nearby no-slip wall. Therefore, sperm either align parallel to the sidewalls, or to the top/
bottomwalls of the channel. Indeed, we observe an almost bimodal distribution of the beat plane orientation
(figure 6). Hence alignment is either defined as parallel, with á ñ <∣ ∣p 0.7z , or perpendicular, with á ñ∣ ∣p 0.7z
(see alsofigure 1). p is the beat-plane normal, as defined in section 2.2.We can thus correlate the deflection angle
with the beat plane orientation.

When the sperm cell detaches from the sidewall with a previously parallel orientation, it very quickly
reorients its beat plane parallel to the top (or bottom)walls (figure 6). This remarkable stability of the beat-plane
orientation justifies the classification of the beat plane by its orientationwith respect to either the sidewall
(parallel) or the top/bottomwall (perpendicular). This classification separates the deflection-angle distribution
in two reasonably well separated peaks (figure 5). The parallel beat-plane orientation results in small
deflections aá ñ »   10 5 independently of the beat ampliude, whereas the perpendicular beat-plane

Figure 5.Deflection-angle distribution—Deflection angleαdistributions for beat amplitudeA=0.05 rh (upper part) and beat
amplitudeA=0.04 rh (lower part) obtained in the simulations. The solid lines show theGaussian kernel density estimate of the
underlying histogram. The deflection angle distribution (left column, light-blue) agreeswell with the distribution obtained
experimentally byKantsler et al [15] (orange). In particular, for the smaller amplitude experimental and simulation datamatchwell.
The distribution of deflection anglesα separates in two distinct distributions (right column) corresponding to the beat plane
orientation of the sperm cell toward the sidewall. The average beat plane orientation parallel (perpendicular) to the sidewall is
indicated by the blue (red) coloring. Note the higher deflection of the sperm cell for the perpendicular orientation.

Figure 6.Beat-plane orientation—The tilting angle of the beat plane relative to the top-wall is averaged overmany trajectories
depending on their stable orientationwhen the sperm cell swims along the sidewall of the channel. Sperm that swim along the sidewall
(s<0)with perpendicular beat-plane orientation (β=90°) are shown in blue, whereas sperm that swim along the sidewall with
parallel beat-plane orientation (β=0°) are shown in red.
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orientation results in larger deflections. The perpendicular deflection-angle distirbution shifts from
aá ñ »  ^ 26 7 to aá ñ »  ^ 22 5 with decreasing beat amplitude.

The fans of sperm cell trajectories scattering off the corner of the channel look very similar to the
experimental observations of human sperm [14]. The distribution of deflection anglesα of the lower spermbeat
amplitude (figure 5)matches with the experimental deflection data of bull sperm [15] verywell. The shift of the
deflection angle distributionwith perpendicular beat-plane orientation towards smaller deflections leads to a
strong overlapwith the distribution of the parallel case and results in a unimodal distribution, where the two
contributions cannot be distinguishedwithout additional information of the corresponding sperm cell
orientation. Interestingly, the beat shape influences the deflection only in the case of a perpendicular beat-plane
orientation. This suggests, a central role of steric interactions between the beating flagellum and thewall, which
wewill investigate further in the following section.

3.2. Self-propelled conemodel
If the spermmotionweremainly determined by the average beat envelope of the flagellum, a simplermodel
might capture the physics of deflection of a sperm-cell ensemble. Thus, we compare the full hydrodynamic
simulation of sperm to an overdamped dynamics simulation of a self-propelled cone-like particle (for details see
appendix B). The cone shape is based on the formof the average beat shape envelope of the sperm. Its shape is
described by two parameters: the opening angle δ and the length ¢L of the cone. Cones with different opening
angles are constructed for both beat-plane orientations.

For a detailed comparison, we refine our quantification of the deflection angleα by analyzing the angle of the
main axis with the sidewall,Θ, as the spermor the cone travel beyond the corner (figure 7). The distance of the
centroid (averaged over one beat) of the sperm to the corner defines the position s during the deflection event.
When the sperm swims along the sidewall (s<0), the orientationΘfluctuates around the beat-pattern opening
angle (see appendix A). Starting with the head passing the tip of the corner, themain axis rotates, until
subsequently it plateaus after the spermhas passed the corner. This retroactively justifies the definition of the
deflection angleα in section 3.1. Spermwith perpendicular beat-plane orientation turn faster over a shorter
length scale, while spermwith parallel beat-plane orientation turn slower over a longer length scale. Here, the
average deflection of spermwith perpendicular beat-plane orientation is two times larger than for spermwith
parallel beat-plane orientation.

The conemodel describes the change of orientation for both beat-plane orientations quite well (figure 7).
In the perpendicular case, an effective opening angle d = ^ 14 and cone length of ¢ =L̂ r15 h matches the
deflection of the full hydrodynamicmodel. Here, the self-propelled conemodel nicely corresponds to the beat-
shape envelope of the sperm (figure 8). For a spermwith parallel oriented beat plane, we expectmuch less
influence of the steric interaction andmore dominance of the hydrodynamic interaction. The simple steric
model with opening angle δP=6° and length ¢ =L r15 h again captures the averagedmotion quite well. The
gap between the average orientation of the sperm and the self-propelled cone indicates a small additional

Figure 7.Deflection around the corner—The rotation of the central axis of sperm (dots) is compared to the turning of the self-
propelled cone (solid lines) for a parallel (blue) and a perpendicular beat-plane orientation (red). The distance to the corner is negative
when the sperm cell approaches the corner and positive after its centroid has passed the tip of the corner. Thefitted spline of the
simulation data shows the ensemble-averaged orientation of the sperm (dashed lines). Itfits the turning of the cone in the
perpendicular case. The steric swimmers have opening angles of d =  6 , δ⊥=14° and lengths of ¢ =L r15 h, ¢ =^L r15 h.
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hydrodynamics contribution. As already suggested in [16], the effective opening angles indicates a
hydrodynamic repulsion of the sperms tail.

The beating is reflected in the distribution of the inclination anglesΘ (figure 3). Indeed, spermwith
parallel and perpendicular beat-plane orientation have a large difference in inclination angle (figure 9). For
perpendicular beat-plane orientation, the inclination angle is almost equally distributed betweenQ = ^ 3 to
23°, which can be understood by the beating of the sperm that constantly changes the orientation of themain
axis and thereby interacts sterically with the sidewall. The regular beating of theflagellum creates a broad, almost
uniformdistribution. In contrast, the inclination of spermwith parallel beat-plane orientation is almost
Gaussian distributed around an average inclination of áQ ñ =   3 5 . In the latter case, the inclination seems to
bemainly caused by hydrodynamic interactions and thermal noise.

3.3. Shallow corner angles and rounded corners
To go a step further, we considermore complex sidewall patterns that are interesting for the design of
microchannels for various applications: shallow angles and rounded corners (see section 2.4). The success of the
simple self-propelled conemodel in predicting spermdeflection at sharp corners, suggests to apply and verify
this approach to these new channel designs.

For one, we vary the corner angle: the conemodel would not notice themore shallow angle, until it collides
with the subsequentwall. In contrast, long-range hydrodynamic interactionsmight be expected to help the cell
to ‘feel’ the presence of the distant sidewall, and thus scatter differently. The conemodel indeed predicts that
shallow corner angles only impose an upper limit on the deflection distribution, because deflection angles larger
than the corner angle are not possible. In the latter case, the sperm remains at the originating sidewall, i.e. it does
not cross the channel after deflection. The cumulant of the deflection-angle probability distributions (figure 10),
nicely demonstrates this behavior: the cumulants are nearly identical for deflection angles smaller than the
corner angles, and increase steeply thereafter. Thus, the beat-plane orientation still dominates the deflection-
angle probability distributions (figure 10), and hydrodynamic interactions seem to play only aminor role. For
α=γ the sperm cell turns entirely around the corner and stays at the originating sidewall. However,α can be
slightly larger than γ, due to thefinite distance between the sperm cell and thewall.

Figure 8. Sperm cell inclination—Snapshots of the beat pattern (green) are overlaid by the corresponding coneswith opening angle
δ⊥=14° and δP=6°. The sperm cell swims along the sidewall of the channel in perpendicular (left) and parallel (right) orientation.

Figure 9.Main-axis-inclination distribution—Spermwith parallel beat-plane orientation (blue) are less inclined toward the sidewall
of the channel than spermwith perpendicular beat-plane orientation (red). Note, that the average inclination angles correspond to the
opening angles of the self-propelled cone.
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A second interesting prediction arises from the conemodel: if confrontedwith a curvedwall, a self-propelled
cone attaches firmly to it, depending on the opening angle versus the radius of curvature [22]. The critical radius
of curvature is expected to be d= ¢ =  ( )R L L2 4.2c for the parallel orientation and a radius of curvature
above d= ¢ =^ ^( )R L L2 1.2c for the perpendicular orientation.We thus explore a novel channel design, where
sperm swim along sidewalls with regions of alternating, constant curvature, as introduced in section 2.4. By
tuning the radius of curvatureR of the curved segments, we expect to control the probability of a sperm cell to
stay attached.We chooseR=2 L andR=2.8 L (larger radii of curvature are unfortunately computationally
unfeasible).We thus expect perpendicular aligned sperm to remain attached, and parallel aligned sperm to
detach from the originatingwall. Interestingly, the observed behavior ismore complex.

Because the detachment at curved corners can happen along the entire surface, no unique detachment point
can easily be defined anymore. Instead, the attachment strength is quantified bymeasuring the length of the path
along the quarter-circle before detachment. The region of constant, non-zero curvature starts atΦ=0°. After
the sperm cell swims into the region of constant curvature, it continues to swim along the curved sidewall until it
orients away from the surface and eventually detaches. The sperm is considered as detachedwhen the centroid of
the sperm cell ismore than 8 rh away from the curved surface. This point than defines the detachment angleΦ.

Figure 11 shows the probability distributions of these detachment angles for a radius of curvature ofR=2 L
andR=2.8 L, where themean detachment angle áFñ increases slightly from about áFñ = 33 to áFñ = 38
respectively. However, no sperm cell swims around the curved region entirely, even though the steric argument
predicts complete attachment for the perpendicular orientation in both cases. The reason for this is the
destabilization of the perpendicular beat-plane orientation by the curvature of the sidewall. The dominantmode
of detachment is that perpendicular oriented sperm rotates into the parallel orientation, and then detaches from
the sidewall. The same detachment angle corresponds to longer attachment times for largerR (figure 12).
Indeed, themean attachment time τ increases by a factor of 1.67 fromR=2 L toR=2.8 L.

Spagnolie et al [23] studied the very similar problemof a hydrodynamic dipole swimmer trapped at the
surface of a cylinder, and analyzed it as aWiener process with drift which predicts an inverseGaussian,

pF = F - F - F( ) ( ) { ( ) ( )}f q q n p2 exp 23 2 2 , as the solution of the first passage time. Indeed, our
detachment-angle distribution is alsowell described by an inverseGaussian for both radii of curvature
(figure 11).

Although the inverse Gaussian describes the detachment angle distribution verywell, the detachment
process differs in our case. As explained above, the detachment is dominated by the reorientation of the beat

Figure 10.Varying corner angle γ—The cumulative probability function of the deflection angleα does not change significantly with
increasing corner angle γ—except for the cut-off atmaximal deflection anglesα = γ. Eachmarker represents the deflection angleα of
an individual sperm cell. The symbol identifies the corner angle γ and the color represents the average beat-plane orientation before
the spermhas passed the corner,measured as the angle between the z-axis and the beat-plane normal b = pacos z . The color range
goes from red (β = 0°, perpendicular side-wall orientation) to blue (β = 90°, parallel side-wall orientation). Note the perpendicular
orientation to the sidewalls of the sperm cell for higher values ofα.
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plane. This detachment process is hindered in shallower channels. Indeed, we see a rapid change in crossing
probability at a critical channel height h, which depends on the imposedwavelengthλ (figure 13). The
wavelength dependence of the crossing probability will be discussed further in context of the effects of the beat
pattern, see section 3.4.

3.4. Effects of the beat pattern
The dominant role of steric effects, determined by the beat envelope, suggests a strong influence of the beating
pattern onwall adherence andwall scattering. Thuswe consider the beat pattern inmore detail. First, the beat
pattern of freely swimming sperm is simulated for varyingwavelengthλ in a large simulation box of size

= =L r L r35 , 35x h y h and =L r35z h with periodic boundaries in x, y and z-directions. Their beat pattern is
quantified by the beat-shape envelopewhich has two opening angles: the in-plane opening angle δb(t) and the
out-of-plane opening angle δp(t) (see appendix A for details). Second, we test the dominant effect of the beat
plane on swimming along the curved channels.

Figure 14 shows the increase of the opening angle db with increasingwavelengthλ.When thewavelength
increases above a threshold ofλ=0.79 L, theflagellumbuckles under the load of the pushing and viscous forces
(as suggested in [24]) and exhibits an out-of-plane component, leading to a three-dimensional beat pattern
(top offigure 14, supplementarymovie 2). In the planar beating regime, the out-of-plane opening angle, δp, is
negative, since the head radius ismuch larger than the radius of the straight flagellum (see appendix A). Here, for
δp<0, the in-plane opening angle δb increases linearly with thewavelength, d l l=  - ( ) L30 6b . In the
three-dimensional beat regime, the out-of-plane opening angle δp increases, while the in-plane opening angle
stays constant. Although this needs further investigation, wewill focus here on the effect of the beat-shape
envelope on thewall attraction in close confinements.

Figure 11.Detachment angle distributions for different radii—Normalized probability distribution of the detachment angle of the
sperm cell in a channel with constant curvature radiusR. The distribution is well described by an inverseGaussian fit (red)which is the
solution of thefirst passage time distributions of aWiener process withmean value p, shape parameter q and number of spermpassing
N forR=2.0 L (p=32.9, q=2.5, N=81) and forR=2.8 L (p=36.7 , q=2.8, N=57).

Figure 12.Attachment time distributions—The attachment time τ, measured in beat periods, gives the time sperm remain attached to
the sidewall of the curved channel with radiusR. Themean of the distribution is shifted from t tá ñ = 20 b forR=2.0 L (N = 81) to
t tá ñ = 33 b forR=2.8 L (N = 57), which is almost proportional to the difference in radii.
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Wewant tomention parenthetically that the shape of the planar beat infigure 14 (top) agrees well with the
beat shapes of human sperm tethered to awall at its head, as observed experimentally and in resistive-force
simulations [17].

In deep channels, even though the increasing wavelength increases the opening angle δb of the beat
pattern (figure 14), only aminor influence on the detachment point distribution at rounded corners is
observed for λ�0.7 L (figure 15). Conversely, the behavior changes abruptly to perfect attachment for
wavelengths λ�0.9 L. This sudden transition coincides with the instability of the planar beat pattern. In

Figure 13.Channel-crossing probability—The crossing probability of a spermwith imposed beatingwavelengthλ at the rounded
corners for different channel heights h. Error bars are 95% confidence intervals. The solid line shows a sigmoidalfit. For planar beating
sperm, with l L0.8 , the crossing probability increases rapidlywhen the channel height h allows the turning of the beat plane. For
three-dimensional beat patterns, withλ=1.05 L, the confinement has the opposite effect; the crossing probability drastically
decreases with channel height.

Figure 14.Beat shape—(a) Snapshots show a planar (λ=0.63 L) and a three-dimensional (λ=1.05 L) beat pattern in the lab frame.
The snapshots are colored by time from red over gray to blue. Spermhead (not shown) is on the bottom-left end of theflagellum. A
movie of the three-dimensional beat is shown supplementarymovie 2. (b)The in-plane opening angle δb of the beat-shape envelope
increases linearly withwavelengthλ until the out-of-plane opening angle δp starts to increase (λ�0.79 L). Error bars indicate the
standard deviationwhen averaged over several beats. The increase of the in-plane opening angle is δb/λ=30°/L. (c)Visualization of
the beat pattern for the planar beating sperm cell withλ=0.63 L explaining the in-plane opening angle δb and out-of-plane opening
angle δp (see also appendix A).
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contrast, in shallow channels (figure 13), the attachment–detachment behavior is inverted. For planar
beating ( l L0.8 ), sperm stay perfectly attached to the sidewall below a critical channel height hc, whereas
in the three-dimensional beat regime ( l L0.9 ), they stay attached above a critical channel height hc. In
the planar-beat regime, the restriction of the beat-plane orientation perpendicular to the sidewall enforces a
strong steric repulsion of the flagellum and the sidewall. A larger wavelength λ increases the beat-shape
opening angle δb (figure 14), which increases the critical channel height hc that allows the beat plane to rotate
into a parallel orientation.

Together with the results for shallow channels, this provides a consistent picture of how sperm travel around
rounded corners: the planar beating pattern in a curved channel starts with a similar bi-modal distribution of
beat-plane orientations as for the sharp corners (figure 16). However, the curvature of the sidewall, destabilizes
the perpendicular beat-plane orientationwith the sidewall.When the sperm rotates to a parallel-aligned beat
plane, the sperm starts to detach from the sidewall (supplementarymovie 3). For three-dimensional beating
sperm cells, the beat-plane orientation keepswobbling between  < < p25 arccos 90z (figure 16). This exposes
the asymmetry of the beating to the sidewall and therefore rotates themain elongation axis back toward the
surface (supplementarymovie 4). The shallow channels archive the same results by enforcing the exposure of the
asymmetry of the beating to the sidewall due to the confinement.

This picture also explains the almost unchanged detachment-angle distribution for increasingwavelength
forλ<0.9 L. Even though the increasing asymmetry of the beat pattern increases the surface attachment of the
perpendicular orientated sperm cell, the detachment is dominated by the rotation of the destabilized
perpendicular orientation.

Figure 15.Detachment angle distributions for different beat patterns—Detachment polar angleΦ at which the sperm cell detaches
from the curved sidewall for beat patternswith different wavelengthλ. The box plot shows the 25- and 75-percentile, whiskers indicate
themin andmaxΦ. Themedian of the distributions slightly increases with increasingwavelength. (N=26–100). Forλ=0.9 L
(orange) the beat shows a 3D-component which leads to perfect attachment.

Figure 16.Beat-plane-orientation distribution—Histogramof the beat-plane orientationwith respect to the sidewall parccos z for the
planar beating sperm cell swimming along the γ=90° (2D 90°) and the curved channel ( =D R L2 2.8 ) are compared to a sperm cell
with out-of-plane beating along a curved channel ( =D R L3 2.8 ). The 2Dbeat pattern shows a bi-modal distribution for parallel and
perpendicular orientation, whereas thewobblingmotion of the 3Dbeat pattern leads to an almost uniformdistribution.
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4. Summary anddiscussion

Wehave studied the deflection of spermoff sharp and rounded corners in zigzag channels. Our hydrodynamic
simulations reproduce the broad deflection-angle distribution found in experiments of human sperm cells. Our
results underline the importance of a combination of hydrodynamic and steric interactions.We show that the
beat-shape orientation is of critical importance for surface attraction and subsequent scattering off corners. Due
to the cone-like structure of the beat-shape envelope, the head is closer to thewall than the tail of the sperm. This
inclines the principle axis of the sperm cell toward thewall, which leads to a force component that pushes the
sperm cell toward the sidewall. Once the sperm cell passes the tip of the corner, it is free tomove in the sidewall
direction and therefore partially turns around the corner.When the beat plane is perpendicular oriented to the
channel wall, the deflection is dominated by steric interaction.Wefind that the average deflection of the sperm
cell is reproduced by a self-propelled cone, where the opening angle of the conematches the beat-shape-
envelope inclination of the sperm cell with respect to the sidewall.

When the beat-plane is parallel oriented to the channel wall, theflagellumhardly touches thewall.
Interestingly, themain axis of the sperm cell is still slightly inclined [16], which allows the construction of an
effective stericmodel that is able to approximately describe the deflection.However, the active beating of the
sperms tail and the thermal noise of the simulation leads to largefluctuations of the individual deflections.

At curved corners, sperm cells detach by rotating to the parallel orientation, thus exposing the less
asymmetric side of the beat pattern. This rotation can be inhibited by very shallow channels, leading to perfect
adhesion to the curved sidewall. Alternatively, above a critical wavelength ofλ=0.79 L, a buckling instability
occurs which renders the beat pattern three-dimensional and leads to awobbling of the entire sperm cell around
themain axis. This dramatically increases surface attraction.

Our simulation results pose some interesting questions about how surface interactions guide
microswimmers, in particular sperm cells, through complex and highly confined geometries. As shown, the
wavelength-dependent instability toward a three-dimensional beat pattern strongly enhances surface attraction,
whichmay explainwhy sperm can easily follow thewindings of the Fallopian tube. Therefore, the beat shape
influences thefitness of spermbeyond simple propulsive effects.

Our results emphasize the importance of resolving a three-dimensional shape of the beat pattern and study
sperm swimming in shallow channels. Such a setup could be exploited tofilter sperm cells by translating
properties of the beat pattern to angular deflection. Considering the strong attraction of three-dimensional
beating sperm cells, the recently proposed design of teardrop-shaped posts seems to be particularly promising
[25]. The teardrops have a large radius of curvature at the bottom and a small radius of curvature at the top, and
thereby allow for alignment of swimmers along the low curvature regions and detachment when approaching
the high curvature regions.When tuned accordingly, only spermwith largewavelength that show a three-
dimensional beat pattern align along the direction of the teardrop, whereas sperm cells with smaller wavelength,
and thus planar beat, are not.

A detailed experimental investigation of the beat pattern of human sperm close to surfaces reveals a switch
between three-dimensional spiraling and two-dimensional slitheringmotion [26–28]. This switching between
an extended three-dimensional beat and a two-dimensional beat influences spermmotility in confinement and
is an interesting topic to study experimentally.
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AppendixA.Quantification of the beat-shape envelope

Theflagellum is quantified by the space curve ( )r s t, . Translationmotion is subtracted so that =( )r t0, 0. The
in-plane elongationB(s, t) and the out-of planeP(s, t) follow by the corresponding b- and p-projection:

=( ) ( ) · ( ) ( )r bB s t s t t, , A.1

=( ) ( ) · ( ) ( )r pP s t s t t, , . A.2

The beat shape is quantified by the inclination angles of the line that encloses the beat pattern in the
corresponding projection (figure A1). The line is constructed from theminimal (maximal) elongation of the
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flagellum and the radius of the head rh:
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where ¢s are the arc-length positionswhereB(s) ismaximal d+b orminimal d-b . Because both bounds have the
same valuewith opposite sign, due to the axis symmetry of the beat pattern, the opening angle can be defined by
taking themean of their absolute values. The time dependence is omitted by averaging over several beats.

Appendix B. Conemodel

In the conemodel, we capture the twomain effects leading to the deflection of the sperm cell at a corner. Its
asymmetrywith respect to the surface and the propulsion in the direction of its center line. Here, we followed
closely the over-dammed dynamics simulationwithout hydrodynamics and noise byWysocki et al [22].We
model the cone as a series ofN overlapping spheres. Their radius increases linearly from the radius r0 of thefirst
sphere to the radius r1 of the last sphere. The spheres are held together by springs with a constant bond length
=l r0.25 hb and a bending potential (the same as in the full spermmodel). The distance between the center of the

first sphere and the last one defines the length of the cone as ¢ =L b Nl . Finally, this determines the cone opening
angle d = - ¢( )r r Ltan 1 0 .

Since simulations are performed in the limit of lowReynolds numbers, inertia effects can be ignored, andwe
have to solve the equation of over-dampedmotion,

m= + +˙ ( ) ( )r F F F . B.1i d0 springs bending

The cone-like swimmer is self-propelled in the direction of the connection vector between the center of the
spheres e. Therefore, we set =F efd 0 .

Themobilityμ0 of each sphere is kept constant. Only for bounce-back from interactionswith the boundary
of the channel the different radii are important. The interactionwith thewall ismodeled by checking the
positions of the spheres in each time step.When they penetrate thewall, they aremoved outwards along the
normal of the correspondingwall. Since the normal is not well defined at the tip of the corner, here the radial
vector between the center of the sphere and the tip is used.

AppendixC. Parameter list

Table C1 collects all parameters of our simulation approach, both for the spermmodel aswell as for theMPC
fluid. All simulation parameters are given inMPCunits, defined by kbT=1, a=1 andm=1.

Figure A1.Beat patterns for different wavelengths—In-planeB(s, t) and out-of-plane P(s, t) projection of beat patterns for different
imposedwavelengthsλwith the corresponding beat-shape-envelope opening angles δb and δp (black lines). Time is indicated by the
color of the sperm, from light green to dark green.
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The sidewalls of the rectangular channel are defined by the following functions +( )y x y0 (see table C2),
where y0 corresponds to the offset of the sidewall. For the lower one, we choose y0=1 and the upper one is
placed at y0=106.Note that for γ=45° the upper (lower) sidewall is limited to amaximum (minimum) value
of y=330 (y= 21), in order toflatten the pointed angle of the outward corner.
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