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The great mammalian sperm race encounters numerous microenvironments to

which sperm must adapt and a fundamental sperm response is the change in

its waveform owing to both fluid rheology and capacitation, with the latter

associated with a hyperactivated beat pattern. Hence, in this modelling

study, we examine the effect of different flagellar waveforms for sperm behav-

iour near adhesive substrates, which are representative of epithelia in female

tract sperm reservoirs and the zona pellucida (ZP), which surrounds the mam-

malian egg. On contact with an adhesive surface, virtual sperm rotate to

become nearly tangential with the surface, as generally observed. Hyperacti-

vation also induces many effects: sperm exert greater forces on the substrate

and periodically tug way from adhesions under circumstances reflecting bind-

ing at sperm reservoirs, but with extensive fluid elasticity, as found in the

cumulus surrounding the ZP, sperm instead continually push into the sub-

strate. Furthermore, with weak adhesion, rheological media increase the

duration hyperactivated sperm remain in the proximity of a substrate. More

generally, such results predict that changes owing to both hyperactivation of

the flagellar waveform and the rheology of the surrounding medium provide

a means of tuning sperm behaviour near, or attached to, adhesive substrates.
1. Introduction
Hundreds of millions of sperm compete in the race to the egg within the mammalian

female reproductive tract, where there are numerous microenvironments to

which successful sperm must adapt, such as confined geometries, rheological

media, immunological responses and varying pH levels [1]. However, unlike most

cells, sperm do not have recall to gene expression, and thus novel proteins in response

to different mechanical and biochemical cues. A fundamental sperm response

within the fallopian tubes during its journey is simply the alteration of the flagellar

waveform with the induction of capacitation, which, together with numerous

physiological changes [2], induces hyperactivation, namely a large amplitude,

slow frequency and asymmetric flagellar beat [3–5]. However, the details of the

flagellar waveform and sperm behaviour are also highly contingent on the rheology

of fluid within the female tract, which provides another means of regulating sperm

behaviour, as illustrated by the rheology of cervical mucus [1,6], which dictates the

prospect of sperm progression through the cervix during the menstrual cycle.

It is well known that capacitation and hyperactivation are necessary for

successful fertilization, and have multiple functional roles in the female repro-

ductive tract. For instance, in oestrous (heat-exhibiting) mammals, once sperm

have entered the oviducts via the narrow channel of the uterotubal junction

(figure 1a), they can bind with the oviductal isthmic epithelium (figure 1b),
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Figure 1. (a) A schematic of mammalian sperm motility in the female oviduct. The progression of spermatozoa to the oviduct is hindered by the narrow channel
from the uterus, known as the uterotubal junction (UTJ). (b) Sperm detachment in the oviductal epithelium at the isthmus for mammals that exhibit oestrous.
Sperm bind to female tract epithelium and, as ovulation approaches, hyperactivation accompanies sperm detachment for further progression towards the egg. (c) A
schematic of the sperm – cumulus and sperm – ZP interactions during an egg – sperm encounter in the ampulla.
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thus creating reservoirs of sperm. As ovulation approaches,

these reservoir sperm become hyperactivated, and the result-

ing flagellar changes are considered to enhance detachment

from the epithelium for further progression towards the egg

[7,8] and hyperactivation is also recognized as enhancing

the penetration of rheological media and for navigating

around mucus pockets during this onward journey [1].

In particular, on approaching the egg, sperm have to tra-

verse its surrounding vestments, and the first that they

encounter is the cumulus oophorus cell (COC) matrix or

simply cumulus (figure 1c), which consists mainly of hyaluro-

nic acid [1,2] and is both very viscous and elastic [9]. While

hyperactivated sperm do not progress well in watery-like

media, their flagellar waveforms change extensively and

they progress more readily in highly viscous media com-

pared with their non-hyperactivated counterparts [10], and

observations also indicate that sperm progression into the

cumulus is improved by hyperactivation [11]. On passing

through the cumulus, the sperm eventually encounters the

zona pellucida (ZP), a tough glycoprotein layer, which it

must penetrate (figure 1c). The importance of the hyperacti-

vated waveform for the sperm–ZP interaction has been

known since the early 1980s [12], and the enhancement of ZP

penetration owing to hyperactivation has been experimentally

observed [13]. Furthermore, sperm binding and rheology at the

ZP has a fundamental impact in that, first, binding is necessary

for sperm penetration in the absence of cumulus, as evidenced

by gene-disruption experiments of aberrant zona binding mice

spermatozoa [2] and also that fertilization can still proceed for

such spermatozoa in the presence of cumulus [14–16].

There has also been extensive mathematical and compu-

tational modelling associated with these aspects of the great

sperm race [17–23]. In particular, sperm detachment from

oviductal isthmic epithelia has been recently explored, with

Curtis et al. [20] using resistive force theory (RFT) [24] to

confirm the mechanical consistency of hyperactivation contri-

buting to epithelial detachment. Simons et al. [21] drew the

same conclusion on extending this study using the slender

body approximation, which has a greatly improved accuracy,

with the additional inclusion of a spring bond model for sub-

strate adhesion, though still with the approximations that

sperm motion is confined in two-dimensional space, and the

sperm head is simplified to a point-like object. There have
also been extensive RFT studies of the interaction of sperm

with the ZP [25,26], with a recent application of RFT to

observations of monkey sperm supporting the idea that

hyperactivation induces greater forces at the ZP [4].

However, the roles of mechanics, adhesion and flagellar

beating in sperm–epithelium binding and sperm–ZP inter-

actions have only been considered separately in modelling

studies, even though the mechanical relevance of hyperacti-

vation has been suggested by many researchers, and sperm

binding is important for both processes. Hence, the differ-

ences in sperm mechanics that influences epithelial

detachment on the one hand, and sperm–ZP interactions

on the other hand, have not been explored. Furthermore,

neither improvements beyond the limited accuracy of RFT

nor the impact of cumulus elasticity have been considered

in modelling sperm–ZP interactions, even though the latter

would be supported by a now extensive theory for swim-

ming in viscoelastic media [27–31]. Finally, the impact of

adhesion in modelling investigations has been limited to

the above-mentioned study of sperm–epithelial interactions

by Simons et al. [21] and also has not been considered in

the context of sperm encountering the ZP.

Hence, in this study, we extend the adhesive dynamics

implemented by Simons et al. [21] to consider a fully three-

dimensional movement of the cell incorporating the effect

of a faithful sperm head geometry. This is implemented to

numerically investigate the mechanics of sperm binding

and behaviour for several observed flagellar waveforms via

a direct numerical solver, the boundary element method

(BEM) [22]. Our first aim is to examine sperm behaviour on

encountering an adhesive substrate, and how this depends

on the direction of sperm approach and the detailed binding

dynamics, together with the flagellar waveform, especially

whether or not it is hyperactivated. In particular, we examine

the conditions under which sperm adhere to or escape from

the substrate, how long they remain near the substrate

when they do not adhere and the behaviour of the forces

the sperm exerts on the substrate, including the impact of

media elasticity. As such, we thus aim to improve our under-

standing of the interactions of sperm with an adhesive

substrate. In particular, we assess whether our current mech-

anical understanding is consistent with the differing

behaviours between sperm release from epithelial reservoirs
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Figure 2. (a) A snapshot of the numerical simulation for a swimming spermatozoon near a rigid wall. (b) Snapshots of swimming spermatozoa with the five
different beat patterns: (I) the non-hyperactivated planar beat, (II) the non-hyperactivated helical beat, and the hyperactivated beat within (III) a low-viscosity,
water-like medium, (IV) a high-viscosity medium and (V) COC (cumulus) matrix. Four snapshots during one beat period with an equal time separation are super-
imposed and the analytical definitions of the waveforms are presented in the electronic supplementary material.
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and sperm behaviour at the ZP and, more generally, how

hyperactivation and rheology may tune sperm behaviour

near adhesive substrates.
 20160633
2. Models and methods
2.1. Cell geometry and waveform
As illustrated in figure 2a, the model spermatozoon consists

of a rigid model human sperm head, which is a deformation

of an ellipsoid of dimension 1.1 � 2.8 � 4.5 mm, as used in

previous studies [22,32]. In addition, the flagellum is a cylin-

der of length L ¼ 56 mm based on human sperm dimensions

[33], with a radius of a ¼ 0.125 mm, and further details on

these geometrical parameters are presented in the electronic

supplementary material.

We consider five types of waveform, with snapshots

illustrated in figure 2b. In particular, beat forms I and II are

non-hyperactivated planar and helical beats, respectively,

with primary observations from Dresdner et al. [34] and

Suarez et al. [10]. Furthermore, beat pattern I is planar and

symmetric, and is used as a reference waveform, whereas

waveform II introduces helicity into what is otherwise the

reference beat pattern. Beat patterns III, IV, V, respectively,

correspond to hyperactivation in a low-viscosity medium, a

simple high-viscosity medium such as methylcellulose sol-

ution and the COC matrix, with primary observations for the

waveforms taken from several studies [5,10,35–37]. In particu-

lar, hyperactivated beat pattern III is planar, with asymmetry

and a low wavenumber and is observed in watery media.

Beat pattern IV, for hyperactivated sperm in a high-viscosity

medium, exhibits a very low beat frequency and a suppression

of proximal beating, whereas beat pattern V, for hyperactivated

sperm in cumulus, also has a very low beat frequency but, in

contrast, a suppression of distal bending.

2.2. Wall interaction
We use a rigid smooth wall, on which the no-slip boundary

condition is satisfied, to model the surface of the oviductal

epithelium and also the egg ZP, and thus neglect surface

topography and cilia on the tract epithelium, and also curva-

ture of the egg. There are no quantitative data on the

interaction between a sperm and a substrate, though cell–

wall interactions are reported up to a scale of 100 nm from

a substrate for Escherichia coli [38]. This interaction can be

attractive or repulsive according to the solutes present [38],

as indicated for sperm by the use of albumin to prevent
substrate sticking [33]; below, we treat this interaction as

repulsive, so that sperm can stably swim above the substrate.

We also further note that sperm adhesion to the ZP and

female reproductive tract epithelia is regularly observed

[39] and thus we also include adhesion mechanics below.

Hence, first and as used in a previous study [32], we intro-

duce a repulsive interaction potential with the wall repulsive

force per unit area of the cell surface at the position x given

via

f wallðxÞ ¼ g
e�r=d

1� e�r=d er, ð2:1Þ

where r is the distance from the surface and er denotes the out-

ward normal of the wall body. The constants, g ¼ 200 mv and

d ¼ L/500 � 0.11 mm, entail a very strong repulsion, greater

than other scales in the model, once the sperm is within

about 100 nm of the surface.

We proceed to represent sperm–wall binding using an

elastic bond, as detailed and motivated by Simons et al.
[21], with bonds forming at each head surface position

when the distance from the wall is closer than Ron. With er

the unit vector in direction from the bond location on the

wall to its bonded counterpart on the sperm head, then for

a point located at x on the head surface, the length of the

bond is given by the modulus of

XadðxÞ ¼ x � ð1� ererÞ þ Rader,

where 1 denotes the identity tensor, and the adhesion force is

assumed to be that of a linear spring, whereby

f ad ¼ �kðx� XadðxÞÞ:

However, the bond is broken and removed, once the bond

length exceeds the length Roff. Finally, note that linkages are

taken to only form between the substrate and the sperm head,

and not the sperm flagellum. The associated parameter

values are summarized in table 1.

2.3. Fluid dynamics
Sperm swim at negligible Reynolds number with the momen-

tum balance given by

r � s ¼ 0, ð2:2Þ

where sij ¼ �pdij þ tij ði, j ¼ 1, 2, 3Þ for a pressure field p and

a deviatoric stress tensor t. In a Newtonian fluid, one has

t ¼ m _g, where

_gij ¼
@ui

@xj
þ
@uj

@xi
, ð2:3Þ



Table 1. Reference parameters and scales for the sperm model and cell – substrate interaction models, which are used throughout this study; further details on
the flagellum radius, a, can be found in the electronic supplementary material. The fluid viscosity m0 is (essentially) that of water.

parameter interpretation value reference

a flagellar radius 0.125 mm [18]

L flagellar length 56 mm [18]

m0 fluid viscosity (beat patterns I,II,III of figure 2b) 0.001 Pa s

m fluid viscosity (beat pattern IV of figure 2b) 4000m0 [10]

m fluid viscosity (beat pattern V of figure 2b) 100m0 [37]

v0 beat frequency (beat pattern I, II of figure 2b) 40p Hz [5]

v beat frequency (respectively beat pattern III, IV, V of figure 2b) 0.5v0, 0.2v0, 0.3v0 [5,33,37]

g wall repulsion strength 200mv [32]

d wall repulsion length 0.002L [32]

Rad adhesion model parameter 0.01L [21]

Ron adhesion model parameter 0.0101L [21]

Roff adhesion model parameter 0.011L [21]
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Figure 3. The mechanical power consumption for a spermatozoon swimming
within a low-viscosity medium, with waveforms I, II, III of figure 2b, in units
of attowatts.
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with m the constant viscosity of the fluid and with u denoting

the flow velocity, which also satisfies the incompressibility

condition, r � u ¼ 0.

We impose no-slip boundary conditions on the wall and,

given the sperm waveform, the cell surface as well. Closing

the system with the force and torque balance equations for

the cell body, the swimming velocity of the model spermato-

zoon can be obtained. The resulting linear equations are

conveniently expressed and solved by the BEM, as detailed

in the electronic supplementary material.

We also consider a linear viscoelastic Maxwell fluid,

where the deviatoric stress tensor is given by

l
@t

@t
þ t ¼ m _g, ð2:4Þ

which approximates the flow properties of media such as

methylcellulose solutions [33], where l is the elastic relax-

ation time. For a sperm adhered to the wall, with no

rotation about the contact point, the force it exerts on the

surface is given by

FVEðtÞ ¼ FStokesð0Þ e�t=l þ
ðt

0

1

l
e�ðt�t0Þ=lFStokesðt0Þ dt0, ð2:5Þ

where FStokes(t) is the force exerted by a similarly surface-

adhered spermatozoon in a Newtonian fluid of the same

viscosity m, and can be calculated using the BEM, as derived

in the electronic supplementary material.
3. Results I: low-viscosity medium
First, we investigate the boundary behaviours of sperma-

tozoa surrounded by a water-like medium with a low

viscosity, m0; hence, we first focus on waveforms I, II and

III in figure 2b. Using numerical techniques discussed in the

electronic supplementary material, we compute the power

output [40]

P ¼
ð

S
f hydðx

0Þ � uðx0Þ dSx0 ,

where f hyd is the hydrodynamic surface traction on the cell

surface and u is the velocity field; this reveals that there is
no substantial power difference for waveforms I–III, as

shown in figure 3. In turn, this is consistent with the

observation that the cell energy expenditure does not

significantly change before and after hyperactivation [5].

It is helpful in classifying the results below to introduce

the non-dimensional parameter

K ¼ kL
mv

, ð3:1Þ

where m is the viscosity and v is the flagellar beat fre-

quency—for planar beating in watery media, as here, these

are m0 and v0 of table 1. The parameter K represents the rela-

tive strength of the wall adhesion compared with the

hydrodynamic viscous force, hereafter referred to as the

bond strength, and this becomes the same order of magnitude

as that used in Simons et al. [21] once K � 105.
3.1. Planar waveform
We proceed to model a sperm swimming near a wall incor-

porating the repulsive potential and adhesive bonds
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Figure 4. Results from the numerical simulation of a sperm with the planar waveform I of figure 2b. (a) The computed perpendicular force upon the surface with
initial angles uinit ¼ 0.1p, 0.2p, 0.3p, and the bond strength fixed at K ¼ 104; all these sperm ultimately escape the surface owing to the low bond strength.
(b) The absolute value of the horizontal force acting on the wall for the sperm in plot (a). The simulation parameters and the colours of the plots are the same as in
(a). (c) The perpendicular force upon the wall for the different bond strengths and initial angle uinit ¼ 0.2p. (d ) The time evolution of the angle towards the wall.
The parameters and the colour of the plots are the same as in (c), with a positive angle corresponding to the sperm oriented towards the substrate.
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between the head and substrate. First, the impact of the initial

orientation of the sperm relative to the substrate is con-

sidered, given a planar waveform and the absence of

hyperactivation; the latter, in particular, entails that the

planar waveform (beat I) in figure 2b is used.

We consider spermatozoa initially located with the head–

flagellum junction a distance 0.3L above the wall with an

initial angle of attack given by uinit [ f0:1p, 0:2p, 0:3pg and

with the beat plane oriented as shown in figure 2a, for the

parameters given by table 1 and the bond strength fixed at

K ¼ 104.

In figure 4a,b, there are plots of the components of the

force exerted by the swimming sperm on the wall which,

for each cell, is given by

FStokes ¼
ð

S
[ fwallðx

0Þ þ fadðx
0Þ] dSx0 ,

where S is the surface of both the sperm head and flagellum.

The perpendicular component of FStokes increases with the

angle of attack (figure 4a), but in every simulation, the cell

head gradually aligns along the wall (electronic supplemen-

tary material, movie S1), so that this perpendicular force

ultimately decreases. The cell eventually breaks away from

its wall interaction, once the force exerted by the sperm

along its bonds, which is essentially the magnitude of

the parallel (horizontal) component, exceeds the load limit

of the bonds, approximately 9 pN for a near horizontal

configuration, as can be seen in figure 4b for escaping cells.

Further simulations demonstrate that the initial virtual

sperm angle of attack has no significant influence on the

large time dynamics, though the size of the interaction forces
and the time adhered can vary. Thus, hereafter we fix the

initial angle of attack to be uinit ¼ 0.2p, and examine the

impact of the bond strength on sperm behaviour in

figure 4c,d. These respectively plot the time evolution of the

perpendicular force exerted by the sperm on the wall and

the angle of the sperm relative to the wall for simulations

with different values of the bond strength, K. In all cases, the

angle of the sperm relative to the wall decreases as time

progresses, which, in turn, decreases the perpendicular force

upon the wall (electronic supplementary material, movie S1).

For lower bond strengths, this angle eventually becomes nega-

tive, corresponding to detachment from the wall. After this

separation, the cell never returns to wall proximity.

In figure 5a, two representative trajectories are illustrated

in detail for planar beaters, for K ¼ 104, where the cell escapes

from the adhesion interaction, and for K ¼ 105, where the

sperm adheres, and these two outcomes are representative

of all observed behaviours for the planar beaters, as can be

seen in figure 5d. Further, with a sufficiently large bond

strength, the cell fails to detach from the wall and is captured

by the adhesive attraction. In this case, the sperm continu-

ously applies a force to the wall and orients to a small,

positive angle of attack. In the time sequences of the force

(figure 4c) with larger bond strengths, a sharp change is

observed around 60 beat cycles in the simulation, which cor-

responds to the initiation of the plateauing of the angle in

figure 4d, and an attraction to the stable configuration of

the sperm head, which is accompanied by the creation of

the large number of adhesive bonds. In particular, the simu-

lations for sperm with the planar waveform and adhesive

dynamics indicate that whether or not detachment from the
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wall occurs is governed by the competition between the force

exerted on the wall by sperm, which is effectively horizontal,

and the total bond strength once the sperm head is nearly

aligned along the wall.
3.2. Helical waveform
For helical beating in the absence of hyperactivation, i.e.

waveform II of figure 2b, the long-time sperm dynamics is

not affected by its initial angle of orientation, as with the

planar beater. In figure 5b, the trajectories of the cell head–

tail junction given a helical flagellar beat pattern with no

hyperactivation are depicted for the bond strengths K ¼ 104,

105, 106. The parameters used in the simulations are presen-

ted in table 1, and the initial angle of attack is uinit ¼ 0.2p.

At the lower bond strength, the cell overcomes the attractive

force owing to the adhesive bonds. Nevertheless, despite

breaking the adhesion bonds to the extent it can move, the

cell swims within 3–4 mm from the wall, which would facili-

tate sperm rheotaxis, that is upstream swimming owing to a

background flow [41].

Increasing the bond strength to K ¼ 105 induces a cell

cycling movement across the substrate, with a novel adhesive

dynamics that is neither a complete detachment from the wall

nor a stable and fixed adhesion, as shown by the green trajec-

tory in figure 5b and also electronic supplementary material,

movie S2. The torque generated by the helical flagellar beat

detaches one end of the sperm head, whereas the other end

is adhered to the wall. After this detachment, the head rotates

about its adhesions whereby, after a half rotation of the head,

it eventually fully adheres once more. This dynamics persists,

leading to a continuous head cycling movement across a rela-

tively small region of the surface though total detachment

does not occur. With a further increase in the bond strength,

the torque, owing to the flagellar movement, no longer

exceeds the threshold of the adhesive attractions, and the
cell is thus stably fixed at one point of the substrate, as

shown by the red trajectory in figure 5b.
3.3. Hyperactivated waveform in low-viscosity medium
We now explore the impact of hyperactivation on sperm

adhesion dynamics, using the asymmetric waveform of beat

III in figure 2b and, once more, the initial sperm head orien-

tation does not influence the long time dynamics. We

therefore use uinit ¼ 0.2p, and observe in figure 5c that the

hyperactivated sperm adheres or escapes according to bond

strength, with the latter demonstrated in electronic sup-

plementary material, movie S3. With detachment, longer

time simulations (not presented) show that the hyperacti-

vated sperm with beat pattern III swims away from the

wall, to distances greater than 300 mm with a curved trajec-

tory reflecting the beat pattern asymmetry, and eventually

returns to the proximity of the wall though it never adheres.

In figure 5d, the final sperm behaviour is surveyed for

each of the three types of waveforms in a low-viscosity

medium as the bond strength is varied, with parameters

given in table 1. Three behaviours are seen: detachment (an

escaper cell), stable and fixed adhesion (an adherer cell)

and finally the rotational motion at the surface exhibited by

the helical beater (a rotator cell), which are indicated by

blue, red and green, respectively. With K ¼ 105, the planar

beater is adhered, the helical beater exhibits a rotator behav-

iour, which is still constrained to the surface, whereas the

hyperactivated sperm is an escaper. This highlights that

hyperactivation is predicted to enhance surface detachment

and also that about 10 times the bond strength is required

to keep the hyperactive sperm attached to the surface,

compared with the planar waveform swimmer, even

though the power expenditure of all three beat patterns is

broadly the same.
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Figure 6. Time evolution of the predicted force exerted by a spermatozoon and its angle towards the surface, for simulations with different flagellar waveforms, as
depicted in figure 2b. (a) Results for a spermatozoon with a binding strength of K ¼ 5 � 105 and a waveform associated with a low-viscosity medium, respectively,
a planar beat pattern, a helical beat pattern and a hyperactivated beat pattern (waveforms I, II, III of figure 2b). (b) Results for a spermatozoon with a beat pattern
associated with a high-viscosity medium such as methylcellulose solution, waveform IV of figure 2b, and with two binding strengths, K ¼ 1 � 106 (escaper) and
1 � 107 (adherer). (c) Results for a spermatozoon with a beat pattern associated with cumulus, waveform V of figure 2b, with two binding strengths, K ¼ 3 � 105

(escaper) and 1 � 107 (adherer). The force perpendicular to the surface (left-hand column) is taken to be positive when the spermatozoon is repelled from the
surface. In the central column, the magnitude of the surface interaction force parallel to the surface is presented. In the right-hand column, the angle between the
surface and the spermatozoon is given, with positive values corresponding to the head of the spermatozoon oriented towards the wall.
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This overall trend was also observed to be unaffected by

changing the head geometry to that of a sphere of the same

volume, or by increasing the disconnection length of the

bond linkage, Roff by close to a factor of two, as evidenced

in the electronic supplementary material, highlighting the

robustness of predicted large time sperm behaviours to

model parameters.
4. Results II: a comparison of low- and high-
viscosity media and consideration of the
zona pellucida

4.1. Low-viscosity medium
For sperm with lower viscosity waveforms near a wall and a

larger bond strength, K ¼ 5 � 105, that induces adherence, the

time sequences of the perpendicular and the horizontal com-

ponents of the force exerted on the substrate by the sperm are

plotted in figure 6a together with the angle of the sperm rela-

tive to the wall. For the two non-hyperactivated flagella beat
patterns, I and II of figure 2b, the perpendicular force exerted

by the spermatozoon decreases with adhesion initiation,

whereas the horizontal force gradually increases. Stable

adhesion is eventually achieved with a nearly stationary

and small angle of orientation of the sperm head relative to

the surface. In contrast, a sperm with the hyperactivated

waveform III of figure 2b induces more extensive oscillations

and larger peak forces, approximately 15 and 40 pN perpen-

dicular and parallel to the surface, respectively, about two to

three times larger than the peak forces exerted in the absence

of hyperactivation, which are about 5–8 and 15 pN in

respective comparison.
4.2. High-viscosity medium
Within a highly viscous medium, the hyperactivated beat

pattern changes, as reflected by beat IV of figure 2b for a

methylcellulose solution [10] or beat V for cumulus [35].

Simulations with these waveforms, and the parameters of

table 1, are presented in electronic supplementary material,

movies S4 and S5, respectively, with an initial angle of
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attack given by uinit ¼ 0.2p. The initial cell orientation relative

to the surface once more has no influence on the ultimate

sperm behaviour, which is either that of the escaper or

adherer. The critical bond strength for the transition between

these behaviours is approximately K ¼ 4 � 106 for beat IV

and 6 � 106 for beat V, which are slightly larger than the tran-

sitional bond strength for beat patterns associated with

low-viscosity medium.

In figure 6b,c, the time sequences for the forces exerted by

the virtual sperm on the wall and its angle relative to the wall

are presented for simulations with beat patterns IV and V of

figure 2b. For the former, the bond strengths are approximately

K ¼ 1 � 106 and K ¼ 1 � 107 in the simulations, whereas for

the latter, bond strengths of approximately K ¼ 3 � 105 and

K ¼ 1 � 107 are used, with all other parameters given by

table 1 and the same initial conditions used in §4.1.

Regardless of the final virtual sperm behaviour, the per-

pendicular peak force exerted by the cell on the wall with

beat pattern IV exceeds 1000 pN, which is 50 times larger

than the peak force generated by the hyperactivated flagel-

lum in low-viscosity medium. This therefore indicates the

enhancement of the sperm penetrative potential owing to

increased viscosity of the surrounding medium. This

enhancement is also found in the plots for beat V

(figure 6c), where the perpendicular force is increased to

200 pN, though the force also oscillates in time and becomes

negative during a beat cycle.

Furthermore, in the absence of a sufficiently strong bond

affinity for adhesion, the timescale for the duration of the

interaction between the sperm and the surface is approxi-

mately 20 s for beat pattern IV and 10 s for waveform

V. These timescales are much longer than the predicted

wall–sperm interaction duration for the hyperactivated

waveform in the low-viscosity medium, which is approxi-

mately 1 s for weak adhesions (figure not shown). It should

also be noted that decreasing the bond strength reveals no

significant change in the peak of the force or, if the sperm

does not permanently adhere, the duration of interaction

that additionally highlights that the viscous medium is pre-

dicted to enhance the potential for sperm to interact with

the ZP even with weak surface affinity.
4.3. The impact of elasticity on the interaction force
between the virtual sperm and the wall

The perpendicular force exerted by a spermatozoon in a

viscoelastic medium is computed via equation (2.5) for wave-

forms IV and V of figure 2b with a range of the elastic

relaxation times, l, and plotted in figure 7. The sperm head

is rigidly fixed, as required for the validity of equation

(2.5), and corresponds to the large bond strength limit,

i.e. K large. The angle between the cell and the surface is

set to 0.1p and 0.05p for beat IV and beat V, which are the

long time values for Newtonian simulations of adhered

sperm, though the effect of elasticity is not sensitive to the

details of this angle.

To proceed, it is convenient to introduce the Deborah

number, De ¼ l/T ¼ 2plv, which estimates the relative

importance of elasticity compared with viscosity for the

medium [27]. The characteristic relaxation time on which the

viscous and the elastic properties are balanced, i.e. De approxi-

mately 1, is given by lc � 0.25 s for beat IV and lc � 0.17 s for

beat V, respectively. The perpendicular force exerted by the

sperm on the wall tends to �450 pN for beat pattern IV and

to �50 pN for beat pattern V for a large elastic relaxation

time l and such forces are still much larger than the forces

exerted on the wall by a spermatozoon in a low-viscosity

Newtonian medium. It should be noted that the sign of the

force for beat V oscillates for a weakly elastic fluid, but the

force becomes positive in a medium with high elasticity,

which also reflects the material properties of cumulus [9].
5. Discussion
We have numerically investigated sperm swimming and

sperm head–surface adhesion dynamics in the vicinity of a

rigid flat surface using observed flagellar waveforms

[10,34–36]. To the extent that the variable human sperm

morphology allows [42], a geometrically faithful human

sperm head has been used in the simulations and our objec-

tive is to provide further mechanical understanding for both

the sperm–epithelium and the sperm–ZP interactions and
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adhesion, especially in the context of the mechanical impact

of hyperactivation and also media rheology.

Via numerous simulations with repulsive surface potential

and binding adhesions, it has been observed that local mech-

anics between the sperm cell head and the surface dictates

surface behaviour, with the cell aligning essentially along the

surface, regardless of orientation when adhesion initiates and

the ultimate outcome of the cell–surface interaction. Further-

more, although the mechanical power of the flagellar

bending does not change significantly with hyperactivation

in a low-viscosity, water-like, medium, the hyperactivated

waveform is predicted to require bonding strengths which

are about 10 times larger to adhere the cell to the surface, com-

pared with a non-hyperactivated cell. In addition, the peak

force acting on the surface is increased two to three times for

the hyperactivated beat compared with the non-hyperacti-

vated beat in a low-viscosity medium. The latter force is

approximately 5–8 pN in the perpendicular direction and

broadly comparable to estimates reported in the literature, as

determined by the relatively crude approximation of RFT,

which are in the range of 4–19 pN [25,26,43], even though

the previous formulations are highly simplified and the

detailed computational situations differ.

Such modelling observations further support the prospect

that hyperactivation substantially contributes to detachment

from the isthmic epithelium, as concluded for planar beating

flagella without cell bodies in previous modelling studies

[20,21]. One should also note that the oscillation in the sign

of the force exerted on the surface, periodically acting to

pull the sperm away from the surface, requires the hyperacti-

vated waveform to have an element of proximal bending as

in the hyperactivated beat pattern III of figure 2b in contrast

to beat pattern IV, corresponding to hyperactivated sperm

in in vitro methylcellulose solutions [10]. However, proximal

bending is still observed in vivo during epithelial sperm

detachment [8] and hence the former beat pattern is used

for considering isthmic oviductal sperm detachment.

A novel surface dynamics is observed for virtual sperm

with the helical waveform, given a tuned parameter regime,

inducing sperm head circling on the surface without detach-

ment. Such behaviour also would require an appropriate

choice of sperm species and viscosity to maintain helical

waves, with Woolley [44] reporting that three-dimensional

flagellar beating can be suppressed near surfaces, though

this is not universal [45,46]. While such dynamics does not

appear to be common, and is predicted to require stringent

restrictions, mouse sperm can be observed to tightly cycle

on a surface before detaching [47], which shares similar

dynamical features to the rolling motility predicted here.

Hyperactivation is required for penetrating the cumulus,

as reported for mice [13]. More generally, in a highly viscous

medium, the hyperactivated sperm waveform is observed to

become straighter, with only the distal part of the flagellum

bending in in vitro methylcellulose solutions [10] and, in con-

trast, only the proximal part of the flagellum bending in the

cumulus [35]. Hence, we have considered the impact of

such beat patterns as sperm approach and adhere to a sub-

strate within a highly viscous medium and also how this

contrasts for a low-viscosity medium, which are often used

for in vitro studies of sperm–egg interactions.

In the context of contact with the ZP, we have the ubiqui-

tous modelling observation that sperm heads align with

the surface and thus sperm penetration initiates nearly
tangentially to the egg surface, as documented by Green &

Purves [48]. Furthermore, without a sufficiently strong affinity

between the head and the surface, the predicted duration of

surface proximity is typically �1 s for the hyperactivated

beat pattern associated with a low-viscosity medium, with

an initial angle of attack given by uinit ¼ 0.2p. This is much

shorter than the analogous duration for hyperactivated wave-

forms associated with highly viscous media, which suggests

the prospect of reduced proximity with, and possible pen-

etration of, the ZP in a cumulus-free surrounding when there

is insufficient binding, as observed in aberrant zona-binding

mice sperm in vitro [2].

The modelling also predicts an extensive, order of magni-

tude increase or more, in the force exerted by the sperm on

the substrate for the cumulus beat pattern, waveform V of

figure 2b, though such predictions are contingent on a reliable

estimate of the material properties. While standard macro-

scopic rheology measures may not be appropriate, due to

the fact sperm swim on a microrheological lengthscale,

Drobnis et al. [35] use RFT to estimate the cumulus viscosity

from observations of hamster sperm, thus generating a

viscosity estimate relevant for the lengthscale of sperm of

m � 0.1–0.4 Pa s. While further caution is required as the

cumulus is gradually dissolved during the fertilization process,

and thus its viscosity reduces in time [49] and is highly vari-

able, overall these simulations are indicative of an increased

force on a surface when a hyperactivated sperm adheres to

a surface while surrounded by cumulus compared with a

watery medium. Furthermore, reducing the binding strength

also does not significantly alter the predicted forces, emphasiz-

ing that the high viscosity beat pattern induced by the cumulus

is predicted to have the potential of enhancing ZP penetrative

ability and this is regardless of the details of the adhesion bond

strength, given adhesion does occur.

Further analysis of the force exerted on a substrate by a

hyperactivated spermatozoon has been performed by consid-

ering a linearly viscoelastic fluid, with linear elasticity

motivated by the microscopic lengthscale of the sperm flagel-

lum waveform amplitude, together with the observation that

cumulus is mechanically linear for deformations on much

larger lengthscales [9]. The elastic relaxation time is estimated

to be �0.02 s for 2% methylcellulose solution [33], and �4 s

for polyacrylamide solution in a corn syrup [50], and the

relaxation time for cervical mucus is predicted to be of the

order of 1–10 s [27]. Because the cumulus is reported to

be highly elastic [9], it is expected to have a relatively large

relaxation time. From our results for a viscoelastic medium

with a hyperactviated sperm clamped by a large bond

strength, we found the oscillations in the forces exerted by

the sperm on the substrate are damped and phase lagged

relative to the Newtonian case with longer relaxation times,

as illustrated for the perpendicular force. Furthermore, this

perpendicular force becomes uniformly positive with increas-

ing elasticity for beat pattern V, which is associated with

sperm behaviour in the cumulus. Such modelling obser-

vations generate the prediction that high cumulus elasticity

induces sperm to push into the ZP, in contrast to the oscillat-

ing perpendicular force associated with isthmic oviductal

sperm detachment, discussed earlier. Hence, the presence of

the cumulus is not only predicted to increase the forces

exerted by the sperm, even with the damping associated

with high elasticity, but also to consistently direct the

sperm to push into the ZP.
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Furthermore, extensive in vitro studies report that sperm

without ZP binding ability are infertile in vitro but can suc-

cessfully fertilize eggs surrounded with cumulus [14–16]

and this effect of the cumulus has been described as a ‘mys-

tery’ in the mechanism of fertilization [51,52]. Our results for

sperm dynamics near adhering surfaces support a prospec-

tive explanation, with predictions of an extensive increase

in both the sperm force and also the duration of sperm proxi-

mity to the egg owing to mechanical changes and altered beat

patterns associated with the cumulus. In turn, this supports

the hypothesis that the cumulus provides mechanical facili-

tation [35], compensating for an insufficiency of the sperm

mechanical forces alone [53] for zona penetration.

Finally, note that, as detailed in the electronic supple-

mentary material, the qualitative details of the predictions

for the virtual sperm are not sensitive to the head geometry,

with analogous remarks for changes in the parameter sets

for binding dynamics, flagellar lengthscales and waveform

timescales. Thus, one may anticipate that the qualitative con-

clusions drawn above are applicable across many substrates

and many species of mammalian spermatozoa. In addition,

there is no sensitivity in the cell adhesion dynamics with

respect to surface curvature when considering predicted

sperm behaviours near a sphere with a typical human egg

cell radius. This is confirmed by simulations in the electronic

supplementary material and is consistent with the above

results, that adhesion or detachment is determined by the

local mechanics on the scale of a sperm head.

In summary, this modelling study of sperm dynamics

near a substrate with adhesive bindings has revealed multiple
mechanical functions of hyperactivation. For instance, there is

an enhancement of detachment from the isthmic epithelium,

and an amplification of the sperm forces when surrounded

by a highly viscous medium. Furthermore, even with weak

surface adherence, highly viscous media significantly

increase the duration for which a hyperactivated sperm

remains near the surface. In addition, high medium elasticity

that reflects the cumulus induces a constant pushing of

hyperactivated sperm into the substrate indicating a potential

difference in behaviour for hyperactivated sperm unbinding

at the isthmic epithelium compared with sperm pushing at

the ZP. More generally, by controlling the waveform and

the surrounding medium, this modelling study predicts

that sperm behaviour near an adhesive substrate can be

tuned, and thus that there is a prospective role for mechanics

in explaining differing sperm behaviours near, or attached to,

different physiological substrates and within different media.
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