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� Sperm–oocyte local contact dynam-
ics are studied trough biomechanical
FEM analysis.

� Sperm–oocyte contact was defined
as non-linear frictional contact.

� Deformations of ZP relative to dif-
ferent sperm impact angles (SIA) are
discussed.

� An effect which resembles the “slip-
stick” effect was identified.

� Favorable ZP-stress state for sperm
penetration for different SIA are
discussed.
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Although a large proportion of biomolecules involved in spermatozoa–oocyte interaction has been dis-
covered so far, many details of fertilization mechanism remain unknown. Both biochemical and bio-
mechanical components exist in the fertilization process. Mammalian sperm evolved a ZP (zona pelu-
cida) thrust reduction penetration strategy probably in response to the ZP resilient elasticity.

Using a biomechanical approach and FEM analysis, local contact stress, ZP deformations during
impact and attempt of sperm head penetration relative to different sperm impact angles (SIA) were
studied. The sperm–oocyte contact was defined as non-linear frictional contact. A transient structural
analysis at 37 °C revealed that, from the mechanical standpoint there are SIA that are more favorable for
possible ZP penetration due to larger equivalent stress of ZP. An “slip-stick” resembling effect was
identified for almost all examined SIA. The sperm head–ZP contact area increases as SIA decreases.
Favorable ZP-stress state for sperm penetration regarding SIA are discussed.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Fertilization process in mammals is a complex multiphase
process that requires healthy oocyte and certain amount of
is, Serbia.

gmail.com (A. Hedrih).
functional spermatozoa. Classical concept of fertilization includes
binding of spermatozoa to a 3D mesh-like extracellular structures
of the oocyte–Zona pellucida (ZP) (Familiari et al., 2006; Martinova
et al., 2008), the acrosome reaction and subsequent penetration of
spermatozoa through ZP, binding and fusion of a spermatozoid
with the oolemma, activation of the oocyte–cortical reaction,
releasing the contents of the cortical vesicles into the perivitelline
space and polyspermy block-consecuent prevention of other
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spermatozoa to fertilizing the oocyte (Talbot et al., 2003; Okabea
and Cummins, 2007; Gaffney et al., 2011; Gadella, 2013).

During their chemotactical, rheotactical and thermotactical
(Miki and Clapham, 2013) movement in female reproductive tract
some spermatozoa will pass through complex metabolic and
structural changes, becoming fertilization-competent. (Flesch and
Gadella, 2000). Only a small fraction of a given sperm population
(averaging around 10%) is responsive to different factors released
from female reproductive tract and these represent capacitated
spermatozoa (Eisenbach, 1999).

Sperm swimming velocity is a key determinant of male ferti-
lization success (Malo et al., 2006). Mouse spermatozoa, as very
vulnerable cells, develop strategies to survive long enough to
reach and fertilize the oocytes. Spermatozoa of species with
multiple partners mating system develop strategies to increase
fertilization success by increasing the sperm swimming velocity by
acquiring more energy for movements (longer midpiece, or longer
flagella) (Anderson and Dixson, 2002; Firman and Simmons, 2010;
Tourmente et al., 2011)

According to the classical fertilization concept, recognition and
binding of spermatozoa to ZP will cause the acrosome reaction and
consequent release of acrosome enzymes that will digest the ZP
and ease the sperm penetration through it. Bedford (1998) argues
that sperm penetration of ZP is only lytic event and that has also a
biomechanical component that precludes lytic events.

When a spermatozoa fuse with oolema, ZP changes its struc-
ture and biomechanical properties – it becomes harder and
resistant not only to proteolysis but also to mechanical forces (Sun
et al., 2003; Papi et al., 2009).

Different computational techniques are used for modeling
biological processes in reproductive system. Boundary element
method for motion of a micromachine with a head and an elastic
tail immersed in viscous media (Nasseri and Phan-Thien, 1997a,
1997b) could be applicable for sperm motion in viscous fluid with
some limitations; finite element model to simulate multiple
morphogenetic movements of a simplified ellipsoidal Drosophila
embryo (Allena et al., 2010). To parametrize shell-like deforma-
tions inside membrane of Drosophila embryo a technique descri-
bed by (Allena and Aubry, 2011) could be used. Finite elament
method is also used in characterization of vibration properties of
mouse embryo (Hedrih and Ugrcic, 2013).

There several biomechanial models of fertilization proces that
are based on sperm–egg interaction (Gefen, 2010; Kozlovsky and
Gefen, 2012, 2013; Hedrih et al., 2013, 2015). First three are based
on contact mechanics and other two are oscillatory models.

Using contact mechanics based modeling Gefen (2010) mod-
eled relationship between sperm velocity and pressures applied to
the ZP during early sperm–oocyte penetration. The analysis
showed that sperm velocity has higher impact on pressure gen-
erated on the ZP surface than sperm head density. Kozlovsky and
Gefen (2012) predicted that during the early stage of penetration
into the ZP, biochemical binding forces acting on spermatozoa,
are smaller than the mechanically-generated propulsive forces.
“Hyperactivation of the spermatozoid and the sharpness of the
spermatozoid head are all important factors that govern successful
sperm penetration into the ZP” (Kozlovsky and Gefen, 2013).
According to their analysis ZP hardening process as well as ZP
thickness had a negligible effect on the maximum contact pres-
sures, and the maximum penetration of the head of the
spermatozoon.

Boccaccio et al. (2012) developed a hybrid procedure to
investigate the biomechanical behavior of ZP membranes extrac-
ted from mature and fertilized bovine oocytes. The authors
developed new hybrid model in order to increase the under-
standing of mechanisms that may lead to the biomechanical
hardening of ZP, as well as to determine it's elastic properties. The
hybrid model combines atomic force microscopy (AFM) nanoin-
dentation measurements, nonlinear finite element analysis and
nonlinear optimization algorithms. The displacement values
measured by AFM nanoindentation measurements were com-
pared with the corresponding results of FE analysis. The optimi-
zation algorithm was defined in order to extract parameters of
material model for which there is a matching of experimental and
FE data. Authors used three widely used hyperplastic models:
Mooney–Rivlin, neo-Hookean and Arruda–Boyce eight-chain
model for a constitutive model of the ZP. During FE modeling,
Boccaccio et al. (2012) used axisymmetric finite element (FE)
model: blunt conical indenter was treated as a rigid body and the
ZP membrane was modeled as incompressible hyperelastic slab
with 60 μm diameter and 10 μm thickness. Contact between AFM
tip and ZP was assumed to be frictionless and analysis accounted
for nonlinearity due to large deformations. During analysis the
authors established that the hyperelastic behavior of the ZP
membrane was always driven mainly by shear modulus, regardless
of the constitutive model considered. Moreover, they established
that the Arruda–Boyce model showed best results in capturing the
biomechanical behavior of the ZP.

The strain-hardening behavior of an incompressible ZP mem-
brane in AB model is predicted by using two constants: the shear
modulus and the distensibility. Non-linear optimization softer
compare results of computed force-indentation curves in FE ana-
lysis with experimental data, computed the error function and
perturbed material parameters to minimize the error. Using this
method they extract the elastic parameters of ZP membrane by
using formulation of the inverse problem (Boccaccio et al., 2012).
The qualitative results of Boccaccio et al. (2012) are in concordance
with previous results that ZP gets harder upon fertilization and the
inner ZP layer is harder compare to outer ZP layer in fertilized
oocyte that is in concordance with ultra-structural experiments
that inner ZP layers have more densely packed ZP glycoproteins
(Martinova et al., 2008). The value of this paper is in hybrid pro-
cedure, FE model of ZP that is adequate for AFM probing experi-
ments they used and usage of AB eight chain model instead of
modified Hertzian model.

Using the same hybrid procedure (nonlinear FE analysis and
nonlinear optimization) Boccaccio et al. (2014) developed
optimization-based algorithm for extracting ZP linear viscoelastic
properties in experiments with ZP of mature porcine oocyte: shear
modulus, distensibility, Prony constant and relaxation time con-
stant. The first two parameters describe the hyperelastic proper-
ties of ZP and the second two the viscous properties. This vis-
coelastic model of ZP describes the viscous response of the porcine
ZP under different indentation speeds of AFM tip (from 0.5 to
10 μm/s) that simulates spermatozoa with different velocities. “As
the indentation rate increases, viscous effects dominate and
neglecting them leads to significant errors” (Boccaccio et al., 2014;
Papi et al., 2013).

None of the models investigate the frictional contact between
the spermatozoa head and the ZP, neither the sperm impact angle
on stress and deformation generated in the ZP during sperm
penetration process. Furthermore, noted models do not consider
impact of spermatozoa on the ZP surface.

Bedford (2006) examined the problem of why the penetrating
sperm creates an oblique path in the ZP, as ultrastructural analysis
of mammal ZP by transmission electronic microscopy showed that
the spermatozoid ZP penetration path has an oblique form (Bed-
ford, 1998). He also discussed the benefits of this path for the
developing embryo: “A small radially directed hole enlarges sig-
nificantly as the zona stretches and thins during expansion of the
trophoblast, which then tends to protrude or herniate” (Bedford,
2006).
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The goal of this study was to investigate the frictional contact
between the spermatozoid head and the ZP, to test if sperm impact
angle could influence the local contact dynamics in ZP and to test
are there some sperm impact angles that are more favorable for
sperm penetration.
Table 1
The properties of materials used in analysis at temperature of 37 °C (from Hedrih
and Ugrcic (2012)).

Material Density (Kg/
m3)

Young's modulus
(Pa)

Poisson's ratio

ZP 1005 17,900 0.499
Perivitelin space 1013 17,200 0.490
Nucleus with
cytoplasms

1040 7200 0.250

Glass 2530 5.448Eþ7 0.300
2. Methods

2.1. Model description

The simulation was performed for mouse (mus musuclus)
sperm–oocyte interaction for in vitro conditions at 37 °C (mouse
body temperature) (Rhodes et al., 2000), www.schools.nsw.edu.
au/animalsinschools/index.htm. For in vitro conditions an oocyte/s
and certain amount of spermatozoa are in liquid medium in petry
dish. Govern by chemotactical, and rheotactical factor spermato-
zoa swim freely in direction to oocyte. Model consists of an oocyte
bonded to a glass body and approaching spermatozoa. The glass
body mimics the petry dish and prevents the oocyte movement
upon impact of spermatozoa. Mouse oocyte was modeled as a
sphere that consists of three concentric asymmetric solid layers:
ZP, perivitelin space and cytoplasm with nucleus. Each layer has
different material properties. Dimensions of the mouse oocyte
were taken from (Sun et al., 2003) – (52 μm-diameter of the
oocyte, 4.5 μm-thickness of the ZP, diameter of the cytoplasm and
nucleus was approximated on 33 μm). The asymmetry of the
layers was taken for the following reason: in the process of ferti-
lization, before the sperm cells reach the ZP of an oocyte, oocyte is
in the metaphase-II (MII) stage of cell division and expels polar
body in the perivitelin space. The polar body causes the position of
the oocytes' cytoplasm and nucleus to be slightly asymmetric.
Young modulus of mouse ZP (mZP) of an oocyte was taken from
(Sun et al., 2003) – 17, 9 kPa.

Dimensions for mouse spermatozoa were taken from (Cum-
mins and Woodall, 1985) for mus musuclus species: (sperm head
length – 7.9 μm, sperm head width 3.2 μm, midpiece length
18.4 μm, midpiece width – 1.3 μm). In the model sperm head
shape is in the form of an ellipsoid body. The sperm flagellum was
not included in the model as it was assumed that the flagellum
Fig. 1. (a) Components of the model: 1. ZP, 2. perivitelline space, 3. cytoplasm with nucl
cross-section of the sperm–oocyte contact model.
contribution to overall spermatozoa mass could be neglected due
to specific spermatozoa morphology. Majority of the spermatozoa
mass is concentrated into the spermatozoa head and whole mass
of the single spermatozoa is very small-order of magnitude
10�14 kg Spermatozoa impacts ZP surface under certain angle α
(Fig. 1a). Sperm approaching velocity was taken as strait line
velocity of progressive mouse sperm approximated on 100 μm/s
(Goodson et al., 2011). Unlike the model of Kozlovsky and Gefen
(2013), this model includes the moment of sperm impact on
the ZP.

The finite element analysis is done using a commercially
available software package ANSYS WORKBENCH version 14.5, as a
transient structural analysis. The model geometry was defined in
AUTODESK INVENTOR software package. As the observed model is
symmetric in regard to geometry and boundary conditions, only
one half of the model was considered. All model components were
meshed using ANSYS SOLID187 element as a higher order 3-D, 10-
node element (ANSYS 14.5 User Manual) Finite element mesh is
shown on Fig. 1b. The properties of materials used in analysis at
reference temperature of 37 °C are shown in Table 1. (taken from
Hedrih and Ugrcic (2012)). It was assumed that all materials
exhibit linear elastic behavior.

To increase the accuracy of FE computations the expected zone
of spermatozoa impact, as well as the spermatozoa head, were
meshed with a higher density mesh as shown on Fig. 2. The zone
of the high quality mesh was positioned according to the expected
impact point, with the change of the approaching angle (Figs. 1b,
and 2). The total number of elements of the finite element model
varies for different impact angles between 55,813 and 62,092. The
eus, 4. fixed support, 5. sperm impact angle α. (b) Finite elements mesh in the axial
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Fig. 2. Details of finite elements mesh in cross-section of the model for sperm impact angle α: (a)10°. (b) 90°.

Fig. 3. Loads and boundary conditions of the model.
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difference in element count is a consequence of positioning of the
impact area.

The contact between the spermatozoid and the ZP was defined as a
frictional, with the friction coefficient value of μf ¼ 0:045 (Angelini et
al., 2012). The contact was modeled via the ANSYS CONTA174 and
TARGE170 elements (ANSYS 14.5 Help) that correspond to spermato-
zoid, as a contact surface, and ZP, as a target surface. To facilitate the
convergence due to non-linear contact definition, the contact was
treated as a symmetric pair. During simulation the augmented
Lagrange formulation was adopted. The contact stiffness was updated
in every solution iteration automatically.

A mesh size sensitivity test was performed for the case of
impact angle of 10° to obtain confidence in accuracy finite element
simulations. It was assumed that the simulation results are
insensitive to mesh size if the difference in equivalent stress and
total deformation in two adjunct meshes is below 5%.

Density of the perivitelline space was approximate to density of
cytoplasm and density of nucleus with cytoplasm together to
density of nucleus.

The loads and boundary conditions are shown in Fig. 3. As only
one half of the model was considered a frictionless support was
inserted at the symmetry plane. The cylindrical part of sperma-
tozoid midpiece was constrained via the axially free cylindrical
support to ensure straight line travel of spermatozoa till the
impact point and aid the convergence of the solution. It was
necessary to constrain the spermatozoa to obtain convergence of
the solution due to unpredictable spermatozoa motion upon
impact in case of no support. The holder was constrained via the
fixed support. Spermatozoa velocity was defined via the initial
conditions. The simulation was performed in two steps: in the first
step the spermatozoa travels with constant velocity till the oocyte
until the contact with the ZP. Time of spermatozoa–ZP contact was
determined with resolution of 1-e5 s. From the time of contact
(second step) penetration force starts to act on the ZP, linearly
increasing its value to the maximum in time frame of 25 e-3 s,
which correspond to experimental data as determined by Allen
et al. (2010). Penetrating force was defined as:

Pprop ¼
2πμLf V
lnðLf =3rÞ

ð1Þ

(proposed by Kozlovsky and Gefen (2012) by Green (1988)), where
μ is the dynamic viscosity of the surrounding liquid medium,
ðμ¼ 0:001 Pa � sÞ, Lf is the length of the flagellum, (96.6 μm) r is
the radius of the flagellum (1.3 μm) (Cummins and Woodall, 1985)
and V is the velocity of the spermatozoa (taken as 100 μm/s)
(Goodson et al., 2011). For details see (Kozlovsky and Gefen, 2012).
The force was applied at the end of midpiece as the force gener-
ated by the flagellum (not modeled) transmits over the midpiece.

The analysis was performed with a fixed time step of 5e-4 s. It
was determined that the selected time step is sufficient to obtain
insensitivity of results (equivalent stress and total deformation) to
time step size by selecting of a smaller step (1e-5) and performing
the analysis for the angle of 10°.

The equations of dynamical equilibrium of the bodies in the
contact for numerical procedure of solutions were solved with
sparse equation solver and full Newton method for treating the
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non-linear contact equations. Authors assumed large deformations
and strains (large deflection option in ANSYS) as the non-linear
solution is more accurate. Furthermore, the solution is already
non-linear due to non-linear contact so there is no computational
performance penalty.

Governing equations for the nonlinear analysis based on large
deformation theory can be found in ANSYS 14.5 Help (Mechanical
APDL Theory Reference).
3. Results and discussion

Mechanical impacts of spermatozoa on ZP that precludes to
biochemical effects in combination with biochemical processes
(enzyme lyses and binding to ZP glycoproteins) are required and
contribute to sperm penetration.

Bedford research (Bedford, 1998) indicates that eutherian
spermatozoa have evolved a new strategy for ZP penetration based
on cutting thrust that appear to preclude a conventional lytic
mode of its penetration. This strategy is developed as a response to
the resilient elasticity and thickness of the ZP. From the bio-
mechanical standpoint spermatozoa that could generate a max-
imum local stress in the ZP, has maximum penetration and better
chance to fertilize the oocyte. Conditions under these events occur
regarding sperm impact angle are presented below.

All the presented results, other than contact results (pressure,
frictional stress and sliding distance) and spermatozoa penetra-
tion, were calculated automatically by ANSYS software. More info
on procedures for calculation of reported results can be found in
ANSYS 14.5 Help. As symmetric contact definition was used, the
contact results were calculated as an average of results on the
contact and target side. The spermatozoa penetration was con-
sidered as the directional deformation of ZP in the vertical
direction.

Maximum local equivalent stress, maximum contact pressure,
total contact stress and frictional stress in local contact zone on ZP
generated by impact of spermatozoa, were found to be dependent
of sperm impact angle (Fig. 4). In Fig. 4 non-linear relation
between noted parameters and sperm impact angle on tangent
plane of ZP is notable. There are local minimums and local max-
imums of maximum equivalent ZP stress (MES), maximum contact
Fig. 4. Contact pressure, maximum equivalent ZP stress, total contact stress and
Frictional stress regarding different sperm impact angles.
pressure, total contact stress and frictional stress for certain sperm
impact angles.

Local maximums of MES loc max σequ max
� �

are for sperm impact
angles α 40°, 60°, 75° respectively, with maximum value max
max σequ max
� �

for sperm impact angle α¼ 751.
Local minimums of MES � loc min σequ max

� �
are for sperm

impact angle α 10°, 30°, 50°, 70°, 90° with minimal value min
max σequ max
� �

for α¼ 101.
Although it was expected that the maximum equivalent stress

in local contact zone of ZP would be obtained for the angle of 90°,
the simulation results showed otherwise. As already noted the
maximum ZP equivalent stress is obtained for impact angle of 75°
(Fig. 5) that can be explained by introduction of frictional forces
between the spermatozoa head and ZP. The penetration force can
be decomposed in two components: the first one is tangential
force in contact surface direction and second one is radial force in
perpendicular direction of the contact surface (Fig. 6).

Tangential component is equal to the sliding friction force that
resists the spermatozoa head movement on the ZP surface. For
sperm impact angle of 90° the frictional forces is minimal due to
absence of tangential force component which causes sliding
resistance, as only one force component exists – the radial one.
However, at 90° the minimal friction force exists and it is caused
by progression of contact from point to surface because of elastic
deformation of sperm head and ZP. The maximum equivalent
stress in local contact zone on ZP for sperm impact angle of 75°
corresponds to previous research, as Hedrih et al found, by usage
of oscillatory spherical net model of mouse ZP (unpublished data),
that for noted angle there is a local maximum of amplitudes of
knot molecules movements (displacements) in the ZP net model.
For sperm impact angle 75° MES has its maximum while contact
pressure, frictional stress and total contact stress of ZP have their
maximum values (Fig. 4). One can conclude that, from mechanical
standpoint, sperm impact angle of 75° is favorable for penetration
through ZP.

Analysis of propulsive force change for different sperm impact
angles at the beginning of the contact at one contact point into ZP
uses elements of mathematical phenomenology of mechanism of
contact dynamics between spermatozoa and oocyte, spermatozoa's
penetration and local ZP stress (Petrovic, 1911). The resultant
equivalent stress in ZP is a result of radial and tangential compo-
nent. Radial component depends on propulsive forces and tangen-
tial force component depends on propulsive force, sperm-impact
angle and combination of kinetic and static friction coefficient. As
sperm-impact angle is getting wider, resultant radial component is
getting higher according to the sinus low: Fnr ¼ Fprop sin α, and
resultant tangential component is result of subtraction of tangential
component of propulsive force Ft:

Ft ¼ Fprop cos α ð2Þ

and friction force Fμ:

Fμ ¼ μf Fn ¼ μf Fprop sin α¼ Fprop sin α tgγ ð3Þ

where γ is friction angle and μ is friction coefficient μf ¼ tgγ.
Resultant force in tangent direction is in the form:

Ftr ¼ F
cos ðαþγÞ

cos γ
ð4Þ

Resultant maximum local equivalent stress in the zone around
impact point/zone of ZP is result of superpositioning of stress
caused by normal component of force, that changes according to
the sinus low of angle α and resultant tangential force of sperm
that change according to the cos ðαþγÞ

cos γ rule. In Fig. 6 forces acting on
the ZP surface regarding different sperm impact angles are
defined.



Fig. 5. Maximum equivalent stress at ZP obtained at α¼75°.

Fig. 6. Schematic presentation of forces acting at sperm–oocyte contact for different sperm impact angles (a) 10° (b) 90°.

Fig. 7. Maximum equivalent stess in ZP over simulation time for different sperm
impact angles.
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Superpositioning of these forces could explain the maximum of
MES for α¼ 751.

Furthermore, it is observed during simulation that maximum
equivalent stress of ZP is predominantly induced by spermatozoa
propulsion (penetration) force. It is evident from Fig. 4 that the
impact of spermatozoa to ZP causes equivalent stress that is sig-
nificantly smaller than the one caused by propulsion (penetration)
force. This can be explained by significantly lower mass of sper-
matozoa in comparison to oocyte. The obtained result suggests
that even with higher impact velocity, as in case of hyperactivated
spermatozoa, the sperm impact would generate equivalent stress
that is smaller than the one generated by a penetration force. The
noted remark should be tested with the higher impact velocities.
MES increases over time of the sperm–oocyte contact for all sperm
impact angles reaching the maximum value at the end of simu-
lation i.e when the penetration force reaches its maximum value
(Fig. 7).

Contact pressure and Total contact stress exhibit the same
trend regarding sperm impact angle (Fig. 4). Local maximums for
both parameters are obtained for impact angles of 20°, 50° and
80°. Furthermore, there is an absolute maximum of contact pres-
sure and total contact stress at impact angle of α¼80°. Local
minimums for both parameters are at sperm impact angles 10°,
30°, 60°, 75°, 90° with minimal value at α¼10°.

Frictional stress exhibits local maximums are at α¼20°, 50°,
70°, 80°, with maximum value at α¼80° and local minimums for
α:10°, 30°, 60°, 75°, 90° of frictional stress can be identified with
minimum value for α¼90° (Fig. 8).

Fig. 9 shows the change of spermatozoa velocity during simu-
lation. It is evident that spermatozoa impact the ZP with velocity
that is defined by initial conditions. A different impact time is
caused by different initial distance of spermatozoa from the ZP.
After a very small drop of velocity, then for all cases the velocity
increases due to the start of action of the spermatozoa propulsion
(penetration) force in the form of impulse forces (Blehman et al.,
2005). The differences in peak velocity value can be explained by a
slight miss of exact impact time (impact time was determined
with resolution of 1e-5 s). From the peak value the velocity than
drops to the stable value. The time to stable velocity value is
approximately one half of penetration force acting time i.e 12.5e-3
s. It is interesting to observe that for lower impact angles (below
30°) the stable velocity is between 5 and 10 μm/s which suggests
that spermatozoa is still sliding on a ZP surface at the end of
simulation. Furthermore, it is observed that there are oscillatory



Fig. 8. Frictional stress at ZP membrane generated for different spermatozoa
impact angles.

Fig. 9. Change of spermatozoa velocity during simulation time.
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changes of spermatozoa velocity during a velocity drop phase
suggesting that spermatozoa accelerates and decelerate during the
sliding on the ZP surface which is characteristic to slip – stick
motion. For sperm impact angle of 10° at the end of the simulation
time, sperm velocity is higher then it is for sperm impact angles
above 10° (30°, 60°, 90°).

It is consequence of sliding of spermatozoas' head on the ZP
surface for the noted angle. Also the effect of slow sperm velocity,
and spermatozoas' slow beating frequency (Ishijima, 2011;
Gadella, 2013) duration of the sperm–oocyte contact, and larger
contact area for sperm impact angle of 10° could contribute to
receptor–recognition between spermatozoa and oocyte surfaces. It
seems that lower sperm impact angle better preserves sperm
energy during sperm–oocyte contact.

It is observed during review of simulation results that sper-
matozoa head exhibits motion which resembles slip-stick motion
on the ZP surface due to low interface friction of living cells
(Angelini et al., 2012) (friction coefficient between 0.03 and 0.06)
(Fig. 10).

Reviewing of contact status over time (Fig. 10) is in agreement
with diagram of sperm velocity change over time (Fig. 9). For a low
impact angle of 10° the sperm head is constantly sliding over the
ZP surface. For impact angle of 50° there are numerous changes
between the sliding and sticking which imply the effect which
resembles the slip-stick motion of spermatozoa head over the
ZP surface. At impact angle of 90° the spermatozoa head is
predominately sticked to ZP surface. It is observed that motion of
spermatozoa head that resembles slip – stick motion ocures
between impact angles of 30° and 90°. In the noted interval the
number of slip-stick changes decreases with the increase of
impact angle.

The phenomenon of the slip-stick motion creates conditions for
self-induced local relaxation oscillations on the basis of energy
relaxation (Van der Pol, 1927; Cao, 2013).

In a time period of spermatozoa–ZP surface contact, sperma-
tozoa gives mechanical energy of the impact to ZP. In the next time
period accumulated mechanical energy is realized into slipping
oscillatory relative motion of spermatozoa on ZP surface causing
self-induced oscillations of relaxation to appear both in local area
of the ZP and motion of the spermatozoa.

In this case self-induced relaxation oscillations in the ZP pro-
pagates trough ZP surface as surface waves. Due to small mass of
spermatozoa head compare to mass of the ZP, spermatozoa could
be considered as a digit-solid body that oscillate as a mass particle.

In interactions of these two self-induced oscillations caused by
relaxation of accumulated energy a time period of possible sper-
matozoa propagation through ZP could be considered. These self-
induced oscillations of relaxation could be important in interac-
tions with biochemical and physico-chemical non-linear dynami-
cal processes.

In approximation for describing this process of self-induced
oscillations of relaxation qualitative analogy and phenomen-
ological mapping of oscillations of relaxations that appear in
motion of material particle on the spring by a rough track that
moves with constant speed relative to material particle of the
oscillator (Fig. 11). This kind of motion is described by non-linear
Van der Pol differential Eqs. (5) and (6) with large parameter ε:

d2x
dt2

þε
dx
dt

�1
3

dx
dt

� �3
" #

þx¼ 0 ð5Þ

or

d2x
dt2

þεf
dx
dt

� �
þx¼ 0 ð6Þ

Sperm motion is analogue to motion of the mass particle on the
spring (oscillator) that moves along rough surface of treadmill
(corresponds to the surface of ZP (Familiari et al., 2006; Martinova
et al., 2008) at the moment of ovulation (Murayama et al., 2006)).
Treadmill is moving over rotating discs with constant velocity v0.
Velocity of sperm/an oscillator _x is characterized with changing of
its coordinates x and depends of rigidity of the spring k and
treadmill velocity v0 (Fig. 11a).

Elastic force acting on sperm/oscillator with mass m is in the
form:

Fe ¼ �kx ð7Þ
Frictional forces acting on sperm/oscillator moving along the

rough surface of treadmill with velocity of v0 depends of sperm/
oscillator relative velocity _x�v0:

Ftr ¼ �Fð_x�v0Þ ð8Þ
Specific resistant force generated during motion of sperm/

oscillator moving along the rough surface of treadmill (Van der Pol
differential Eq. (5)) is:

�Fð_xÞ ¼ ε
dx
dt

�1
3

dx
dt

� �3
" #

ð9Þ

dependant on cubic function of velocity. In general case it is in the
form:

�Fð_xÞ ¼ εf
dx
dt

� �
ð10Þ



Fig. 10. Contact status for different sperm impact angles observed in different time points: a1-3 at the beginning of the contact. b1-3 and at the half-time point. c1-3 at the
end of the simulation for different sperm impact angles a1,b1,c1 for 10°, a2,b2,c2 for 50° and a3,b3,c3 for 90°. Legend: violet—over constrained, blue—far, yellow—near,
orange—sliding, red—sticking. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. a) Resistant forces acting on mass on a spring moving on the treadmill. b) Graphical presentation of dependence of frictional force and velocity of the mass when (b1)
treadmill is not moving. (b2)Treadmill is moving with velocity v0.
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For the theoretical case when the sperm/oscillator is in peace
diagram of resistant force has form like in Fig. 11b1. This theore-
tical case does not happen in reality in physiological conditions.
When sperm/oscillator is moving, resistant force has diagram like
on Fig. 11b2. This mathematical and mechanical phenomenology
corresponds to the time profiles of the sperm velocity obtained in
our numerical experiment (see Fig. 9).

Fig. 9 shows notable phenomenon of relaxation oscillations
where sperm velocity is increasing and decreasing on a specific
manner. As kinetic energy depends of its velocity it seams like



Fig. 12. Sliding distance of sperm head for different sperm impact angles.

Fig. 13. Contact area of ZP for different sperm impact angles.

Fig. 14. Total deformation of ZP and Maximum penetration of ZP for different
spermatozoa impact angles.
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(from Fig. 9 and mechanical analogy from Fig. 11) that sperm
accumulates energy (when its velocity decreases may correspond
to lower kinetic and higher potential energy) and then start to
oscillate with higher speed (then its velocity increases-may cor-
respond to higher kinetic energy) although sperm velocity has
general toothed decline trend.

As resistant force dependent on cubic function of velocity (9) it
follows that as sperm/oscillator velocity increases, the resistant
force will increase much more. Similar experimental results were
obtained by Papi et al. (2013) suggesting that, sperm develops a
strategy to overcome this ZP reaction decreasing its velocity over
time. In experiments of Papi et al. (2013) higher force (in the form
of AFM tip) applied to the ZP surface produces higher ZP reaction
and lower indentation of ZP. Force exerts by AFM probe to the ZP
simulates the interaction of spermatozoa and ZP. According to Papi
et al. (2013) this effect is the result of viso-elastic properties of ZP.
***This complex phenomenon of slip-stick generated in the first
moment of sperm impact on ZP in combination with specific
decreasing of its velocity over time sheds new light on mechanical
component of sperm–ZP contact.

The diagram of sliding distance (Fig. 12) revels maximum
sliding at sperm impact angle α¼10° and minimum sliding dis-
tance for impact angle α¼90°. Sliding of the spermatozoa head
over ZP surfaces for impact angle of 10° is expected, as the geo-
metry of the spermatozoa head at this impact angle provides
favorable conditions for sliding in the low friction scenario.

The geometry of the spermatozoa head and the sperm impact
angle have a significant effect on the non-linear contact between
spermatozoa head and ZP surface and affect the size of contact
area as shown on Fig. 13. Contact area also exhibits local mini-
mums (for α¼10°, 50°, 75°, 90°) and local maximums (for
α¼40°,70°, 80°). Theoretically, larger contact area can ensure
biologically better contact due to better sperm–oocyte recognition
and receptor binding between sperm head and ZP surface enabling
chemical modifications of ZP glycoproteins (Clark, 2011).

Fig. 14 shows the total deformation of ZP at the end of transient
structural simulation. The sperm impact angles of 10° and 70°, 90°
stand out as local maximums of total deformation and total pro-
pagation of spermatozoa head. Local minimums are at sperm
impact angles 20°, 50°, 75°. Total ZP deformation and Maximum
sperm penetration of ZP have almost the same trend.

From the Figs. 4 and 14 for sperm impact angle 75° there are
maximum of MES and local maximum of contact area and local
minimums for frictional stress, total contact stress, total defor-
mation and maximum penetration. This combination of mechan-
ical parameters could be optimal for initial sperm penetration
into ZP.

Values of maximum obtained deformation in normal direction
(penetration depth) are still much smaller compared to the total
ZP thickness and multi-layer structure of ZP should not be
neglected (Familiari et al., 2006; Martinova et al., 2008).

Findings presented in the paper and work by other authors
suggest that contact between the spermatozoa and ZP is a specific
tribological, biodynamical and physico-chemical system that
should be further investigated especially for contact of viscoelas-
tic/viscoplastic biodynamical and physic-chemical bodies.

This would be possible by using constitutive relations expres-
sed by fractional order derivatives and also integral terms con-
taining kernel of relaxation or kernel of retardation of bio-
material. In the real biological system ZP is multi-layer mesh-like
structure. On scanning and transmission electron microscopy two
basic ZP layers could be identified: outer with rough spongy
appearance and inner with smaller fenestrations and smooth
fibrous network (Martinova et al., 2008). After fertilization outer
ZP showed rougher meshed network due to fusion between fila-
ments as a consequence from sperm penetration while the inner
was smoother with melted appearance (Martinova et al., 2008).
“In both the inner and outer ZP layers, stiffness decreased at
maturation while, conversely, increased after fertilization” (Papi et
al., 2012). Morphological and structural changes of ZP after ferti-
lization are followed by changes in its mechanical properties (Papi
et al., 2009).

Boccaccio et al.'s (2012, 2014) FE model of ZP and our FE model
are both appropriate although the approach and the assumptions
are different. While Boccaccio et al. (2012, 2014) considering
sperm–oocyte contact as frictionless we consider the sperm–ZP
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contact as a frictional one. We assume ZP as an elastic body, while
they assume it has hyperelastic (2012) or viscoelastic properties
(2014).

We were interested in the effect of friction and impact angle on
the spermatozoa–oocyte local contact dynamics. The sperm–

oocyte contact in our experiments was defined as non-linear
frictional contact, which is one step forward. The Boccaccio et
al.'s (2012, 2014) models are adequate for AFM probing experi-
ments on isolated ZP and examined issues. This models and
approaches could not be compared in sense that one is better form
another because they study different issues and both of them have
their strengths. Neither of the FE models deal with relation
between chemical reactions nor biomechanical events in sperm–

oocyte contact mostly because the modeling parameters needed
are still lacking. Some FE modeling of sperm (head was assume as
a sphere) and its motility related to sperm angle near oocytes and
spheres are described in (Ishimoto et al., 2015).

To model sperm interaction with ZP and consequent penetra-
tion the more complex model should be made–model that include
nonlinear visco-plastic properties and multilayer structure of ZP.

3.1. Limitation of the model

For the simplicity of the model, rotational speed of a sperm cell
was not included. This rotational speed is also important for fer-
tilization (Subramani et al., 2014; Gaffney et al., 2011) and sperm–

ZP dynamics. Furthermore, ZP was modeled as ideally elastic
structure which is not case in reality as noted tissues exhibit vis-
coelastic behaviour. For the simplicity of the model, only impact of
one spermatozoa was considered. In real biological situation one
spermatozoa is not enough for fertilization. The conjoint actions of
many spermatozoids are required. In biological system many
spermatozoa (in range 106) are impacting the ZP surface. Fur-
thermore existence of coupled fields (mechanical, electrical che-
mical) should be considered. In paper of Allena and Aubry (2011)
coupling between electricity, geometry and mechanics was used
for parameterizations of shell-like deformations inside biological
membranes. Although this technique was used for modeling the
deformations of the membrane of the Drosofila embryo, we are of
opinion that this technique could be used for deformations of the
ZP in process of fertilization.

This paper did not concern the biomechanical effects in sperm
head. The FE analysis of stress and strain in sperm head during
frictional contact with oocyte would be also an important subject
for studying specially from the aspect of the angle. Many questions
regarding sperm–oocyte dynamics are sill opened. For example
what would be the angle that would contribute enough to acro-
som reaction to occur? Coupling biomechanical and chemical
effect is a great problem because of lacking the adequate para-
meters that should be input in to the model. To be more close to
the answer careful and extensive research are needed and differ-
ent approach to the problem. Regarding an potentially adequate
approach one of the promising approach could be to treat the ZP
as responsive polymer–polymer that respond to mechanical sti-
muli by oscillations in chemical reactions at principal that is
similar to the principle describe in paper of (Yashin et al., 2012).
4. Conclusion

In this paper a biomechanical approach and FEM analysis were
used to study local contact dynamic of sperm–oocyte interaction
relative to different sperm impact angles. The sperm–oocyte
contact was defined as non-linear frictional contact. From the
obtained analysis we can conclude the following:
1. Non-linear frictional contact of ZP and spermatozoa has sig-
nificant effect on spermatozoa–oocyte interaction dynamics
(local maximum equivalent stress, local maximum deformation,
sperm penetration)

2. Sperm impact angles under which maximum local deformation,
maximum equivalent stress, maximum contact pressure, max-
imum frictional stress, maximum contact ZP area, maximum
sliding distance and maximum sperm penetration are occurred
are identified

3. Spermatozoa with sperm impact angle α¼ 751 achieves local
maximum equivalent stress in ZP and has maximum
contact area.

4. Spermatozoa with sperm impact angle α¼ 101 achieves max-
imum total deformation, frictional stress and sliding distance

5. Slip-stick effect and appearance of the self-induced oscillation
of relaxation is identified as possible process favorable for next
phase after impact to ZP for proceeding spermatozoa penetra-
tion using oscillations of the relaxation caused by vibro-
rheological effects and alternatively as effect of accumulation
and relaxation caused by mechanical energy introduced in the
system by sperm impact and sperm propulsion force.

Our further investigations should concentrate on the previously
mentioned limitations of the model.
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