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Abstract

The purpose of this study is to theoretically investigate the electro-magneto-biomechanics of the swimming of sperms
through cervical canal in the female reproductive system. During sexual intercourse, millions of sperms migrate into the
cervix in large groups, hence we can approximately model their movement activity by a swimming sheet through the
electrically-conducting biofluid. The Eyring—Powell fluid model is considered as the base fluid to simulate male’s semen
with self-propulsive sperms. An external magnetic field is applied on the flow in transverse direction. The governing partial
differential system of equations is analytically solved. Creeping flow regimen is employed throughout the channel due to
self-propulsion of swimmers along with long wavelength approximation. Solutions for the stream function, velocity profile,
and pressure gradient (above and below the swimming sheet) are obtained and plotted with the pertinent parameters. The
prominent features of pumping characteristics are also investigated. Results indicate that the propulsive velocity is reduced
with an increase in the electric field which is an important feature that can be used in controlling the transport of spermato-
zoa inside the cervical canal. Not only is the present analysis valid for living micro-organisms, but also valid for artificially
designed electro-magnetic micro-swimmers which is further utilized in electro-magnetic therapy taking place in female’s
lubricous cervical canal filled with mucus.

Keywords Electro-magnetic therapy - Eyring—Powell fluid - Swimming sperms transport - Mucus velocity - Propulsive
velocity - Cervical flow

1 Introduction

The study of sperm transmission has widely been studied by
many researchers (Taylor 1951; Reynolds 1965; Tuck 1968;
Pak and Lauga 2010; Shack and Lardner 1974; Davajan
et al. 1970; Odeblad 1962; Smelser et al. 1974; Shukla et al.
1978, 1988; Sinha et al. 1982; Philip and Chandra 1995;
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Radhakrishnamacharya and Sharma 2007; Walait et al.
2018). These researchers focused on understanding the state-
of-the-art behind the traveling of the spermatozoa in the
vagina through the body fluids that fills the cervical water-
way. Passage of sperms through the cervix (the transmission
of sperm within the uterine canal) is considered an important
study because it helps conserve the health of sperms that
in turn affects the human reproduction and maintains the
existence of life. Generally, most of the sperms get lost at
some point at the vaginal level by ejecting some sperms
from the vaginal opening and the rest of sperms which could
make it through the vagina are the ones that are studied by
researchers. One mechanism of sperm transportation was
proposed by Davajan et al. (1970) and explained by Odeblad
(1962). The latter ones attempted to elucidate the rapid rate
of sperm transition with efficacy between the mucus and
the swimming sperm. The long-chained molecules of high
molecular weight, that are of a complicated suspension, in
an exceedingly lower molecular weight fluid is named by
cervical mucus. The cervix commonly acts as an obstacle
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that hinders the transport of sperms but with the secretion of
suitable amounts of cervical mucus, the transport of sperms
through the vagina is being facilitated. Cervical mucus is
secreted by tissue cells (non-ciliated epithelial cells) that
line the cervical canal. Smelser et al. (1974) provided an
explanation for the sperm transport via the cervical mucus
based totally on the dynamic interplay between the cervical
mucus and the swimming of sperms that was recommended
by Davajan et al. (1970). Also, Walait et al. (2018) simulated
the cervix as a 2D channel with waves propagating on the
flexible slippery walls of the cervix. They discovered that the
chance of the spermatozoa to fertilize an ovum is maximized
when the slippage on the upper cervical wall is maximum
along with zero slippage on the lower wall of the cervix. An
additional assumption that has been going around is that a
spermatozoon takes a form of an infinite pliable sheet which
drives itself in the opposite direction to traveling waves of
the cervical mucus by the flow of the propulsive waves.
Asghar et al. (2019) presented the dynamic of the sperm, as
a swimming micro-organism, under the effect magnetic field
where they took the cervical mucus fluid as Carreau fluid
model. They found that the magnetic force in the negative
direction is an assistive force to the motion of sperm.

The combination of magnetic fields with propulsive flows
has important applications in biomedical engineering prob-
lems (Bhatti et al. 2020; Eldesoky et al. 2019; Abd Elma-
boud et al. 2019; Sohail et al. 2020a, 2020d; Abdelsalam and
Bhatti 2018; Abdelsalam and Vafai 2017; Zhang et al. 2020;
Mekheimer et al. 2013). The magnetohydrodynamic flow of
sperms’ motility through the cervix is important in relation
with certain flow problems involving conductive physiologi-
cal fluids. It helps integrate the sperms with mucus liquid,
and it helps in the treatment of chronic medical conditions,
such as vaginal stenosis, using the magnetic vaginal dila-
tor (Morris et al. 2017). It has considerable nonmechanical
micro-pumping properties that has remarkable applications
especially if accompanied with electric field (electro-mag-
netohydrodynamic flows, known as “EMHD”), some of
which, flow control in microfluidic systems, fluid pumping,
and fluid blending (Morris et al. 2017; Mekheimer et al.
2017; Keramati et al. 2016; Buren and Jian 2015; Bhatti
et al. 2017; Abo-Elkhair et al. 2018; Ellahi et al. 2020; Dhar-
mendra et al. 2020; Zeeshan et al. 2019). Lorentz force is
produced as a result of two fields; one of these fields is the
electric field force which is carried out throughout the chan-
nel in the presence of the magnetic field force. The combina-
tion between these two fields is called the electromagnetic
forces. Contrasted with different kinds of nonmechanical
micro-pumps, the EMHD micro-pumps can be employed
in many aspects such as in regular flow control and bidirec-
tional siphoning potential.
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One of the most important models for non-Newtonian flu-
ids is the Eyring—Powell fluid model since it can be deduced
from the kinetic theory of liquids rather than from the empir-
ical relation. It can also be reduced to the Newtonian behav-
ior for low and high shear rates. Ishaq et al. (2019) studied
the 2D nanofluid for the Eyring—Powell fluid model with
magnetic field on a permeable stretching sheet. They con-
cluded that the magnetic field has a decreasing effect on the
velocity distribution of nanofluid. Oyelami and Dada (2016)
investigated the magnetohydrodynamics of an Eyring—Pow-
ell fluid model with viscous dissipation and thermal radia-
tion effects where they found out that the flow decelerates
with an increase in the non-Newtonian parameter. Ellahi
et al. (2016) investigated the slip, and heat transfer effects
on the Eyring—Powell fluid in the presence of a magnetic
field. They deduced that the Hartmann number has a quite
opposite impact on the velocity distribution than that of the
slip parameter. Khan et al. (2017) studied the anisotropic
slip, and magnetic field effects on an Eyring—Powell fluid
with heat transfer over a rotating disk where they discovered
that the slip-length boundary condition has a great impact
on the temperature and velocity profiles.

During copulation, seminal fluid is being deposited inside
the vagina (by either seminal emission at high arousal levels
or propulsatile ejaculation), and those which are not being
ejected outside the vagina are the ones that can approach
the cervix. The action of this sperm motility requires a spe-
cial PH level which is being buffered by the upper vagina
and last for only few minutes providing enough time for the
sperms’ motility (Nakano et al. 2015). Such rapid motion of
sperms along with the muscular peristaltic movement of the
female’s reproductive tract cannot, however, guarantee the
capability of swimming through the cervical mucus and fer-
tilizing an egg successfully (Carlson 2019). Several factors
must be taken place for fertility and pregnancy to occur such
as having healthy sperms. A healthy spermatozoon has a
rounded head with long and strong tail. Other factors which
are taken into account are assuming that the man is healthy,
non-obese, non-smoker, and does not have low sperms count
(not under 10 million sperms per ml) so that it does not
affect fertility and assuming also there no cervical constric-
tion or stenosis in the female’s reproductive system (Nakano
et al. 2015; Jones and Lopez 2014; Durairajanayagam 2018;
Kay et al. 2013; Sohail et al. 2020b, 2020c; Abdelsalam and
Sohail 2020; Naz et al. 2019).

With the above taken factors and limitations into con-
sideration, we intend to study the electro-magnetohydrody-
namics of swimming sperms through cervical canal using
Eyring—Powell fluid model as the base fluid. The EMHD is
expected to have novel consequences along with the pres-
sure difference that is expected to affect the probability of
pregnancy. The current research gives a simple theoretical
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estimate of the interactivity of swimming sperms with the
walls in the vicinity and may aid in the electro-magnetic
therapy and/or electrovaginogram (Shafik et al. 2004). Mul-
tiple factors are investigated in this model such as the pro-
pulsive velocity, Eyring—Powell fluid parameter, Hartmann
number, wave amplitude on the cervical wall, and electric
field on the physical variables of interest.

2 Electromagnetohydrodynamic
non-Newtonian propulsion model

Consider a 2D cervical canal of a female’s reproductive system
constituting micro-organisms (swimming sperms) with speed
V, taking place from the vagina to the uterus in a negative
X-direction. The transport of sperms takes place by

Fig.1 Schematic diagram for il
the self-propulsion of swim-

ming sheet of sperms through
female’s cervical canal "

5
>

hy

Fig.2 Schematic diagram
for the anatomy of the female
reproductive system

Fallopian ovaries

tubes
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=Tt = zn r
hy=b, sm(T(X— (c-V, )t)-Hp)
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self-propulsion in a form of a flexible sheet which pushes itself
against traveling sinusoidal waves on the canal walls that prop-
agate from the uterus to the vagina along the positive X-axis.
Electromagnetic flow of Eyring—Powell fluid is used to model
the tran31ent flow. The flow is triggered by a Lorentz force
] x B generated by two flelds namely magnetic field
B(O —B,, ) and electrlc field E(O 0, E), where the current

density is denoted by J— =0 (E +g* x B) and the velocity
is denoted by q(U , V>. ‘We refer to the upper swimming sheet

by a positive sign and to the lower one by a negative sign. The
Cartesian coordinates are used such that the X-axis is chosen
along the canal, and Y-axis is normal to it. We consider that
propagating waves traveling along the walls of the cervical
canal have a speed ¢ and wavelength A. We also assume that
the self-propulsive swimming sheet of sperms propagates

vagina
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synchronously with the moving frame of reference. The sur-
face profiles along the walls of the cervical canal and the
swimming sperms’ sheet in the fixed frame, as shown in
Figs. 1 and 2, are described as

hl_h0+busm(7”( = (c=v,)1))
v,)1)+0)
hy = —ho + b/, sin (%”(X = (c=v,))
2.1
where the mean distance of the swimming sperm to another
cervical wall (lower or upper) is represented by A, @ is the
phase difference, and 5’ and &', are the amplitudes of the
wave on the micro-organism swimmer surface and cervical
walls, respectively.

Upper wall
Surface of swimming sperm h, = b sin ( (

Lower wall

3 Cervical fluid equations

The governing equations of motion along with the continuity
equation for the 2D flow of the incompressible cervical fluid,
neglecting the thermal effects, are given by

0 (= \= + * 1= xB
p ?+<q—~V)q— =-Vp*+ V.-t +EXB, (3.1)

where the constitutive equation for the Eyring—Powell fluid
is defined as (Ellahi et al. 2020; Dharmendra et al. 2020)

dg;* 1 1 9q;*
=yt 4 —giphti — 22 %
Tjj M dxj + Bsm {C* 6xj

such that u is the dynamic viscosity and B and C* are the
material constants of Eyring—Powell fluid. For the stress
components, the function is approximated as

0 0g;* 0q::\’
sinh~'d L2 _ Loar (1 % ,
C* ox; C* ox; 6C* ox;
Then the governing equations in the two-dimensional flow
are given by

(3.2)

(3.3)

oU= + A%
0X aY

+ + +
p(aU LU +VidU>

=0,

ot 0X aY

0Ty, 0Ty
= _aaLX + d—;?( + =X aY L + 6EB, + cB2U*,
Uiﬁ + V1E>
ot 0X aY
dp* aT?X 073y
9y | ox | ov’

(3.4)

The fixed and moving (laboratory) frames are related as
follows
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3.5)

In light of Eq. (3.5), the governing Eq. (3.4) of the cervical
fluid become

ons | ovE _
ox dy
Lot | _Lomt) _ opt  0th
F— 4 P — = —+
P <” x % ox " ox
01)?5 3.6)
% T oEB, + oBj (i - V,' +¢),

b}

~+ ~+ a"'i ()Tj_: 0’[:“:
ﬁiai_}_f;"'al —_L+i+i
’ oy " ox oy

We introduce the following dimensionless parameters:

+

N L g

A hy c oc

Iy h b
~+ 0 0 S
== ,6=—,b;=—, :
P Auc? AT hy 3.7
b = ,w d V/_VP
=g =T

Using the dimensionless parameters in Eq. (3.7) along with
the definition of the Eyring—Powell fluid in Eq. (3.2), the
dimensionless equations for the fluid model can be written as

R 5<uiE + V1E> — _E

ox dy ox
2
out \ " 0%u*
+6° M=) —
< ox ) ox?
2
02 * out\ 0%u*t
+(1+ - Al —
+as <0u> oy

+SHa—Ha (u— ~V,+1),

+ op*
R65<(3v+ 0v>= ap~

ox dy dy
4 g°v*t g Ov* 2 g2y
o o M\ ox ) o (3-8)
+\ 2 52,%
+ 52 g D)
ou | 9y?
where R ( ochy ) is Reynolds number, a( B‘@) and

A<= 2:?;) are Eyring—Powell fluid parameters,
()
S(zhOTE‘\/g) is the electric field strength, and

Ha(: hyB,, \/g > is Hartmann number. Using the approxi-
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mation § = 20 « landZ < 1,ie. A < 1.Then Eq. (3.8)
becomes
op= 2,
0=-2" a4+ )a w
ox
+ SHa — Ha (u—— V,+1), (3.9)
_ o
=%
with corresponding boundary conditions
ut=V —1aty=h,,
p s
ut =-1 aty = h,. (3.10)

where h; =1+ b, sin(2xx), h, = =1+ b, sin(2zx), and
h, = b, sin 2z(x + @)).

Using the boundary conditions (3.10), the solution of
Eq. (3.9) takes the form:

Cervical upper fluid
1 ap*
+(y) —
ut(y) = Ha? <— o + Ha(S + Ha(-1+V,))

((hl—hs)Ha>

+Csch( 2227

Vi+a

<<£—Ha(S+HaV)>Smh< alh, y)>
ox ‘/1

+<—% +HaS>Sinh< U — ) >>>

(3.11)
Cervical lower fluid
_ 1 op
u (y) = ﬁ<__ +Ha(S + Ha(-1+V,))
h2 - hé)Ha
+Csch — Ha(S + Han)>
Vi+a
Ha h 9
Sinh Ha(l, =3) +< & +HaS>
V1ta ox
Ha h2
Sinh
(3.12)

4 Propulsive velocity of swimming sheet

The flow rates of the self-propelled sperms taking place
either above or below the swimming sheet are seen to be
constant and which can be observed by integrating the con-
tinuity equation. Moreover, the pressure difference over the

wavelength, Ap, is unchanged for both zones, thus, the volu-
metric flow rate across the channel Q can be given through
the expression

I n
0 = / u-(ndy, 0 = / ut(y)dy,

hy h

A.1)

s

Using Egs. (3.11) and (3.12), Eq. (4.1) takes the forms

Ap =1+ LO" + LS+ 1,Vp,

42
Ap=Is+1,0" + L,S+ LVp, *-2)

where

1 1
I =/ F1Hd*(hy — hy)dx, 12=/ Ha’F, dx,
0 0
! hy = hy)H
13=/ Fl(—Haz(hl—h3)+2Ha 1+aTanh(w>>dx
0 2y 1+«
1 hy — hy)He
14=/ F1<—Ha3(h1 — hy) + 2Hd? 1+aTanh<w>>dx
0 21+ a
1 1
Is = / FyHa® (hy — hy)dx, Iy = / —Ha’F,dx,
0 0

1 hy — hy) Hi
17=/ —F2<Ha2(h2—h3)—2Ha 1+aTanh(M >dx,
0 2¢/1+a
I hy — hy) He
18:/ -F2<Ha3(h2-h3)-2Ha2 1+aTanh<w)>dx
0 2V1+a

and
1

_ (hi—hy)Ha ) ’

(=h; + hy)Ha +2y/T+ aTanh(—z\/H_a

Since the swimming sheet of spermatozoa is self-propul-
sive, the forces exerted by the fluid on it must balance for its
motion to be of constant velocity V, (Smelser et al. 1974).
Mathematically, we can write this down as

1
opt 0
/<Txy+—rxv_—bssin27tx< p__ P >>dx 0,
0 i ox

ox
i.e.

F. =

1

4.3)

LVp+1,,0" +1,,0” +1,, =0, 4.4)

where
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1 (hy — h3)Ha
Iy = / F Ha*( HabsSin(x) + 2V/1 + aTanh[ ———— ) )dx
0 2V1+a

v . (hy — h3)Ha
I, = / F,Ha"| HabsSin(x) + 24/ 1 + aTanh| —————— ] ]dx,
0 21+«

1
1,2=/0 (F\Ha* (hy — h3)

( . <(h1—h3)Ha>)
bsSin(x) + 21 + aTanh| ————
21+ a
—F,Ha*(hy — hy)

— hs)Ha

(bsSin(x) +2V1+ aTanh( (
2y 1+«

—h3 Ha
K; = Ha\/1 + aTanh
l+a
h —h3 Ha
G, =Ha (hi—h3)Ha 1 + aCoth
1+a
-—h3 )Ha
—(h; — h3)Ha\/1 + aCsch| ~—————
2V1+a

+bs(h; — hy)Ha*Sin(x)
h; — hy)Ha
—bsHay/ 1 + aSin(x)Tanh Q
24/ 1+ a
) (hi - h3)Ha
—(1 + a)Tanh"| ———— ,andi=1,2
2V1+a

By solving Egs. (4.2) and (4.4), then the propulsive velocity
Vp takes the form

4.5)

_ =1 Dls — Lol I + Liohls — Uyolilg + 111 L 1)s + (11 + 11plg) AP
F Lol s + I LIy — Iohy g .

4.6)

5 Results and discussion

The aim of this section is to investigate the impact of the
pertinent parameters on the physical expressions involved
in the flow model. Mathematica program has been used in
order to study the physical influence of the Eyring—Pow-
ell fluid parameter «a, electric field strength parameter S,
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Hartmann number Ha, wave amplitude on the cervical
wall b,,, and propulsive velocity V,, on the distributions of
streamlines, mucus velocities of cervical canal u*, pres-
sure gradients %, and pressure difference over wavelength
Ap. Since the problem involves upper and lower swim-
ming sheets, in the ongoing discussion, the positive and
negative superscripts denote the upper and lower swim-
ming sheets, respectively, for the physical variable under
consideration. Also, the blue and red colors in the graphs
are meant to indicate the variations in the upper and lower
sheets, respectively.

5.1 Streamlines of the electro-magnetic cervical
flow

Figures 3,4, 5, 6, 7, and 8 are made to observe the effects
of the pertinent parameters on the streamlines’ pattern
of the lubricious cervical canal. For the sake of concise-
ness, one parameter is varied at a time while others are
kept constant. Figures 3 and 4 represent the behavior of
the circulating bolus for the swimmers above and below
the micro-organism surface sheet under the effect of the
magnetic parameter. It is noticed that there are circulating
zones above and below the swimmer surface at a small
value of Ha (=1.5) after which they are reduced with
an increase in Ha until void zones are observed with no
trapped bolus. One possible reason for the reduction of
trapped bolus is that the swimmers move faster before
they reach simultaneity and extend in a form of sinusoi-
dal shape along the channel. Figures 5 and 6 elucidate
the behavior of streamlines with different values of the
propulsive velocity for the upper and lower sheets. It is
observed that the number of trapped zones is decreasing
with an increase in V), for both sheets. It is also noticed
that the circulating bolus near to the walls disappears
with an increase in V), leaving bigger trapped region away
from the boundary for both the upper and lower sheets.
Figures 7 and 8 give an insight into the variations taking
place in the trapped bolus under the effect of the fluid
parameter « for the upper and lower sheets, respectively.
It is noticed that the size of trapped bolus is increased in
the corresponding middle regions in both halves of the
canal for the non-Newtonian fluid (a«=2) than that of the
Newtonian fluid (= 0). It is also observed that the num-
ber of circulating zones remains unchanged.

5.2 Mucus velocities

Figure 9a—c displays the behavior of the mucus veloci-
ties that are plotted versus y above and below the swim-
ming sheet for various values of the pertinent parameters.
It is seen from Fig. 9a that the mucus velocity profile
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Fig.3 Streamlines of flow above the swimming sheet for Ha = 1.5 (a), Ha = 2 (b), and Ha = 5 (c¢) with Vp = 0.1, b= 0.35, b, = 0.45,
0=-0.323, ¢ =7/2,a=0.1,and S=0.1
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Fig.4 Streamlines of flow below the swimming sheet for Ha = 1.5 (a), Ha = 2 (b), and Ha = 5 (¢) with V, = 0.1, b= 0.35, b, = 0.45,

0=-0323,¢=7/2,2=0.1,and §=0.2

@ Springer



Electro-magnetically modulated self-propulsion of swimming sperms via cervical canal 869

Fig.5 Streamlines of flow above the swimming sheet for Vp = 0.1 (a), Vp = 0.3 (b), and VP = 0.5 (¢) with Ha = 1.5, b= 0.35, b, = 0.45,

0=-0323,¢p=7/2,2=0.1,and S=0.1

increases with an increase in a below the swimming sheet
while the behavior is totally reversed above the swim-
ming sheet. Figure 9b depicts the variation of u* with
y for various values of the magnetic parameter Ha. It is
seen that the mucus velocity profile increases with an

increase in Ha below the swimming sheet, and it con-
tinues increasing slightly until it reaches y =0.25. Fig-
ure 9c exhibits the effect of S on the mucus velocities
where it is observed that they increase with an increase
in S above and below the swimming sheet. It is generally
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Fig.6 Streamlines of flow below the swimming sheet for V,=0.1 (a),V,=0.3 (b), and V, = 0.5 (¢) with Ha = 1.5, b= 0.35, b, = 045,
0=-0323, ¢ =7/2,a=0.1,and S=0.1

observed that the velocity profiles of cervical mucus are ~ observed that mucus velocity attains least values in the
not parabolic (not a Poiseuille flow). Further, it is seen absence of electric field.

that the mucus velocities at the walls i, and h, are not

equal which validates the boundary conditions. It is also
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0.1, and $=0.1

Fig.8 Streamlines of flow below the swimming sheet for @ = 0 (a) and @ = 2 (b) with Ha = 1.5, b= 0.35, b, = 0.45, 0=-0.323, ¢ = 7/2, V,=
0.1, and §=0.2
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Fig.9 Plots for mucus velocities below and above the swimming
sheet: for various values of a with V,= 0.1,b,=0.1,b,=0.01,¢ =
z/2, Ha=1.5,5=0.2, Q=-0.1, and x=0.2 (a); Ha with V,=0.1,

5.3 Pressure gradients

Figure 10a—e is plotted in order to investigate the depend-
ency of the pressure gradients above and below the swim-
ming sheet upon Ha, S, @, b,,, and Vp. Figure 10a reveals
that the pressure gradient increases noticeably with an
increase in the magnetic parameter above and below
the swimming sheet. Similarly, it can be inferred from
Fig. 10b, e that the electric field and propulsive veloc-
ity enhance the pressure gradient substantially above and
below the swimming sheet. Moreover, it is observed that
% attains least values in the absence of electric field.
It is also seen from Fig. 10e that the pressure gradient
is minimum in the absence of propulsive velocity. Fig-
ure 10c describes the behavior of % with a from which
we conclude that an increase in @ causes an increase in
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b, =0.1,b,=001,¢=r/2, a=05 5=02, Q=—0.1, and x=02
(b); and S with V, = 0.1, b, = 0.1, b, = 0.01, ¢ = 7/2, @ = 0.5, Ha =

s Uy

1.5,0=-0.1, and x=0.2 (¢)

the pressure gradient below the swimming sheet until a
specific value of y (=3.6) before the effect is reversed
with an obvious incremental decrease along the y-axis.
Alternatively, it is also shown that above the swimming
sheet, a has an incremental effect on P where it is seen
to diminish slowly until y=2.6 before it starts to increase
progressively afterwards with a. Further, it is observed
that % attains least values for Newtonian fluid than that
of non-Newtonian fluid. It is observed from Fig. 10d that
unlike the behavior of 2= with b,, above the swimming
sheet, % is seen to increase below the swimming sheet
until y =3.2 before it starts to increase with an increase in
b,,. It is generally noticed that the amplitude of pressure
gradient increases above the swimming sheet with gradual
changes in the parameters of interest.
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5.4 Propulsive velocity

The propulsive velocity of the swimming sheet V,
depends upon the electric field S, Hartmann number Ha,
Eyring—Powell fluid parameter a, wave amplitude on the
cervical wall b,,, and pressure difference over wavelength
Ap. Figure 11a—e are plotted in order to observe the effects
of the pertinent parameters on V,,. It is noticed that Ha and
a have an increasing effect on Vp as seen in Fig. 11b, c. A
quite opposite behavior is noticed from V,, with an increase
in S and b,, as seen in Fig. 11a, d. That is, it is concluded that
in order to minimize the speed of spermatozoa, it is best to
apply an electric field on the flow. This means that apply-
ing electric field on the flow is very important in control-
ling the transport of spermatozoa inside the cervical canal.

(a)
TAp

Figure 11e discloses the behavior of the propulsive velocity
with Ap where an enhancement in V), with an increase in Ap
is shown. Hence, the pressure difference over wavelength
boosts the velocity of sperms and assists the sperms’ move-
ment to fertilize the ovum in the female’s reproductive sys-
tem when Ap attains zero or positive values, whereas the
pressure drop is seen to inhibit the chances of pregnancy by
thrusting the sperms from the uterus to the vagina. The latter
result conforms with that obtained by Walait et al. (2018) for
a flow through slippery cervical canal.

5.5 Pumping characteristics

We recall that the swimming sperms have propulsive veloc-
ity V, taking place from the vagina to the uterus in a negative

-1.0 -0.5 0.0 0.5

—Q—

—Q—-

—Q—-

Fig. 12 Plots for pressure rise versus mean flow rate: for various val-
ues of S withb,, =0.1,¢ =7, =0.1, b, =0.1, Ap = 0.1, Ha=1.5,
and Vp =2;Hawithb,=0.1,¢ =7,0=0.1,0,=0.1, S=1.5, and Vp

—Q—

=2 awithb,=0.1,¢ = x,b,= 0.1, S=1.5, and V, = 2; and V,, with
b,=0.1,¢p=rb,=01S5=15 Ha=15anda=0.1
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x-direction whereas the traveling waves on the canal walls
propagate along the positive x-axis from the uterus to the
vagina. Figure 12a—d elucidates the pumping characteristics
of the swimming sheet of sperms along the main direction
of the flow, i.e. from the vagina to the uterus. We investigate
the dependence of the pressure difference over wavelength
Ap, which is the same above and below the swimming sheet
as aforementioned, upon S, Ha, a, and Vp. And in doing so,
one must characterize the regions of pumping mechanism.
The pressure difference over wavelength is sectored into four
major quadrants. The first quadrant (P >0 and Q> 0) that
represents the cervical sinusoidal pumping region through
which the flow rate is totally due to the traveling waves on
the cervical wall after overcoming the self-propulsion of
sperms and pressure difference. The second quadrant (P >0
and Q <0) that represents the retrograde pumping region
through which the flow takes place in the direction of the
swimming sheet of sperms. The third quadrant (P <0 and
Q0 <0) that represents the self-propulsion pumping region
through which the self-propulsive waves dominates the
traveling waves and the pressure difference assists the flow
that takes place from the vagina to the uterus. And finally,
the fourth quadrant (P <0 and Q <0) that represents the aug-
mented pumping region through which the pressure differ-
ence amplifies the flow. Figure 12a investigates the depend-
ence of Ap upon S where it is noticed that the pumping rate
increases with an increase in S in the cervical sinusoidal,
retrograde, and augmented pumping regions. Further, it is
seen that Ap attains the least values in the absence of electric
field. A similar behavior is seen for Ap with V, as shown
in Fig. 12d. It is depicted from Fig. 12b that the pumping
rate is enhanced by an increase in Ha in the retrograde and
cervical sinusoidal pumping regions, while it is reduced
incrementally in the augmented pumping region. Figure 12¢
illustrates that the pumping rate increases with an increase
in « in the retrograde pumping region, then the effect of a is
seen to be minimal in the cervical sinusoidal region before
the pumping rate is noticed to be reduced in the augmented
pumping region. Unlike the behavior of Ap in the augmented
region, it is observed that it is smaller for Newtonian fluid
than that of non-Newtonian fluid in the retrograde pumping
region. Generally, it is also observed that there is no flow
in the self-propulsion region due to the bigger amplitude of
traveling waves in comparison to the self-propulsive wave
especially with the existence of S that reduces the propulsive
velocity as aforementioned in the previous section.

6 Concluding remarks
In this work, biomechanics of the swimming of sperms

through cervical canal is investigated through electrically-
conducting biofluid with an external magnetic field being

@ Springer

applied on the flow in transverse direction. Eyring—Powell
model is considered as the base fluid to simulate male’s
semen with self-propulsive sperms. The governing par-
tial differential equations are analytically solved, and long
wavelength approximation is employed. The distributions
of velocity, stream function, pressure gradient, and pres-
sure gradient were calculated and presented with vari-
ous of the pertinent parameters. The proposed model can
be applied in controlling swimming sperms through 2D
conduits that account for females’ cervical canals filled
with mucus. The main observations can be concluded as
follows:

i. There is a critical value for Hartmann number after
which the circulating zones are reduced above and
below the swimmer surface.

ii. The size of trapped bolus is increased throughout the
canal for the non-Newtonian fluid than that of the
Newtonian fluid.

iii. The mucus velocities increase with an increase in the
electric field above and below the swimming sheet.

iv. The pressure gradient is minimum in the absence of
propulsive velocity.

v. The electric field and propulsive velocity enhance the
pressure gradient substantially above and below the
swimming sheet.

vi. Unlike the behavior of the propulsive velocity with
the electric field, it seems to be increasing with an
increase in Hartmann number, Eyring—Powell param-
eter, and the wave amplitude on the cervical wall.

vii. The mucus velocity and the pressure gradient attain
the least values throughout the flow in the absence of
electric field.

viii. The pressure gradient below and above the swimming
sheet attains the least values for Newtonian fluid than
that of non-Newtonian fluid.

ix. The pressure difference accelerates the motion of
sperms in order to fertilize the ovum in the female’s
reproductive tract.

x. The pressure drop inhibits the chances of pregnancy
by thrusting the sperms from the uterus to the vagina.

xi. The electric field reduces the pressure difference sub-
stantially.

xii. Unlike the behavior of pressure difference in the
augmented region, it is observed that it is smaller for
Newtonian fluid than that of non-Newtonian fluid in
the retrograde pumping region.

xiii. Solving our problem for Newtonian fluid in the
absence of electric field implies to a well-agreed
physical situation as obtained by Asghar et al. (2019)
for Newtonian fluid.

xiv. Solving our model for Newtonian fluid and in the
absence of electric and magnetic fields, our investiga-
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tion is in good agreement with that obtained by Walait
et al. (2018) for non-slip flow.

xv. Investigating our problem for Newtonian fluid in the
absence of magnetic and electric fields, our model
reduces to that of Smelser et al. (1974)
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