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To elucidate the process whereby sperm arrive at an egg in the female reproductive organs, it is essential
to investigate how rheological properties of the fluid around mammalian spermatozoa affect their motil-
ity. We examined the motility and flagellar waveform of bovine sperm swimming in a fluid with similar
rheological properties as mammalian cervical mucus. The results indicated that the surrounding rheolog-
ical properties largely affected the flagellar waveform of mammalian spermatozoa; in particular, shear-
thinning viscoelastic fluid increased the progressive motility of the sperm. To investigate the influence
of flagellar waveform on sperm motility in more detail, the waveform was expressed as a function and
the progressive thrust of the sperm was calculated based on the empirical resistive force theory. The
results of this study showed that the progressive thrust increased with the curvature of the flagellar
tip. Moreover, we calculated the thrust efficiency of motile sperm. Results showed that the thrust effi-
ciency in shear-thinning viscoelastic fluids was larger than that in Newtonian fluids, regardless of viscos-
ity. This suggests that motile sperm in cervical mucus move efficiently by means of a motion mechanism
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that is suited to their surrounding environment.
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1. Introduction

For mammals, successful internal fertilization requires a pro-
gressively motile spermatozoon for approaching an egg. The
numerous sperm cells ejaculated in the vagina move forward in
the uterine tube via the cervical canal and body of the uterus. To
reach an egg in the uterine tube, mammalian sperm progress
through the active motion of a slender flagellum. This considerably
long journey required for a mammalian spermatozoon to meet an
egg in the female reproductive organs has not yet been clarified
sufficiently owing to the complexity of the phenomenon. Several
characteristic circumstances influence the journey of sperm. Cervi-
cal mucus is a highly viscous fluid, and its viscosity depends on the
shear rate (Lai et al., 2007). The viscous properties vary during the
female menstrual cycle (Wolf et al., 1977b) and differ considerably
among individuals (Tam et al., 1980). In these rheological circum-
stances, a sperm moves along a microgroove on the uterine tubal
surface against the flow due to tubal peristalsis (Mullins and
Saacke, 1989; Tung et al., 2015). In addition, a change in sperm
motion, called hyperactivation, may occur via signal transduction
through a medium of calcium ions en route to the egg (Katz
et al,, 1989; Yanagimachi, 1970). Therefore, sperm motility is influ-
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enced significantly by factors such as fluid dynamics, morphology
and chemical composition. Given this background, we focus herein
on how the fluid rheological properties of cervical mucus affect
sperm motility.

Mammalian cervical mucus possesses quite characteristic vis-
cous properties (Eliezer, 1974; Litt et al, 1976). Wolf et al.
(1977a) found that the mucus in the uterine tube is a viscoelastic
fluid that contains gelatinous materials and macromolecules.
Tam et al. (1980) measured the viscoelastic properties of human
and bovine cervical mucus and reported nonlinearity of the cervi-
cal mucus. Lai et al. (2007) measured the viscosity of fresh human
cervical mucus samples as a function of shear rate; they indicated
that the mucus was a non-Newtonian fluid whose viscosity
exceeded that of water by two to three orders of magnitude. Sev-
eral studies have reported the motion characteristics of mam-
malian sperm in a highly viscoelastic fluid. Rikmenspoel (1984)
observed experimentally the motility of bovine sperm in methyl-
cellulose with viscosities of 0.001-4 Pa s. Smith et al. (2009) used
methylcellulose to conduct a detailed investigation of human
sperm motility and the flagellar waveform in fluids of low and high
viscosity. Hyakutake et al. (2015a,b) used polyvinylpyrrolidone
and methylcellulose to investigate the effect of viscosity and
non-Newtonian fluid on the motion characteristics of bovine
sperm. These studies clarified that the surrounding rheological
properties affected mammalian sperm motility. However, the
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molecular weight of the macromolecules that construct the cervi-
cal mucus is larger than that of the polyvinylpyrrolidone and
methylcellulose used in existing studies. Therefore, to appropri-
ately estimate the motility of mammalian sperm in female repro-
ductive organs, investigating sperm motility for the rheological
conditions approaching actual cervical mucus is essential.

Given this background, we investigated the motion characteris-
tics of bovine sperm swimming in a medium with the rheological
properties which are close to those of mammalian cervical mucus.
We used polyacrylamide (PAA) solution as swimming medium,
which possesses shear-thinning and viscoelastic properties. For
comparison, we also investigated the sperm motion and flagellar
waveform in Newtonian fluids with low and high viscosities to
clarify the effects of shear-thinning and viscoelastic properties.
Additionally, the thrust efficiency of motile sperm was calculated
from sperm velocity and the time variation of flagellar waveform.
The obtained experimental results will be useful in clarifying the
mechanics of mammalian sperm motility under their actual envi-
ronmental conditions. Furthermore, the results will provide valu-
able information for the reproduction industry in the field of
animal husbandry to further assisted reproductive technology
(Cho et al., 2003; Chen et al, 2011; Hyakutake et al., 2009;
Knowlton et al., 2015; Matsuura et al., 2012; Rappa et al., 2016;
Sano et al., 2010; Schuster et al., 2003; Seo et al., 2007).

2. Materials and methods

In this study, we used Japanese cattle semen (Fukuteruyoshi;
Animal Genetics Japan Co., Ltd., Suzuka, Japan) that had been cry-
opreserved in 0.5-ml straws. First, the semen was thawed and
added to a Tris-citric acid-glucose solution to sustain the sperm
motility and extend observation time. Next, to facilitate observa-
tions, bovine semen was separated into sperm and seminal plasma
using a centrifugal separator for a duration of 10 min. The sepa-
rated sperm was diluted with phosphate-buffered saline and then
added to PAA and polyvinylpyrrolidone (PVP) solutions (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) to change the rheolog-
ical properties of the sperm solution. The PAA and PVP had molec-
ular weights of 18,000 and 360 kDa, respectively. PAA and PVP
solutions were produced by dissolving powdered reagents in pure
water while simultaneously stirring the solution. This suspension
was heated in a water bath at 38.5 °C, and during the observation
period the temperature of the suspension was maintained using a
thermoplate. The suspension was placed on a hole slide glass and
covered with a coverslip. The hole slide glass used in this study
has a chamber with a diameter of 14-15 mm and a depth of
0.6 mm. The motion of the sperms away from the wall and the
interface were also observed. Sperm motion was observed using
an optical microscope (IX71; Olympus, Tokyo, Japan) and images
were obtained using a CCD camera (K-II; Kato Koken, Isehara,
Japan). A rheometer (ARES-G2; TA Instruments, New Castle, DE,
USA) was used to measure the viscoelastic properties of the PAA
and PVP solutions at 38.5 °C. In this study, we selected three PAA
concentrations (0.2%, 0.5% and 0.8%) and two PVP concentrations
(10% and 15%). All sperm experiments were conducted using the
solutions produced from the same preparation.

Sperm motion was observed under a microscope and images
were obtained at 100 fps using a high-speed camera. For image
analysis, particle-tracking velocimetry was applied using the
DIPP-Motion V fluid analysis software (Ditect Co., Ltd., Tokyo,
Japan). Sperm trajectories were obtained by marking the sperm
heads in the images. The analysis time is one second per sample.
Based on the trajectories, two types of velocity were obtained
using MATLAB (MathWorks, Natick, MA, USA). First, the curvilinear
velocity (VCL) was calculated by averaging the velocities deter-

mined from the change in sperm position between each pair of
successive images. Second, the straight-line velocity (VSL) was cal-
culated using the distance between sperm position in the first and
last frames. Regarding the velocity average path (VAP), hardly any
difference was observed between VSL and VAP owing to the short
analysis time. Therefore, the results related to VAP were omitted in
this article. Regarding sperm motility, the beat frequency was mea-
sured directly from images obtained for one second. Moreover, the
time variation of flagellar shape was quantified by conducting
image thresholding using DIPP-Motion V and was compared for
several typical sperm samples.

3. Results

First, we investigated the rheological properties of swimming
media. Fig. 1 shows the relationship between shear rate and viscos-
ity for the three PAA concentrations. The range of shear rate is
1072-10% s~'. The viscosity of the PAA solution exceeded that of
water (0.67 mPa s at 38.5 °C) by two to four orders of magnitude.
Additionally, the viscosity decreased with shear rate. Therefore,
the PAA solutions were non-Newtonian fluid, particularly shear-
thinning fluids. By contrast, the viscosities of the diluted solution
and the 10% and 15% PVP solutions (0.80, 99 and 450 mPa s,
respectively) were almost constant regardless of the shear rate.
Therefore, the diluted solution and the PVP solutions were simple
Newtonian fluids.

For comparison, the typical viscosity of the non-ovulatory cervi-
cal mucus of humans is also shown in Fig. 1. This data is an average
of 13 samples. The rheological properties of cervical mucus are
closest to those of 0.5% PAA. Actually, the viscosity of cervical
mucus varies according to the female menstrual cycle and differs
considerably among individuals. Therefore, it is important to inves-
tigate sperm motility in shear-thinning fluids with wide range of
viscous properties. Additionally, to estimate the shear-thinning
fluid properties of PAA solution quantitatively, experimental data
measured by a rheometer were fitted using the Carreau model.
The Carreau model is defined as
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where 1, and p are the viscosities at zero shear rate and infinite
shear rate, respectively, I is the time constant, n is the power index
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Fig. 1. Relationships between shear rate and viscosity for 0.2%, 0.5% and 0.8% PAA,
which are shear-thinning fluids. The measured data are fitting using the Carreau
model (solid lines). The fitting parameters x,, I, and n are shown in the inset table,
where 1, is viscosity at zero shear rate, I" is time constant and n is power index. For
comparison, measured data for the viscosity of the non-ovulatory cervical mucus of
humans are also shown (Lai et al., 2007). Additionally, the viscosities of 10% and 15%
PVP, which are Newtonian fluids, are shown (dotted lines).
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and 7y is the shear rate. I' and n were obtained using the least
squares method, wherein we defined p, as the viscosity for the
smallest shear rate and p_ as 0. The results are given in the table
in Fig. 1.

Fig. 2 shows the results of the dynamic viscoelastic properties of
swimming media. We measured the storage modulus (G’) and loss
modulus (G”) for the three PAA concentrations. As the angular fre-
quency was increased, both moduli increased. The increase in the
PAA concentration brought about increase in the two moduli. At
25 rad/s, the values of the loss factor tané for 0.2%, 0.5% and 0.8%
PAA were 0.839, 0.556 and 0.474, respectively. Under the assump-
tion of the Maxwell model, we obtained the relaxation time from
the point of intersection between G’ and G”. Thus, the relaxation
times for 0.2%, 0.5% and 0.8% PAA were 0.063, 1.0 and 4.0,
respectively.

Fig. 3 shows the relationship between VCL and VSL obtained
from videos of sperm motion for each reagent. The lower figure
is enlarged view of low sperm velocity area of upper figure. The
experiments were conducted in the stationary fluid. It is clear that
the sperm in the diluted solution moves faster than those in the
other reagents. As the reagent concentration was increased, both
sperm velocities decreased. The average values of VCL and VSL
are summarized in Fig. 4(a) and (b), respectively, where the hori-
zontal axes represent viscosity at zero shear rate and the error bars
are the standard deviations. With PVP solution, increasing the vis-
cosity of the fluid surrounding the sperm dramatically decreased
VCL and VSL. By contrast, with PAA solution, increasing the viscos-
ity decreased these sperm velocities far more gradually than with
PVP solution. Next, the linearity of a sperm trajectory (LIN), which
is defined as the ratio of VSL to VCL, was calculated to estimate the
sperm motility. Fig. 4(c) compares LIN for each reagent. With PVP
solution, LIN decreased with viscosity. By contrast, with PAA solu-
tion, LIN increased with viscosity. Additionally, we obtained the
frequency of a sperm trajectory, which corresponds to the fre-
quency of the sperm flagellum motion. Fig. 4(d) shows the rela-
tionship between viscosity at zero shear rate and frequency. The
tendency is similar to that of the sperm velocities: with PVP solu-
tion, the frequency decreased appreciably with viscosity; with PAA
solution, the frequency decreased gradually with viscosity.

Next, we investigated how the surrounding rheological proper-
ties influenced the sperm flagellar waveform. Fig. 5(a)-(c) illustrate
snap shots of three typical flagellar waveforms in samples of each
reagent, where (a), (b) and (c) indicate 0.8% PAA (Shear-thinning
viscoelastic fluid), the diluted solution (low-viscosity Newtonian
fluid) and 15% PVP (high-viscosity Newtonian fluid), respectively.
The three images on the right show the time variation of the flag-
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Fig. 3. Relationship between curvilinear velocity (VCL) and straight-line velocity
(VSL) obtained from videos of sperm motion for each reagent. The lower figure is
enlarged view of low sperm velocity area of upper figure. The sample sizes of 0.2%,
0.5% and 0.8% PAA are 25, 24 and 22, respectively. The sample sizes of the diluted
solution and 10% and 15% PVP are, 41, 29 and 29, respectively.

ellar waveforms at intervals of 10 ms, where the black bars repre-
sent 5 um. From these figures, the flagellar waveform in the diluted
solution was close to a sinusoidal wave. By contrast, the curvature
of the flagellar waveform in 0.8% PAA increased away from the
flagellar root. In 15% PVP, the flagellar amplitude decreased overall.
Of the three cases, the wavelength of the motion was longest in the
diluted solution.

The time variations of these flagellar waveforms obtained from
the videos were quantified by discretising the flagellar waveforms
at 20 nodes and assigning them coordinate data. Fig. 6 shows the
flagellar curvature at three time steps, where (a) is 0.8% PAA, (b)
is the diluted solution and (c) is 15% PVP. The horizontal axes indi-
cate the normalized distance from the flagellar root. For 0.8% PAA,
the flagellar curvature was almost zero at the root, whereas it
increased rapidly with fluctuations away from the root. As time
progressed, the peak curvature shifted right while increasing. By
contrast, for the dilute solution, the curvature shifted right while
fluctuating, but it did not increase away from the root. For 15%
PVP, the shifted distance was small and the increment of the cur-
vature was small compared with 0.8% PAA.

The thrust efficiency of the sperm cell swimming in each
reagent was calculated from the time-variation data of the flagellar
waveform. The thrust efficiency is defined as

n:%V @)

where Z [N] is the time-averaged thrust of the sperm head, W [W] is
time-averaged power generated by the sperm flagellum and V [m/s]
is the VSL. Based on a simple assumption of a spherical sperm head,
the thrust was calculated using the Stokes approximation as
follows.

e 1 r
Z=5> 4y Z=73), bmpal (3)

where T is time of one beat and U is the instantaneous velocity of
the sperm head. Morphologically, the diameter of the flagellum
decreases away from the root. To calculate the power generated
by the sperm flagellum, we assumed that the diameters of the flag-
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Fig. 4. (a) Relationship between VCL and viscosity at zero shear rate. (b) Relationship between VSL and viscosity at zero shear rate. (c) Relationship between linearity (LIN)
and viscosity at zero shear rate. (d) Relationship between frequency and viscosity at zero shear rate.

ellum at s=0 and 1 in Fig. 6 were 2.0 and 1.0 pum, respectively and
linear interpolation was conducted between s = 0 and 1. With New-
tonian fluid, the drag acting on the flagellum was calculated using
the resistive force theory (Gray and Hancock, 1955; Lighthill,
1976). Moreover, to calculate the drag acting on the slender flagel-
lum in shear-thinning fluid, we introduced the following empirical
drag-coefficient correction factor proposed by Riley and Lauga
(2017):

RE{14-0317F1ilgH]EJQwZ} 4)

S

where d; = v/3Ld? is the equivalent sphere diameter, L is the flagel-
lar length and d is the flagellar diameter. For n and I', we applied
the values obtained for each reagent using the rheometer (Fig. 1).
Therefore, the tangential and normal drag coefficients in the
shear-thinning fluids are corrected as follows:

C, =ReCr, Cy=ReCy (5)

where C; and Cy are the tangential and normal drag coefficients,
respectively, based on the resistive force theory. Additionally, in
the case of the thrust of the sperm head in the shear-thinning fluid,
we applied the empirical drag-coefficient correction factor of Eq.
(4), wherein we assumed d; as the diameter of the sperm head,
i.e,, 2a. Consequently, we can modify the thrust of the sperm head
as Z' = ReZ.

Fig. 7(a)-(c) show the sample mean of the time-averaged thrust
of the sperm head, the time-averaged power generated by the
sperm flagellum and the thrust efficiency, respectively. With both
PAA and PVP solutions, the time-averaged thrust increased linearly
with viscosity. By contrast, for the time-averaged power, there was
discrepancy between PAA and PVP solutions. As a result, the thrust
efficiency with PAA solution was roughly twice that with PVP solu-
tion. Increasing the viscosity had little influence on the thrust
efficiency.

Finally, we investigated the influence of the flagellar waveform
on progressive motility. We applied the flagellar-waveform model
proposed by Montenegro-Johnson et al. (2012), wherein the tan-
gent angle is given as

(s, t) = Cscos (ks — t) (6)

where C and k are parameters relating to the flagellar amplitude and
wave number, respectively. Fig. 8(a) shows several flagellar wave-
forms for various values of C with k =2.5. Increasing the value of
Cincreases the curvature of the flagellar tip. The flagellar waveform
for C= 1.2 was quite similar to that in the 0.8% PAA (Fig. 5(a)). For
small C, by contrast, the waveform was close to that in the 15% PVP
(Fig. 5(c)). From the time variation of this flagellar-waveform
model, we calculated the drag acting on the flagellum by applying
Eq. (5). We estimated the progressive thrust F, as counterforce of
the force acting on the flagellum. Fig. 8(b) shows the relationship
between thrust F, and parameter C for diluted and the three PAA
solutions, where F, was normalized by the thrust at n=1 and
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(a) 0.8% PAA

(b) Diluted solution

— 0.8% PAA
— — - Diluted solution

----- 15% PVP

(d) Superposition of flagellar waveform for three cases

Fig. 5. Left: snapshots of typical flagellar waveforms, where (a), (b) and (c) indicate 0.8% PAA, diluted solution and 15% PVP, respectively. Right: time variations of flagellar
waveforms at 10-ms intervals (black bars represent 5 pm), (d) Superposition of flagellar waveform for three cases.

C=m. From this figure, Fy increased with C. As shear-thinning fluid
property increased, i.e., as n decreased and /increased, Fy
decreased.

4. Discussion

In the past decade, several studies have focused on how the rhe-
ological properties of the surrounding fluid affect flagellar swim-
mers. The viscosity of cervical mucus exceeds that of water by
two to four orders of magnitude and the mucus has viscoelastic
properties. The relationship between viscosity and shear rate indi-
cates that the mucus is a non-Newtonian fluid, in particular a
shear-thinning fluid. Therefore, for mammalian spermatozoa that
perform internal fertilization, it is important to investigate how
the rheological properties of the cervical mucus influence the
motility of swimming sperm. The present study observed the

motion of bovine sperm swimming in fluid whose rheological
properties were close to those of actual cervical mucus. The results
indicated that the surrounding rheological properties largely
affected the flagellar waveform of mammalian spermatozoa; in
particular, shear-thinning viscoelastic fluid increased the progres-
sive motility of the sperm. It is valuable to have achieved experi-
ments in a surrounding fluid whose properties are close to those
of actual cervical mucus.

In the present study, as well as making observations in shear-
thinning viscoelastic fluids, we also investigated sperm motility
in Newtonian fluids for comparison. The concentrations of the pre-
pared Newtonian fluids (PVP solutions) were 0% (diluted solution),
10% and 15% and their viscosities were 0.80, 99 and 450 Pa s,
respectively. In agreement with previous studies with the diluted
solution, the experiment results with low-viscosity Newtonian
fluid indicated that sperm moved forward in a zigzag pattern,
and the flagellar waveform was nearly sinusoidal (Fig. 5(b)). By
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Fig. 6. Flagellar curvature at three time steps, where (a) is 0.8% PAA, (b) is diluted
solution and (c) is 15% PVP. The horizontal axes indicate normalized distance from
flagellar root.

contrast, in the high-viscosity Newtonian fluid, the sperm velocity
decreased drastically, and the linearity also decreased. The flagellar
waveform differed from that in the shear-thinning viscoelastic flu-
ids, and the amplitude was small from the root to the tip of the
flagellum (Fig. 5(c)). These results suggest that it was only the
increased viscosity that brought about the loss of progressive
motility, which relates directly to fertility. The existence of
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Fig. 7. (a) Time-averaged thrust of sperm head for each reagent. (b) Time-averaged
power generated by sperm flagellum. (c) Thrust efficiency.

shear-thinning viscoelastic behavior around the flagellum avoids
rapid decrease in straight-line velocity, thereby increasing the pro-
gressive motility. Consequently, we infer that the sperm flagella
execute the correct motion for fertility according to the rheological
characteristics in the female reproductive organs.

To investigate in more detail how the flagellar waveform influ-
ences sperm motility, the waveform was expressed as a mathemat-
ical function (Montenegro-Johnson et al, 2012), and the
progressive thrust of the sperm was calculated based on the empir-
ical resistive force theory in shear-thinning fluids (Riley and Lauga,
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2017). The results showed that the progressive thrust increased
with the curvature of the flagellar tip, as shown in Fig. 8(b). Some
factors determine the flagellar waveform, i.e., microtubule sliding
driven by dynein, the elastic stiffness of the flagellum, and the sur-
rounding rheological property. Consequently, the characteristic
waveform in shear-thinning fluids leads to increased linearity.
Because the diameter of the sperm head is greater than that of
the flagellum, the speed and amplitude of the head decrease fur-
ther. This also contributes to the increased linearity. Comparing
the typical waveforms of 0.8% PAA and 15% PVP obtained from
the experimental videos (Fig. 5(a) and (c)) with those in Fig. 8(a)
expressed as a function, the values of the parameter C for 0.8%
PAA and 15% PVP are approximately 1.27t and 0.4m, respectively.
From Fig. 8(b), therefore, the values of F, for 0.8% PAA and 15%
PVP are estimated to be approximately 0.75 and 0.30, respectively.
This result explains why the linearity of 0.8% PAA decreased by
about 70% in comparison with that of 15% PVP, as shown in
Fig. 4(d). Moreover, we calculated the thrust efficiency of motile
sperm (Fig. 7(c)). The results showed that the thrust efficiency in
the shear-thinning viscoelastic fluids was roughly twice that in
the Newtonian fluids including the diluted solution. This suggests
that motile sperm in cervical mucus move efficiently by means
of a motion mechanism that is suited to their environment.
Smith et al. (2009) reported that the flagellar waveform of
human sperm changes according to the surrounding rheological
properties. They used methylcellulose solution as a surrounding
fluid with adjustable viscosity, the maximum viscosity of which
was 1.6 Pa s. Hyakutake et al. (2015b) used methylcellulose to
investigate bovine sperm motility and noted increased linearity
in non-Newtonian fluid. In the present study, using PAA (whose
molecular weight is much larger than that of methylcellulose)
allowed experiments to be performed in fluid whose rheological
properties were almost the same as those of actual bovine cervical
mucus. Furthermore, Tung et al. (2017) used PAA to mimic the
physical properties of bovine cervical mucus during the fertile per-

iod of the hormonal cycle and investigated collective swimming of
bovine sperm. The molecule weight of PAA used by Tung et al.
(2017) was 5000-6000 kDa, whose rheological properties were
close to that used in this study. The viscoelastic properties can be
estimated using the loss factor tané as the ratio of the loss modulus
G” to the storage modulus G'. Wolf et al. (1977a) investigated the
rheological characteristics of bovine cervical mucus, and the loss
factor was approximately 0.5 at 10 rad/s. Tam et al. (1980) mea-
sured the viscoelastic properties of bovine cervical mucus, and at
30rad/s the loss factor was 0.01-0.4; this relatively wide range
was due to individual differences. We also measured the dynamic
viscoelastic properties of PAA using a rheometer. At 25 rad/s, the
values of the loss factor tané for 0.2%, 0.5% and 0.8% PAA were
0.839, 0.556 and 0.474, respectively (Fig. 2). In the experiment of
Smith et al. (2009), the loss factor of methylcellulose used was
1.88 at the highest viscosity. Therefore, the viscoelastic properties
of the reagent used in the present study are considerably closer to
those of actual bovine cervical mucus by comparison with the vis-
coelastic properties of the reagent used in existed studies.

We obtained the relaxation time from the point of intersection
between G’ and G” under the assumption of the Maxwell model.
Thus, the relaxation times for 0.2%, 0.5% and 0.8% PAA were
0.063, 1.0 and 4.0, respectively. Tam et al. (1980) reported that
the relaxation time of bovine cervical mucus was 0.5-53 s. There-
fore, the relaxation times of 0.5% and 0.8% PAA were within the
range of actual cervical mucus. As shown in Fig. 4(e), the flagellar
frequencies of bovine sperm in 0.5% and 0.8% PAA were 9.3 and
8.7 Hz, respectively. From the relaxation time 4 and the frequency
, the Deborah number, which is defined as De = /. w, is calculated
to be 9.3-35, values that are much greater than one. In high Deb-
orah number, it is considered that the viscosity remains smaller
while moving the flagellum due to the shear-thinning effect. Thus,
the characteristic flagellar waveform was formed, which increased
the progressive motility. Lauga (2009) mentioned that high Debo-
rah numbers play an important role in the motility of mammalian
sperm swimming in cervical mucus. Therefore, the present study
represents an important experiment using high Deborah numbers
that were closer to those of the actual environment compared with
the Deborah numbers used in previous studies. In the future, it will
be important to study in more detail the interaction between vis-
coelasticity and the flagellar mechanics of spermatozoa.

5. Conclusions

In the present study in focusing on the shear-thinning vis-
coelastic behavior that is a characteristic rheological property of
mammalian cervical mucus, the motility of bovine sperm swim-
ming in shear-thinning viscoelastic fluids closely resembling actual
cervical mucus was investigated. The experimental results indi-
cated differing sperm motility according to the rheological proper-
ties of the fluid surrounding the spermatozoa. Shear-thinning
viscoelastic fluid increased the linearity. Furthermore, the thrust
efficiency of motile sperm was calculated by applying the empiri-
cal resistive force theory for the shear-thinning fluids. The results
showed that the thrust efficiency was influenced far more by the
shear-thinning viscoelastic behavior than by viscosity. Calculations
using a flagellar-waveform model suggested that the increased
curvature of the flagellar tip enhanced the progressive motile
capacity. These results will help us to understand properly the
mechanics of sperm motility in actual female reproductive organs.
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