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ABSTRACT: Spermatozoa bundle together when the viscosity of the background fluid increases. In this re-
search, the propulsive thrust and velocity of bull spermatozoa pairs are compared to that of a single bull sper-
matozoon. Videos of bull spermatozoa in background fluids with viscosities of 1.2 and 7.0 mPa are analysed
by tracking the flagellum. With the Resistive Force Theory, the generated propulsive force is determined. This
calculation is done using the flagellar waveforms. It is investigated if the propulsive force of an extra flagellum
is used effectively, by comparing it to the measured velocity of a pair of spermatozoa. It is shown that, once
the viscosity is sufficiently increased, more propulsive force is generated by a pair of cells than by a single
spermatozoon and that this results in a higher velocity.
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1 INTRODUCTION

Microrobots have some promising biomedical possib-
ilities. This technology could, among other benefits,
assist in minimally invasive surgery and allow tar-
geted drug delivery. Microrobotics does, however,
come with many design challenges. In practice, it is
not possible to incorporate an onboard power source,
locomotion mechanisms, or actuator on the microro-
bot, as they are limited by downscaling. Therefore,
the microrobot has to be actuated using external stim-
uli. This remote stimulus can be chemical [1], elec-
trical [2], optical [3], ultrasound [4] or magnetic [5]
[6].
In addition to remote actuation, the microrobot has
to be biocompatible to ensure safety. It also has to
be soft to allow interaction with tissue without dam-
aging any cells. Lastly, it has to be flexible for the
microrobot to be able to generate drag based thrust.
Nature offers possible solutions, though copying the
design while maintaining the core functions, proves
to be an issue [7]. Often, designs become intricate,
which is impractical on a microscale. Bio-hybrid mi-
crorobots exploit actual biological systems for their
already well-developed aspects and use them as part
of the design. This way, a system combines the use-
ful parts of a micro-organism and adds the required
technology to it to make it useful for the intended ap-
plication [8].
An example of such a bio-hybrid microrobot is IRON-
sperm. By coating dead bull spermatozoa with iron
nanoparticles, IRONsperm is made. The particles are

shaped like rice grains and measure around 100 nm.
They self-attach to bovine spermatozoa through elec-
trostatic forces. A bovine spermatozoon, measuring
around 60 μm, has a net negative charge, which at-
tracts the positively charged nanoparticles [9]. The
coating of iron nanoparticles lends itself well towards
magnetic actuation and ultrasound, enabling visualiz-
ation.
A major drawback of IRONsperm is its low velocity.
When comparing magnetically actuated IRONsperm
to its ATP-driven, living counterpart in similar con-
ditions, the IRONsperm’s maximum swimming speed
is six times lower [10]. An increase in velocity and
propulsive force would be beneficial, as it would al-
low IRONsperm to traverse the body more freely. To
see if this performance can be enhanced, live bull
spermatozoa pairs are analysed and compared to their
single counterpart.

Figure 1: On the left is a pair of much larger grey
short-tailed opossum spermatozoa [11], 120 times
magnified [12]. On the right is a cluster of four bull
spermatozoa, 40 times magnified.



2 SPERM BUNDLING

It has been observed that spermatozoa bundle together
when the viscosity of the background fluid increases.
The higher the viscosity, the more clustering happens
[13]. This is observed to increase their motility [12].
Different species have varying levels of success, as
they pair or cluster in different manners, see figure
1. On the left, a pair of grey short-tailed opossum
spermatozoa are bundled. The heads have a flatter
side which is used in bonding with another sperma-
tozoon. This allows for symmetrical pairing. Bull
spermatozoa do not have such a flat side on their head,
which results in a more chaotic bonding, but also al-
lows more than two cells to cluster together.

3 METHODOLOGY

The required data is collected by analysing videos
of bull spermatozoa, acquired with 500 frames per
second and 40 times magnification. The data is ana-
lysed with the help of MatLab. First, the video is split
into its frames. In each frame, the flagellum is marked
along its length in 20 locations. When this demarca-
tion is complete, the next frame is displayed. This
process is repeated consecutively until the flagellum
has been marked for a period consisting of three oscil-
lations. Three periods are used to ensure the accuracy
of the measurements.

3.1 Wave variables

Once the flagellum is traced, another MatLab script
reads the data and displays it in various figures. Start-
ing with figure 3a, the shape of the flagellum is recon-
structed. For this the placed markers could be used,
except this would result in a jagged display. To correct
for this jaggedness a smooth shape is generated by
fitting the 20 marked locations to a third-order poly-
nomial. To take into account that the spermatozoon
is swimming the values have also been corrected for
both their x- and y-value to start at the origin. In fig-
ure 2 some frames are displayed to show the similarity
with figure 3a.
Next is figure 3b, which shows the tangent angle ψ of
the flagellum minus the curvature over time. This can
be recognized as the periodic motion the flagellum
goes through. It is compared to its theoretical ideal
sine wave. This is done to see if the taken beating
frequency is correct. The initial frequency is found

Figure 2: Frames which show multiple shapes of the
flagellum within a beat cycle

by comparing frames. Once the same shape is recog-
nized, a new period starts. This is not always explicit
since the spermatozoon has swum a bit and the flagel-
lum might not be visible or the same shape cannot be
found. As a check, this graph is made to see if the
frequency of the sine wave matches the actual tangent
angle. By playing around with the input frequency,
the best fit can be found. Lastly, the length of the
flagellum is shown in figure 3c. This plot is ideal to
spot inconsistencies. Sometimes tracing the flagellum
goes wrong. Herein, an outlier can easily be seen and
be dealt with.
Although the graphs in figure 3 do provide some in-
sight, they are mostly used to determine if the inputs
are correct. Once these inputs are considered sat-
isfactory, the graphs in figure 4 can be used to ex-
tract the wave variables, namely the mean flagellar
curvature K0 in rad/mm, the bending amplitude A0

in rad/mm & the wavelength λ in μm. The above vari-
ables describe the main aspect of the beating pattern.
This pattern is represented as the tangent angle ψ of
the flagellum, such that

ψ(s, t) = K0s+ 2A0s cos
(
ωt− 2πs

λ

)
(1)

Equation 1 is obtained by decomposing the beat pat-
tern into its Fourier modes. It is shown that the zeroth
and first mode amount to 95% of the total beat power
[14]. This is seen in equation 2 where ψ is decom-
posed into those modes. Herein, s is the arc length in
m, t is the time in s, ω is the angular speed in rad/s
and the star symbol denotes the complex conjugate,



(a) Fitted shape of the flagellum during one beat cycle

(b) Tangent angle of the flagellum compared to a fitted
sine wave

(c) Length of the flagellum per frame

Figure 3: Fourier analysis of the wave pattern is im-
plemented to calculate the shape, tangent angle and
length per image

as follows

ψ(s, t) ≈ ψ̃0(s) + ψ̃1(s)e
iωt + ψ̃∗1(s)e

−iωt... (2)

The zeroth and first Fourier modes are shown in figure
4 and their respective definitions (ideal cases) can be
found in equation 3. For these ideal cases, the mean
shape of the flagellum follows a constant curvature of
K0. The bending amplitude increases linearly with
A0 and the flagellum generates a travelling wave with
a constant wavelength λ [15].
Taking a linear fit of the graphs in figure 4, the wave
variables can be determined. It can be seen from this
example thatA0 and λ fit the ideal case quite well, see
figures 4b and 4c. This is not the case for K0, see fig-
ure 4a. At first, the curvature steadily increases, after
which it quickly declines back to nearly neutral. To
properly include the curving pattern in, K0 could be
made a function of arc length s through piecewise lin-
earisation [16]. This is not done here, as, in this case,
a linear approximation will provide sufficient preci-
sion.

ψ̃0(s) = K0s

|ψ̃1(s)| = A0s

−argψ̃∗1(s) = φ(s) =
2πs

λ

(3)

Finally, the wave variables found in figure 4 have to
be corrected, because the x-axis is dimensionless. By
multiplying the found value by the length of the fla-
gellum L, the correct variable is determined.

3.2 Resistive Force Theory

With the wave variables found, the net propulsive
force generated by the spermatozoon can be calcu-
lated. For this, Resistive Force Theory (RFT), which
was developed by J. Gray and J. Hancock [17], is
used. This theory divides a body, in this case, the fla-
gellum, into infinitesimal parts. Each part encounters
drag and generates thrust. With the use of linear su-
perposition, the forces can be added up and the velo-
cities can be determined [18].
Linear superposition can be used because the inertial
forces are negligible and the viscous forces dictate the
motion. This can be deduced by looking at the Reyn-
olds number, see equation 4. Here u is the velocity in
m/s, L is the characteristic length in m, ρ is the dens-
ity in kg/m3 and η is the fluid viscosity in Pa s. Both
u and L are minuscule, resulting in Re� 1, meaning
viscous forces dominate. Reynolds number is given



(a) Zeroth mode to extract K0

(b) First mode to extract A0

(c) Phase angle of the first mode to extract λ

Figure 4: Obtained graphs of the Fourier modes

by

Re =
uLρ

µ
(4)

Newer methods, such as Slender Body Theorem

(SBT), have been developed [19]. This method, how-
ever, is more complex. In this case of determining the
propulsive force of a flagellum, the SBT is not more
accurate [20]. That is why RFT will suffice.
Combining equations 2 and 3 and using Euler’s for-
mula, equation 1 is obtained. The tangent angle of
equation 1 can be used to calculate the position r(s, t)
of the flagellum, we have

r(s, t) =

{
x(s, t) =

∫ s
0
cos(ψ(n, t))dn

y(s, t) =
∫ s
0
sin(ψ(n, t))dn

(5)

In equation 5, n is used as a dummy variable for in-
tegration. With the position of the flagellum known,
it can be plotted, as seen in figure 5.

Figure 5: Model of a spermatozoon with K0 = 32.4
rad/mm, A0 = 14.4 rad/mm and λ = 138.1 μm

Figure 5 differs from figure 3a. The model falls short
because, as explained in section 3.1, only the zeroth
and first Fourier mode are used and these are linearly
approximated. This is acceptable as the goal is to
extract the generated propulsion force and not to
model the exact flagellar beat pattern.

It is not necessary to consider the exact shape of the
flagellum, only the area it envelopes. This demon-
strates the general area in which the flagellum beats.
This can be seen in figure 6. Here the shapes look
more similar, but are still not exact.
Turning back to the force calculation, the local velo-
city of the flagellum u can be determined, using equa-
tion 5. The velocity is split into its parallel and per-



Figure 6: Comparison of envelopes with the actual
shape in the continuous line and the model in dash

pendicular components, giving

u‖ = ṙ(s, t) · t(s, t) (6)

In equation 6, u‖ is the local parallel velocity in m/s,
ṙ(s, t) denotes the time derivative of r(s, t) and t(s, t)
denotes the tangent vector which is expressed as

t(s, t) =
∂r
∂s

||∂r
∂s
||

(7)

Using equation 6, the local perpendicular velocity u⊥
in m/s is given by

u⊥ = ṙ(s, t)− u‖ (8)

With equations 6 and 8 the net propulsive force gen-
erated by each segment of the flagellum can be calcu-
lated. This is denoted by dFf in N, as seen in equation
9. Here ξ denotes the perpendicular or parallel drag
coefficient in mPa s.

dFf = u‖ξ‖ + u⊥ξ⊥ (9)

ξ is determined in equation 10, where η stands for the
fluid viscosity in mPa s. L and r are the length and ra-
dius of the flagellum respectively, both in m [21]. The
ratio between the parallel and perpendicular compon-

ents of ξ determines the motility of the spermatozoon
[15].

ξ⊥ =
4πη

ln(2λ
r
) + 0.5

ξ‖ =
ξ⊥
1.81

(10)

By integrating equation 9 over the arc length s of the
flagellum, the total net propulsion force is found, giv-
ing

Ff =

∫ L

0

(u‖ξ‖ + u⊥ξ⊥)ds (11)

In equation 11 Ff is in N. To make the obtained res-
ults comparable, the average propulsive force gener-
ated over a whole oscillation is used, giving

< Ff > =
1

T

∫ T

0

Ffdt (12)

Where < Ff > is the average propulsive force in N
and T is the period in s.

3.3 Trajectory

With the propulsive force known, the force balance is
examined in equation 13. Here Fh is the drag force of
the head in N, 6πr is the shape factor in m, r is the ra-
dius of the head in m and v is the velocity of the head
in m/s. The equilibrium is equal to 0 as the inertial
forces can be neglected in microscale, see section 3.2.

Ff − Fh = 0

Ff = Fh

Ff = 6πrηv

(13)

By solving the equilibrium for v, the velocity of the
head can be determined, expressed as

v =
Ff

6πrη
(14)

Integrating velocity over time gives the position of the
head p in m, giving

p =

∫
Ff

6πrη
dt (15)



The position of the head can now be plotted, as is done
in figure 7. For this graph, the same wave variables are
used as in figure 5. Multiple beat cycles are plotted,
which shows the bending path that the spermatozoon
takes. This is caused by the curvature of the flagellum.
When looking closer, the repeated wiggling motion of
the head can also be seen.

Figure 7: Trajectory of the head during 20 beat cycles

3.4 Comparison

The total propulsive force produced by both flagella
in a bundle cannot simply be compared to the propuls-
ive force of a single flagellum. The two flagella are
not exactly aligned, so they sometimes work together
but can also oppose each other’s motion. The bundle
also has two heads to propel, which create more drag
force than a single head.
Instead, the velocity of the spermatozoa is used.
Three different measures of velocities can be dis-
tinguished. First, there is the straight-line velocity
(VSL), which acts as if the spermatozoon moved
in a straight line from point A to B. Next up is the
curvilinear velocity (VCL), which follows the exact
path of the spermatozoon, thus taking into account
the wiggling of the head. Finally is the averaged
path velocity (VAP), which averages the wiggling
of the head into a curved path. A visualization of
these velocities can be seen in figure 8. In this figure,
two frames at opposite extremes are overlaid on one
another and the paths between the spermatozoa are
illustrated.

Figure 8: VSL, VCL and VAP visualized. Note that
VCL has been exaggerated for clarification purposes

4 RESULTS

To provide a point of reference, a single flagellum was
tracked. The results are compared to pairs. This is
done for two different viscosities, η = 1.2 mPa s and
η = 7.0 mPa s. Therefore the results are split into four
categories.

1. Single in low η: A single spermatozoon in
η = 1.2 mPa s. 5 samples are traced.

2. Single in high η: A single spermatozoon in
η = 7.0 mPa s. 3 samples are traced.

3. Pair in low η: A pair of spermatozoa in
η = 1.2 mPa s. 3 samples are traced, consisting
of 6 flagella.

4. Pair in high η: A pair of spermatozoa in
η = 7.0 mPa s. 3 samples are traced, consisting
of 6 flagella.

The obtained wave variables of these samples are rep-
resented in a box plot and can be seen in figure 9. The
actual values can be found in appendix A.
With the wave variables known, the propulsive force
can be determined as described in section 3.2; r =
0.3 μm and L = 60 μm is used in equations 10 and
11 respectively. The value of T for equation 12 and
the actual values of the average propulsive force can
be found in appendix A. Figure 10 shows the average
propulsive force in a box plot.
The velocities of the samples have been measured and
can be found in figure 11. The actual values can be
found in appendix A.



(a) Mean flagellar curvature

(b) Bending amplitude

(c) Wavelength

Figure 9: Obtained wave variables

Figure 10: Generated propulsive force by flagella

5 DISCUSSIONS

When looking at figure 9 it can be seen that the wave
variables are spread over a large range. Gathering

(a) Straight line velocity

(b) Curvilinear velocity

(c) Average path velocity

Figure 11: Measured velocities

more data by processing more samples would reduce
this spread, but this requires more time. A shortcom-
ing of tracing the flagellum by hand is that it is time-
consuming.
Another shortcoming of this method is that the flagel-
lum is not always clearly visible. This results in small
errors. An example of that can be seen in figure 12,
where the end of the flagellum becomes less visible.
Due to this shortcoming, the length of the flagellum
was set 60 μm for all the calculations instead of using
the obtained value from tracing the flagellum.
Even with these flaws, insightful observations can be
made. Figure 9a shows that K0 is larger in a low vis-
cosity and smaller in a bundle. A0 is sensitive to the
viscosity as is seen in figure 9b. It decreases when the
viscosity increases. Figure 9c shows that λ is mostly



Figure 12: 2 consecutive frames where the flagellum
becomes less visible

indifferent towards either the viscosity or to pairing
up. Only the single spermatozoon in 7.0 mPa s seems
to have an outlier, which disturbs this straight pattern.
Out of these wave variables came the propulsive force.
Most prominent is the difference between low and
high viscosity, see figure 10. In low viscosity, less res-
istance is met by the flagella which result in a higher
propulsive force. When comparing the single sper-
matozoon to the pairs of spermatozoa, an interesting
pattern arises. In low viscosity, the single flagellum
produces more propulsive force, while it is the oppos-
ite in high viscosity. When viscosity increases in nat-
ural circumstances, more spermatozoa tend to cluster,
as stated in section 2. From these propulsive forces, it
can be seen that this is logical, as bundling becomes
effective at a higher viscosity.
This pattern becomes even clearer when examining
the velocities. The most prominent feature is again the
difference between low and high viscosity. A higher
propulsive force can be generated in a lower viscos-
ity, resulting in a higher velocity. The earlier found
pattern between a single spermatozoon and a pair of
spermatozoa can be seen as well. At low viscosity, the
velocities stay the same for both the single and paired
spermatozoa. In a higher viscosity, however, pairing
up pays off in a higher velocity.

6 CONCLUSIONS

The goal of this study was to examine how the
propulsive force of a bull spermatozoa pair compares
to that of a single bull spermatozoon. This was
done by acquiring the wave variables A0, K0 and λ
through video analysis. With these wave variables,
the propulsive force generated by the flagellum can
be determined.
It is shown that, although viscosity has the most
influence on the generated propulsive force, once the
viscosity is sufficiently increased, pairing up also
increases the propulsive force. This force is only used
effectively at high viscosity, in this case, 7.0 mPa s.

This can be seen as all three measured velocities of a
pair increase in this viscosity.
This result could be of use when in the future,
IRONsperm has to traverse through a background
fluid with sufficiently high viscosity.

A couple of steps could be taken to expand on
this research. As stated in section 5, the spread of the
obtained wave variables could be reduced by collect-
ing more data. Next, the scope could be widened to
larger bull spermatozoa bundles with more flagella.
More viscosities could also be explored. By studying
more varieties, optimal configurations for specific
conditions could be determined. Lastly, the same pro-
cess can be repeated for IRONsperm instead of living
bull spermatozoa. By doing this, it can be verified
if IRONsperm bundles show similar results to bull
spermatozoa bundles or if they behave differently.
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A APPENDIX A

In table 1 below all the obtained results are displayed.
In the table η is in mPa s, K0 and A0 in rad/mm, λ in
μm, T in ms, < Ff > in μN and VSL, VCL, and VAP
are μm/s.



Sample Flagella η K0 A0 λ T < Ff > VSL VCL VAP
1

1

1.2

96 13.2 163.9 66 5.7 115 246 123
2 108 29.4 171.3 66 9.4 105 230 109
3 78 25.8 571.1 66 9 127 265 130
4 32.4 14.4 138.1 46 16.3 109.3 233 115.8
5 55.8 28.8 104.7 66 6 115.5 260.6 120.9
6

7.0
49.8 14.4 221.7 66 1.1 67.72 80 75.82

7 53.8 9 423.5 66 0.3 75.04 85.9 76.1
8 71.4 14.4 876.7 62 6.2 68.4 87.53 69.26

9.1

2

1.2

84 19.2 452.4 66 5.8
115 257 118

9.2 126 19.8 67.9 66 1.8
10.1 3.6 22.2 94 62 2.3

108 328.3 120.2
10.2 3.7 26.4 73.1 62 2.4
11.1 15.6 30 163.9 40 11.2

49.2 188 114.16
11.2 69.6 29.4 228.5 64 11.7
12.1

7.0

21.6 9 86.7 66 0.08
78.3 111.59 80.3

12.2 60 5.2 316.7 66 0.1
13.1 30 11.4 172.1 60 0.5

90.08 114.79 90.4
13.2 7.2 18 228.5 60 5.5
14.1 13.8 21 216.7 44 8

121.69 221.69 126.51
14.2 13.8 17.4 210.6 44 3.8

Table 1: Values of all the obtained results
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