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ABSTRACT: Minimally invasive medicine is an uprising technology. Soft microrobots are used in invasive
medicine to transport drugs to target cells. The analogy between soft microrobots and sperm cells can be
made due to their structure and their purpose. Sperm cells have a wide variety in number of flagella and the
configuration of their flagella with respect to each other. Detailed videos of sperm cells show these different
sperm cells and can be observed. From these videos data can be obtained using Matlab. The wave variables
that describe the wave of the flagellum, the thrust force induced by a tail and the flowfield around a tail can be
mapped. An interesting case is a collinear bundle which has 2 flagella around 1 head, where both flagella are
180◦ away from each other. This paper shows how this bundle is stable and remains at its 180◦ configuration,
where usually 2 flagellum would polarize to one side until the angle between them is 0◦. The effect of steric and
adhesive forces on the stability around 180◦ A flow field is made, comparing the collinear bundle, which can be
seen as a time-periodic load, to a static-loaded case and a free swimming cell.

Key words: Minimally invasive medicine, Soft microrobots, spermatozoa, collinear bundle, steric forces,
adhesive forces time-periodic load, static load, free swimming cell, Resistive force theory, Regularized
stokeslets, wave variables of collinear bundle

1 INTRODUCTION

In healthcare, minimally invasive medicine is an up-

rising technology. Reason for this is that minimally

invasive medicine has multiple advantages over inva-

sive medicine. Surgical operations that make use of

invasive technology and involve great risks due to hu-

man errors may be replaced for minimally invasive

medicine, as it reduces the risks harshly. Also, some

surgical operations may become less expensive when

minimally invasive medicine is used as a treatment.

Lastly, some areas within the human body are diffi-

cult to access using tethered robotic systems or inva-

sive medicine which leaves incurable parts in the hu-

man body that can be cured with minimally invasive

medicine [1]. Now that the advantages of minimally

invasive medicine are mentioned, a short introduction

to this subject should be described.

Minimally invasive medicine technology makes use

of soft microrobots which are able to develop them-

selves through a medium of bodily fluids. The main

goal of using soft microrobots is to use them as a

mean to propagate the drug necessary to cure a cer-

tain cell within the body of an organism. The cell

that needs curing is often referred to as a so called

”target cell” and in order to cure this cell a drug is

used. A soft microrobot exists of roughly 2 main

structures, one structure being one or multiple tails

and the other structure being the head of the micro-

robot (figure 1). The head is oftenly used as a storage

part of the microrobot for the drug necessary to cure

the target cell. When a soft microrobot arrives at the

target cell the drug can be released and the target cell

may be cured. The tail like structures are referred to

as flagella. These flagella make move in a sine-wave

configuration, generating thrust force for the soft mi-

crorobot. This way, the microrobot is able to propa-

gate itself forward in a medium of bodily fluids. The

thrust force generated by the flagella overcomes the

problem that Reynolds numbers, in human bodily flu-

ids, are often very low [2]. This results in difficulties

regarding propulsion but are solved by using flagella

that are controlled with a micro motor.

Since the structure of soft microrobots comes very

close to that of spermatozoa, an analogy can be made

between the two. Experimenting with microrobots

can become expensive but because of the close anal-

ogy experiments can be done with spermatozoa in-

stead. Doing this and observing the behaviour of

different spermatozoa in different environments and

modelling them gives valuable insights for the tech-

nology of soft microrobots.
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Due to high propulsion power requirements it is im-

portant that experiments are performed from which

it becomes clear what spermatozoa structures are the

most efficient swimmers. Different structures include

the number of flagella one sperm cell its head has and

the configuration of the flagella with respect to each

other. An interesting case is when two flagella form

a collinear bundle, in which the angle between both

tails is equal to 180◦. An interesting property of the

collinear bundle is that they can switch direction of

propulsion without making a wide U-turn, unlike po-

larized bundles [3]. This property can be very useful

when a soft microrobot has to propegate itself forward

and backwards in a very narrow vein, in which larger

U-turns are not possible.

Collinear bundles can be modelled as a sperm cell

that undergoes a time periodic load from the sec-

ond tail. In this thesis, the formation and stability

of collinear bundles is discussed. Furthermore it is

shown how wave variables can be obtained which de-

scribe the behaviour of the collinear bundle in the

fluid. Lastly, Resistive Force Theory (RFT) and Reg-

ularized Stokeslets Theory (RST) can be used to find

the forces acting on the collinear bundle and the flow-

field of the surrounding fluid around the collinear bun-

dle respectively.

2 TRANSITION AND STABILITY OF
COLLINEAR SPERM CELLS

Collision of sperm cells may form bundles consisting

of one or more sperm cells [4]. When collisions hap-

pen, the bundling consists of roughly three phases and

during these phases the waveform can vary [5].

The first phase is the far field-to-locking phase, in this

phase 2 sperm cells are subjected to a far field flow

created by surrounding sperm cells. After this, the

sperm cells may lock on to each other forming one

sperm cell with two tails of which the angle differ-

ence between the two tails can be described as δΘ(◦).
The second phase is the spin rolling phase during

which the sperm cells undergoes spinning movement

where the angle between both tails is adjusted until

the sperm cell is in a stable configuration. Previous re-

search has shown that for most sperm cells that form a

bundle, the angle difference between the two flagella

δΘ(◦) = 0 is stable.

The last phase is the steady swimming phase wherein

the sperm cell travels forward with a constant wave-

Fig. 1: Free swimming sperm cell with one flagellum.

form. In order to describe the behaviour that δΘ
converges to zero over time, a closer look has to be

taken at the moment equations governing the transi-

tion. First, the total moments of each sperm cell dur-

ing the spin-rolling transition phase can be written as:

1M(t) = 1Mhead (t) + κ (Θ1(t)−Θ2(t))+∫ L1

0

r1(s, t)× f1(s, t)ds = 0, (1)

2M(t) = 2Mhead (t)− κ (Θ1(t)−Θ2(t))+∫ L2

0

r2(s, t)× f2(s, t)ds = 0, (2)

From the equations it can be seen that the total mo-

ment consists of the hydrodynamic torque on the

head of the sperm cells 1M(t), 2M(t) and an inte-

gral, which describes the moments from the tail of the

sperm cell.

Combining both expressions and using linearity of the

drag torque gives the following inhomogeneous first

order differential equation:

8πηab2C (Ω1 − Ω2) + 2κ (Θ1 −Θ2)+
1Mflag − 2Mflag = 0, (3)

for this one unique solution exists for formula 3:
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Fig. 2: Frame of a video containing a collinear bundle. It can be

seen that the angle between both tails is equal to δΘ(◦) = 180.

ΔΘ(t) =

(
1

8πηab2C

∫ t

0

(
1Mflag − 2Mflag

)
dt−ΔΘ0

)

∗ exp
( −2κ
8πηab2C

t

)
. (4)

In order to explain collinear behaviour, it needs

to be described how experimental results in which

collinear bundles are formed δΘ(◦) = 180 can stay

in a collinear configuration rather than converging to

δΘ(◦) = 0. A collinear bundle is displayed in figure 2

An approximation can be made in which formula 4

can be rewritten for small and large initial angles

ΔΘ0. Formation of a collinear bundle exists for large

initial angles ΔΘ0 for which a formula for the first

derivative of ΔΘ(t) = α can be rewritten as:

α̇ = −2κ sinα +Mtail

m
, (5)

In this formula κ, is an interesting property which de-

termines the final configuration of both tails with re-

spect to the sperm cell its head. the variable κ can

be dissected in two different constants with different

signs [6] and are displayed in figure 3:

κ = κc − κa. (6)

In this formula κc is an elastic constant which in-

duces the steric interactions between two sperm cells

(figure 3). The steric force resulting from this con-

stant leads to the heads applying force away from the

other sperm head leading to both tails being pushed

away from one another. Secondly κa is the second

elastic constant, which accounts for the adhesion be-

tween 2 sperm cells. It is modelled by a spring-like

Fig. 3: a) Steric forces push the other sperm cell its head away, b)

Adhesive forces can be modelled as a linear spring force which

exists when the adhesive regions of both spermcells are within

distance la [6].

adhesion molecule. The molecules on the heads of

the sperm cells causing this adhesion are localized to

specific regions on the head of the sperm cells and

an interactive force between 2 sperm heads may ex-

ist if the distance between the adhesive molecules is

equal to or less than la. A so called Hookean spring is

formed between the molecules of both heads and this

tether remains while the absolute distance between

both molecules is less than the interaction distance

|raij − raji| > la. High adhesive forces induced by a

high adhesive constant κa leads to the sperm heads

remaining attached to each other, even though high

steric forces are pushing both tails to a different side.

This leads to a collinear bundle behaviour which can

swim through a medium of viscous fluids. This obser-

vation of κ, can be introduced in the formula of of α̇,

such that formula 5 can be rewritten to:

α̇ = −2(κc − κa) sinα +Mtail

m
, (7)

Now the formula for α(t+Δt) can be constructed:

α(t+Δt) = α(t) + α̇Δt. (8)

Using this formula in Matlab, a graph can be made

which describes the progession of the angle differ-

ence, between collided sperm cells containing two

flagella, ΔΘ(t) in time dependent on the values of κa
and κc.

From experiments, it is known that collinear be-

haviour is rather rare, meaning that the torque forces

induced by the steric interaction forces often exceeds

the adhesive forces which result from the adhesive
157



Fig. 4: collinear case in which κa > κc.

Fig. 5: Polarized case in which κc > κa.

Fig. 6: Collision in medium with equal viscosity where the green

line represents the case in which κa > κc and the orange line

represents the case κa >> κc.

constant κa. Therefore collinear cases are less com-

mon than polarized cases.

3 CHARACTERISTICS AND WAVE VARI-
ABLES OF THE FLAGELLAR BEAT CYCLE

In order to approximate the configuration of a flag-

ellum over one or more beat cycles, three wave vari-

ables can be used:

• A0, the amplitude

• K0, a measure for the assymetry, which the mean

shape of the flagellum has

• λ, the wavelength

In order to obtain these variables, the zeroth and first

Fourier mode are used which expresses the flagellar

beat [7]. The Fourier series used can be described as:

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

iωt, (9)

Since the zeroth and first Fourier mode contribute

to almost 95 % of the beat power, this formula well

describes the flagellar beat.

Experiments have shown (ref friedrich) that each each

term in equation 9 can be connected to the variables

A0, K0 and λ. For this the line K0s can be fitted to

the zeroth mode ψ̃0(s), the line A0s can be fitted to
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Fig. 7: sine approximation of the data

the first mode |ψ̃1(s)| and lastly the line 2πs/λ can

be fitted to the last parameter in the equation φ(s) =
−arg(ψ̃1(s)) which is the phase angle of the complex

first mode. Combining this leads to equation 10.

ψ(s, t) = K0s+ 2A0s cos(ωt− 2πs

λ
). (10)

Matlab is able to use fourier to reconstruct the beat

pattern. For this, a video of a real sperm sample needs

to be split up in frames. In each frame the tail should

be marked and these marked frames can then be used

as an input for the matlab script (based on friedrich).

Because the beat pattern can be approximated as a

sine wave, the reconstructed beat pattern by matlab

should match a sine wave in order to confirm that the

data is correct. This is shown in figure 7

After this check, the slopes of the three graphs

containing either A0,K0 or φ (figure 8, 9 and 10 give

the values of the wave variables A0,K0 and 2π/φ,

respectively. These wave variables describe the given

input beat pattern and can be calculated for each

individual beat cycle.

When looking at collinear sperm cells, identifying

beat cycles is difficult. For free swimming sperm

cells the head of the sperm cell oscillates constantly

and these oscillations are unhindered. However,

collinear sperm bundles do not exhibit this behaviour.

Since both tails try to swim, the combined sperm cell

its head is unable to oscillate according to the swim

Fig. 8: graph to determine A0

Fig. 9: graph to determine K0

Fig. 10: graph to determine λ = 2π/φ
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Fig. 11: Change of wave variables over time

pattern as it usually does. This leads to disturbances

in the oscillation of the head as well as disturbances

in the movement of the tail. Therefore the tail its

beat pattern oftenly is not equal to a sine wave, but a

disturbed sine wave. Because of this it is difficult to

identify individual beat cycles and extract the correct

wave variables that comply with each beat pattern.

Nevertheless, though these errors occur, the wave

variables can be extracted for multiple consequent

beat cycles and placed into a table. After this they can

be placed in a graph which describes the change of

each individual wave variable over time. If this graph

starts the moment in time two sperm cells collide and

form a collinear bundle, the three transition phases

can be identified in the graph if the time interval also

contains the steady swimming phase as described in

section 2.

Because the formation of a collinear bundle is a

rare process not many samples are available for re-

search. The sample used only contained frames of the

collinear bundle being in its steady swimming state.

The graph with the changing wave variables is de-

picted in figure 11

The graph shows that the value of K0 varies a lot over

time. Since the value of K0 is a measure for the as-

symetry it gives a good overview of how symmetric

the tail moves over time in the sample. Single flagellar

free swimming cells do not show this behaviour and

have a value of K0 which is far more constant during

its steady swimming state. The results for the heavily

fluctuating K0 for collinear cells can be explained by

the disturbed oscillations of the head. When one tail

has a large positive value for K0 it is relatively assy-

metric towards one side of the head in a 2-dimensional

surface. However, when the second tail causes the

head to move in the direction of the assymetry, the

assymetry heavily decreases leading to large fluctua-

tions that are not dependent on the movement of the

first tail.

Secondly, it shows that the velocity v(μm/s decreases

at roughly t = 2400ms. When looking at the graphs

above it can be observed that this is caused by the sud-

den decrease of the wavelength λ of the right tail at the

same time instance. During the interval in which the

velocity is low, the wavelength of both tails is equal.

Because of this and the angular velocity ω, the thrust

force of each tail is roughly the same. Since the thrust

force of each tail works in opposite direction, the ve-

locity of the collinear bundle decreases harshly.

4 RESISTIVE FORCE THEORY ON
COLLINEAR SPERM CELLS

When looking at sperm cells, the movement of the

sperm cells through a medium with a certain viscosity

can be described by the bending waves in terms of the

form and speed of propegation which travel along the

tail. With this, also the forces that are exerted on the

tail can be calculated.

Propulsive components of the forces acting normally

to the surface of the sperm cell its body compensate

the tangential forces acting along the sperm cell its

body. Resistive force theory (RFT) [8] takes these

forces into account and divides the tail of the sperm

cell into small segments. In RFT the thrust force is

related to coefficients of resistance to the surface of

the segments for a medium with certain viscosity (CN

and CL) and the tangential and normal displacements.

The thrust force of one small segment is described by
the following formula:

dF =

{
(CN − CL)

dy
dt

dy
dx − Vx[CL + CN ( dydx)

2]

1 + ( dydx)
2

}
ds, (10.1)
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Fig. 12: Representation of the average bundle of the left tail in

the collinear bundle and the thrustforce over the length of the tail

The above formula can be integrated. This way the

force of all the segments can be calculated when inte-

grating on an interval from 0 to λ. This gives the total

force of the flagellum over one wave length:

F =

∫ λ

0

dF. (11)

Matlab can make use of the above equations and is

able to plot dF over time, as well as the form of the

bundle. For this constants, such as the viscosity and

the tail length, combined with the wave variables K0,

A0 and λ are used as input values. Also the total force

is calculated which is displayed in table 4. From the

values obtained by Matlab it can be concluded that the

average thrustforce of the left tail is stronger than the

right tail, leading to the collinear bundle moving in

the swimming direction of the left tail (to the right).

Tail: Force ( N)

Left Tail (1): 8.527×10−11
Right Tail (2): - 8,261×10−11

Using the averaged wave variables in table 5.3, Mat-

lab can model the average bundle of each tail and a

graph of the thrust force at each segment dF over the

length of the tail.

Fig. 13: Representation of the average bundle of the right tail

in the collinear bundle and the thrustforce over the length of the

tail. The sperm head is on the right side of the left figure. In

reality the left picture should be rotated around the y-axis as the

right tail has the head on the left side in the sample.

5 REGULARIZED STOKESLETS THEORY ON
COLLINEAR SPERM CELLS

Using the theory of regularized stokeslets [9][10],

a flowfield for the velocity of the fluid around the

sperm cell can be obtained. This flow field gives

valuable information about the flagellar propulsion of

a sperm cell. Furthermore comparing cases between

a free swimming one-tailed sperm cell, a fixed sperm

cell (static loading with one constraint) and a sperm

cell that undergoes a time periodic load is a good way

to find out how the flow field of the medium around a

sperm cell is influenced by a time periodic load.

The fluid response in RST can be described as:

u(x) =
M∑
i=1

N∑
k=1

−iFk

4πη

[
ln

(√
r2k + ε2 + ε

)
− Pε

]

+
1

4πη

[
iFk ·

(
x− irk

)] (
x− irk

)
P. (12)

Where P is equal to:

P =

⎡
⎢⎣

√
r2k + ε2 + 2ε(√

r2k + ε2 + ε
)2 √

r2k + ε2

⎤
⎥⎦ . (13)

161



In this formula u(x) is the fluid response around the

ith filament and rk = |x− irk| is the distance between

the observation and the source point. The kinematics

of the ith filament can be described as a function of

the tangent angle, leading to the following formula:

ir(s, t) = ir(t)− aie1(t)−
∫ s

0

cosi ψ(v, t)ie1(t)

+ sini ψ(v, t)ie2(t)dv (14)

In this formula ir(t) is the position vector of the cen-

ter of the sperm cell its head and ψi(s, t) is the tangent

angle which is also described in section 3, equation 10

Using Matlab, and the equations above the flow field

of the fluid around one or multiple flagellum can be

visualized in the form of graph. In order to do this

Matlab takes wave variables as input values to sim-

ulate different flagella forms. Doing this, a collinear

bundle case can be compared to a free swimming cell

and a fixed cell in order to get a better understanding

of a collinear bundle.

5.1 Free swimming sperm cell

The most common sperm cells are free swimming

sperm cells with one flagellum. The flowfield of the

free swimming sperm cell is depicted in figure 14. In

the flow field it can be seen that the fluid is moving in

the opposite direction of the movement of the sperm

head. Additionally, it can be observed that the fluid is

being propelled as usual.

The average velocity of the tail in the free swimming

case is modelled and depicted in figure 15.

5.2 Static load case

Sperm cells that undergo a static loading try to swim

in one direction but the movement of the sperm cell is

hindered by a static load acting opposite to the moving

direction. A static load may exist for a sperm cell of

which its head is fixed to a surface. When this is true,

the sperm cell can be modelled as if it is subjected to

a static load additionally to the sperm cell having one

constraint at its fixed point. In order to model its be-

haviour and compare to a case with a free swimmer

and a time-periodic load, a non dimensional averaged

flow field can be obtained using Matlab. Since the

collinear bundle is of main interest in this research.

The static load case will be modelled using the aver-

age wave variables and viscosity (25μof the collinear

Fig. 14: Dimensionless velocity flow of the fluid around a free

swimming sperm cell with one flagellum.

Fig. 15: Average velocity of the flagellum for a free swimming

sperm cell with one flagellum.
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Fig. 16: Dimensionless velocity flow of the fluid around a static

1 tailed bundle.

Fig. 17: Average velocity of the tail in static load case.

sample that was examined and are displayed in table

5.3. For this it is important to mention that the values

of the left tail are used such that in the collinear case

the left tail will be compared to the static and the free

case. The left tail variables for the static case give the

flowfield shown in figure 18 after one full beat cycle.

The average velocity of the tail in the static case is

modelled and depicted in figure 17. It can be seen

that the velocity is the highest at the end of the tail.

5.3 Time-periodic load case

When looking at a collinear bundle, one can see that

while one tail tries to push the sperm cell forward,

the second tail tries to push the sperm cell in opposite

direction. From one tail its perspective this could be

perceived as the second tail inducing a dynamic time

periodic load on the sperm cell. The flow field of the

sperm cell can be modelled in which the following

averaged wave variables are used for each tail:

Tail: A0(rad/mm) K0 (rad/mm) λ (μm)

Left Tail: 4.67 2.15 53.40

Right Tail: 3.76 1.76 86.74

Filling in these wave variables as input values in Mat-

lab, a non dimensional flow field can be obtained.

This flow field shows the velocity of the flow, in vec-

tor form, on average over multiple beat cycles and is

depicted in figure 18.

Fig. 18: Dimensionless velocity flow of the fluid around a

collinear bundle.

Also the average velocities of the tails of the collinear

bundle can be modelled and are shown in figure 19.

Again it can be observed that the velocity is the high-

est at the point of the flagella furthest away from.
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Fig. 19: Average velocity of the tails in a collinear bundle.

6 CONCLUSION

The close analogy between sperm cells and soft mi-

crorobots enables experiments to be conducted with

sperm rather than building soft microrobots and ex-

perimenting with those. Sperm cells can be observed

and wave variables governing the shape of the flagel-

lum can be extracted for different sperm cell samples.

A rare case of a sperm cell is a collinear bundle, which

remains stable at δΘ(◦) = 180. This is caused by a

combination of steric and adhesive forces, for which

holds that the adhesive force constant is larger than

the steric force constant κa > κc. When increasing

the value of κa

κc
the time between the initial collision

of both sperm cells and when the collinear form is sta-

ble at δΘ(◦) = 180 decreases (equilibrium is reached

faster).

Wave variables are extracted for both flagella in the

collinear bundle and a graph has been made show-

ing how the wave variables change over time from a

video which contains a collinear sperm bundle. From

the wave variables it was concluded that large fluctu-

ations in the assymetry parameter K0 are a result of

the disturbed oscillations of the head. These distur-

bances lead to high fluctuations in the head position.

Therefore the value for the assymetry of the flagella

changes a lot over time. Furthermore, the forward ve-

locity v decreases substantially when the wavelength

of both tails are equal λtail1 = λtail2. Lastly, imple-

menting resistive force theory on a collinear bundle

can model the propulsion of the collinear bundle and

it was shown that the thrust force of one flagellum

is higher than the thrust force of the other flagellum.

Regularized stokeslets theory has shown that the flow-

field around a collinear bundle can be modelled and

that the velocity of both flagellum increases with the

distance away from the sperm cell its head.
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