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1 Abstract

Microrobots that form controllable swarms are currently in the center of attention of microrobot technology
research. The many advantages of swarms — detectability using imaging systems and durability in
disruptive environments, among others — are of interest in the research of the biohybrid, magnetically
actuated, self-propelling Ironsperm. This paper proposes a model for the mechanics of swarm formation
of Ironsperms. It predicts their velocities, collision behavior, and swarm movement at low Reynolds
numbers with varying applied magnetic field flux densities, applied magnetic field rotation frequencies,
and viscosities of the medium in which the microrobots are suspended. The simulated, singular, ellipsoidal
Ironsperm will always rotate to align its major axis with the rotating field. Multiple Ironsperms will rotate
to align with the field and translate towards each other until they collide, at which point they will rotate as
a unit.

2 Table of Symbols

Table 1: Table of Symbols and Units

Symbol Explanation Unit

f Rotational frequency of the rotating magnetic field Hz
η Dynamic viscosity of the medium Pa·s
µ0 Magnetic permeability of vacuum N/A2

B External field flux density T
ri Long radius of the ith ellipsoid m
ai Short radius of the ith ellipsoid m
Vi Volume of the ith ellipsoid m3

Tm magnetic torque Nm
Fm magnetic force N
Td drag torque Nm
Fd drag force N
M magnetization A/m
m magnetic dipole moment Am2
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3 Introduction

Self-propelling, remote controlled microrobots offer a modern opportunity for the treatment of internal af-
flictions such as cancer and arteriosclerosis. Minimally invasive surgery requires a high level of proficiency
from the medical staff [1]. Enteral drug administration bears a variety of risks like lacking bioavailability,
irritation of the gastrointestinal tract, and the first-pass-effect [2]. Parenteral administration of drugs can
involve complications like embolisms, side effects in other organs, and even neurotoxicity [3]. Those
unwanted effects could be lessened or avoided if self-propelling, remote controlled microrobots were used
instead of conventional surgery or systemic drug administration. They can target specific locations that we
were previously not able to reach without dispersing the drug through other organs [4, 5]. Drug delivering
microrobots use natural pathways such as blood vessels or the lymphatic system to reach the site where
they release a loaded drug. Those robots have to meet several design requirements to be viable to be used
in the human body [6]. They have to be able to load a drug but be small enough to move through arterioles
or even capillaries. They must react to external stimuli and be detectable by some imaging system, ideally
without the use of radiation to reduce the invasiveness.

In recent years, the focus of medical microrobots has shifted toward swarming microrobots. A swarm
is a collective of up to thousands of individual robots that behave as a coordinated unit. It requires an
external energy source like a magnetic field, electric field, or a chemical gradient to affect and steer
multiple robots at the same time. By externally changing the properties of the energy source, it is possible
to achieve reconfigurable and variable 3D shapes like vortices and chains [7]. Being able to control the
size and shape of a swarm enables microrobot movement that an unorganized swarm cannot achieve. A
swarm is more difficult to disrupt, making it more durable in fast flowing fluids, and surface rolling can
be applied as a mode of transportation through vessels [8]. Additionally, swarms can be detected and
followed using non-invasive technology such as ultrasound. This results in easier steering and real-time
feedback, allowing algorithms to automate the control of a swarm. Since each individual microrobot
has a small loading capacity for a drug, control over the size of a swarm provides control over the total
drug load delivered to a target site as well. The actuation of a swarm by a magnetic field provides the
additional benefit that a swarm has a better responsiveness to the field than an individual microrobot, such
that microrobots with weak magnetization properties can still be used [9]. The mechanics of swarm-like
accumulation under influence of magnetic fields have been analyzed and understood for colloidal, round
microrobots [7] and paramagnetic nanoparticles [10]. While accumulating behaviour has been observed
in more complexly shaped microrobots [11], the underlying mechanics are individual to the properties of
the used robots and their specific actuation method. Also, most models analyse the mechanics of swarm
formation in two dimensions. A general three dimensional model has not been established yet. Yang
et al. [12] provide deeper insight into the usefulness of microrobot swarms while Yu et al. [13] show that
magnetically actuated, reconfigurable microrobot swarms can be controlled using the external parameters
of the applied magnetic field.

4 Ironsperm swarm formation

One delivery microrobot is Ironsperm. Ironsperm is biohybrid, remote controlled, and self-propelling. An
Ironsperm consists of a bovine sperm cell coated with 100 nm long, ellipsoidal, iron oxide nanoparticles.
The average measurements of the four segments of an Ironsperm — head, midpiece, principal piece,

Clara Ostendarp | Bachelor’s Thesis Page 1



Magnetically Assisted Self-Assembly of Sperm Cell Microrobot Swarms

and distal end (see figure 1) — are 8.6, 13, 40, and 7 µm in length and 4.5, 1, 0.5, and 0.5 µm in width
respectively [14, 15]. In an external rotating electromagnetic field its head will rotate to align with the
field, emulating the natural movement of a sperm cell. A single Ironsperm can be loaded with 4.3 ± 0.2
pg of DOX-HCl, a pharmaceutical used in the treatment of various cancers [14]. Due to this small loading
capacity, successful medical treatment requires multiple Ironsperms to travel to the target site, a swarm.

Figure 1: The modified bovine sperm cell can be divided in four distinct cellular segments: Head, midpiece,
principal piece, and distal end. The smooth surface of the sperm cell is coated with iron oxide nanoparticles [14].
The ellipsoidal head can be measured along its long axis r and its short axis a.

During the coating process the nanoparticles adhere to the cellular segments. However, due to the
individual differences in surface charge per cell and per section, uniform distribution of the nanoparticles
cannot be guaranteed. In 93% of Ironsperms the head is coated, while the midpiece, principal piece, and
distal end are coated in 44, 83, and 64% of Ironsperms respectively (see figure 2). It is beneficial if the
tail sections are sparingly or not coated. If the flagellum remains flexible, its natural movement — a
transverse wave along its length — to generate thrust remains intact, hence more effective propulsion. A
full coating of the head allows for better response to the electromagnetic field because the head carries the
most volume of the Ironsperm. There are 24 different way how nanoparticles can coat a sperm cell, 15 of
which result in at least partially coated Ironsperms, see figure 2. These distribution forms are named in a
binary way with four numerals, a 1 signifying that the cellular segment is coated and a 0 that it is not. The
most desirable of those distribution forms would be form 1000 where the head is fully coated while the
complete flagellum is uncoated.
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Figure 2: The coating of the sperm cells can take 15 distribution forms, not counting the null distribution because it
does not result in functioning Ironsperms. Their prevalence among all coated cells is indicated as a percentage. Each
four digit number is representative for its respective form, 1 meaning ‘coated’ and 0 meaning ‘uncoated’, starting
with the head. Cells that have acquired no coating (form 0000) make up 2% of all trials, they are not displayed. [16]

Furthermore, the extent of how much a part of a cell is coated varies. As seen in figure 1, the head
of that Ironsperm is half coated. This can occur with any part due to the proteins present in the cell’s
membrane [17]. Since the surface zeta potential of a sperm cell is mostly negative and the surface charge
of the iron oxide nanoparticles is positive, parts of the Ironsperm that are not coated attract parts that
are coated. While an Ironsperm that adheres to itself and obstructs its own flagellar movement is not
functional on its own, the clustering of multiple Ironsperms presents the opportunity to use all Ironsperms:
When working with swarms, all particle distribution forms can be used since the swarm’s movement does
not depend on flagellar movement.

Experiments have shown that Ironsperms will cluster together when immersed in a viscous fluid and
actuated by a rotating magnetic field [18]. This is shown in figure 3 where a microrobot swarm is detected
using ultrasound imaging and automatically tracked by software.
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Figure 3: Detection of a microrobot swarm in an artificial blood vessel using ultrasound. At the top the vessel’s
surface is seen as a bright line. The swarms shows up as a bright round spot. The detection software is able to find
the swarm and track it over time. Here it applies a green square that follows the swarm around as it moves. [19]

A swarm rotates as a unit at the same frequency as the applied magnetic field, see figure 4. The
surrounding fluid is forced into rotation as well, thereby creating a vortex. The mechanism of how
Ironsperm specifically form swarms like this is not understood yet. Their complex shape and individuality
necessitate a discrete approach.

Figure 4: Three snapshots of an Ironsperm swarm over time. The applied magnetic field rotates around the z-axis,
symbolized by the red curved arrow at the bottom left. The Ironsperms also rotate around the z-axis while the
individual Ironsperm remain in the same constellation within the swarm.

5 Methods

To simulate the swarm formation of Ironsperms in three dimensions, each cellular segment is approximated
as a prolate ellipsoid. These are attached to each other at their poles, resulting in a flexible chain of four
ellipsoids. This would allow some movement in the flagellum with the attachment points functioning as
joints while simulating the stiffness of Ironsperms that have coated flagellae. In the first approach, the
measurements of each ellipsoid are determined by the average volume of an Ironsperm and the length
of the corresponding Ironsperm segment with an adjustment for the average amount of nanoparticles
on each segment, see figure 5a. In the second approach, the average length and width of each segment
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determine the measurements of the ellipsoids, see figure 5b. Each ellipsoid has a random charge based on
the coating distribution forms, either positive or negative. These approaches were not pursued further due
to the complexity of implementing their movements in 3D over time using a MATLAB [20] script.
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Figure 5: Two proposed 3D representations of Ironsperm. Each cellular segment is approximated as a prolate
ellipsoid. In (a) the measurements of each ellipsoid are based on length an volume of each segment and adjusted
for the average amount of nanoparticle coating. The shape and size of the ellipsoids in (b) are plainly based on the
average length and width of each segment.

To simplify Ironsperm microrobots, the heads of the Ironsperms are approximated as ellipsoids the
size of the average Ironsperm head. The segments that form the flagellum are omitted. The Ironsperm
head is the most voluminous out of the four segments and therefore its magnetic moment is the highest.
This simplification resulted in an in silico model that lets the ellipsoids interact with each other over time
and under influence of a rotating magnetic field.

5.1 Individual Ironsperm

The head of an Ironsperm is a prolate ellipsoid. Abbott et al. [21] provide the demagnetization factors as
follows:

nr =
1

R2−1

(
R

2
√

R2−1
ln
(

R+
√

R2−1
R−

√
R2−1

)
−1
)

na =
1−nr

2

(1)

with R = r/a being the ratio between the long radius r of the body and the short radius a of the body. The
demagnetization factors nr and na relate to r and a as well. Since we deal with soft-magnetic materials,
Abbott et al. [21] show that the susceptibility matrix χ is simplified to

χ = diag
(

1
nr
,

1
na

,
1
na

)
. (2)

The magnetization M of an individual Ironsperm resulting from the magnetic field flux density B is
dependent on the susceptibility matrix χ and the constant permeability of vacuum µ0 = 4π ×10−7 N/A2.
Both M and B must be written with respect to the ellipsoid’s frame of reference, and we have

M = χ

(
1
µ0

B
)

(3)
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In this model, a body’s frame of reference is calculated using inclination and azimuth. At both angles
equal to zero, the ellipsoid’s axis of symmetry e1 — the “long” axis — coincides with the x-axis of the
laboratory frame of reference Ψ0, seen later in chapter Results. The rotation to the ellipsoid’s frame of
reference is achieved using standard coordinate transformation:

B =

 e11 e12 e13

e21 e22 e23

e31 e32 e33

BΨ0 (4)

with BΨ0 being the field flux density with respect to the laboratory frame of reference.
The opposing forces and torques in a system with one ellipsoid within low Reynolds numbers are

limited to the magnetic force and torque, and the drag force and torque, such that

Fm = −Fd

Tm = −Td .
(5)

The magnetic force Fm induced by the applied field is negligible because the field can be assumed as
homogeneous considering the size of the ellipsoid. Therefore, the drag force Fd is zero as well and we
have a pure rotation. The drag torque uses the following drag coefficients

CT 1 = 0

CT 2 =
4
3 e3
(

2−e2

1+e2

)(
−2e+(1+ e2) ln 1+e

1−e

)−1

CT 3 = CT 2

(6)

with e =
√

1−a2/r2 [22]. The drag coefficient CT 1 equals zero because the ellipsoid’s geometry is not
affected by rotation around e1. Therefore, the drag torque around e1 can be neglected. The drag torque

Td = 8ra2
πηCT ω (7)

with η being the dynamic viscosity of the medium, and the magnetic torque

Tm =V M×B (8)

give the torques around axes e1 (roll), e2 (pitch), and e3 (yaw). They are used in equation 5 to obtain the
angular velocity ω and its integral θ . The angular displacement θ is then used in the pure rotation matrix

R =

 cos |θ |+θ 2
x (1− cos(|θ |)) θ 2

x θ 2
y (1− cos |θ |)−θz sin |θ | θ 2

x θ 2
z (1− cos |θ |)+θy sin |θ |

θ 2
y θ 2

x (1− cos |θ |)+θz sin |θ | cos |θ |+θ 2
y (1− cos |θ |) θ 2

y θ 2
z (1− cos |θ |)−θx sin |θ |

θ 2
z θ 2

x (1− cos |θ |)−θy sin |θ | θ 2
z θ 2

y (1− cos |θ |)+θx sin |θ | cos |θ |+θ 2
z (1− cos |θ |)


(9)

to calculate the next position of the ellipsoid, given by ei,new = R · ei.

5.2 Groups of Ironsperms

When assembled in swarms, Ironsperms are subjected to interactive forces and torques in addition to the
drag force and torque exerted on the individual microrobot. The interactive forces between two Ironsperms
are dependent on the distance between them, in this model approximated by the distance vector d from
center to center of two ellipsoids.
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The field flux density B and magnetization M are calculated as above to obtain the induced magnetic
dipole m = V M which is used to obtain the magnetic force and torque of ellipsoid i in a swarm of n
ellipsoids [8].

Fm,i =
n

∑
j=1, j ̸=i

3µ0

4πd4
ji

(
(d̂ ji ×mi)×m j +(d̂ ji ×m j)×mi −2d̂ ji(mi ·m j)+5d̂ ji(d̂ ji ×mi) · (d̂ ji ×m j)

)
Tm,i = mi ×Bi +

n

∑
j=1, j ̸=i

mi ×

(
µ0

4π

3d̂ ji(d̂ ji ·mi)−mi

|d ji|3

)
,

(10)
where d ji is the vector from the center of ellipsoid j to ellipsoid i and d̂ ji its unit vector.

On collision, the adhesive force Fa and contact force Fc will add to the equation of forces. Fc prevents
the ellipsoids to move through each other and equals the opposite of the force in the direction of the
collision site. Fa keeps the ellipsoids attached to each other, as has been observed in experiments, see
figure 4.

Fa = kd̂i j (11)

The spring constant k = 4×10−7 N/m is chosen such that Fa is in the same order of magnitude as Fm

when collision has occurred.
The drag force

Fd = 6rπηCFv (12)

with coefficients
CF1 =

8
3 e3
(
−2e+(1+ e2) ln 1+e

1−e

)−1

CF2 =
16
3 e3

(
2e+(3e2 −1) ln 1+e

1−e

)−1

CF3 = CF2

(13)

is then used to calculate the translational velocity v of each ellipsoid.

5.3 Parameters and Ranges

For both, individual and multiple ellipsoids, the following parameters and their influence on the model are
to be investigated. These are properties of the Ironsperm movement mechanism that can be individually
controlled and changed. In experiments, in vitro or in vivo, especially f and B are simple to change.

Table 2: Parameters and Ranges

Parameter minimum value maximum value

f 1 Hz 50 Hz
B 1 mT 10 mT
η 1 mPa·s 50 mPa·s

Additionally, for pairs of ellipsoids the initial distance between their centers of mass dinitial is investi-
gated. The investigation range goes from 10 µm, when the ellipsoids are already attached to each other, to
30 µm. The maximum value is chosen such that a collision can be achieved within a reasonable simulation
time. While f and B are chosen in the ranges that can be reproduced in experiments with Ironsperms, η

is chosen such that it encompasses the dynamic viscosities of water at room temperature, mammalian
plasma, as well as mammalian whole blood and lymph [23, 24, 25] to be able to model Ironsperms’
behavior under the circumstances of their supposed use.
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6 Results

6.1 Individual Ironsperm

A singular ellipsoid starts stationary in a predetermined position. At field flux density B = 0, it remains in
its position indefinitely, since no forces or torques act on it. At B > 0 it first rotates in the opposite direction
of the field, to align its major axis with the applied rotating magnetic field (see figure 6). Afterwards, it
rotates at the same ω as the field. The maximum angular velocity ωmax occurs while the ellipsoid rotates
its major axis toward the field direction. The alignment of the ellipsoid’s major axis with the field talign is
asymptotic. For the purpose of this paper, alignment is defined as achieved when ω is within 0.1 rad/s of
the field’s velocity.
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Figure 6: The individual ellipsoid in its starting position and after a half revolution of the applied field. In its starting
position, seen on the left, its major axis (red) is not aligned with the applied magnetic field represented by the arrows
on the top left. The magenta arrow signifies the direction of the applied magnetic field rotating around the axis of
rotation (black). On the right, the ellipsoid is aligned with the field after the field has rotated 180°, with the green
arrow being the angular velocity vector.
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Figure 7: At a field flux density B of 1 mT at a rotational frequency f of 2 Hz in a medium with η = 1 mPa·s, the
singular ellipsoid will align with the field after 0.047 seconds. Before, it will reach a maximum angular velocity
ωmax of 112.7 rad/s at t = 0.013. The field is rotating at a velocity of 12.57 rad/s.
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The relations of ωmax, tωmax , and talign with B, f , and η behave as follows, as can be derived from
figure 8:
The maximum angular velocity increases as the field flux density increases, such that ωmax ∝ mB with
1.19 < m < 4.00 and m ∝ 1/∇B. There is no relation of ωmax with the frequency of the rotating field:
ωmax¬ ∝ f . An increased medium viscosity η decreases ωmax, until ωmax is smaller than the field velocity,
thus ωmax ∝ m/η with 0.50 < m < 0.90 and m ∝ ∇η .
The time at which ω reaches its peak is reverse proportional to the field flux density, specifically tωmax ∝

m/B with 0.35 < m < 0.90 and m ∝ ∇B. Though it increases as the field frequency increases: tωmax ∝ m f
with 0.81 < m < 0.98 and m ∝ ∇ f . The influence of η is that tωmax ∝ η until a threshold is reached at
which no global peak of ω is noticeable anymore. With B = 1 mT and f = 2 Hz, this threshold is at η

= 9 mPa·s. At higher η the ellipsoid cannot rotate at the same speed as the field and falls behind. The
field continues rotating until the ellipsoid’s “north pole” has an angle to the field direction > 90°. At that
point, the ellipsoid will flip directions to attempt to align with the field with the “north pole” now being
the “south pole”.
The time of alignment of the ellipsoid with the field is proportional to the field flux density, talign ∝ B. Its
relation to the field frequency is parabolic, thus talign ∝ a function of f 2, with the vertex being dependent
on f as well as B. With increasing η , talign increases as well, in detail talign ∝ mη with 1.22 < m < 2.05,
though m increases when η < 0.4 mPa·s and when η > 0.5 mPa·s.
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Figure 8: The changes of ωmax and talign depending on different values of B, f , and η . (a) At increasing amplitudes,
ωmax increases by a factor of 2 each time B is increased by 1 mT. The point in time when the ellipsoid reaches ωmax

increases by a factor of 1.2 to 1.7. (b) The alignment of the ellipsoid with the field takes an amount of time that
increases as B increases. The frequency f influences it in a parabolic way. (c) An increase of η decreases ωmax. At
η ≥ 9 mPa·s the initial spike of ω is smaller than the velocity of the rotating field, such that ωmax occurs when the
ellipsoid has aligned with the field. At η = 10 mPa·s the ellipsoid cannot rotate fast enough to align with the field,
such that asymptotic approach of the field’s velocity never occurs. (d) An increase of η increases talign.

6.2 Groups of Ironsperm

Ellipsoids influence the behavior of other ellipsoids that are in close proximity. At B > 0 the magnetic
force induced by the rotating field pulls the ellipsoids toward each other. While the ellipsoids align their
major axes with the field, their centers of mass translate in a spiral on the rotation plane of the field, with
the general direction being dictated by the closest ellipsoids. When the distance d between two ellipsoids
understeps the threshold of 22.64 µm (for B = 1 mT, f = 2 Hz, η = 1 mPa·s), v increases exponentially
and the two ellipsoids collide (see figure 9b). The angular velocity ω spikes as each ellipsoid aligns its
major axis with the field direction. After alignment, ω fluctuates under influence of the nearby ellipsoids.
At collision, ω reaches a local maximum but subsides to fluctuate around the angular velocity of the field
within less than 0.1 s.
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Figure 9: Two ellipsoids at a distance of 25 µm under influence of a rotating magnetic field with f = 2 Hz and B =
1 mT in a medium with η = 1 mPa·s will collide after 0.42 s. Afterwards, they rotate around their combined center
of mass while staying attached to each other. The translational velocity v and angular velocity ω of one ellipsoid
equal those of the other, hence the full overlap in (d).

The influence of different B and f on a pair of ellipsoids can be seen in figure 10. For pairs of
ellipsoids, it is of interest how long it takes until they collide. At an increasing field frequency f , the time
it takes for the two ellipsoids to collide tcoll decreases, tcoll ∝ m/ f . Though tcoll approaches a minimum,
so m ∝ 1/ f . As B increases above 3 mT, tcoll decreases, tcoll ∝ 1/B. At B < 3 mT, the ellipsoids do not
move as quickly as at higher B. This means, the ellipsoids do not move close enough within the simulated
timeframe to collide. The sudden increase of tcoll at B = 2 mT and f = 6 Hz is due to a bigger spiral that
the ellipsoids both describe. It increases their distance and thus it takes longer until the ellipsoids collide.
Increased initial distance dinitial between the ellipsoids increases tcoll, tcoll ∝ mdinitial with m ∝ dinitial. At an
initial distance of 10 µm, tcoll occurs at t = 0 since the collision threshold is set at 10 µm. The viscosity of
the medium η is approximately linearly related to tcoll, such that tcoll ∝ mη with m being dependent on η

and dinitial. There is a wave-like fluctuation in tcoll due to the varying amount of spirals that the ellipsoids
make when approaching each other.
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Figure 10: The time of collision tcoll for two ellipsoids. (a) At increasing B, tcoll will decrease and asymptotically
approach a minimum. That minimum is determined by f . It decreases as f increases. (b) At increasing η , tcoll

increases approximately linearly. At increasing dinitial, tcoll increases.

7 Discussion

Controlling Ironsperm swarms would enable medical staff to safely deliver drugs to a target site using the
natural pathways of the human body. For this to become reality, more understanding of the formation of
Ironsperm swarms was required. This theoretical model shows the mechanism of how Ironsperm swarms
form and thus provides a base for research into the control of their size and shape. The external field’s
parameters f and B allow for precise control of the velocities of Ironsperm. The medium viscosity η

is a factor that is likely not possible to externally manipulate in in vivo situations, but it influences the
behavior of Ironsperm, as shown in this model, and must therefore be accounted for when controlling a
swarm in a precise manner.

The presented model is purely theoretical and based on observations made during experiments with
Ironsperm that did not focus on swarm formation. It takes numerous liberties in simplifying the concept of
an Ironsperm swarm. This results in reduced value of the model when focusing on details. Nevertheless,
it shows the general behavior of Ironsperms in swarms and can function as a base for further research
and more intricate models in the future. The following details should be considered when evaluating the
accuracy of this model.

7.1 Approximation as singular ellipsoids

The approximation of Ironsperms as singular ellipsoids the size and shape of an Ironsperm head is
acceptable when calculating the influence of the applied field. But in Ironsperm swarms, it is possible that
their tails entangle, influencing the shape and motility of the swarms. The movement of an Ironsperm
head can be described as a cone-like rotation of the major axis where the tip of the cone is close to the end
where the flagellum is attached. The reason for this movement is that the flagellum creates additional drag
[26]. Also, a high concentration of nanoparticles on the flagellum, e.g. a 1111 distribution, can result in a
stiff flagellum that impairs the Ironsperm’s movement further. The drag coefficients used here are accurate
for the Ironsperm head only. The movement of the ellipsoids thus does not accurately show this cone-like
rotation.
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7.2 Variant coating distribution forms

The magnetic attraction of the ellipsoids in the model towards each other has no conditions, except for
the necessity of the presence of a rotating magnetic field. In reality, an Ironsperm’s surface charge is
dependent on its mode of coating. As mentioned above, this is highly individual. Parts of an Ironsperm’s
head can have a positive surface charge, some negative. Hence, an Ironsperm can be attracted to only a
part of another or even not at all attracted to another. In what configuration whole Ironsperms with variant
distribution forms adhere to each other in a swarm is therefore unpredictable with this model.

7.3 Collision mechanic

The way collision is implemented here is flawed. The distance between ellipsoids is measured using their
centers of mass and not their surfaces. Collision is registered when the distance between two centers of
mass is equal to or smaller than a fixed threshold. This threshold can be visualized as a sphere around an
ellipsoid with a diameter equal to the length of the ellipsoid’s major axis. Hence, the threshold lies outside
the actual surface of the ellipsoid except at the poles. Therefore, the model can assume that collision
occurred even if two ellipsoids do not touch.

7.4 Adhesive force

The spring constant k used in the calculation of Fa is not based in science but obtained experimentally
within the model. There is no conclusive research into the adhesive properties of Ironsperm yet. Though it
has been observed that coated parts of an Ironsperm can adhere to uncoated parts of the same or another
Ironsperm. Thus, the approximation of the adhesive force as a simple spring force is necessary.

7.5 Fluid dynamics

A rotating Ironsperm swarm can affect the surrounding medium such that it is set in motion. A fluid vortex
created in this manner could influence the integrity of the swarm and Ironsperms in its vicinity. This is not
included in the model because small swarms do not create fluid vortices big enough to enact a significant
force on surrounding Ironsperm.

7.6 Conclusion

Regardless of the limitations this model has, it is capable to model the influence of the external conditions
f , B, and η on individual Ironsperm heads as well as pairs of Ironsperm heads. As a result, it also models
the formation of Ironsperm swarms if any influence of the flagellae is omitted. This model presents the
first step of analysing Ironsperm swarm behavior in three dimensions. To be able to model and understand
a three dimensional swarm is necessary to ultimately control its shape, size, and movement through the
three dimensional environment of the human body.

The next step in exploring the swarm formation of Ironsperms is to verify and adjust the presented
model with experiments. Further research into the adhesive properties of Ironsperms is also needed. The
model can be expanded by adding more ellipsoids to get a sense of big swarm interactions or by including
flagellae. For this, the abovementioned first approach (with each segment modelled as an ellipsoid) or
a model with chain-like flagellae can be implemented fully to accommodate for the drag and spacial
influence of flagellae and different distribution forms.
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