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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

h Dynamic viscosity of the medium Pas
Mo Magnetic permeability of vacuum N/A?
B External field flux density T

ri Long radius of the ith ellipsoid m

a Short radius of the ith ellipsoid m

Vi Volume of the ith ellipsoid m?
Th magnetic torque Nm
Fnm magnetic force N
Ty drag torque Nm
Fy drag force N
M magnetization A/m
m magnetic dipole moment Am?

Clara Ostendarp | Bachelor’s Thesis

Page ii



Magnetically Assisted Self-Assembly of Sperm Cell Microrobot Swarms

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 TIronsperm 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,
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and distal end (see gure 1) — are 8.6, 13, 40, ant7 in length and 4.5, 1, 0.5, and On¥n in width
respectively 14, 15]. In an external rotating electromagnetic eld its head will rotate to align with the
eld, emulating the natural movement of a sperm cell. A single Ironsperm can be loaded with®423

pg of DOX-HCI, a pharmaceutical used in the treatment of various cantdrdjue to this small loading
capacity, successful medical treatment requires multiple Ironsperms to travel to the target site, a swarm.

Figure 1: The modi ed 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 nanopadicles [
The ellipsoidal head can be measured along its longraaisl its short axis.

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 gure 2). Itis bene cial if the
tail sections are sparingly or not coated. If the agellum remains exible, 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 eld because the head carries the
most volume of the Ironsperm. There &fedifferent way how nanoparticles can coat a sperm cell, 15 of
which result in at least partially coated Ironsperms, see gure 2. These distribution forms are named in a
binary way with four numerals, a 1 signifying that the cellular segment is coated and a O that it is not. The
most desirable of those distribution forms would be form 1000 where the head is fully coated while the
complete agellum is uncoated.
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