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Abstract

In recent years, there has been a notable surge in interest within the medi-
cal field towards minimally invasive procedures, with magnetic micro-robots
emerging as a promising avenue. These micro-robots exhibit the capabil-
ity to traverse various mediums, including viscoelastic and non-Newtonian
fluids, facilitating targeted drug delivery and medical interventions. Many
current designs, drawing inspiration from micro-swimmers found in biologi-
cal systems such as bacteria and sperm, utilize a contact-based approach for
transporting payloads. However, adhesion between the cargo and the car-
rier can complicate release at the intended site. In this thesis, our primary
aim was to investigate the potential of a helical micro-robot for non-contact
delivery of drugs or cargo. We conducted an extensive examination of the
shape and geometrical parameters of the helical micro-robot, with a specific
focus on its ability to transport passive filaments. Based on our analysis, we
propose a novel design comprising three sections with alternating handed-
ness, incorporating two pulling and one pushing microhelices, to improve the
capture and transportation of passive filaments in Newtonian fluids using a
non-contact approach. Subsequently, we simulated the process of capturing
and transporting the passive filament and evaluated the functionality of the
newly designed micro-robot. Initially concentrating on naturally straight
filaments, we also demonstrated the micro-robot’s capability to capture fila-
ments with intrinsic curvature and those with a spherical payload attached
at one end. Our findings provide valuable insights into the mechanics of he-
lical micro-robots and their potential applications in medical procedures and
drug delivery. Furthermore, the proposed non-contact delivery method for
filamentous cargo could pave the way for the development of more efficient
and effective micro-robots for medical purposes.

In the second phase of our project, recognizing that most biological fluids
exhibit viscoelastic properties due to the presence of protein fibers, we pro-
posed a viscoelastic model. Inspired by the viscoelastic structure of bovine
vaginal fluid, we developed and initially characterized this model using creep
and strain tests. Subsequently, in the proposed viscoelastic model, we inves-
tigated the functionality of the designed micro-robot in the viscoelastic fluid
and compared its performance with that of the conventional single-handed
helical micro-robot. It was observed that although the designed micro-robot
is highly effective in transporting filamentous microcargo without contact
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in Newtonian fluid, its unique structure presents challenges when moving in
viscoelastic fluid.
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Chapter 1

Introduction

The development of magnetic micro-robots marks a significant advance in
minimally invasive medical technology. These micro-robots, inspired by bio-
logical micro-swimmers, are increasingly used in various biomedical applica-
tions including drug delivery[16, 17, 18, 19, 20, 21, 22, 23], surgery[24, 25, 26],
bio-sensing[27], and therapies involving chemicals and radiation[28]. Com-
pared to traditional methods, micro-robots offer the potential for less invasive
procedures and more precise drug delivery, which can reduce infection risks
and side effects[24, 25, 26].

1.1 Motivation

The primary objective of this thesis is to design an innovative micro-robot
capable of transporting filamentous micro cargo for drug delivery purposes,
as well as aiding in the transportation of infertile sperm. To comprehend
the rationale behind initiating this project, let us delve into an overview of
the fertilization process, the associated challenges, and explore how micro-
robots can address these issues. Fertilization entails the fusion of male and
female gametes, resulting in the fertilization of the egg by the sperm[6]. In
humans, fertilization occurs within the fallopian tube inside the female body.
Sperm must traverse considerable distances within the complex environment
of the female reproductive tract to reach the egg, encountering various chem-
ical, rheological, and thermal properties along the way[1, 29, 30, 31]. Figure
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1.1 illustrates the intricate geometry of the path that sperm must navi-
gate to reach the egg. Approximately one in six couples in Canada and

Figure 1.1: Schematic of complex geometry that sperm swim through to
fertilize the egg [1, 2].

the UK face challenges conceiving, despite engaging in unprotected sexual
intercourse for over a year[32]. Clinical studies indicate that 50% of these
cases are attributable to male infertility[33]. Male infertility may stem from
factors such as low sperm count, poor sperm motility, and DNA damage.
Notably, low sperm motility is a prevalent cause of infertility. Most tech-
niques employed to address sperm motility issues are invasive, expensive,
and pose significant health risks to patients. Presently, assisted reproduc-
tive technologies (ARTs) have been developed and deployed to tackle male
infertility problems[34, 35, 36]. These methods involve selecting sperm and
either placing them adjacent to or injecting them into the egg to facilitate
fertilization. In vitro fertilization (IVF)[37], intrauterine insemination (IUI),
and intracytoplasmic sperm injection (ICSI) represent various ART meth-
ods utilized to address male infertility issues[38]. In IVF, sperm are placed
in a petri dish alongside an egg to facilitate fertilization in vitro. In IUI,
sperm are directly injected into the uterus via an insemination syringe. In
ICSI, an egg is held while a sperm is injected through a needle into the egg.
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The success rates of ART methods are suboptimal, necessitating numerous
cycles, which are time-consuming and costly[39]. Sperm selection stands
out as a pivotal step influencing the success of ART methods. Recently,
various microfluidic methods have been developed to enhance sperm selec-
tion processes[40, 41]. However, these methods primarily serve as auxiliary
approaches to traditional ART methods, aiming to enhance their success
rates. A novel technique has emerged to aid the fertilization process for low
motility sperm. Due to their poor motility, certain sperm may struggle to
fertilize the egg. In 2015, Mariana et al. [4] introduced a magnetic micro-
helix to enhance sperm motility. In this approach, sperm are housed within
the micro-robot, where the sperm head surpasses the diameter of the heli-
cal micro-robot. Consequently, as the micro-robot rotates and advances, it
propels the sperm forward. Upon reaching the egg, the micro-robot reverses
rotation to release the sperm. However, Mariana et al. reported incomplete
sperm release due to helix-sperm adhesion. This adhesion arises from the
contact-based method employed for sperm transport. During micro-robot
movement, close proximity or direct contact between the micro-robot and
sperm leads to adhesion. This study is centered on the design of a mag-
netic helical micro-robot using a non-contact method to transport passive
filaments along its axis. The primary application considered is the transport
of immotile sperm for assisted fertilization, although the design concept has
broader potential for other filamentous cargo.

The research begins by addressing the challenges associated with the he-
lical geometry of the micro-robot and its effect on the transport process.
A key focus is on overcoming the limitations of simple helical micro-robots
in effectively transporting filaments. To address these challenges, we pro-
pose innovative design modifications aimed at enhancing the micro-robot’s
ability to capture and transport passive filaments effectively. Furthermore,
since biological fluids like cervical mucus are viscoelastic, we also explore the
behavior of the designed micro-robot in such complex environments.

Subsequent chapters will delve into these challenges in detail, present-
ing the developed models, numerical methods, and proposed solutions to
optimize the micro-robot’s design for various applications.

3



1.2 Micro-robot overview

The increasing application of micro-robots within the biomedical field is
well-documented across numerous studies, highlighting their roles in drug
delivery, surgical procedures, bio-sensing, and therapeutic practices[16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28]. These diminutive robots present
a less invasive alternative to traditional surgical techniques, offering pre-
cise drug targeting capabilities that reduce both infection risks and side
effects[24, 25, 26]. Typically, micro-robots’ propulsion methods fall into three
categories: chemical, physical, and bio-hybrid[42, 43, 44, 45, 46, 47, 48, 49].

Chemically propelled micro-robots, which generate movement through
chemical reactions, face challenges regarding the safe release of materials in
vivo. Bio-hybrid variants, integrating motile organisms for movement, also
raise concerns about potential bio-contamination. Consequently, physical
propulsion, especially magnetic-based mechanisms, has emerged as a prefer-
able choice for internal body applications[50, 51, 4, 52].

Magnetic micro-robots, guided by external magnetic fields, stand out for
their precision and minimal interaction with biological tissues[50, 51, 4, 52].
Their ability to navigate through diverse internal environments, such as the
vitreous of the eye, knee tissue, and blood vessels, is particularly noted[50,
53, 54, 55, 56, 57]. Helical designs, driven by rotating magnetic fields and
leveraging asymmetric drag for propulsion, have shown great efficacy in these
roles[57, 58, 59].

Such helical micro-robots are adept at both direct cargo delivery and
passive manipulation of cells, offering options for contact and non-contact
transport methods. Direct contact can result in cargo adhesion and stress,
while non-contact approaches utilize surrounding flow for gentle and selec-
tive transport[4, 3]. The study by Huang et al. (2014) exemplifies the ca-
pabilities of non-contact magnetic micro-robots in fluid environments, show-
casing their selective trapping, stable transport, and delivery of microscale
objects through flow and vortex generation, even under low-frequency mag-
netic control[3]. Medina-Sanchez et al. (2016) further advanced this field
with sperm-carrying micromotors, showcasing a novel solution to male in-
fertility by facilitating sperm delivery to oocytes[4]. These micromotors,
crafted from metal-coated helices, promise controlled 3D movement within
fluidic channels that simulate biological conditions necessary for fertilization.
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Figure 1.2: Schematic and SEM image of the developed magnetic micro-
robot, featuring a helical tail and tubular head, illustrating its fluidic trap-
ping and object transport abilities. Adapted from Huang et al., 2014.[3]

This pioneering approach, despite current limitations in achieving success-
ful fertilization, signifies a major leap in assisted reproductive technologies,
potentially enabling in vivo fertilization[4]. However, the release of sperm
post-transport remains a challenge due to adhesion issues. Despite signifi-
cant advancements, challenges in the effective release of cargo due to adhe-
sion remain, underscoring the necessity for continued research into magnetic
micro-robot applications in biomedicine. This study focuses on the design
of a helical magnetic micro-robot that utilizes a non-contact approach to
transport passive filaments, including immotile sperm. It is essential to un-
derstand how various geometrical parameters of the helical magnetic micro-
robot, along with its underlying physics, influence its effectiveness in carrying
passive filaments using this non-contact method. The primary geometry of
the helix is described by the equations:

x(t) = a cos t,

y(t) = a sin t,

z(t) = bt, (1.1)

where t ∈ [0, T ], a and 2πb denote the radius and pitch of the helix, re-
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Figure 1.3: Depiction of a sperm-carrying micromotor in the process of cap-
turing, transporting, and attempting to release a sperm cell near an oocyte
for fertilization assistance. Adapted from Medina-Sanchez et al., 2016.[4]

spectively. The arc length of the helix is given by T
√
a2 + b2. Variations in

the total length of the helix, its windings, and pitch are explored to opti-
mize performance. The circular cross-section of the helix is discretized into
four nodes around its circumference, with equal spacing maintained between
adjacent nodes both in the cross-section and along the length of the helix.

To induce rotation of the micro-helix, an external rotating magnetic field
with a specific frequency is applied. The magnetization vector of the micro-
helix, denoted by M⃗ , interacts with the magnetic field vector B⃗. In hard
magnetic materials, such as those employed in this project, the magnetization
M⃗ is fixed relative to the micro-helix and does not change in response to
variations in the external magnetic field. The torque, TM , exerted on the
micro-helix is given by:

TM = αM⃗ × B⃗, (1.2)

where α represents the magnetic volume of the object. This torque acts to
align the magnetization direction of the micro-helix with the magnetic field.
The externally imposed magnetic field takes the form

B⃗(t) = B0

 cos (2πft)
0

± sin (2πft)

 , (1.3)

6



where f is the rotational frequency, B0 is the constant magnitude of the
magnetic field, and the direction of rotation is determined by the sign in the
Z-component of (1.3). The magnetic field rotates around the ±Y -direction,
which is parallel to the axis of the micro-robot in its initial configuration.
The control of motion relative to the rotating magnetic field is illustrated
in Figure 1.4. The object attempts to rotate at the same frequency as the
magnetic field, but there is a threshold known as the step-out frequency,
beyond which the object’s rotational frequency cannot keep up. Figure 1.5

Figure 1.4: Motion control of the micro-helix with respect to the rotation of
the magnetic field. [5]

illustrates how the forward velocity of the micro-helix varies with the rota-
tional frequency of the magnetic field. The plot is divided into three regions:
the wobbling, corkscrew, and step-out regions. In the wobbling region, the
rotation frequency is minimal and the micro-helix oscillates around its axis.
As the frequency increases, reaching the corkscrew region, the helix stabilizes
and moves in a corkscrew pattern without wobbling. Here, the velocity of the
micro-helix increases linearly with the frequency until reaching the step-out
frequency. Beyond this point, in the step-out region, the velocity declines
sharply as the rotational frequency becomes too high for the micro-helix to
follow.
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Figure 1.5: Experimental results for the rotational frequency of the magnetic
field versus the velocity of the helix, obtained by Qiu & Nelson in 2015 [5].

1.3 Understanding sperm morphology and struc-

ture

As part of our efforts to design a micro-robot capable of transporting im-
motile sperm, it is imperative to thoroughly understand the morphology and
structure of sperm. Sperm, also known as spermatozoon, is the male repro-
ductive cell known for carrying the densest genetic material ever discovered
[60]. The DNA crystal, housing genetic information and the sex-determining
chromosome, is encapsulated within the head of the sperm. The sperm is
essentially composed of two main parts: the head and the flagellum or tail.
The head has a smooth oval shape, typically measuring 5-6 µm in length
and 2.5-3.5 µm in width [6].

The flagellum is segmented into three distinct regions: the midpiece, the
principal piece, and the end piece [6]. These regions differ primarily in their
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internal structures. The entire flagellum spans an average length of 50-60
µm, with the midpiece measuring 4 µm, the principal piece 50 µm, and the
end piece 3 µm.

A schematic representation of the sperm structure is shown in Figure 1.6.
Details such as the cross-sectional structure of the midpiece are depicted in
Figures 1.6b and 1.6e. The flagellum tapers along its length, with the radius
decreasing from the midpiece to the endpiece [61]. The midpiece consists
of nine dense outer fibers surrounded by mitochondria, which provide the
necessary energy for sperm motility [6, 62]. Additionally, the passive stiff-
ness of the flagellum decreases along its length due to structural variations
in its composition. However, for the purposes of this study, we assume a
fixed radius and uniform stiffness along the flagellum, although in reality
it tapers [61]. The central axoneme structure, which extends through the
entire flagellum, comprises nine microtubule doublets arranged around two
central microtubules.

Figure 1.6: Schematic of Sperm structure. [6]
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1.4 Classification of fluid behaviour

Fluids can be broadly categorized based on their rheological behavior into
Newtonian and non-Newtonian types. Newtonian fluids exhibit a constant
viscosity regardless of the applied shear rate, exemplified by substances like
water and air. The response of a Newtonian fluid is characterized by a linear
relationship between the applied shear stress and the strain rate,

σ = ηγ̇. (1.4)

where σ is the stress tensor (Pa), η is the viscosity (Pa.s) and γ̇ is the
strain rate (s−1). The most basic deviation from Newtonian fluid behavior
can be observed when the shear data does not originate from zero or fail
to maintain a linear relationship between shear stress and strain rate. The
apparent viscosity, denoted as µ = τ/γ̇, is not constant but varies with shear
rate or shear stress. Under certain conditions, the apparent viscosity of some
materials not only changes with flow conditions such as geometry and shear
rate but also depends on the fluid’s previous motion history.

Materials exhibiting these traits can be arbitrarily categorized into three
groups:

1. Substances for which the stress at a point is solely dependent on the
instantaneous shear rate at that point. These are known as purely
viscous, inelastic, time-independent, or generalized Newtonian fluids
including shear thinning, shear thickening and viscoplastic fluids.

2. Materials where the stress-shear rate relationship varies with the du-
ration of shear and past shear history, referred to as time-dependent
fluids.

3. Materials that show characteristics of both viscous fluids and elastic
solids, such as partial elastic recovery and creep. These are recognized
as viscoelastic or elastico-viscous fluids.

This classification, while convenient, is somewhat arbitrary since many real
materials often exhibit combinations of these behaviors under certain con-
ditions. For instance, a polymer melt may simultaneously display shear-
thinning and viscoelastic properties, while a china clay suspension might
show characteristics of both shear-thinning and thixotropic behavior at spe-
cific concentrations and shear rates.[63]
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1.4.1 Time-independent non-Newtonian fluids

In this category, the fluids demonstrate a viscosity that is not constant but
varies according to the shear rate(strain rate), while it does not depend on
the duration of shear application. This indicates that the immediate shear
stress determines their behavior without regard to their past conditions, il-
lustrating an absence of time-dependent memory. The description of their
response under steady shear can be mathematically represented by the fol-
lowing relationship:

γ̇ = g(σ). (1.5)

or by its corresponding reciprocal relationship:

σ = g−1(γ̇). (1.6)

The behavior of these fluids under different conditions can be categorized in
one of three forms:

• Shear-Thinning Behavior: These fluids experience a reduction in
viscosity with an increase in shear rate, a phenomenon typically seen
in polymer mixtures.

• Shear-Thickening Behavior: In this case, the viscosity augments
in response to an increased shear rate, which is commonly observed in
suspensions with high particulate concentrations.

• Bingham Plastic Behavior: These materials exhibit solid-like char-
acteristics up to a certain stress threshold (yield stress) and flow like
fluids when this threshold is exceeded.

Figure 1.7 showcases the variation in shear stress relative to shear rate for
the aforementioned fluid types, thereby depicting their unique behaviors.
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Figure 1.7: Graphical representation of shear stress versus shear rate(strain
rate) for various types of Time-Independent non-Newtonian fluids. [7]

1.4.2 Time-dependent non-Newtonian fluids

The rheological properties found in several industrial domains, such as food
production, pharmaceuticals, and cosmetology, often diverge from the behav-
iors predicted by conventional Newtonian frameworks, which are depicted in
Equations 1.5 and 1.6. The apparent viscosities of these fluids are not solely
determined by their immediate shear stress or rates; they are also substan-
tially influenced by how long and in what manner shear has been historically
applied. For instance, the manner in which a sample is introduced for vis-
cometry can substantially alter the observed shear stress or rate. Fluids
like bentonite-water mixtures and red mud suspensions, alongside everyday
products such as hand lotions, usually show a reduction in viscosity under
consistent shear, indicating a temporal breakdown of structure. On the other
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hand, certain substances exhibit a shear-induced increment in viscosity over
time.

Specifically, time-dependent non-Newtonian fluids fall into two principal
categories, thixotropic and rheopectic fluids. Thixotropic fluids are recog-
nized by their diminishing apparent viscosity under constant shearing. This
decline points to a reliance on the shear’s duration, typically represented
by a hysteresis loop in a plot of shear stress versus shear rate under vari-
able shear conditions. Intriguingly, thixotropic fluids can revert structurally,
restoring their initial viscosity after the cessation of shear. This behavior is
notably demonstrated by materials such as red mud suspensions, where an
escalation in shear rate markedly reduces the time needed to stabilize the vis-
cosity. Rheopectic behavior, also known as anti-thixotropy, is less commonly
observed and characterizes fluids whose viscosity increases with the duration
of constant-rate shear. This suggests an internal structure enhancement due
to ongoing shearing. It’s noteworthy that the same fluid can manifest both
thixotropic and rheopectic properties depending on their concentration and
the applied shear rate, exhibiting a unique dual nature in their rheological
behavior.
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Figure 1.8: Graphical representation of shear stress versus shear rate for
thixotropic and rheopectic substances, illustrating the distinctive hysteresis
patterns emblematic of each fluid type. [7]

1.4.3 Viscoelastic fluids

When a force is applied to an elastic solid, it deforms immediately and re-
turns to its original state as soon as the force is removed. By contrast, the
deformation of a viscous fluid accumulates over time under the influence of
an applied force, and although it stops deforming when the force is with-
drawn, the changes it underwent remain permanent. Viscoelastic materials,
which embody properties of both elastic solids and viscous fluids, behave in
a more complex manner. Upon the application of a force, these materials
exhibit an immediate deformation followed by a gradual increase in defor-
mation, a process known as creep. Once the force is removed, a viscoelastic
material quickly recovers some, but not all, of its deformation. The recovery
continues over time, but typically, the material does not regain its original
form completely.

The unique characteristics of viscoelastic materials arise from their in-
ternal structure, which can model the behavior of complex polymers and
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biological tissues that exhibit both solid and fluid-like properties. The molec-
ular chains within these materials can stretch and reorient under stress and
gradually return to their original state, a process governed by the material’s
relaxation time. This time parameter is crucial as it dictates how quickly the
material responds to stress and how effectively it can dissipate the energy
absorbed from external forces. The behavior of viscoelastic materials under
various conditions can be further described by rheological models, which help
predict how these materials react under different loading rates. For instance,
under a high frequency or rapid loading, viscoelastic materials may appear
more solid-like, exhibiting minimal deformation and higher energy storage.
Conversely, under low-frequency or sustained loading, they may behave more
like viscous fluids, showing significant permanent deformation.

Thus, the response of viscoelastic materials is not only dependent on the
force applied but also on the duration and frequency of the application, mak-
ing them suitable for a wide range of applications from industrial polymers
to biomedical devices, where tailored mechanical properties are crucial. Sim-
ple experimental methods such as creep and recovery, and stress relaxation
tests, effectively demonstrate viscoelasticity.

Creep and recovery tests

When a Newtonian fluid is subjected to stress from a starting point t = t0,
as depicted in Figure 1.9a(1), the strain ϵ(t) rises linearly over time, as illus-
trated in Figure 1.9a(2). Once the stress is withdrawn at t = ts, the strain
maintains the level it reached at that moment, ϵ(ts). In contrast, when a
Hookean solid is subjected to stress, its strain ϵ(t) immediately increases in
proportion to the stress, reaching ϵ(t0), as shown in Figure 1.9a(3). This
strain remains constant until the stress is removed at t = ts, after which the
strain fully reverts to zero. A viscoelastic material behaves differently under
a constant stress; the strain ϵ(t) exhibits a delayed response, as seen in Fig-
ure 1.9a(4). Upon removal of the stress at t = ts, a viscoelastic material only
partially recovers its original shape immediately, with some deformation po-
tentially remaining permanent. For viscoelastic solids, however, deformation
recovery is relatively quicker, with nearly complete recovery achievable over
an extended period.
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Stress relaxation test

As shown in Figure 1.9b(1), when a material undergoes a sudden strain
step at t = t0 and maintains this strain for a prolonged period, different
responses are observed. In Newtonian fluids, stress τ(t) spikes sharply with
the abrupt increase in strain but drops to zero almost immediately, as de-
picted in Figure 1.9b(2), leading to immediate and total stress relaxation.
Conversely, a Hookean solid maintains a constant stress level following the
strain step at t = t0, indicating no stress relaxation. For both viscoelas-
tic liquids and solids, stress relaxation exhibits a nonlinear delay relative to
their viscoelastic properties, as illustrated in Figure 1.9b(4). In viscoelastic
liquids, if observed long enough, stress relaxation completes, albeit delayed.
In viscoelastic solids, stress relaxation is both delayed and partial, persisting
even after prolonged periods.
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Figure 1.9: (a) Creep and Recovery Tests: (1) stress step, (2) response of
an ideal viscous liquid (3) response of an ideal elastic solid (4) response of
two different viscoelastic materials, both demonstrating a lag in deforma-
tion recovery. (b) Stress Relaxation Tests: (1) strain step (2) ideal viscous
liquid relaxation curve (3) ideal elastic solid relaxation curve (4) stress re-
lation curves of two viscoelastic materials, each exhibiting prolonged stress
relaxation. (c) (1) Diagram of the Maxwell liquid model and (2) its behavior
during a creep recovery test, (3) followed by a stress relaxation test.[8]

Parameters Characterizing Viscoelastic Behavior

The relaxation time λp indicates how long it takes for a polymer coil to revert
from a deformed state back to its equilibrium configuration. It is therefore
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a pivotal parameter for delineating the characteristics of a viscoelastic fluid.
In fluids with a large λp, stresses dissipate slowly, allowing elastic behav-
iors to manifest even under low deformation rates. Conversely, fluids with a
smaller λp may still exhibit significant elastic behaviors if the rate of defor-
mation is sufficiently high. For polymeric liquids, where λp typically ranges
from seconds in dilute solutions to much shorter times in more concentrated
solutions. Moreover, λf denotes the characteristic time scale of the flow or
deformation process.

Deborah Number: The importance of elasticity in flow dynamics is
frequently quantified by the Deborah number (De). It reflects the ratio of
the material or polymer’s relaxation time λp to the characteristic time scale
of the flow λf , and is defined as:

De =
λp

λf

. (1.7)

This dimensionless number is crucial because it describes how the fluid
behaves under various flow conditions. A high Deborah number (De ≫
1) suggests that elastic effects dominate the fluid behavior, meaning the
material behaves more like an elastic solid during the flow. This is typical in
many polymer processing operations where viscoelastic effects significantly
influence the material’s response. Conversely, a low Deborah number (De ≪
1) indicates that viscous effects dominate, and the fluid behaves more like a
Newtonian liquid.

Weissenberg Number (Wi) The Weissenberg number (Wi) is a di-
mensionless quantity that characterizes the dominance of elastic forces over
viscous forces in a flow. It is defined as:

Wi = λf γ̇. (1.8)

where γ̇ is the shear rate. High Weissenberg numbers suggest that elastic
effects profoundly influence the flow behavior of viscoelastic fluids. This
insight is pivotal for deciphering flow instabilities and the material’s response
to deformation.

Hysteresis effect A defining characteristic of viscoelastic fluids is the
hysteresis effect. Hysteresis in these fluids manifests as a divergence in the
stress-strain curve during loading versus unloading cycles. This phenomenon,
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indicative of energy dissipation and the time-dependent nature of the mate-
rial’s response to external forces, is typically observed in cyclic loading tests.
It plays a critical role in understanding the memory effects and non-linear
behavior of viscoelastic materials.

Comprehending the Weissenberg and Deborah numbers, along with the
hysteresis effect, significantly enriches the analysis of viscoelastic fluid behav-
ior. These concepts highlight the critical role of time-dependent properties
and the interplay between elastic and viscous forces in determining how the
fluid reacts to deformation. Integrating these considerations into models of
viscoelastic fluids improves the accuracy of predictions for both linear and
nonlinear responses under varied conditions.

Viscoelastic fluids, including polymer solutions and melts, biological flu-
ids, and some suspensions, play a critical role in various applications, from
industrial processes to biological systems. Understanding their complex rhe-
ological behavior is essential for designing processes and materials that ef-
fectively utilize their unique properties. Viscoelastic materials combine the
properties of viscous fluids and elastic solids, leading to unique behaviors
under applied stress or strain. To describe these behaviors, models are clas-
sified into linear and nonlinear categories based on the material’s response
to the applied load. Linear models are applicable under small deformations,
assuming a proportional response to stress or strain, while nonlinear models
are necessary for large deformations or complex loading conditions, capturing
the material’s behavior more accurately.

In the context of rheology, the response of materials is classified as linear
if the change in input results in a proportional change in output, adhering
to the superposition principle. For example, in small amplitude oscillatory
shear (SAOS), altering the strain amplitude proportionately alters the stress
amplitude. Thus, material functions like the storage and loss moduli remain
independent of the strain amplitude, denoting a linear viscoelastic behavior
up to a certain strain amplitude limit. Beyond this limit, materials exhibit a
nonlinear response characterized by larger deformations, structural changes,
or phase transitions, complicating the analysis due to their complex inter-
play and mathematical representation. Several methods such as creep and
recovery, stress relaxation, and oscillatory shear are utilized to investigate
these nonlinear behaviors. These techniques help in emphasizing certain
structural-property relationships or are selected based on their relevance to
specific applications. The development and application of comprehensive
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models to describe these behaviors continue to evolve, significantly aided by
advancements in experimental and theoretical tools over recent decades. The
graph presented in Figure 1.10 delineates the behavior of a viscoelastic fluid
subject to different frequencies and amplitudes of applied strain. Notably, at
minimal strain amplitudes, the fluid’s response adheres to linear viscoelas-
ticity, characterized by a constant strain rate amplitude that is independent
of the frequency. This region is indicative of a linear, proportionate relation-
ship between stress and strain, signifying predictable viscoelastic behavior.
As the amplitude of deformation intensifies, the fluid departs from linear
behavior, manifesting nonlinear viscoelastic characteristics where both the
amplitude and frequency of the strain influence its response. The extremes
of the frequency spectrum reveal the fluid’s tendency to mimic Newtonian
viscous behavior at low frequencies, while at high frequencies, it resembles
the behavior of an elastic solid. This demonstrates the intricate balance be-
tween viscous and elastic properties in viscoelastic fluids, contingent on the
conditions of the mechanical stress they encounter.

Figure 1.10: Diagram illustrating material responses at different frequencies
and strain rates, depicting transitions from Newtonian viscous to nonlinear
viscoelastic behaviors as strain rates increase [7].
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Linear viscoelastic models

Linear viscoelasticity assumes a direct proportionality between stress and
strain, suitable for small deformations where material properties remain con-
stant.

Maxwell Model

The Maxwell model, representing a viscous damper and an elastic spring
in series, is described by:

dσ

dt
=

K

η

(
dϵ

dt
− σ

K

)
where σ is stress, ϵ is strain, K is the elastic modulus, and η is the viscosity.

Kelvin-Voigt Model The Kelvin-Voigt model, combining a damper and
a spring in parallel, follows:

σ = Kϵ+ η
dϵ

dt

capturing creep behavior but not stress relaxation effectively.

Standard Linear Solid Model (Zener Model) This model integrates
the features of the Maxwell and Kelvin-Voigt models, offering:

σ +
η1
E1

dσ

dt
= E2ϵ+ (η1 + η2)

dϵ

dt
+

η1η2
E1

d2ϵ

dt2

where E1 and E2 are the moduli of springs, and η1 and η2 are viscosities.

Burgers Model The Burgers model, a series combination of Maxwell
and Kelvin-Voigt elements, is governed by:

σ +

(
η1 + η2
E1

)
dσ

dt
+

η1η2
E1E2

d2σ

dt2
= (E1 + E2) ϵ+ (η1 + η2)

dϵ

dt

Nonlinear viscoelastic models

Nonlinear viscoelastic models account for non-proportional stress-strain re-
lationships, essential for describing behaviors under large deformations or
complex loading.
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Figure 1.11: Diagrammatic representations and relaxation modulus for var-
ious linear viscoelastic models, adapted from [9].

Oldroyd-B Model The Oldroyd-B model, useful for viscoelastic fluids,
combines fluid viscosity with elastic elements, described by:

τ + λ1
Dτ

Dt
= η

(
∇v + (∇v)T

)
+ λ2

D

Dt

(
∇v + (∇v)T

)
where τ is the stress tensor, D

Dt
is the material derivative, and λ1, λ2 are time

constants.

Phan-Thien and Tanner (PTT) Model The PTTmodel incorporates
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shear-thinning behavior:

τ + λ
Dτ

Dt
= η(γ̇)

(
∇v + (∇v)T

)
− ϵτ(∇v + (∇v)T )

where η(γ̇) represents a shear-dependent viscosity, and ϵ is a model param-
eter related to shear thinning.

Giesekus Model The Giesekus model introduces anisotropic drag con-
tributions:

τ + λ
Dτ

Dt
= η0

(
∇v + (∇v)T

)
+ α

τ 2

η0

where η0 is the zero-shear viscosity, α is the mobility factor influencing ma-
terial anisotropy.

These equations provide a mathematical foundation for understanding
and modeling the viscoelastic behavior of materials under various conditions,
highlighting the diversity and complexity of these phenomena. In summary,
the distinction between linear and nonlinear viscoelastic models is fundamen-
tal in understanding and predicting the behavior of materials under various
loading conditions. Linear models, ideal for small deformations, offer sim-
plicity and analytical tractability. In contrast, nonlinear models, essential for
large deformations or complex loading conditions, provide a more accurate
representation of the material’s behavior by incorporating the dependence
of the material’s response on the magnitude of applied stress or strain.

1.5 Micro-swimmer motion in a viscoelastic

fluid

The movement of microorganisms and sperm cells within viscoelastic flu-
ids plays a pivotal role in numerous biological functions, including fertil-
ization, infection, and the development of biofilms. The response of these
microswimmers to the complexities of the fluid environment varies based
on their propulsion strategies. Changes may include alterations in their
swimming speed and efficiency, adaptations in their propulsion kinematics
and swimming patterns, and varied hydrodynamic interactions with the en-
vironment. Within their complex biological environments, microorganisms
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and spermatozoa frequently navigate through non-Newtonian fluids. For in-
stance, mammalian sperm navigate viscoelastic mucus within the cervix or
the fallopian tubes [64, 65, 66, 67]. Similarly, the bacterium Helicobacter
pylori travels through the mucus layers that coat the stomach, contributing
to ulcer formation [68, 69]. The Lyme disease-causing spirochete, Borrelia
burgdorferi, moves through the connective tissues of the skin [70, 71]. An
additional significant example of biological flow involving complex fluids at
the micron scale involves the movement of cilia. These cilia transport mu-
cus layers that envelop the epithelium of various organs and glands. Such
motion is vital for several functions: it aids in the expulsion of foreign ma-
terials within the mammalian respiratory tracts, facilitates the movement
of mucus and ovum through the fallopian tubes, and contributes to tran-
scervical processes. Spermatozoa migration in reproductive tracts is notable
[72]. Additionally, ependymal cilia, present in specialized brain cells, play a
role in the small-scale transport of cerebrospinal fluid [73]. For micro-scale
locomotion, which is central to this discussion, Re ≡ ρUclc

µ
, where lc and Uc

are the characteristic length and swimming speed of the microorganism, and
ρ and µ are the mass density and dynamic viscosity of the fluid, respectively.
In the low-Reynolds number domain of cells, Re ≪ 1, meaning cells swim-
ming in Newtonian fluids must utilize non-reversible strokes to circumvent
the limitations set by Purcell’s scallop theorem and achieve self-propulsion
[74].

Various swimming strategies are utilized by motile cells in nature [75].
For example, certain protozoa like Paramecium, and algae such as Volvox,
employ metachronal waves triggered by collective cilia beating. Many bacte-
ria, including the model organism Escherichia coli (E. coli), swim by rotating
helical flagellar filaments attached to their bodies, whereas spirochete bac-
teria like Spiroplasma move through the propagation of rotational waves or
shape kinks along their spiral cell structures. In contrast, most spermatozoa
and some nematodes, such as Caenorhabditis elegans, navigate using a planar
waving deformation of their flagella or slender bodies. The non-Newtonian
rheology of complex fluids generally disrupts the time-reversal symmetry in-
herent in the Newtonian Stokes equations, facilitating self-propulsion under
reciprocal motion as demonstrated with artificial swimmers [76, 77]. Im-
portantly, complex fluids can significantly alter the swimming kinematics
and motility of individual micro-swimmers and their collective behaviors. E.
coli, for instance, swims faster and follows straighter trajectories with re-
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duced cell body wobbling in a polymer solution compared to a Newtonian
setting; this is due to the rotation of its flagellar filaments, which substan-
tially stretches polymers within the fluid and generates local elastic stresses
that prevent flagellar filament unbundling, thus affecting its run-and-tumble
behavior [78]. The algal cell C. reinhardtii experiences alterations in the wave
envelope of its beating flagella due to the viscoelasticity of the fluid, limit-
ing flagellar displacement near the cell body and reducing swimming speed
despite higher frequency flagellar beats in a polymer solution [79]. Similar
phenomena are observed in swimming spermatozoa, whose flagella beat at
higher frequencies with smaller amplitude near the cell body in viscoelas-
tic cervical mucus compared to Newtonian fluids [64, 80, 81, 82]; however,
their swimming speed is surprisingly less impacted [64]. Bovine spermatozoa
exhibit disorganized individual swimming in Newtonian fluids, yet form dy-
namic clusters in viscoelastic fluids, with cluster sizes and cell–cell alignments
increasing with fluid viscoelasticity. This collective behavior is attributed to
the elastic properties of the fluid, which generate normal stress differences
and promote interactions between nearby sperm cells. Tung et al. (2017)
demonstrated that viscoelasticity enhances the formation of sperm clusters
by inducing elastic stresses that align neighboring cells, facilitating coopera-
tive swimming and increasing overall motility efficiency. They also observed
that the presence of polymers in the fluid leads to changes in the flow field
around the sperm, effectively mediating cell–cell interactions through elastic
stresslets [83].

These instances illustrate how complex fluids’ effects on micro-swimming
vary significantly depending on the type of swimming cells and the inter-
play between their swimming gait and the fluid’s rheology. Numerous non-
Newtonian biological fluids, such as biofilm and mucus, are hydrated poly-
meric gels composed of 90% water by weight; the remaining constituents,
typically a mix of extracellular polysaccharides, proteins, and lipids, con-
tribute to the fluid’s elasticity and shear-thinning viscosity. The rheological
properties of biofilms are highly variable; their elastic modulus G ranges
from 10 to 103 Pa for most biofilms and can reach up to 105 Pa in biofilms
from natural hot springs [84, 85, 86, 87]; the viscosity of biofilms generally
lies between µ ≈ 102 to 105 Pas, while their relaxation time λp ≈ 10 s for S.
epidermidis biofilm and around 103 s for a broad spectrum of environmental
biofilms [88]. For mucus, µ ≈ 10−2 to 102 Pas, G ≈ 0.1 to 102 Pa, and λp ≈ 1
to 10 s [89, 90]. Given that the relevant timescale for micro-swimming along-
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side the swimmer size is lf/U ≈ 0.1 to 1 s and the flagellum beating period
T ≈ 10−2 to 0.1 s, the relaxation time of these complex fluids is comparable
to, or much longer than, the timescales of micro-swimming. Thus, micro-
swimmers are expected to be profoundly influenced by the elastic stresses in
a complex fluid, thereby experiencing the full spectrum of non-Newtonian
effects, including stress relaxation, strain retardation, and normal stress dif-
ferences. Although numerous studies depict complex fluids as homogeneous
continuum media, it is essential to acknowledge that most biological samples
exhibit considerable heterogeneity at the microscale [91]. Microorganisms
frequently navigate through environments consisting of entangled fibers ap-
proximately 10–100 nm in diameter and pores ranging from 0.1 to 1 µm
[92]. For instance, an aerobic biofilm forms a porous matrix where polymer
clusters are interspersed with voids and channels about 10–100 µm across,
facilitating enhanced oxygen and nutrient transport across the colony [93].
This microscale heterogeneity significantly influences micro-swimmer motil-
ity. In semi-dilute polymer solutions, the bacterium E.coli moves faster than
in Newtonian fluids, as its rotating flagella intensely stretch nearby polymer
molecules, effectively creating a low-viscosity pathway devoid of polymers
around the flagellum, thereby increasing the flagellar motor’s rotation rate
and consequently the cell’s speed. Conversely, in cervical mucus, “follow-
ing” spermatozoa exhibit slower movement compared to “vanguard” ones,
even though their flagellar beating frequencies and shapes are identical. This
discrepancy in propulsive efficiency results from changes in the local mucus
properties caused by ongoing sperm permeation [66]. To enhance under-
standing of the effects of microscale heterogeneity, recent investigations have
suggested employing coarse-grained polymer models [10, 12]. Now let’s intro-
duce the classical dimensionless numbers that define the dynamics of fluids
within a viscoelastic (polymeric) medium and the associated governing equa-
tions relevant for microswimming. The polymer relaxation time is denoted
by λp, while λf , γ̇, and lf represent the characteristic time, shear rate, and
length scales, respectively, for fluid motion around a microswimmer. The
fluid’s mass density is ρ, and the total viscosity µ is the sum of the solvent
and polymer viscosities, µf and µp, respectively.

Key dimensionless quantities, including the Reynolds number Re, the
Deborah number De, and the Weissenberg number Wi, which are explained
in equations 1.7 and 1.8 respectively, are crucial for characterizing fluid flow
in this context. The Reynolds number Re represents the ratio of inertial
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forces to viscous forces and is defined as:

Re =
ρUf lf
µ

where Uf is the velocity of the fluid. The Reynolds number helps in deter-
mining whether the flow is laminar or turbulent, with lower values indicating
viscous-dominated flow and higher values signifying inertia-dominated flow.
These include the elasticity number El, the dimensionless viscosities of the
polymer and solvent µ̂p and µ̂f , and the suspension Knudsen number Knf .
These quantities are mathematically expressed as:

El = Wi/Re =
µλf

ρl2f
, (1.9)

µ̂p =
µp

µ
, µ̂f = 1− µ̂p, (1.10)

Knf =
ld
lf
, (1.11)

As explained also before in equation 1.7,the Deborah number De signifies
the ratio between the polymer relaxation time and the observational time
scale of the fluid flow. When considering a swimming microorganism, the
flow time scale is often set as tf = 1/γ̇ = lf/U or tf = 1/ω, where U repre-
sents the swimming speed and ω the frequency of any periodic motion of the
swimmer, such as the undulating motion of the flagella. The Weissenberg
number Wi also as explained before, representing the product of the poly-
mer relaxation time and the effective shear rate, also serves as a measure of
the ratio between the elastic force and the viscous force. In certain types
of motion like steady squirming, Wi ≈ De, but these dimensionless num-
bers can differ substantially in other contexts. For example, in viscoelastic
flows prompted by oscillatory shear on a squirmer surface, De and Wi may
assume different values. The Deborah number De and Weissenberg number
Wi are particularly crucial, indicating the ratio of polymer relaxation to the
characteristic flow time and the product of polymer relaxation time with
the shear rate, respectively. The elasticity number El, independent of the
swimming kinematics, relates to the polymer’s momentum diffusion, crucial
for understanding microswimmers in biologically relevant media like biofilms
and mucus. In the context of viscoelastic polymer solutions, Knf captures
the non-continuum aspects of the medium, considering the size of dispersed
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phases such as polymers (ld) relative to the swimming flow length scale(lf ),
which is essential for recognizing local non-uniformities that influence mi-
croswimmer dynamics. For instance, Kns ≪ 1 indicates that the fluid can
be modeled as a continuum; otherwise, the microstructural details become
significant.

1.5.1 Helical locomotion

Helical locomotion, propelled by the rotation of slender helical structures, is
prevalent among bacteria equipped with flagellar filaments and spirochetes.
Research indicates that numerous bacteria not only navigate through poly-
mer solutions but also exhibit enhanced speeds compared to those in pure
solvents, despite higher viscosities of the solutions [94, 95]. The speed varia-
tion among different bacterial species does not follow a simple pattern with
viscosity changes but instead peaks at a specific viscosity level [94, 96, 97].
Berg and Turner [95] observed that for E. coli anchored in a branched poly-
mer solution, the angular velocity of its body inversely correlates with fluid
viscosity, aligning with expected Newtonian dynamics. However, this ef-
fect is diminished in unbranched polymer solutions, indicating pronounced
non-Newtonian behaviors. They proposed that bacteria navigate through a
complex, quasi-rigid network of microscale pores in unbranched polymers,
facing dual frictional forces—lower inside the pores and higher against the
network structure, leading to unique motility patterns. Conversely, branched
polymer solutions exhibit more uniform behavior, resembling that of Newto-
nian fluids. Helical locomotion, propelled by the rotation of slender helical
structures, is prevalent among bacteria equipped with flagellar filaments and
spirochetes. Research indicates that numerous bacteria not only navigate
through polymer solutions but also exhibit enhanced speeds compared to
those in pure solvents, despite higher viscosities of the solutions [94, 95].
The speed variation among different bacterial species does not follow a sim-
ple pattern with viscosity changes but instead peaks at a specific viscosity
level [94, 96, 97]. Berg and Turner [95] observed that for E. coli anchored
in a branched polymer solution, the angular velocity of its body inversely
correlates with fluid viscosity, aligning with expected Newtonian dynamics.
However, this effect is diminished in unbranched polymer solutions, indi-
cating pronounced non-Newtonian behaviors. They proposed that bacteria
navigate through a complex, quasi-rigid network of microscale pores in un-
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branched polymers, facing dual frictional forces—lower inside the pores and
higher against the network structure, leading to unique motility patterns.
Conversely, branched polymer solutions exhibit more uniform behavior, re-
sembling that of Newtonian fluids. Similarly, studies on artificial helical
micro-robots in fibrous environments, such as those conducted by Ullrich et
al. [98], have demonstrated that these micro-robots also exhibit enhanced
propulsion in viscoelastic fluids. Specifically, they found that a peak in swim-
ming velocity occurs at an optimal collagen concentration, where the micro-
robot can effectively exploit the fibrous network for propulsion. This mirrors
the enhanced swimming speeds observed in bacteria navigating fibrous poly-
mer solutions, further supporting the concept that such environments can
facilitate helical propulsion by providing a structured medium that reduces
drag and improves motility.

Magariyama and Kudo [99] enhanced this understanding by empirically
adjusting the classical resistive-force theory, introducing variable apparent
viscosities for motion tangential and normal to a body surface, which effec-
tively replicated observed experimental outcomes. A subsequent investiga-
tion [100] reevaluated these findings, confirming that the differential rotation
rates between the cell body and its flagellum in unbranched polymer solu-
tions are primarily due to viscosity differences, where polymers near the
rapidly rotating flagellum transition from a coiled to an elongated state,
thereby reducing local viscosity and boosting swimming speed. This em-
phasizes the significant role of microscale fluid rheology over macroscopic
properties typically assumed in standard fluid models.

Further studies [101, 102] on helical motion within viscoelastic fluids an-
alyzed how an infinitely long filament emitting a helical wave of small ampli-
tude shows a reduction in swimming speed with increasing Deborah number
(De). Specifically, Li and Spagnolie [102] demonstrated that for helices of
any cross-section within a viscoelastic medium, the speed of each wave mode
correlates directly with the real component of the complex viscosity, a phe-
nomenon consistent even when confined within a cylindrical space.

Contrastingly, experiments with helical filaments having large pitch an-
gles revealed that their swimming speeds vary non-monotonically with De
[103, 104]. It was found that macro-scale, force-free helical rotations in
viscous and viscoelastic Boger fluids achieve maximal speed enhancements
around De ∼ O(1), with numerical simulations confirming that helices with
higher pitch angles and thinner structures benefit more from this effect due
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to interactions with their self-generated viscoelastic wakes, particularly when
the helical motion’s timescale aligns with the fluid’s polymer relaxation time
[103].

1.5.2 Non-continuum effects

Most studies on viscoelastic micro-swimming thus far have treated the fluid
as a homogeneous, single-phase continuum. However, complex fluids are usu-
ally chemically and mechanically heterogeneous on the length scales relevant
to biological swimmers, so non-continuum effects are therefore expected to
be important.

In dilute and semi-dilute polymer solutions, micro-swimmers encounter
individual and interlaced polymer coils with radii of gyration ranging from 10
to 100 nm. Numerous studies have employed discrete spring network models
to investigate how the rotating flagellar filaments of bacteria induce local
shear flows that significantly stretch the polymers. This stretching leads to
a reduction in fluid viscosity around the flagellum and consequently enhances
the swimming speed by increasing flagellar rotation and reducing the body’s
rotation [10, 12].

Brownian dynamics simulations of a helix rotating in a polymer dumb-
bell suspension demonstrate that, at a constant Deborah number, longer
polymers deform less under shear than shorter ones, due to a diminished
first normal stress difference (Fig. 1.12 a) [10]. Additionally, the impact on
swimming speed alterations is more pronounced when the polymer length is
less than that of the swimmer [10].

Investigations by Balin et al. [105] tracked a single polymer chain near
a rotating helix, showing that polymers are propelled along the helical flag-
ellum, migrating radially towards it, stretching, and ultimately accumulat-
ing at the flagellum’s rear before returning to their equilibrium state. This
dynamic creates a depletion zone of long polymer chains around the cell
body, leading to an apparent slip velocity that increases swimming speed
[12]. This study challenges previous models by suggesting that flagella ro-
tate slower in polymer solutions than in Newtonian fluids, contrary to earlier
viscosity-based predictions [100], necessitating further experimental verifica-
tion of flagellar rotation speeds.
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Figure 1.12: Solving for the microstructure of complex fluids during cell
swimming. (a) Distribution of long polymer dumbbells around a rotating
helical filament (adapted from Ref. [10, 11]). (b) Bacteria swim faster in a
dense solution of semi-flexible polymers than in a dilute solution (adapted
from Ref. [12, 11]). (c) Model flagellated swimmer moving through a vis-
coelastic network (adapted from Ref. [13, 11]).

At elevated polymer concentrations, crosslinking causes polymer molecules
to overlap and entangle, forming gel-like networks. Leshansky [106] demon-
strated that in fluids with fixed microstructures, pronounced anisotropy in
hydrodynamic resistance significantly boosts microswimming speed and ef-
ficiency for specific propulsion techniques. Research utilizing two-fluid mod-
els, which conceptualize the polymer network and solvent as interconnected
elastic and viscous phases, indicates that the flexibility of the network and
its interaction dynamics with the swimmer crucially affect microswimming
speeds [107, 108]. Notably, the most substantial speed enhancements occur
within sparse networks of rigid polymers, where interactions are primarily
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solvent-mediated [107]. Simulations of a discrete viscoelastic network sub-
merged in a viscous fluid confirm these findings [13].

1.5.3 Numerical methods for modeling micro-swimmer
motion in viscoelastic fluids

The dynamics of micro-swimmers in non-Newtonian fluids are influenced
by the interplay of low-Reynolds number hydrodynamics, as described by
the Cauchy momentum equation, the swimmer’s own kinematics or internal
actuation mechanisms (which define the fluid’s boundary conditions), and
the fluid’s rheological characteristics (i.e. the constitutive equation for the
complex fluid). The standard equations that govern continuum viscoelastic
fluids are presented below:

∇p = ∇ · τ, (1.12)

(1 + A)τ +M(τ, µ) = µ(1 +B)γ̇ +N(γ̇, µ), (1.13)

where p denotes the dynamic pressure and τ is the deviatoric part of the
stress tensor, which incorporates both Newtonian and non-Newtonian con-
tributions to the stress. The Cauchy momentum in the absence of inertia,
equation 1.12, states therefore simply that the divergence of the total stress
tensor, σ = −pI + τ , is zero. In equation 1.13, µ is the total zero-shear rate
viscosity of the fluid, γ̇ = ∇u+(∇u)T is the shear rate tensor, while A and B
are two linear differential operators in time that capture the polymer relax-
ation and retardation. In contrast, the symmetric nonlinear operatorsM and
N represent convection, stretching and nonlinear relaxation; they include in
particular all terms arising from the objective derivatives of the deviatoric
stress and of the shear rate tensor. The constitutive relationship stated in
Eq. (2b) describes all the classical differential constitutive relationship for
polymeric fluids, including all Oldroyd models. The equations above are then
to be solved with kinematic and/or stress boundary conditions provided by
the swimmer; in parallel, the dynamics of a microswimmer is subject to in-
stantaneous force-free and torque-free conditions, allowing to determine in a
quasi-steady fashion its linear and angular swimming velocities.

To simulate viscoelastic fluids, these governing equations must be solved
using various numerical methods, such as the finite difference method, finite
element method, and lattice Boltzmann method[109, 110, 111, 112, 113]. As
noted earlier, treating the fluid as continuous may not adequately capture the
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interactions between microorganisms or robots designed to navigate through
viscous fluids containing suspended microstructures such as elastic polymers
and filamentous networks, especially when the size of the polymeric network
is of the same scale as the micro-robot or cargo. For instance, mammalian
sperm navigate through such heterogeneous networks within the female re-
productive tract, facing various configurations and spacings between mucin
fibers that alter throughout the menstrual cycle [14, 114]. Moreover, recent
experiments have demonstrated that organisms like C. elegans can achieve
enhanced velocities in concentrated solutions compared to semi-dilute solu-
tions when moving through viscous fluids embedded with polymeric networks
[115]. Similarly, the propulsion of engineered micropropellers has been im-
proved in gels when the size of the swimmer corresponds to the mesh size
of the polymer network [116]. These studies illustrate that when a micro-
object traverses a viscoelastic network where the spacing between network
elements is comparable to the size of the object, continuous models and equa-
tions, such as the Oldroyd-B model, may not be sufficiently precise. Recent
advancements in modeling have led to approaches that consider viscoelastic
behavior as discrete rather than continuous properties. Developing a model
that accurately represents the discrete properties of viscoelastic behavior is
crucial for precisely simulating the interaction between filamentous cargo
and the surrounding fluid. To model the non-continuum behavior of the vis-
coelastic fluid, as depicted in Fig 1.12, various methods have been proposed.
As illustrated in Fig 1.12c, Wróbel et al. proposed a model in which an im-
mersed object swims through a compliant viscoelastic network immersed in
a viscous Newtonian fluid [13, 117]. This network, structured as nodes con-
nected by springs and dashpot elements to neighboring nodes, dynamically
responds to the forces exerted by the swimming object. The viscoelastic
properties of the network, which mimic the behavior of polymers and fibers,
significantly influence the overall dynamics of the fluid environment.

In this model, the regularized Stokeslet method, as will be discussed
in chapter 2, is employed to resolve the fluid dynamics at the microscopic
level, focusing on the interactions between the swimmer and the viscoelas-
tic network. The viscoelastic network is modeled using Maxwell elements,
effectively capturing the rheological behavior of fluids found in cervical and
vaginal environments. The forces within the viscoelastic network are calcu-
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Figure 1.13: Schematic of a Maxwell fluid element.

lated using the following equation:

fs(x1) = −fs(x2) = l20K

(
||x2 − x1||

l(t)
− 1

)
x2 − x1

||x2 − x1||.
(1.14)

where l(t) represents the element’s resting length, K is the spring stiffness
constant, and l0 is the initial resting length. The resting length dynamically
changes, and its time evolution is given by:

dl(t)

dt
=

Kl0
η

(
||x2 − x1||

l(t)
− 1

)
. (1.15)

Another method, employed by Zhang et al. [10], attempted to simulate the
motion of a bacterium through a non-continuum viscoelastic fluid. In their
computational model, the bacterial flagellum is represented as an endlessly
long helix that rotates at a uniform angular velocity within a viscous poly-
meric fluid. The model simplifies polymer molecules as bead-spring dumb-
bells, where a spring connects two beads representing the ends of the polymer
molecule (refer to Fig. 1.12a). It is important to note that the bead-spring
dumbbell model simplifies actual polymer structures by not accounting for
resistance to bending or twisting. This model is a basic representation of a
Kramers chain, which depicts a polymer chain. [118] The spring component
behaves as Hookean when the end-to-end distance of the Kramers chain is
below half the total length of the chain; beyond this, the spring exhibits
nonlinear characteristics [118].

The fluid dynamics are resolved using the three-dimensional incompress-
ible Stokes equations, augmented with body forces in the momentum equa-
tion. These additions account for the hydrodynamic forces exerted by the
flagellum and the polymer beads, derived using a distributed Lagrange mul-
tiplier technique. The next and final method, illustrated in Fig. 1.12b, was
proposed by Zöttl et al. [12]. In their study, they simulated the motion of a
bacterium in a macromolecular polymer solution. The fluid in which the bac-
terium moves is comprised of a Newtonian fluid characterized by a viscosity
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µ0 and a temperature T0, simulated using multiparticle collision dynamics
(MPCD). This fluid is integrated with coarse-grained polymers, represented
by N spherical beads of specific diameter. These beads are interconnected
via quasi-rigid springs with a default length l0 and a defined bending stiff-
ness kb. In summary, two distinct approaches have been utilized to solve the
motion of micro-swimmers in non-continuum viscoelastic fluids: the method
proposed by Wróbel et al. [13, 117] using the Regularized Stokeslet, and the
approach by Zöttl et al. [12] employing the MPCD method. The Regularized
Stokeslet method is highly accurate in modeling interactions within a vis-
coelastic network, offering precise force-velocity coupling that is essential for
understanding micro-robot dynamics in these environments. However, this
accuracy comes with significant computational costs, especially when solving
large 3D systems, and the method does not naturally account for thermal
fluctuations, which can be critical at the microscale. Conversely, the MPCD
method provides greater computational efficiency, particularly for large-scale
simulations, by using a coarse-grained approach that models the fluid as a
collection of particles. This approach naturally includes thermal fluctua-
tions, making MPCD suitable for mesoscale simulations. Nonetheless, the
coarse-grained nature of MPCD may lead to less precise hydrodynamic in-
teractions, especially in dense polymer solutions, and requires careful tuning
of parameters such as cell size and time step. Ultimately, the choice between
these methods depends on the specific simulation requirements, balancing
the need for detailed viscoelastic modeling against computational efficiency
and the inclusion of thermal effects. Inspired by the model proposed by
Wróbel et al. [13, 117], a new model is proposed and characterized in this
thesis.

1.6 Outline of the thesis

This thesis is comprised of six chapters. In Chapter 1, the motivation behind
the study and the overarching goals of designing an innovative micro-robot
for transporting filamentous microcargo, with applications in drug delivery
and assisted fertilization, are explained. An overview of previously designed
micro-robots, different types of micro-robots, and various methods for pro-
pelling micro-robots is provided. One of the primary goals of this thesis is
to design a micro-robot for transporting filamentous microcargo, including
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sperm; hence, sperm morphology and structure are explained. The classi-
fication of fluid behavior is discussed, including explanations of Newtonian
and non-Newtonian fluids and their differences. The chapter further ex-
plores viscoelastic fluids, discussing different models proposed over recent
decades for simulating the behavior of viscoelastic fluids. Finally, different
numerical models proposed for simulating the locomotion of microswimmers
in viscoelastic fluids are explained.

In Chapter 2, we delve into the numerical methods used in this thesis for
modeling the motion of rigid and flexible objects in a fluid. The Regularized
Stokeslet Method (RSM) is explained in detail, and the method used for
simulating the motion of flexible and rigid objects in this thesis is described.

Chapter 3 begins with a summary of the governing equations. The model
developed in this thesis for simulating flexible and rigid objects is validated,
and mesh independence is studied. The physics of the rotating helical mag-
netic micro-robot is examined, leading to an improved design. A novel helical
micro-robot is designed, and its performance in carrying filamentous micro-
cargo is studied, demonstrating its success in non-contact transport.

In Chapters 4 and 5, a viscoelastic model inspired by the viscoelastic
structure of bovine vaginal fluid is proposed to simulate the motion of the
designed helical micro-robot in a viscoelastic fluid with polymer fiber sizes
comparable to the size of the micro-robot. The performance of the designed
helical micro-robot and a conventional helical micro-robot in the viscoelas-
tic fluid is tested, investigating their effectiveness in biological fluids with
viscoelastic properties.

The final chapter summarizes the findings of the thesis and discusses
the broader implications of the research. It reflects on the success of the
designed micro-robot in achieving non-contact transport of filamentous cargo
in Newtonian fluid and its challenges in moving through viscoelastic fluids.
The chapter also outlines potential future directions for research in this field.
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Chapter 2

Regularized stokeslet method

The Navier-Stokes equations, which serve as the foundational equations for
fluid motion, consist of two primary components: the momentum equation
and the continuity equation. For an incompressible fluid, these equations are
formulated as:

∇ · u⃗ = 0,

Re

(
∂u⃗

∂t
+ (u⃗ · ∇)u⃗

)
= −∇p+∇2u⃗+ f⃗ , (2.1)

where Re, the Reynolds number, is defined as ρUD
µ

, highlighting the rela-
tionship between inertial and viscous forces. The external force acting on
the fluid is denoted by f⃗ . In situations where a moving object is involved, ρ
and µ represent the fluid’s density and viscosity, respectively, while U and D
indicate the object’s characteristic velocity and length. However, for small-
scale objects moving at low velocities within the fluid, the Reynolds number
becomes negligible, rendering the inertia and convection terms in the second
equation irrelevant. This simplification leads us to the Stokes equation for
low Reynolds number flows:

∇ · u⃗ = 0, (2.2)

−∇p+ µ∇2u⃗+ f⃗ = 0⃗, (2.3)

where f⃗ represents the external forces acting on the fluid, and µ denotes
the fluid’s viscosity. The Stokes equation is well-regarded for its tractability,
often providing an exact solution under specific conditions. To solve the
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Stokes equations, the Regularized Stokeslet method is employed[119, 120].
This method avoids singularities by distributing forces over a small volume
rather than applying them at points. Specifically, the force is distributed
using a radially symmetric smoothing function, ϕϵ(x), which has the property
that

∫
ϕϵ(x) dx = 1. The force is distributed over a finite region, centered

at x⃗0, with the parameter ϵ controlling the spread of the force. Therefore, a
single regularized force distributed as:

f⃗(x) = f⃗0ϕϵ(x⃗− x⃗0), (2.4)

where f⃗0 is the applied force and ϕϵ(x⃗) is the radially symmetric smoothing
function. The solution to the Stokes equations for this distributed force
in three-dimensional free space, with the far-field boundary condition that
the velocity decays to zero at infinity, can be obtained using the Green’s
functions Gϵ(x) and Bϵ(x). These functions represent the fluid’s response to
the applied forces and satisfy the following equations [119]:

∇2Gϵ(x) = ϕϵ(x⃗), ∇2Bϵ(x) = Gϵ(x). (2.5)

The function Gϵ(x) is a regularized approximation of the Green’s function for
the Stokeslet, and Bϵ(x) is the corresponding biharmonic function. Taking
the divergence of 2.3 and using 2.2 we find that the pressure satisfies ∆p =
∇ · f⃗(x) which results in the particular solution for p [119]:

p(x⃗) = f⃗0 · ∇Gϵ(x⃗− x⃗0). (2.6)

Substituting the obtained pressure into equation 2.3 results in the equation:

µ∆u⃗ = (f⃗0 · ∇)∇Gϵ(x⃗− x⃗0)− f⃗0ϕϵ,

whose particular solution is [119]

u⃗(x⃗) = U⃗0 +
1

µ
[(f⃗0 · ∇)∇Bϵ(x⃗− x⃗0)− f⃗0Gϵ(x⃗− x⃗0)]. (2.7)

Here, U⃗0 represents a constant flow that can be introduced to satisfy bound-
ary conditions. This solution is referred to as the Regularized Stokeslet
solution, and it smoothly approximates the fluid’s behavior in response to
the applied force f0. To extend this solution to multiple forces, we apply the
principle of superposition. For N forces applied at different points xk, each
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force fk is regularized using the same smoothing function ϕϵ(x⃗ − x⃗k). The
total pressure and velocity fields due to these forces are given by[119]:

p(x⃗) =
N∑
k=1

f⃗k · ∇Gϵ(x⃗− x⃗k), (2.8)

u⃗(x⃗) = U⃗0 +
1

µ

N∑
k=1

[
(f⃗k · ∇)∇Bϵ(x⃗− x⃗k)− f⃗kGϵ(x⃗− x⃗k)

]
. (2.9)

This formulation accounts for the effects of multiple forces distributed at var-
ious locations in the fluid, providing a tractable method for numerical simu-
lations. In the context of an immersed object interacting with the fluid, the
forces exerted by the object can be modeled using this Regularized Stokeslet
approach. A body force field F⃗ is distributed around the object, representing
the stresses it imposes on the surrounding fluid. Specifically, we distribute N
nodes over the surface of the object, with each node applying a regularized
force:

F⃗ (x) =
N∑
i=1

fiϕϵ(x⃗− x⃗i),

where fi represents the force at node x⃗i. This approach allows for the cal-
culation of the velocity and pressure fields throughout the fluid domain,
incorporating the effects of the object in a smooth and numerically stable
manner. By distributing the forces over a small region rather than concen-
trating them at singular points, the Regularized Stokeslet method enables
accurate and stable numerical simulations of low Reynolds number flows,
even in the presence of complex boundaries and immersed objects. To de-
scribe the fluid flow influenced by an immersed object, a body force field
F⃗ is concentrated near the object. This force field symbolizes the stresses
exerted on the fluid by the immersed objects. Specifically, we distribute N
nodes over the surface of the immersed objects, and following the method of
Regularized Stokeslets, a regularized force is placed at each node. The total
body force field evaluated at a point x⃗ is the sum of contributions from each
node:

F⃗i(x⃗) = f⃗iϕϵ(x⃗− x⃗i) , (2.10)
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where f⃗i is the force applied at the ith node, located at X⃗i. The regularization
function is chosen to be[119]:

ϕϵ(r⃗) =
15ϵ4

8π(r2 + ϵ2)7/2
, (2.11)

where r = ||r⃗||, and ϵ is the regularization parameter, determining the spatial
extent of the force distribution. The velocity at a point x⃗, resulting from N
regularized forces f⃗i applied at positions x⃗i, is given by[121]:

u⃗(x⃗) =
1

8π

N∑
i=1

(r2 + 2ϵ2)f⃗i + [f⃗i · (x⃗− x⃗i)](x⃗− x⃗i)

(r2 + ϵ2)3/2
, (2.12)

where ri = ||x⃗− x⃗i||.

This thesis utilizes the Regularized Stokeslet method to simulate the dy-
namics of specially designed micro-robots and cargos within both Newtonian
and viscoelastic fluids. We differentiate between simulating rigid and flex-
ible objects by discretizing each object’s surface into points. For flexible
objects, these points are interconnected with linear springs to enable flexi-
bility. We conduct various tests to determine the stiffness of these objects,
with details provided in subsequent sections. For rigid objects, it is assumed
that all points on the object’s surface share the same rotational frequency
and translational velocity. We elaborate on the methodology for simulating
the motion of both rigid and flexible objects, focusing on spherical cargos,
micro-robots, and the heads and tails of filamentous cargos. Notably, the
tail of the filamentous cargo, being flexible, contrasts with the other objects,
which are modeled as rigid.

2.1 Modeling rigid objects

A rigid object is defined by the invariant distance between any two points
on its surface. This constancy necessitates that, upon discretizing a rigid
object’s surface into multiple points, the distance between each pair of points
remains unchanged. To ensure that any two points maintain their distance
throughout their motion, they must exhibit identical angular velocity relative
to an origin and the same translational velocity. Thus, at each timestep in
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simulating the motion of a rigid object, it suffices to determine the vectors
of translational and angular velocity with respect to an origin.

In the context of Stokes flow simulation, where the Reynolds number
is significantly low and inertial forces are negligible, the sum of forces and
torques acting on an object is nullified. Initially selecting one point as the
reference and origin (Y⃗ ), at each timestep, if a point force fj acts upon point
yj, the resulting forces are governed by the following equations:∑

j

f⃗j = F⃗external, (2.13)∑
j

(y⃗j − Y⃗ )× f⃗j = T⃗external, (2.14)

U⃗ + Ω⃗× (y⃗i − Y⃗ ) =
1

8πµ

∑
j

(rj
2 + 2ϵ2)f⃗j + [f⃗j · (−y⃗j + y⃗i)](−y⃗j + y⃗i)

(rj2 + ϵ2)3/2
.

(2.15)

Given the negligible inertia, objects in Stokes flow experience no acceler-
ation, implying in Equation 2.13 that the net force exerted on the object
equals the external forces applied. To propel objects forward in our simula-
tions, a magnetic field applies a net torque to the micro-robot, while other
objects are moved by the drag force from the fluid, rendering the external
force in the right-hand side (RHS) of Equation 2.13 effectively zero. Equa-
tion 2.14 asserts that the total torque on the object matches the external
torque. For the micro-robot, this external torque arises from the interaction
with a rotational magnetic field, further detailed in subsequent sections. It’s
noteworthy that Y⃗ in Equations 2.14 and 2.15 represents the position of the
chosen reference point, which is arbitrary.

Furthermore, the left-hand side (LHS) of Equation 2.15 calculates the

velocity of point i at position yi, where U⃗ denotes the translational velocity
of the rigid body, and Ω⃗ signifies its rotational velocity about the origin lo-
cated at Y⃗ . The RHS of Equation 2.15 derives the velocity of point y⃗i using
the Stokeslet formula attributable to the forces exerted on the fluid. Collec-
tively, Equation 2.13 encompasses three equations for the net force in the x,
y, and z directions; Equation 2.14 includes three equations for net torque in
the x, y, and z directions; and Equation 2.15 consists of 3N equations, where
N is the number of surface points, accounting for velocity in the x, y, and
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z directions. Hence, Equations 2.13, 2.14, and 2.15 together form a system
of 3N + 6 equations with 3N + 6 unknown parameters, including the com-
ponents of N forces, and the translational (U⃗) and rotational (Ω⃗) velocities.
Solving this system yields the forces applied to the object and its velocity.
With the translational velocity U⃗ and rotational velocity Ω⃗ determined at
each timestep, the object’s position can be updated, facilitating continuous
tracking of its motion. Moreover, calculating the forces exerted on the ob-
ject helps track the motion of other objects, as Equation 2.15 necessitates
considering all forces applied to the fluid.

2.2 Modeling flexible objects

The sole flexible object examined in this thesis is the filamentous cargo.
Analogous to the approach for rigid bodies, the surface of the flexible object
is discretized into multiple points, resulting in a point cloud covering the
flexible filament’s surface. Mesh nodes are strategically distributed across
the filament by segmenting it into numerous cross-sections along their central
axes and further subdividing each cross-section’s circumference into multiple
nodes. The number of cross-sections is determined based on the filament’s
length and cross-sectional diameter to ensure uniform spacing between ad-
jacent cross-sections and nodes within a single cross-section. These cross-
sections are oriented along and perpendicular to the filament’s centerline.

To simulate the flexibility of the filament, nodes within the same and
adjacent cross-sections are interconnected via Hookean springs, each charac-
terized by a spring constant k, to impart the desired structural rigidity. The
stiffness of the filament is assessed using the following formulations:

ϵ =
1

2

∑
j

kjlj

(
∥x⃗j1 − x⃗j2∥

lj
− 1

)2

, (2.16)

EI =
2ϵ

κ2L
. (2.17)

where Equation 2.16 defines ϵ as the dimensionless elastic energy and kj as
the stiffness of a spring of resting length lj connecting nodes j1 and j2. This
equation sums over all springs. In Equation 2.17, EI denotes the bending
stiffness of the spring system, and κ represents the curvature of the filament
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when it is bent into a curved shape. Thus, to ascertain the bending stiffness
of a specific filament, it is first bent into a curved shape; subsequently, the
total energy stored in the springs is calculated. Using the known curvature
of the bent filament and Equation 2.17, the filament’s bending stiffness is
determined.

To simulate and monitor the motion of the filament, elastic forces at-
tributable to the springs are calculated at each timestep based on the in-
stantaneous arrangement of the nodes. Forces exerted on the fluid by rigid
bodies, as described in the preceding section, are also evaluated. Then, uti-
lizing Equation 2.12, the velocities of the nodes on the filament’s surface are
determined. Employing a fourth-order Runge-Kutta method, the filament’s
new position is updated according to

dXj

dt
= vj, where Xj denotes the po-

sition of node j, t is the time, and vj is the calculated velocity for point
j. With the updated positions of the surface nodes, the filament is reposi-
tioned, and the cycle of recalculating the elastic and fluid forces continues,
thereby tracking the motion of both the flexible filament and rigid bodies.
A flowchart illustrating the simulation workflow, including the application
of the RK4 method for updating node positions, is presented in Figure 2.2.

Figure 2.1: Structure of the flexible filament. The surface of the object is
discretized into multiple nodes, with the nodes interconnected by springs to
provide the necessary stiffness.

43



Find desired spring
constant to achieve

desired bending stiffness

Initialize positions of nodes
and spring connections

Calculate elastic
forces due to springs

Calculate fluid forces
from rigid bodies

Compute velocities of
nodes using Equation 2.12

Update the positions of
nodes by solving the equation

dXj

dt
= vj

using the RK4 method.

Reposition filament with
updated node positions

N
ex
t
ti
m
e
st
ep

Figure 2.2: Flowchart of the algorithm implemented for simulating the mo-
tion of a flexible object
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Chapter 3

Designing micro-robot for
transporting filamentous cargo

3.1 Introduction

Micro-robots are gaining considerable attention across numerous biomedical
fields, such as targeted drug delivery [16, 17, 18, 19, 20, 21, 22, 23], surgical
procedures [24, 25, 26], bio-sensing [27], and both chemical and radiation
treatments [28]. The introduction of micro-robots, particularly in surgical
applications, presents a less invasive alternative to traditional approaches,
enhancing precision in drug delivery while minimizing infection risks and ad-
verse effects [24, 25, 26]. These micro-robots are categorized into three main
groups based on their propulsion and manipulation mechanisms: chemical-
driven [42, 43], physical-driven [44, 45, 46, 47], and bio-hybrid [48, 49].
Chemical micro-robots employ in-situ chemical reactions to generate motion,
which, however, poses potential safety risks due to the release of chemical
substances within the body. Bio-hybrid micro-robots, which utilize motile
organisms for movement, similarly face challenges due to the potential for
residual organisms within the body post-operation. Consequently, physical
micro-robots, especially those driven by magnetic forces, are deemed more
appropriate for internal biomedical applications [50, 51, 4, 52].

Magnetic micro-robots, controlled externally via magnetic fields, are no-
tably advantageous in terms of controllability and tissue compatibility. They
are designed to penetrate various tissues and have been effectively employed
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in environments as diverse as the vitreous of the eye [50], knee joint tissues,
and vascular systems [53, 54]. These robots are activated through mag-
netic torques [55] or forces [56]. Force-actuated micro-robots are propelled
by magnetic field gradients, whereas torque-actuated robots utilize rotating,
oscillating, or stepping magnetic fields to achieve motion. The pioneering
helical magnetic micro-robot, devised by Bell et al. [57], was driven by ro-
tating magnetic fields, harnessing asymmetric drag forces induced by helical
rotation to propel itself in a direction determined by the helix’s handedness
and rotation direction [58, 59].

Helical magnetic micro-robots have found applications in cargo delivery
and passive cellular manipulation. These micro-robots typically employ ei-
ther a direct contact method, pushing cargo particles via physical contact,
or a non-contact approach, manipulating cargo through fluid flows gener-
ated around the micro-robot. The direct contact method, while straightfor-
ward, often results in adhesion issues between the micro-robot and the cargo,
posing challenges in cargo release upon reaching the target and potentially
causing mechanical stress and deformation to the cargo [4]. Conversely, the
non-contact method involves generating micro-vortices with a specially de-
signed tubular head at the micro-robot’s tip, a technique demonstrated by
Huang et al. in 2014 [3]. This method, though effective with spherical cargo,
might not suit elongated or filamentous materials.

A notable application of these helical micro-robots involves the transport
of viable but immotile sperm, utilizing the micro-robot’s helical structure to
encase the sperm’s flagellum while preventing the sperm’s body from passing
through, thus facilitating controlled transport albeit with occasional adhe-
sion issues [4]. In our current research, we aim to design a magnetic helical
micro-robot that leverages a non-contact approach to transport passive fila-
mentous materials along its axis. This design is intended not only for assisted
fertilization applications by transporting sperm but could also be adapted
for other filamentous cargoes. Our study begins with a detailed description
of the model and numerical methods employed, followed by an analysis of
how helical geometry influences the trajectory and velocity field around the
micro-robot, especially when it is allowed to both translate and rotate un-
der a rotating magnetic field. Despite initial findings indicating suboptimal
transport efficiency for filaments using a simple helical design, we propose
modifications incorporating alternating helical sections to optimize filament
capture and transport. The new design involves two pulling microhelices at
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the ends and a central pushing microhelix, facilitating effective coupling of
the filament to the micro-robot’s motion. By adjusting the length ratios of
these sections, we explore the optimal configurations

3.2 Geometric model and mechanical prop-

erties

In the previous chapter, we explained about the regularized stokeslet method
and how we used this technique to simulate and track flexible and rigid ob-
jects. In this chapter, as we are going to design a micro-robot for transporting
filamentous cargo, both methods are utilized. For simulating filament, the
method developed for flexible object is utilized and for the micro-robot and
head of filament, method developed for rigid object is used. It is worth noting
that, based on our objective of carrying a filament of length 45–50 µm (corre-
sponding to the length of a human sperm flagellum, for example) suspended
in an aqueous medium, we non-dimensionalize all variables throughout this
thesis using the characteristic length scale l̂ = 45 µm, the viscosity of water
µ = 0.001 Pa s, and the density scale ρ = 1000 kgm−3, which corresponds to
the density of the water.[5] To determine whether Brownian motion and fluc-
tuations in the shape of the filament due to thermal forces are important, we
estimate the Péclet number and the persistence length of the filament. The
persistence length, defined by the formula lp =

EI
KbT

, where EI represents the
bending stiffness, characterizes the length scale below which thermal effects
produce negligible changes in the shape of a flexible filament from its rest-
ing shape. Based on the bending stiffness of the flagella of human sperm,
EI = 4 × 10−21 Nm2,[122] the persistence length is lp ≈ 1 m at a temper-
ature of T = 300 k. Thus, we expect that naturally straight filaments of
length L = 45 µm would remain approximately straight in the presence of
thermal fluctuations but in the absence of other external forces and hydro-
dynamic stresses; that is, they are rigid rods with respect to thermal forces.
The Péclet number Pe = Lu

D
represents the ratio of the rate of convective

transport u/L to the rate of diffusive transport D/L2, where D is the dif-
fusion coefficient of the object in water. For a rod-like object, the diffusion
coefficient is defined as D = kBT ln(L/a)

2πµL
,[123] where kB denotes Boltzmann’s

constant, T stands for temperature, µ represents the dynamic viscosity of
water, and a = 1.2 µm and L = 45 µm signify the thickness and the length of

47



the rod. For our filament, we estimate the translational diffusion coefficient
at room temperature to be 5.1×10−14 m2 s−1. Taking the characteristic con-
vective speed to be the typical speed of a helical micro-robot u = 45 µms−1

from previous experiments, the Péclet number is approximately 4× 104, in-
dicating that Brownian motion is negligible compared with motion due to
convection. Since Pe and L/lp are both large, we do not include thermal
effects in our model.

Now lets look at the helical shape of micro-robot used in this project.
The centerline equation of the helical micro-robot in the initial configuration
is defined as:

x(s) = R cos s,

y(s) = ±R sin s,

z(s) = bs. (3.1)

where 0 ≤ s ≤ smax, and the radius and pitch of the helix are R and λ = 2πb,
respectively. The positive sign in the equation for y is used for right-handed
helices and the negative sign is used for left-handed helices. The arc length
of the helical micro-robot is equal to smax

√
R2 + b2. For the filament, we

consider different initial configuration coinciding with the rest configuration
including sinusoidal, circular and straight. We will discuss further there rea-
son of using different configuration for the filament in the next sections. A
schematic of the shape of filament and helical micro-robot used in this project
is illustrated in the Figure 3.1. Mesh nodes are distributed over the filament
and the micro-robot by discretizing the objects into many cross-sections
along their respective centerlines and further dividing the circumference of
each cross-section into multiple nodes (three for the helix and four for the
filament). We choose the number of cross-sections of the helix and filament
depending on their lengths and cross-sectional radii to ensure that the spac-
ing between neighboring cross-sections and the spacing between nodes at a
cross-section are equal. The cross-sections are placed along and perpendicu-
lar to the centerline of the filament and the axis of the helical micro-robot.
To model the flexible filament, as illustrated in the Figure 3.2, each filament
node is connected to the other nodes at the same cross-section and at neigh-
boring cross-sections by Hookean springs with a spring constant of k, which
provide the desired rigidity to the overall structure.
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Figure 3.1: schematic of the shape of filament and helical micro-robot.

3.3 Governing equations

As noted in the previous chapter, regularized stokeslet method is used to
solve the stokes equation and find velocity of the fluid. To obtain the velocity
of each point in the fluid using equation 2.12, forces exerted into the fluid
must be calculated. Different forces are applied to the fluid including elastic
forces and repulsive forces. As we discussed before, the flexible filament is
constructed from different nodes connected with Hookean linear spring. The
elastic force exist due to the hookean spring used in the structure of the
flexible filament, can be calculated using the following equations

FElastic = −kt

(
|X⃗1 − X⃗2| − Leq

)(X⃗1 − X⃗2

Leq

)
. (3.2)
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Figure 3.2: Schematic representation of the filament with Hookean springs
connecting the filament nodes within each cross-section to neighboring cross-
sections. Each node is connected to 26 adjacent nodes.

where X⃗1 and X⃗2 are the position of two points which are connected with
the linear spring, Leq is the equilibrium length of spring connecting those
two points and kt is the spring constant of the linear spring. Therefore, this
elastic force is applied to the point X1 and a force with the same magnitude
and opposite direction is applied to the point X2. In addition to the elastic
forces, a repulsive steric force is introduced to prevent collisions between
the filament and the micro-robot. When the nodes of the filament and the
micro-robot are in close proximity, a truncated Lennard-Jones potential is
employed to exert this repulsive force [124]:

ELJ(r⃗s) =
σFs

6

[(
σ

|r⃗s|

)12

−
(

σ

|r⃗s|

)6
]
H(2

1
6σ − r⃗s). (3.3)

where H is the Heaviside step function, r⃗s is the vector connecting the two
nearby points, σ is the cutoff distance, and Fs sets the repulsion strength.
Then, the repulsive force can be computed by{

F⃗ steric = −∇ELJ , |r⃗s| < σ,

F⃗ steric = 0⃗, |r⃗s| ≥ σ.
(3.4)
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We compute the hydrodynamic force f⃗i at filament nodes by applying a
force balance condition, namely, that the hydrodynamic force balances the
steric and elastic forces. The hydrodynamic force is the force applied to the
fluid. At each point, a hydrodynamic force is computed and after finding
all the hydrodynamic forces applied to the fluid, using equation 2.12, the
velocity of the fluid can be obtained.The helical micro-robot, in contrast to
the filament, is simulated as a rigid body; the forces applied at the helix nodes
are determined so that the nodal velocities, computed via equation 2.15, are
consistent with a rigid body translation and rotation. Additionally, the total
hydrodynamic force exerted by the helix balances the steric repulsion force
and the total hydrodynamic torque balances the magnetic torque T⃗M applied
to the micro-robot, which is given by

T⃗M = m⃗× B⃗. (3.5)

where B⃗ is the magnetic field and m⃗ is the magnetic dipole moment of the
micro-robot, which we assume to be fixed in the (rotating) reference frame of
the micro-robot. In the initial position, the magnetic moment of the micro-
robot is aligned with the magnetic field in the X-direction. The rotating
magnetic field is given by

B⃗(t) = B0

 cos (2πft)
± sin (2πft)

0

 . (3.6)

where f is the rotational frequency, B0 denotes a constant magnitude of the
magnetic field, and the direction of rotation is determined by the sign in the
Y -component of (3.6). The magnetic field rotates around the ±Z-direction,
which is parallel with the axis of the micro-robot in the initial configuration.

In general, a magnetic torque acts to rotate a magnetic dipole to be
aligned with the magnetic field. Since the magnetic field continuously ro-
tates, the micro-robot rotates to follow the magnetic field, provided that the
magnetic field rotates below a threshold known as the step-out frequency.[125]
In all simulations performed in this paper, the rotational frequency, as repre-
sented by Equation 3.6, is fixed at f = 0.1. With our non-dimensionalization,
this corresponds to 50 Hz, which is a frequency used in past experiments
by Medina-Sánchez et al.[4] We fix the maximum magnitude of the non-
dimensional magnetic torque at T |m⃗| = 65, equivalent to 3 × 10−12 Nm,
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which we chose based on the structure and material of micro-helices and
experimentally feasible magnetic field strengths.

Once all of the hydrodynamic forces on the micro-robot and filament
nodes are determined, the velocities at the filament nodes are evaluated using
equation 2.12. These velocities, along with the rigid body translational and
rotational velocity of the micro-robot, are used to update the node positions
by the fourth-order Runge-Kutta method.

3.4 Model validation

In Chapter 2 and the previous section, the model developed for simulating
flexible and rigid objects using regularized stokeslets was explained in detail.
As previously mentioned, the filament is flexible, so the model developed for
flexible objects is used for simulating the motion of passive flexible filaments,
while the head of the flexible filament is considered a rigid object for which
the rigid model is used. To validate the developed models, we first validate
the model developed for the flexible object (passive filament) and then val-
idate the model developed for the rigid object. It is worth noting that to
calculate the bending stiffness of the filament, as explained in Chapter 2,
Section 2, we bend the filament into a curved shape and calculate the energy
stored in the springs constructing the filament structure. Using Equations
2.16 and 2.17, the bending stiffness of the filament is determined.

3.4.1 Validation of the model developed for flexible
filament

To validate the numerical methods developed for simulating the dynamics
of a flexible filament, two different simulations were conducted. In the first
simulation, a filament is pivoted at one end, which remains fixed without any
momentum resisting its rotation. To perform the simulation, the filament
was discretized into 64 cross-sections, with each cross-section constructed
from 4 distinct nodes, resulting in a total of 256 nodes. The filament is
actuated by prescribing a periodically oscillating angle to the direction nor-
mal to the cross-section at the pivoting end, given by θ(t) = a0 sinωt at
s = 0. A time step of 10−6 was employed to ensure numerical stability and
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accuracy. Additionally, the bending stiffness was calibrated to determine
the desired spring constant, as detailed in the previous chapter on the model
used for simulating flexible objects. The simulation results were then com-
pared with the experiments presented by [126]. In the second simulation, a
sedimentation test is simulated. In the sedimentation test, a uniform force
density along the length of the filament is applied to a flexible filament, and
the shape of the filament after reaching terminal settling velocity and the
terminal velocity itself is compared with the analytical solutions [127].

For the first test, the obtained numerical result is compared with the ex-
perimental results reported by Yu et al. [126]. In this study, the length of the
filament is 20 cm, and the diameter is b = 0.5mm. The angular amplitude
and the oscillation frequencies are a0 = 0.435 rad and ω = 5.24 rad s−1, re-
spectively. The sperm number based on the bending stiffness of the filament
is 3.11.

The sperm number (Sp) is a dimensionless parameter that quantifies the
balance between elastic forces and viscous drag forces acting on the sperm
flagellum. It is defined as

Sp = L

(
ξ⊥ω

E

)1/4

. (3.7)

where L is the characteristic length of the flagellum, ξ⊥ is the perpendicular
fluid dynamic resistance coefficient, ω is the angular frequency of flagellar
beating, and E is the flagellum bending stiffness. The sperm number pro-
vides insight into how elastic forces (due to bending stiffness) compare to
viscous forces (due to fluid resistance) in the motion of the sperm flagellum.

A passive filament with the same sperm number as the experimental re-
sults was simulated. In the first step, the stiffness of the linear spring in the
structure was calculated to ensure the sperm number matches that in the
experiments. Then, snapshots of the filament positions at four points in the
cycle of the obtained results were compared with the experimental results re-
ported by Yu et al. [126]. The comparison is shown in Figure 3.3. The close
agreement between the numerical and experimental results demonstrates the
accuracy of the developed model in capturing the dynamic behavior of the
flexible filament. Overall, the validation confirms that the model can reli-
ably simulate the motion of passive flexible filaments in viscous fluids under
oscillatory conditions.
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Figure 3.3: Comparison of the numerically obtained results for the filament
position at four corresponding times in the cycle with the experimental re-
sults.

In the second (sedimentation) test, we apply a uniform force density
along the length of the filament acting in the transverse direction within
a three-dimensional free space environment. The simulation is conducted
under far-field boundary conditions, where the fluid velocity decays to zero
at infinity, corresponding to the scenario where the filament is far away from
any boundaries or walls. Initially, the filament is at rest, meaning the initial
velocity U0 = 0. According to the study conducted by Xu and Nadim [127],
the filament should reach a steady settling velocity and bend depending on
its bending stiffness. The terminal settling velocity U is given by

U = F
ln(4/κ)− 1

2

8πµl
, (3.8)

where F is the total force applied to the filament, µ is the viscosity of the
fluid, l is half of the length of the filament, and κ is the ratio a/l where a is the
radius of the cross-section of the filament. Therefore, as can be interpreted
from Equation 3.8, the relationship between the terminal settling velocity
and the applied force is linear. For a filament with a length of 0.2 and a
radius of 0.022, three different forces, as illustrated in the Table 3.1, are
applied, and the obtained value for terminal settling velocity is compared
with the analytical solution. The error of the calculation is summarized in
the Table 3.1. Moreover, as shown in Figure 3.4, the relationship between
the force and the velocity is linear.

Moreover, for a flexible filament with a Hookean spring constant of 1000,
as used in the paper, and a bending stiffness of EI = 4.6× 10−21 Nm2, the
sedimentation test described above for force 1 is conducted, and the shape
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Case F Obtained Velocity Analytical Formula Error %
1 1 0.9548 0.9556 0.0818
2 2 1.9099 1.9112 0.0661
3 3 2.865 2.8667 0.0609

Table 3.1: Comparison of obtained velocity and analytical formula in sedi-
mentation test. The radius of the filament a is 0.022, and half the length of
the filament l is 0.1.

Figure 3.4: Relationship between the applied force and the terminal setting
velocity. The markers are data points from simulations as given in Table 3.1
and the line shows the analytical linear relationship from Equation (3.8).

of the filament after reaching terminal settling velocity is compared with the
formula derived by Xu et al. [127]. According to their study, if we scale
the position x along the length of the filament with l, and the curve of the
filament in the y direction, assuming that a/l and the filament’s deflection
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are very small, we have:

D =
2πµUl4

EI(lnκ)2
,

the relationship between y and x which shows the curve of the filament after
bending would be [128]:

y(x) = − 1

24

[
(1 + x)4 ln(1 + x) + (1− x)4 ln(1− x)−

(
13

16
+ 2 ln 2

)
x4 − (1 + 12 ln 2)x2

]
.

(3.9)

This curve is compared with the curve of our filament in our simula-
tion and illustrated in Figure 3.5 for three different values of D: 0.02, 0.04,
and 0.2. By changing the flexibility of the filament, it was observed that,
independent of the D parameter, after nondimensionalizing y with D, the
deformed shape of the filament after reaching the settling velocity has good
agreement with Equation 3.9.

3.4.2 Validation of the model developed for rigid ob-
ject

To validate the model developed for rigid body motion, a micro-robot with
a single handedness and varying geometrical parameters is modeled. A ro-
tating magnetic field propels the micro-robot, causing it to move forward
due to the drag force applied in the forward direction. Initially, the velocity
of the robot changes, but it eventually reaches a steady value. This steady
velocity is calculated and compared with other verified results to validate
the developed model.

Since there is no exact formula for the velocity of a helical magnetic micro-
robot of arbitrary dimensions, we used the boundary element method (BEM)
code developed by Shum et al.[15] to calculate the velocity of the micro-robot
with the desired geometry. This code was previously used to simulate the
locomotion of model bacteria propelled by rotating helical flagella. Removing
the cell body, we consider only the helical structure rotating due to a rotating
magnetic field. The results from this code were then compared with those
from the model developed in this study.
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Figure 3.5: The deformed shape of the filament after reaching terminal set-
ting velocity compared with the analytical formula.

Table 3.2 summarizes the geometrical parameters and the obtained steady
velocity based on our regularized stokeslet method model and the code de-
veloped by Shum et al. For these regularized Stokeslet simulations, we used
three nodes per cross-section of the helix.

57



Case R λ Winding Velocity (developed model) Velocity (BEM)

1 0.06 0.1 10 0.0158 0.0155

2 0.06 0.15 8 0.0337 0.0333

3 0.06 0.2 6 0.0523 0.0548

4 0.08 0.15 8 0.0324 0.0316

Table 3.2: Comparison of propulsive velocity of a helix in a rotating magnetic
field for different geometrical parameters between the developed model and
the BEM model by Shum et al. [15]. R is the radius of the helix of the
micro-robot and λ is the pitch of the helix. The frequency for all cases is 1
and the cross-section radius r is 0.015.

3.4.3 Mesh independency

As discussed in the main text, we use the regularized Stokeslet method to
simulate the motion of the micro-robot and the filament. In the regularized
Stokeslet method, the surfaces of objects are discretized. The spacing ∆s
between mesh nodes on these surfaces and the regularization parameter ϵ
determine the discretization error and the regularization error, which are of
order O(∆s2/ϵ3) and O(ϵ), respectively for evaluating the velocity field close
to the discretized surface [121]. There is typically an optimal choice of ϵ for
a given node spacing ∆s.

To assess mesh independence, we varied the number of nodes on the ob-
ject’s surface and compared the resulting simulated steady speeds. We used
a helical micro-robot with single-handedness, rotating a magnetic field of the
same magnitude as described in our paper, with a rotational frequency of 1,
then calculated the micro-robot’s steady-state velocity. We compared meshes
with three, four, and five nodes per cross-section, adjusting the number of
cross-sections for each case such that the minimum distance between nodes
on each cross-section matches the distance between cross-sections along the
micro-robot’s axis. The regularization parameter for all simulations was set
to the minimum distance between nodes. The geometrical parameters of the
micro-robots and the obtained velocities for each case are summarized in the
Table 3.3. The table compares the errors for cases 1 and 2, with three and
four nodes respectively, with respect to case 3 with five nodes in the cross-
section, showing that the error is small and the results are independent of
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mesh size.

Case Number of
Nodes per

Cross-section

Steady Velocity of
the Robot

Error (%)

1 3 0.0523 1.506
2 4 0.0528 0.564
3 5 0.0531 —

Table 3.3: Mesh independency study. The radius of the helix of the micro-
robot R is 0.06, the radius of the cross-section r is 0.015, the pitch of the
helix λ is 0.2, and the winding is 6 for all cases.

3.5 Fluid transport due to prescribed rota-

tion of the helical micro-robot

In the first step, our objective is to gain a deeper understanding of the motion
of the fluid near a rotating helical micro-robot. Two crucial ratios influence
the flow field and movement of these robots: (1) λ/R and (2) r/R. Here,
λ, R, and r denote the pitch, radius of the helical micro-robot, and the
radius of its cross-section, respectively. We analyze the impact of the two
ratios individually on pathlines in the fluid around the micro-robot. This
knowledge will aid us in designing a helical micro-robot capable of efficiently
transporting cargoes with flexible filaments. In section 3.6, we delve into
studying the fluid’s streamline.

To examine the effects of λ/R and r/R, we maintain a constant helical
micro-robot radius R = 0.1 while varying λ and r. Subsequently, we plot
the pathline of the fluid. To mitigate any potential end effects caused by the
helical micro-robot, we generate a long micro-robot with Nλ = 10 windings.
A point is selected along the axis of the micro-robot, situated one quarter of
the way down from the top of the helix. We apply a prescribed motion to
the micro-robot so that it rotates around its axis without any translational
velocity. The reason for considering this prescribed motion rather than al-
lowing free motion under the force-free and prescribed torque conditions is
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that we will later connect the helix to another helical section of opposite
handedness, which will alter the translational velocity.

We track and plot the pathline of the chosen point resulting from the
rotation of the helix over time, using the velocity field given by equation
2.15. The fluid pathline gives an indication of the motion of a point on a
passive filament located along the axis of the micro-robot. Ensuring a strong
coupling between the filament and the micro-robot is crucial for retaining
the filament inside the micro-robot, as we will discuss in subsequent sections.

Since our main focus is investigating how well a filament can be confined
inside the micro-robot, we calculate the maximum distance (D) of the point
from the axis of the micro-robot along its pathline as the point traverses
from the top quarter plane to the bottom quarter plane (one quarter of the
axial length of the helix from the bottom). The influence of r and λ on D
is shown in Figure 3.6. It can be observed that reducing the pitch of the
micro-robot leads to a more confined pathline for the point, regardless of the
value of r. However, no specific increasing or decreasing trend is observed
for D as r increases. Nonetheless, it is evident that D depends on both r
and λ. Figure 3.7 showcases the 3D pathline of a point where the pitch of
the micro-robot is λ = 0.4 and the radius of the cross section is r = 0.0232.
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Figure 3.6: The influence of r and λ on the maximum distance D between
the pathline of the point and the axis of the micro-robot. The radius of the
helical micro-robot for all simulations is set to R = 0.1.

3.6 The instantaneous flow field around a he-

lical micro-robot in a rotating magnetic

field

To complement the pathlines for prescribed motion of the micro-robot, we
now consider a force-free helical micro-robot driven by a rotating magnetic
field and plot the fluid streamlines in the X–Z plane (Figure 3.8). We use
Nλ = 8 windings, pitch λ = 0.15, radius R = 0.06, and cross-sectional radius
r = 0.015 for the helix. The instantaneous streamlines have a complex
pattern with significant lateral motion, which is expected to cancel out on
average over a revolution of the micro-robot. The vertical velocity is almost
everywhere negative (in the backward direction) relative to the micro-robot,
and most negative between the turns of the microhelix at distances ≈ R
from the helical axis. Therefore, in order to improve the coupling between
the cargo and the micro-robot, it is crucial to keep the cargo inside the
micro-robot. The ability to keep the pathline of a point inside the micro-
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a b

Figure 3.7: Pathline of the point represented in 3D views with a close-up
view of a portion in (b). The blue curve illustrates the trajectory of the
point, while the red points depict the nodes situated on the surface of the
micro-robot at one instant in time.

robot, as discussed in the previous section, depends on the geometry of the
micro-robot. Additionally, it is demonstrated in the section 3.7.2 that the
flexibility of the filament is another parameter that affects the behavior of
the passive filament inside the micro-robot.
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Figure 3.8: Streamlines of the fluid in the X–Z plane around a helical micro-
robot in a rotating magnetic field. The color scale shows the velocity of the
fluid in the Z direction relative to the translational velocity of the micro-
robot in the Z direction (Vz = 0.29).

To better understand the flow around the micro-robot, we also plot the
Z-component of the velocity field as a function of Z along four lines at
different distances from the Z axis in the X–Z plane (Figure 3.9). The Z-
velocity of the fluid on the Z-axis (X = 0) is mostly positive, i.e., in the
forward direction, but with a low speed Uz ∼ 0.04 compared with the non-
dimensional translational speed of the micro-robot Vz = 0.29. However, as
one moves away from the axis, the Z-velocity of the fluid oscillates along
Z with a larger amplitude and alternates between forward and backward
directions. To prevent decoupling between the filament and the micro-robot,
it is imperative for the filament to remain within a region where the fluid
moves forward at a comparable speed to the helix. Based on our analysis of
the flow field within the rotating helix, it should be beneficial for the filament
to be close to the axis of the micro-robot.
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Figure 3.9: Velocity profile of the fluid in the Z direction versus Z position
in the X–Z plane at a) X = 0 (on the axis) b) X = 0.02 (between the axis
and the surface of the micro-robot) c) X = 0.0375 (close to the surface of the
micro-robot) and d) X = 0.1 (beyond the surface of the micro-robot). The
helix parameters are λ = 0.15, R = 0.06, and r = 0.015. The top and bottom
of the micro-robot are located at Z = 0.6 and Z = −0.6, respectively.

3.7 Coupling between a passive filament and

a helical micro-robot

In this section, we examine the motion of a passive flexible filament, of length
Lf = 1 and radius rf = 0.014, located along the axis of a rotating magnetic
helical micro-robot. Our objective is to investigate the coupling between
the micro-robot and the passive filament in such an arrangement. In the
preceding sections, we studied the streamlines and the pathlines of the fluid
surrounding the helical micro-robot. Based on the obtained streamlines, it is
critical to confine the filament inside the micro-robot to apply hydrodynamic
drag force in the forward direction and establish good coupling between the
filament and the micro-robot. Moreover, based on the pathline studied in
the previous section, selecting the r/R and λ/R ratios carefully is crucial
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to confine the pathline of fluid inside the micro-robot. We consider the
baseline parameter values of helical radius R = 0.06, axial length of the
micro-robot L = 1.2, cross-sectional radius of the micro-robot r = 0.015,
helical pitch λ = 0.2 (corresponding to six windings), and spring constant
between filament mesh nodes k = 1000. This value, based on our bending
stiffness tests, results in a bending stiffness of EI = 4.6× 10−21 Nm2, which
closely matches the bending stiffness of the sperm tail previously mentioned.
From these values, we separately vary λ, k, and r. To characterize how well
the micro-robot and filament move together, we initialize the micro-robot
and filament so that their top ends are at the same Z position. We then
track their relative displacement,

∆Z = Zhelix − Zfilament. (3.10)

until the micro-robot overtakes the filament or they reach a steady-state
position relative to each other. Although it is possible to transport the
filament with any displacement ∆Z as long as it becomes steady at long
times, we aim for ∆Z = 0 so that the filament is at the top of the micro-
robot (which may help with releasing the cargo at the destination) without
protruding from the microhelix. We anticipate that keeping the filament
confined within the micro-robot will allow the micro-robot to be turned to
a different swimming direction without losing the filament.

We note that our chosen initial conditions, with the straight filament
placed along the axis of the helix and with their tops aligned, is not repre-
sentative of a typical situation one would encounter in an experiment. How-
ever, the flow field and motion of the helix immediately break this special
configuration and we do not expect the precise details of the initial configu-
ration to be influential. In any case, we will see that the filament is always
left behind by the micro-robot so the conclusion is that even if we start the
filament in the center, where we showed that the average fluid velocity is
most positive, this micro-robot design is not able to transport the filament
over long distances.

3.7.1 The impact of helical pitch of the micro-robot

The motion of the micro-robots and filaments are presented visually in Figure
3.10 for four values of λ/R. In all cases, the micro-robot moves faster than
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the filament so the two objects decouple. Using the relative displacement ∆Z
as an indication of coupling, we found that performance was similarly poor
with all helical pitches and there was no clear trend with λ/R. In terms
of the absolute motion, for small λ/R, the filament moves in the forward
direction whereas for large pitches (λ/R = 3.3 and greater), the filament
has a net downward displacement. For larger λ/R, the helix is not able to
confine the filament, which bends significantly and moves laterally to the
exterior of the micro-robot. We note that the Z-velocities of the fluid at
these larger distances from the helical axis are more negative (Figure 3.9),
which explains why the filament moves backward in these cases. Therefore,
careful selection of the geometry of the helix is necessary to achieve good
coupling.

66



a

c d

b

22416811256019296480

288216144720500 750 10002500

0.5

-2.5

2

1.5

1

0

-0.5

-1

-1.5

-2

0.5

-2.5

2

1.5

1

0

-0.5

-1

-1.5

-2

144

0.5

-2.5

2

1.5

1

0

-0.5

-1

-1.5

-2

0.5

-2.5

2

1.5

1

0

-0.5

-1

-1.5

-2

Figure 3.10: Snapshots of the motion of a helical micro-robot and a passive
filament with different ratios of helical pitch to radius; a) λ/R = 1.6, b)
λ/R = 3.3, c) λ/R = 5, d) λ/R = 6.6.

3.7.2 The impact of flexibility of the passive filament

We now vary the flexibility of the filament to study its effect on the coupling
between the filament and the micro-robot. As shown in Figure 3.11, when the
filament is very flexible, it undergoes high deformation, causing some parts
to extend beyond the surface of the micro-robot. As previously discussed,
this results in the filament being pushed backwards. On the other hand, stiff
filaments are confined closer to the axis where they are driven forward by
the flow field. Hence, coupling is best for stiffer filaments.
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Figure 3.11: Snapshots of the motion of the helical micro-robot and the
passive filament with different flexibility (Hookean spring constant between
mesh nodes of the filament); a) k = 1000, b) k = 300, c) k = 50, d) k = 5.
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3.7.3 The impact of cross-sectional radius of the micro-
robot

In this section, the ratio of r/R is varied, for constant helical radius R = 0.06,
to investigate its impact on the motion of the helical micro-robot and the
filament. Four different values for r/R are tested: 0.25, 0.2, 0.16, and 0.13.
The obtained results indicate that when r/R is set to 0.25, the value of ∆Z
is approximately 1.05. This means that at time 192, the top of the micro-
robot is positioned approximately 1.05 units (almost the full axial length
of the micro-robot) ahead of the top of the filament. For r/R values of
0.2, 0.16, and 0.13, the corresponding ∆Z values are 1.15, 1.24, and 1.25,
respectively. We remark that increasing r/R reduces the space available
within the helix, forcing the filament to be in closer proximity to the micro-
robot. Viscous effects then drag the filament with a velocity closer to that
of the micro-robot, leading to a better coupling between the filament and
the micro-robot. However, ∆Z ≈ L in all cases, indicating that the micro-
robot eventually overtakes the filament, and the coupling is lost. In the next
section, we will attempt to redesign the micro-robot to achieve complete
coupling between the filament and the micro-robot.

3.8 Improved design with multiple helical sec-

tions

3.8.1 Micro-robot with two helical sections

As demonstrated in the preceding sections, the simple helical micro-robot is
able to propel the filament forward if the geometrical parameters are suitably
chosen. However, the average speed of the filament is always lower than that
of the micro-robot, hence, the micro-robot eventually overtakes the filament
and leaves it behind. The objective of this project is to devise a novel design
that enhances the coupling between the micro-robot and the filament. To
achieve this, we must decrease the velocity difference between the micro-
robot and the filament. As an initial approach, two microhelices, one pushing
and one pulling, as depicted in Figure 3.12, are connected in series. Model
parameters are as in Section 3.7.
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Figure 3.12: A micro-robot consisting of a pushing (black) and pulling (red)
microhelix. Fluid streamlines around the rotating micro-robot are shown on
the right, with the color scale indicating the Z-component of the velocity
relative to the Z-velocity of the micro-robot.

The presence of a pushing helix at the front of the micro-robot reduces
the speed of the micro-robot while simultaneously increasing the speed of the
filament by driving forward the section of the filament within the pushing
section.

Thus, we can improve the coupling between the filament and the micro-
robot, while maintaining a positive swimming speed, by adjusting two pa-
rameters: the length ratio of the pulling section to the pushing section and
the proportion of the filament in the pushing section compared with that in
the pulling section.

Figure 3.13 demonstrates that if the pushing microhelix is long enough
to contain the filament, then the filament can move faster than the micro-
helix. Thus, by varying the length ratio between the pushing and pulling
microhelix, along with the length of the section of the filament within the
pushing microhelix, the coupling can be significantly improved compared to
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a helical micro-robot with a single type of microhelix.

However, the initial step for carrying the filament is integrating (captur-
ing) it with the micro-robot and this step has different requirements from the
steady transportation step. Therefore, this study investigates the capability
of the micro-robot to integrate with the filament by simulating the motion
starting from a configuration in which the filament is aligned with but ahead
of, and fully outside, the micro-robot, as shown in Figure 3.14. This is a
reasonable initial configuration to consider as it has been demonstrated ex-
perimentally that magnetic helical micro-robots (of a single chirality) can
be accurately manoeuvered and, indeed, sperm have been captured by such
robots.[4, 129, 130]

Figure 3.14 shows that when the micro-robot approaches the filament, the
filament is pushed forward, making it difficult for the micro-robot to catch
it. This can be expected since the fluid moves forward in the Z-direction
relative to the micro-robot, as shown in Figure 3.12.

In contrast, the fluid velocity in front of the pulling helix is in a downward
direction (Figure 3.8). This means that objects in front of the helix are
drawn in, rather than being pushed away. To solve the integration issue in
the current design, a pulling helix is added to the front of the micro-robot.
Thus, the final design, which is studied in the next section, is constructed
from two pulling and one pushing helix. The pushing helix is located in
the middle of the micro-robot between the two pulling helices with different
lengths. Its length is carefully determined to optimize the coupling between
the micro-robot and the filament.
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Figure 3.13: A micro-robot with two microhelices initially containing a pas-
sive filament. The pushing section at the front of the micro-robot has the
same axial length as the filament and pushes the filament out of the micro-
robot. t1, t2, ..., t5, corresponding to times 0, 120, 240, 360 and 480, respec-
tively.

3.8.2 Micro-robot with three helical sections

To improve the integration process of micro-robot and the filament, a pulling
helix is added to the front of the micro-robot discussed in Section 3.8.1. A
schematic of the new micro-robot, and the generated flow field, is presented
in Figure 3.15. The middle section of the micro-robot generates the necessary
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Figure 3.14: A helical micro-robot with two microhelices approaching a pas-
sive filament. t1, t2, ..., t7, corresponding to times 0, 380, 760, 1140 and
1520, respectively.

drag force to propel the filament forward, while the front section draws the
filament into the helix to aid the integration process. The back part of
the micro-robot generates most of the driving force required for the micro-
robot to move forward. The length ratio between the middle, front, and
back sections of the micro-robot must be carefully chosen to maximize the
coupling between the filament and the micro-robot while providing forward
propulsion for the coupled structures.

In Section 3.11, we use a simplified analytical model to estimate the
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Figure 3.15: A micro-robot consisting of three microhelices: a pushing
(black) section between two pulling (red) sections. Fluid streamlines around
the rotating micro-robot are shown on the right, with the color scale in-
dicating the Z-component of the velocity relative to the Z-velocity of the
micro-robot.

swimming speeds and show that full coupling can be achieved for many
combinations of helical pitch and cross-sectional radius. It is important to
note that various design criteria must be considered when designing the
micro-robot. Firstly, increasing the total length of the micro-robot may
enhance the speed of the filament and the micro-robot, but also reduces the
robot’s manoeuvrability as it will be unable to pass through narrow channels
with sharp bends. Thus, the total length of the micro-robot must be specified
based on its intended application. The second criterion to consider is the
position of the end part of the filament, which should be located inside
the middle (pushing) part of the micro-robot for stability of the coupled
configuration. These two considerations are also discussed in Section 3.11.

With these considerations in mind, we fix the total length of the micro-
robot L = 2.5 and let the sum of the lengths of the front and middle mi-
crohelices be 1.125, which is slightly greater than the length of the filament
Lf = 1. The ratio of the middle (pushing) length to the combined front and
middle length, denoted ξ, is varied from 0.3 to 0.6. Simulations are started
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with the tops of the filament and micro-robot at the same Z position and
run up to a fixed time, after which we compare the relative Z positions.

As shown in Figure 3.16, when the pushing length ratio is ξ = 0.3, the
filament falls behind the micro-robot (∆Z > 0). However, as the ξ param-
eter increases, more of the filament becomes enclosed within the pushing
microhelix, leading to accelerated filament movement. When ξ exceeds 0.5,
we find that the filament is pushed ahead of the micro-robot (∆Z < 0). By
interpolating the nearly linear trend depicted in Figure 3.16, the optimal
length ratio ξ for full coupling (∆Z = 0) was estimated to be approximately
0.52.

Using the length ratio ξ = 0.52, the processes of integration and coupling
for the micro-robot are simulated by initializing the filament ahead of the
micro-robot. As shown in Figure 3.17, both of these steps are successful.
In summary, the design’s advantage lies in the pulling microhelix as the
front microhelix, which causes the filament to be pulled toward the micro-
robot during the integration phase and prevents the filament from moving
ahead of the micro-robot, facilitating coupling. Furthermore, by choosing
the lengths of the front and middle sections so that part of the pushing
microhelix is below the bottom of the filament, we prevent the filament from
falling behind. Therefore, not only can coupling and integration be achieved
with the current design, but the coupled configuration is stable.

3.9 Capture and transport of filaments with

different resting shapes

In the previous sections, we evaluated the designed micro-robot’s capability
to capture and transport a flexible filament that was naturally straight. To
determine whether the same micro-robot could be used to capture and carry
non-straight filaments, two different shapes were considered: a sinusoidal
curve and a circular arc. In each case, the filaments were initialized in their
respective resting configurations.

For the sinusoidal filament, we considered a fixed wavelength λf = 0.25
and performed simulations with the amplitude of the sinusoidal curve equal
to 0.5, 0.75, and 1.0 times the radius of the filament, rf = 0.014. The micro-
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Figure 3.16: The effect of length ratio ξ of the middle (pushing) length to
the combined front and middle lengths on the coupling between the three-
section helical micro-robot and the passive filament.

robot was able to capture and transport all three sinusoidal filaments; the
case with the largest amplitude is presented in Figure 3.18.

For the circular arc, we considered three different curvatures such that
the central angle subtended by the arcs were 30, 40, and 60 degrees, re-
spectively, and found that the micro-robot could capture and transport all
of these filaments. Figure 3.19 depicts results for a circular filament with
a central angle of 60 degrees. To assess the micro-robot’s capability in
capturing and transporting filaments of varying flexibility and stiffness, sim-
ulations were conducted with different spring constants for the filaments.
Previously, a spring constant of 1000 was employed, resulting in a bending
stiffness of EI = 4.6 × 10−21 Nm2. This value closely mirrors the rigidity
of a sperm tail and was utilized in simulations. However, simulations were
repeated with spring constants of 500 and 1500 to explore the feasibility of
capturing and transporting filaments with different stiffness levels. We found
that the micro-robot effectively captures and transports both curvilinear and
sinusoidal filaments with any of these stiffnesses.

76



Figure 3.17: Integration and carrying the passive filament with the designed
helical micro-robot with three microhelices. The pushing microhelix is high-
lighted in blue, while the pulling microhelices are depicted in red. The values
of the dimensionless times t1, t2, ..., and t7 are 0, 160, 320, 480, 640, 720,
and 960, respectively.

3.10 Capture and transport of a filament with

a head

In human spermatozoa, the flagellum is attached to a head that has a di-
ameter larger than that of the flagellum. Other microorganisms, as well
as micro-robotic designs, follow a similar structure; namely, a long motile
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Figure 3.18: Integration and transport of a passive, flexible filament with
a sinusoidal shape having an amplitude equal to the filament radius. The
pushing microhelix is highlighted in blue, while the pulling microhelices are
depicted in red. t1, t2, ..., t7, corresponding to times 0, 120, 240, 360, 480,
600, and 640, respectively.

filament is used to propel an attached payload. This section explores the
functionality of a micro-robot when a spherical head is attached to one end
of the filament structure. A rigid spherical head, consisting of 162 nodes,
with a radius of 0.055 is attached to the filament, chosen to match the larger
diameter of the human sperm head.[131] The connection between the head
and the filament involves 16 springs, linking the four nodes of the first cross-
section of the filament to four nodes on the head. The spring constant of
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Figure 3.19: Integration and transport of a passive, flexible filament with a
circular shape featuring an arc angle of 60 degrees. The pushing microhelix is
highlighted in blue, while the pulling microhelices are depicted in red. t1, t2,
..., t7, corresponding to times 0, 80, 160, 240, 320, 480, and 560, respectively.

these connecting springs is set to be four times stiffer than the filament’s
structural springs, which have a spring constant of 1000. The micro-robot
used in Section 6.2 is employed here, operating at a non-dimensionalized
frequency of 0.1, to capture and transport the filament with the head. As
depicted in Figure 3.20, the micro-robot initially approaches the filament to
capture it. Subsequently, the filament is successfully captured, and at times
t6 and t7, the efficient transportation of the filament by the micro-robot is ev-
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Figure 3.20: Integration and transport of a passive, flexible filament with a
head over time. The positions of the micro-robot, filament, and head are
illustrated at seven different instances, t1, t2, ..., t7, corresponding to times
0, 87.5, 254, 420, 588, 754, and 920, respectively. The pushing microhelix is
highlighted in blue, while the pulling microhelices are depicted in red.

ident, demonstrating the stability of this coupling and transportation. From
our discussion in Section 3.8, we expect that the parameter ξ (the length
ratio between the pushing and front pulling microhelices) can influence the
gap between the head and the micro-robot. We found that using the value
ξ = 0.52, which was chosen in Section 3.8 without consideration of a head,
the micro-robot and the head came within range of the steric repulsion in-
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teraction. Increasing the ratio to ξ = 0.59 resulted in a minimum distance
of 0.15 between the head and micro-robot, ensuring no contact occurs.

3.11 Analytical study on the possibility of

coupling

We develop a reduced analytical model to demonstrate, with a small num-
ber of parameters that must be determined numerically, that full coupling
between the micro-robot and passive filament is generically achievable by
changing the proportions of pushing and pulling helices. Consider a long
right-handed microhelix. Adopting a resistive force theory approach (in par-
ticular, ignoring end effects), the relationships between the axial velocity U
of the helix, the rotational rate Ω of the helix, the thrust force per unit
length F applied to the fluid, and torque per unit length T (in the forward
axial direction) applied to the fluid, can be expressed as[132, 133]{

A11U + A12Ω = F,

A21U + A22Ω = T.
(3.11)

where the resistance matrix per unit length

(
A11 A12

A21 A22

)
is a symmetric

matrix that depends only on the cross-sectional radius, helical radius, and
pitch of the microhelix. A left-handed microhelix with the same geometric
parameters would have the same resistance coefficients except for a change
in signs for the off-diagonal elements.[132] For motion driven by an external
torque T , we set F = 0 and express the translational velocity of the helix as

U = −A12

A11

Ω. (3.12)

It should be noted that A12/A11 is negative for a right-handed helix so that
U > 0 (pulling) if Ω > 0. In our proposed geometry, the micro-robot com-
prises both a pulling microhelix and a pushing microhelix, which are of oppo-
site handedness. Denoting the ratio of the pushing microhelix length to the
total length by η, the forward swimming speed of the compound micro-robot
is

U = −A12

A11

Ω(1− 2η). (3.13)
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To estimate the velocity of the passive filament, we formulate equations anal-
ogous to 3.11 for the passive filament, where the force and torque densities
are interpreted as the hydrodynamic force and torque densities that would
act on a stationary filament in the flow field generated by the helical micro-
robot. In general, these quantities depend on all of the geometric parameters
of the problem as well as the position of the filament relative to the helix. For
long helices, we find that the fluid velocity in the axial direction is roughly
uniform along the axis of a rotating or translating helix, away from the ends
(Figures 3.21 and 3.22). Hence, we assume that the filament lies along the
helical axis and is nested within the axial bounds of the micro-robot. We
then make the approximation that the force per unit length and the torque
per unit length on the filament are proportional to the uniform fluid velocity
along the axis of the helix, which is in turn linearly related to the rotational
rate and translational velocity of the helix. The system of equations gov-
erning the passive filament inside the right-handed helix can be expressed
as {

B11Uf +B12Ωf = (C11U + C12Ω),

B21Uf +B22Ωf = (C21U + C22Ω).
(3.14)

Assuming that the filament is almost straight, the effect of Ω on the ax-
ial force on the passive filament is negligible, so B12 ≈ 0. Therefore, the
translational velocity of the filament is approximated by

Uf = αU + βΩ. (3.15)

where α = C11/B11 and β = C12/B11 are only functions of the cross-sectional
radius, the helical pitch, and the helical radius of the micro-robot, which we
determine numerically using the regularized Stokeslet method for a long helix
(20 windings) with fixed helical radius R = 0.1 and various combinations of
cross-sectional radius r and helical pitch λ. We expect that α takes values
between 0 and 1, because the fluid should be dragged in the same direction
as a translating helix but not faster than the helix. We expect β < 0 for
right-handed helices, as demonstrated in Sections 3.5 and 3.6. For a left-
handed helix, we would have the same values for C11 and B11, and hence α.
The coefficient C12, and hence also β, would have the same magnitudes but
opposite signs.

For a micro-robot with both left- and right-handed sections, the velocity
of the filament is estimated by taking the average of the velocities of the
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portions of the filament in the right- and left-handed sections of the micro-
robot, weighted by the lengths of these two portions. Suppose that the
fraction of the filament contained in the left-handed section of the micro-
robot is ξ and the fraction in the right-handed section is (1−ξ). In general, ξ
and η may be different if the filament is shorter than the helix. If the filament
runs through all of the left-handed portion of the micro-robot, then ξ =
ηL/Lf . For simplicity, we will assume that this is the case. The estimated
velocity of the filament is

Uf = αU + βΩ(1− 2ηL/Lf ). (3.16)

Coupling is achieved when the velocities of the micro-robot and the filament,

Figure 3.21: Velocity profile of the fluid computed using the Regularized
Stokeslet method along the axis of a right-handed helix in the axial direc-
tion when the microhelix moves with prescribed speed U = 1 and Ω = 0.
The back and front of the micro-robot are located at Z = −4 and Z = 0,
respectively. The velocity at the central plateau corresponds to the param-
eter α.

respectively given by (3.13) and (3.16), are equal. For nonzero rotation rate
Ω, there is a unique ratio

η∗ =
1

2

1−
(

L
Lf

− 1
)
β

A12

A11
(1− α) + β L

Lf

 . (3.17)
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Figure 3.22: Velocity profile of the fluid computed using the Regularized
Stokeslet method along the axis of a right-handed helix in the axial direc-
tion when the microhelix moves with prescribed speed U = 0 and Ω = 1.
The back and front of the micro-robot are located at Z = −4 and Z = 0,
respectively. The velocity at the central plateau corresponds to the param-
eter β.

at which U = Uf for given helical parameters.

We now present results from simulations used to determine numerical
values for the coefficients. The total length of the micro-robot was fixed
at L = 1, while the length of the filament was fixed at Lf = 0.5. Our
analytical model does not explicitly account for the thickness of the filament.
However, to allow a straight filament to fit inside the micro-robot, the ratio
r/R is constrained to take values between 0 and (1−rf/R) < 1. We consider
pitches λ > 4r so that successive turns of the helix are not too close together.
In Figure 3.23, we show η∗ for various values of r/R between 0.04 and 0.71,
and for λ/R up to 4. Except for the smallest values of r/R and λ/R, we find
that η∗ increases with λ/R. In addition, we tested larger values of λ/R up to
400 for r/R = 0.3. Across all tested parameter combinations, the values of
η∗ remained in a narrow range, between 0.23 and 0.275. This suggests that
η ≈ 0.25 should be suitable for most helical geometries. For comparison, the
optimum value for ξ was found to be 0.52 in Section 3.8.2, corresponding
to η = 0.234. In Section 3.8.2, we mentioned two design considerations
for the three-section micro-robot. To explain why the speed of the micro-
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Figure 3.23: Impact of λ/R and r/R on η∗. (desired η to have the same
velocity for the filament and the micro-robot)

robot increases with the total length, note that η∗, given by (3.17), is a
decreasing function of L/Lf if as anticipated, L > Lf , β < 0, 0 < α < 1,
and A12/A11 < 0. Additionally, the swimming speed, given by (3.13), is
a decreasing function of η. Hence, the swimming speed for micro-robots
designed with η = η∗ increases with the total length L.

The second consideration was that the bottom of the filament should be
within the middle section of the micro-robot. To illustrate the benefit of this,
suppose that the filament is straight and consider a vertical perturbation
∆Z of the micro-robot relative to the filament. If ∆Z < 0 (the filament
protrudes out of the micro-robot slightly), then the portion of the filament
in the middle, pushing, section of the micro-robot is shorter while the portion
in the front, pulling, section is the same. Hence, the filament will be pulled
back into the micro-robot. If ∆Z > 0, then the portion of the filament in
the pulling helices becomes shorter while the portion in the pushing helix
is longer. The filament is pushed forward and ∆Z decreases. Hence, this
design stabilizes the fully coupled configuration ∆Z = 0, as demonstrated
in Figure 3.17.
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3.12 Conclusions

Recent advancements in micro-robot design have led to the development
of robots capable of carrying cargo in vivo/in-vitro using a magnetic fields.
However, many of these methods involve contact-based cargo transportation,
which can make it difficult to release the cargo after reaching their target.
In this study, we sought to provide a non-contact method for carrying cargo
using a rotating helical micro-robot.

To design the helical micro-robot for capturing and carrying a passive
filament, we first studied the streamline and pathline of fluid around the ro-
tating helical micro-robot. To achieve a good coupling between the passive
filament and the micro-robot, the filament must be located where the fluid
flows in the forward direction. Our calculations showed that confining the
filament inside the micro-robot close to its axis maximized the forward hy-
drodynamic drag force. We found that the geometrical parameters r/R and
λ/R affect the pathline of the fluid significantly. Unsuitable choices for r/R
and λ/R cause the pathline of the fluid to escape the radial confinement of
the micro-robot, which according to the streamline of the fluid, the velocity
of the fluid is in the backward direction.

Next, we simulated the motion of the helical micro-robot and the passive
filament and examined the effects of three parameters: the flexibility of the
filament, r/R, and λ/R. Our results indicated that increasing the flexibility
of the filament and the ratio of r/R led to better coupling, while reducing
λ/R improved the coupling as well. However, we found that the forward
velocity of the filament for the designed helical micro-robot was lower than
that of the micro-robot, causing the micro-robot to surpass the filament and
lose the coupling. To address this issue, we added a pushing helix to the
front of the micro-robot to apply a larger hydrodynamic thrust force to the
filament and enhance its forward velocity.

Despite this improvement, we encountered another issue with the second
design: the flow field on the front of the micro-robot was in the forward
direction, causing the filament to push forward during the capturing process
and making it difficult to capture. Thus, we proposed a third design, which
consisted of three helical sections: one pushing microhelix located between
two pulling microhelices of different lengths. The pulling helix located at the
back provided the main thrust for the micro-robot to push forward, while
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the front helix pulled fluid into the micro-robot to assist with capturing the
filament. By changing the length ratio between the pushing and pulling
microhelices and selecting the helix’s parameters of r/R and λ/R, we were
able to manipulate the coupling between the filament and the micro-robot.
Using the optimal length ratio for coupling, our simulations demonstrated
that the micro-robot with three sections was also effective at capturing a
filament.

Since biological and synthetic filaments are often curved, we conducted
simulations with two different non-straight resting shapes: sinusoidal and
circular arcs. We demonstrated that our micro-robot can capture and trans-
port such filaments over a range of curvatures and amplitudes. Furthermore,
we showed that our micro-robot can transport a straight filament with an
attached head, similar in proportion to that of human sperm. By tuning
the length ratio of the helical sections, we could push the filament enough to
maintain a gap between the head of the cargo and the micro-robot. Thus, we
assert that our novel micro-robot not only facilitates non-contact transport
of micro-swimmers with a head but also offers the flexibility to regulate the
gap between the head and the micro-robot, mitigating any potential contact
or adhesion issues.

Finally, we developed a theoretical model to estimate the length ratios
that allow complete coupling between a filament without a head and a micro-
robot and found a low sensitivity to geometrical parameters. The optimal
length ratio from the model was in close agreement with the numerically
determined optimum. In addition, the model supports our recommendation
that the combined length of the front and middle sections be slightly longer
than the length of the intended filament cargo.

We anticipate that the micro-robot we have designed would be suitable for
transporting immotile sperm cells. If the helical micro-robot configuration
and the lengths of the first, second, and first helices are carefully designed
according to the criteria discussed in Section 3.8.2, then the sperm can be
carried without relying on direct contact with the micro-robot to push the
cell forward. This could reduce the chance of adhesion and damage due to
shear stresses applied to the head.
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Chapter 4

Developing and characterizing
viscoelastic fluid

In the preceding chapter, a helical magnetic micro-robot was developed to
transport filamentous micro-cargo in a Newtonian fluid. However, as previ-
ously discussed, most biological microorganisms navigate through viscoelas-
tic fluids. The movement of microorganisms within viscoelastic fluids is
crucial for various biological processes, including fertilization, infection, and
biofilm formation. Thus, it is essential to also simulate the motion of a helical
micro-robot in a viscoelastic fluid.

To date, most studies on viscoelastic micro-swimming have treated the
fluid as a homogeneous, single-phase continuum. However, complex fluids
are typically chemically and mechanically heterogeneous at the length scales
relevant to biological swimmers, meaning that non-continuum effects are
expected to be significant. As mentioned earlier, treating the fluid as contin-
uous may not sufficiently capture the interactions between microorganisms
or robots navigating through viscous fluids containing suspended microstruc-
tures, such as elastic polymers and filamentous networks. This is especially
true when the size of the polymeric network is comparable to that of the
micro-robot or cargo. For instance, mammalian sperm navigate through
such heterogeneous networks within the female reproductive tract, encoun-
tering various configurations and spacings between mucin fibers that change
throughout the menstrual cycle [14, 114]. Given that the size of the micro-
robot designed in the previous chapter was based on the size of sperm, the
size of heterogeneous networks within the female reproductive tract or the
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vitreous humour is comparable to the size of the micro-robot. Therefore, to
simulate the motion of the micro-robot in the viscoelastic fluid, it is required
to consider the fluid as a non-continuum fluid.

Therefore, in this chapter and the subsequent one, we will simulate the
motion of a helical micro-robot in a viscoelastic fluid. To accomplish this,
we must first define and characterize the viscoelastic model. This chapter
will explain the proposed model for the viscoelastic fluid and provide its
characterization. In chapter 5, the motion of the micro-robot within the
viscoelastic fluid will be simulated.

The model used in this chapter is based on the one proposed by Wróbel
et al. [13]. As illustrated in Figure 4.1b, the viscoelastic network consists of
multiple nodes arranged in a cubic structure, with each node connected to
its 26 neighboring nodes via springs and dashpots, as shown in Figure 1.13.
This configuration forms the foundation of the viscoelastic network used in
this study. First, we will characterize this network, and then subsequently
introduce modified viscoelastic networks to better mimic the behavior of the
vaginal fluid sample, drawing inspiration from Figure 4.1a. To begin, we
aim to analytically predict the behavior of the viscoelastic network using
a simple ODE model characterized by a small number of parameters with
physical interpretations. The nodes are connected by a spring and dashpot in
series, and because they are immersed in a Newtonian fluid, a more accurate
representation of the behaviour of the whole viscoelastic fluid, is a spring and
dashpot in series, parallel to another dashpot, as illustrated in Figure4.2.

The relationships between the forces, strains, and the velocity of nodes
x1 and x2 are given by

η

K
Ḟ + F = (η + η2)ϵ̇+

ηη2
K

ϵ̈. (4.1)

where F and ϵ are the forces and strain applied between nodes x1 and x2

which are connected. The detailed derivations and further analysis of this
model are provided in the Appendix I. By defining α = η

K
, β = η + η2, and

γ = ηη2
K
, we obtain the following ODE relationship between F and ϵ:

αḞ + F = βϵ̇+ γϵ̈. (4.2)

To characterize the viscoelastic fluid, several tests can be conducted, in-
cluding the creep test and strain test, where a strain or force is applied to
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Figure 4.1: (a) Photomicrograph of bovine spermatozoa in a vaginal fluid
sample [14]. (b) Model of a micro-swimmer moving through a viscoelastic
network, adapted from Ref [13].

x1

K η
x2

η2

Figure 4.2: Schematic of the element connecting two nodes in the viscoelastic
network.

the viscoelastic fluid and the system’s behavior is observed. Assume the
previously described network, consisting of multiple nodes arranged within
a cubic lattice where each node is connected to its 26 neighboring nodes,
extends infinitely in the x, y, and z directions. To analyze the system, we
focus on a single representative cube containing eight nodes, which forms
one unit of the periodic lattice. Since the network is periodic, all cubes are
assumed to be identical, with edges and nodes shared between adjacent cells.
By studying the behavior of a single cube, we can infer the behavior of the
entire infinite viscoelastic network. Applying a shear force in the x-direction
to the top surface ABCD, as shown in Figure 4.3, and an equal and opposite
force to the bottom surface OPMN allows us to calculate the displacement of
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the nodes in the x-direction. The ODE equation relating the displacement
of the nodes in the x direction to the force applied to the ABCD surface
is derived, providing a general formula for the viscoelastic fluid’s behavior.
The strain parameter is defined as follows:

A

B C

D

M N

OP

A′

B′ C ′

D′

M ′ N ′

O′P ′

a

∆x

∆x

x

y

z

Figure 4.3: A cube within the viscoelastic network, where the nodes are
connected by the elements shown in Figure 4.2.

ϵ =
2∆x

a
.

Based on the diagram provided and considering that a shear force is applied
to the cube, it is observed that the top vertices A, B, C, and D are displaced
by a magnitude of ∆x to the right, while the bottom vertices M, N, O, and
P are displaced by the same magnitude ∆x to the left. The relationships
between force, strain, and the velocity of the nodes are examined, leading
to the derivation of the following equation that relates the force F and the
strain ϵ:

F + αḞ = β(1.4769ϵ̇+ 1.5332ϵ2ϵ̇) + γ(1.4769ϵ̈+ 3.8782ϵ̇2ϵ+ 1.8261ϵ2ϵ̈).
(4.3)
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This equation characterizes the behavior of the viscoelastic fluid. Detailed
derivations and further analysis of this model are provided in Appendix I.
Equation 4.3 illustrates the relationship between the force and strain in the
viscoelastic network. However, since stress is defined as force per unit area,
the equation can also be rewritten to describe the relationship between stress
and strain as follows:

σ + ασ̇ = (β/a)(1.4769ϵ̇+ 1.5332ϵ2ϵ̇) + (γ/a)(1.4769ϵ̈+ 3.8782ϵ̇2ϵ+ 1.8261ϵ2ϵ̈),
(4.4)

where σ is the stress applied to the viscoelastic network. This equation is
derived for one cube of the viscoelastic network shown in Figure 4.4. It must
be noted that, according to Equation 4.3, the relationship between the force
and strain is non-linear. As discussed in Section 1.4, “Classification of Fluid
Behaviour,” simulating the behaviour of a fluid using dashpots and springs
typically only captures the linear behaviour of the system. However, as
demonstrated, when multiple Maxwell components are used to connect the
nodes of a cube’s vertices, located in a Newtonian fluid, the overall behaviour
of the viscoelastic fluid becomes non-linear. Furthermore, it is important to
note that the positions of the nodes are influenced by the fluid, indicating
that the viscoelastic properties are convected within the fluid. This is consis-
tent with the behavior observed in non-linear viscoelastic fluids rather than
in linear viscoelastic fluids. We believe the derived Equation 4.3 can also de-
scribe the behaviour of the viscoelastic fluid created with the network shown
in Figure 4.4. Therefore, we first simulate the oscillation test, as described in
section 4.2, and then compare the results with those predicted by Equation
4.3. Using a genetic optimization algorithm [134, 135](briefly described in
Appendix II), implemented via MATLAB’s genetic algorithm function(GA),
we determine the values of α, β, and γ to ensure that the predicted results
align well with the simulated results using regularized stokeslet methods.
Then, using the formulas α = η

K
, β = η + η2, and γ = ηη2

K
, we can find the

equivalent viscosities for the solvent and solution as well as the elasticity of
the viscoelastic fluid. Subsequently, using the creep and strain tests, we will
calculate the relaxation time for both strain and stress of the viscoelastic
fluid. Before delving into these tests, it is essential to explain the numer-
ical methods used for simulating the viscoelastic network and validate the
model. Finally, we apply the oscillation, creep and strain tests to the devel-
oped viscoelastic network, which will be used in the next chapter to study
the behaviour of a magnetic micro-robot in a viscoelastic fluid.
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Figure 4.4: Viscoelastic network. This is an infinite network. All connected
nodes are connected with a Maxwell component.

4.1 Numerical method and verification

In the previous section, we derived a formula relating the stress and strain
applied to a viscoelastic network containing a single cube where viscoelastic
nodes are located at the vertices. All vertices are connected via Maxwell
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elements, and the viscoelastic network is embedded in a Newtonian fluid.
This derivation aids in developing a ODE equation to better understand the
relationship between strain and stress in such viscoelastic fluids.

We now describe the numerical method employed for this simulation. As
previously explained, the regularized Stokeslet method is utilized to resolve
the fluid dynamics. Within the Stokes fluid, multiple nodes represent the
viscoelastic nodes, and the viscoelastic network is modeled using Maxwell
elements. Due to the relative motion of these nodes, forces are applied to the
viscoelastic nodes. Subsequently, using the regularized Stokeslet method, the
velocity field within the fluid is obtained. Therefore, this simulation method
is based on the regularized Stokeslet method, as explained in Chapter 2,
where the forces are derived from the viscoelastic network. The viscoelastic
nodes and network introduce viscoelastic behavior into the system to mimic
the characteristics of biological fluids, such as cervical mucus, due to the
presence of polymer chains.

As explained in the introduction section, the forces within the viscoelastic
network are calculated using the following equation [13]:

fs(x1) = −fs(x2) = l20K

(
||x2 − x1||

l(t)
− 1

)
x2 − x1

||x2 − x1||
. (4.5)

where l(t) represents the element’s resting length, K is the spring stiffness
constant, and l0 is the initial resting length. The resting length dynamically
changes, and its time evolution is given by:

dl(t)

dt
=

Kl0
η

(
||x2 − x1||

l(t)
− 1

)
. (4.6)

To validate the numerical method and the developed model, we consid-
ered a regular unit cubic network constructed of an 8×8×8 grid, with nodes
equally spaced and connected to their neighboring nodes, as illustrated in
Figure 4.4. The creep functions for the viscoelastic network, whose top sur-
face is subjected to a unit stress, were then obtained. The response of the
network was plotted as a function of time and compared with the results
presented in the study by Wróbel et al. [13]. As shown in the figure 4.5, the
obtained results has a good agreement with the study by Wróbel et al. [13],
to verify our model.
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Figure 4.5: Creep functions for the viscoelastic network whose top surface
is subjected to a unit stress, with results compared to the study by Wróbel
et al. [13], to verify our model.

4.2 Characterization of the developed viscoelas-

tic network

Now we characterize the viscoelastic network we will use in the next section
to test the functionality of the designed micro-robot. To examine the effect of
different parameters on the characteristics of the network, three parameters
were varied. The viscosity of the Newtonian fluid was kept constant and
equal to one, normalized to the viscosity of water as explained in the previous
chapter for nondimensionalization of the parameters. The elasticity of the
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spring used in the Maxwell element and the constant of the dashpot were then
varied. Additionally, the number of nodes used in the viscoelastic network
cube was also changed. The non-dimensional sides of the cube were set to
one. A non-dimensional stress with a magnitude of 0.1 was applied to the
top surface of the network, while the bottom surface of the cube was fixed.
The resulting creep was plotted as a function of time. The creep function
was determined by measuring the average displacement of the nodes on the
top surface of the cube relative to the nodes on the bottom surface, in the
direction of the applied stress. The strain relaxation time for each case was
then determined by fitting an exponential function of the form a exp(bt) + c
to the decreasing section of the curve. The relaxation time was calculated
as 1

|b| .

The simulations were conducted separately for the strain test. In this
test, a displacement equal to a quarter of the distance between two adjacent
nodes in the viscoelastic network was applied to the nodes at the top surface,
while the bottom surface, like in the stress test, was fixed. The average force
applied to the nodes at the top surface of the network was then measured.
It is worth noting that the force and strains were applied and measured in
the x direction as shown in Figure 4.4. The relaxation time of the stress
was then calculated. It is important to note that each interior node of the
viscoelastic network in both tests is connected to all 26 neighboring nodes
with a Maxwell element. Figures 4.6, 4.7, and 4.8 show the effect of the
stiffness of the spring, dash-pot constant in the Maxwell element, and the
spacing between the viscoelastic nodes on the creep function in the creep
test, respectively.
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Figure 4.6: Creep functions for the viscoelastic network with the top surface
subjected to a stress of 0.1 from time 0 to 1, while varying the spring constant
of the Maxwell element. The dashed line represents the exponential curve
fitted to the decreasing section of the plot to estimate the relaxation time.

As shown in Figures 4.6, 4.7, and 4.8, a stress is applied for a duration
of 1 non-dimensional time, after which it is removed, allowing the cube to
reach a steady-state condition. During the application of stress, the creep
function increases non-linearly, and after the stress is removed, the creep
function decreases. As previously mentioned, to estimate the relaxation
time in the viscoelastic network, an exponential function a exp(bx) + c was
fitted to the descending portion of the curve. The relaxation time was then
determined as 1

|b| . Dashed lines in all figures represent these exponential
fits, highlighting the relaxation time τ for the strain. It is important to
note that when either the stiffness or viscosity of the Maxwell element was
varied, the exponential function fit the descending part of the creep curve
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Figure 4.7: Creep functions for the viscoelastic network whose top surface
is subjected to a 0.1 stress from time 0 to 1, while the dash-pot constant of
the Maxwell element is varied. The dashed line represents the exponential
curve fitted to the decreasing section of the plot to estimate the relaxation
time.

well, and the relaxation time could be calculated accordingly. However, as
seen in Figure 4.8, where the spacing between the viscoelastic nodes was
altered, the exponential function does not fit the descending portion of the
curve accurately. Consequently, estimating the relaxation time from this fit
is not reliable. Therefore, for this figure, a rough estimation based on the
percentage of change in the curve over time was employed to approximate
the relaxation time. Table 4.1 presents the relaxation time for all the cases
discussed above. As interpreted from Table 4.1, increasing the stiffness of
the spring results in a decrease in relaxation time, while increasing the dash-
pot constant in the Maxwell element results in a decrease in relaxation time.
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Figure 4.8: Creep functions for the viscoelastic network whose top surface
is subjected to a 0.1 stress from 0 to 1, while the spacing between the vis-
coelastic nodes is varied. The dashed line represents the exponential curve
fitted to the decreasing section of the plot to estimate the relaxation time.

Additionally, changing the spacing between the nodes in the viscoelastic
network does not significantly affect the relaxation time. The next step is
to calculate the relaxation time of the stress in the strain test. Figures 4.9,
4.10, and 4.11 show the effect of the stiffness of the spring, dash-pot constant
in the Maxwell element, and the spacing between the viscoelastic nodes on
the stress function in the strain test.
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Case K η ∆X ∆Y ∆Z Relaxation time (τ)

1 0.625 10 0.1 0.1 0.1 4.26

2 2.5 10 0.1 0.1 0.1 2.4

3 10 10 0.1 0.1 0.1 0.75

4 40 10 0.1 0.1 0.1 0.2

5 160 10 0.1 0.1 0.1 0.1

6 160 1 0.1 0.1 0.1 0.02

7 160 5 0.1 0.1 0.1 0.03

8 160 10 0.1 0.1 0.1 0.1

9 160 20 0.1 0.1 0.1 0.5

10 160 40 0.1 0.1 0.1 0.58

11 160 10 0.2 0.2 0.2 0.21

12 160 10 0.1 0.1 0.1 0.22

13 160 10 0.067 0.067 0.067 0.23

14 160 10 0.05 0.05 0.05 0.23

Table 4.1: Relaxation time obtained in the creep test for different cases where
the stiffness of the spring and the dashpot constant in the Maxwell element
and the spacing between the nodes in the viscoelastic network is varied.

As observed in Figures 4.9, 4.10, and 4.11, increasing the stiffness of
the spring increases the relaxation time of the stress, while increasing the
dash-pot constant in the Maxwell element does not significantly change the
relaxation time. Furthermore, it can be understood that increasing the spac-
ing between the nodes in the viscoelastic network increases the relaxation
time of the stress in the strain test.

100



Figure 4.9: Stress functions for the viscoelastic network in the strain test
while the spring constant of the Maxwell element is varied.

The next step is to calculate the apparent solvent and solution viscosities,
as well as the elasticity, of the designed viscoelastic network. We derived a
formula for the relationship between force and strain. According to the
formula derived in Equation 4.3, there is a nonlinear relationship between
force and strain. As explained previously, the coefficients α, β, and γ are
functions of the solvent and solution viscosities and the elasticity of the
network. To calculate the equivalent α, β, and γ for the designed viscoelastic
network shown in Table 4.2, we apply a sinusoidal stress with a magnitude
and frequency of 1 to the top surface of the viscoelastic network in the
numerical model developed and explained at the beginning of this section
in the x direction, and then measure the average strain on the nodes of the
top surface of the network. We then do the same for Equation 4.3, where
the force F on the LHS of the equation is the sinusoidal and oscillating force
applied to the network in our simulation. We solve the ODE and calculate
the strain on the RHS of the equation. For different combinations of α, β, and
γ, the obtained strain varies. Therefore, employing a genetic algorithm, we
optimized the three parameters α, β, and γ such that the objective function,
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Figure 4.10: Stress functions for the viscoelastic network in the strain test
while the dash-pot constant of the Maxwell element is varied.

which is the root mean square (RMS) difference in strain values obtained
over time from the analytical expression and the numerical simulation, is
minimized. The objective function is given by:

Objective function =

√∑Nt

i=1 (ϵanalytical(ti)− ϵsimulation(ti))
2

Nt

,

where Nt is the number of time steps. Using the genetic algorithm (GA),
the three parameters α, β, and γ were obtained for each fluid case shown in
Table 4.2, ensuring the best agreement between the simulation results and
the analytical solution based on the ODE in Equation 4.3. Finally, the re-
sults demonstrated that the ODE can predict the behavior of the viscoelastic
network accurately. Thus, based on the obtained values of α, β, and γ for
each viscoelastic network, the equivalent solvent and solution viscosities and
the elasticity of the network were determined and summarized in Table 4.2.
So far, we have utilized creep tests and strain tests to calculate the stress and
strain relaxation times of the viscoelastic network. Subsequently, by apply-
ing a sinusoidal stress, we characterized the viscoelastic network, and using
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Figure 4.11: Stress functions for the viscoelastic network in the strain test
while the spacing between the viscoelastic nodes is varied.

the derived analytical equation 4.3, we obtained the equivalent viscosities
η1 and η2, as well as the elasticity of the viscoelastic network E. Since the
properties of the viscoelastic network do not change with variations in the
applied stress on its top surface, it raises the question of whether applying
different stress functions to the top surface would yield the same equivalent
viscoelastic properties. If this holds true, it would provide stronger evidence
that the derived analytical formula accurately describes the behavior of the
viscoelastic network. To investigate this, we tested five different stress func-
tions. We used the values of η1, η2, and E previously obtained by fitting
based on oscillation tests with frequency 1 and compared the behavior of the
analytical solution with that of the full numerical simulation of the discrete
network under the different testing conditions. This comparison helps to de-
termine whether the derived formula truly represents an accurate differential
equation for describing the behavior of the viscoelastic network.
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Case K η ∆X ∆Y ∆Z α β γ η1 η2 E RMS error

1 0.625 10 0.1 0.1 0.1 5.83 11.78 28 6.98 4.81 1.2 0.033

2 2.5 10 0.1 0.1 0.1 3.37 16.6 17.2 11.51 5.1 3.4 0.0243

3 10 10 0.1 0.1 0.1 1.25 19.5 7.84 13.2 6.27 10.6 0.011

4 40 10 0.1 0.1 0.1 0.495 20.0585 3.9005 12.2 7.88 24.6 0.0043

5 160 10 0.1 0.1 0.1 0.1406 20.028 1.475 9.54 10.5 67.8 0.0026

6 160 1 0.1 0.1 0.1 0.04 9.75 0.34 12.5 8.5 31.3 0.0077

7 160 5 0.1 0.1 0.1 0.1011 17.511 1.1366 6.27 11.2 62 0.0033

8 160 10 0.1 0.1 0.1 0.1409 25.695 1.48 15.2 10.5 108 0.0026

9 160 20 0.1 0.1 0.1 0.2643 41.566 2.655 31.5 10 119 0.0022

10 160 40 0.1 0.1 0.1 0.5202 73 5.1167 63.2 9.84 121 0.0022

11 160.00 10 0.2 0.2 0.2 0.1395 30.0915 1.5792 18.8 11.3 135 0.0022

12 160 10 0.1 0.1 0.1 0.1409 25.695 1.48 15.2 10.5 108 0.0026

13 160 10 0.067 0.067 0.067 0.1406 24.6571 1.4469 14.4 11.03 106.7 0.0018

14 160 10 0.05 0.05 0.05 0.1436 24.3038 1.4814 14 10.74 97.4 0.0007

Table 4.2: Characterizing the fluid and obtaining the apparent solvent and
solution viscosities and the elasticity of the viscoelastic network using the
oscillation test and comparing the results with the formula derived in Equa-
tion 4.3.
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As stress creep functions, three sinusoidal forces were applied using the
same formula, but with three different frequencies. The sinusoidal equation
used is sin (2πft), where f represents the frequency. In generating table 4.2,
a frequency of 1 was employed. Additionally, the new creep functions tested
included frequencies of 2, 4, and 8. Furthermore, a linear function 0.1t and a
constant stress of 0.1 for a duration of time 1 were applied. It is worth noting
that for the linear and constant functions, as the force is not sinusoidal and
there is a high possibility of significant deformation of the network, the stress
functions were applied for a limited time of 1 unit. Figure 4.12 presents the
creep functions for all the sinusoidal stress functions with different frequen-
cies, as well as for the linear and constant functions. The results obtained
from the simulation of the developed viscoelastic network were compared
with the creep functions derived from the analytical equation 4.3. As can
be observed, with the values of η1, η2, and E obtained and presented in
Table 4.2 for the equivalent viscosities and elasticity, the analytical equation
accurately predicts the behavior of the developed viscoelastic network.
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Figure 4.12: Comparison of the creep functions obtained from the simulation
of the viscoelastic network and those derived from the analytical equation
4.3. The comparison includes sinusoidal stress functions with frequencies of
1, 2, 4, and 8, as well as linear and constant stress functions.
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4.3 Modifying the developed viscoelastic net-

work

In the previous section, a viscoelastic network was created using the Maxwell
element and embedded within a Newtonian fluid to impart viscoelastic prop-
erties to the resulting fluid. This viscoelastic network was further character-
ized through creep and strain tests to gain a comprehensive understanding of
the influence of the spring and dashpot constants in the Maxwell element, as
well as the concentration of the viscoelastic network on the fluid’s viscoelas-
tic properties. However, the viscoelastic network model was found to be
uniform and homogeneous. In contrast, the network depicted in Figure 4.13
is ultra-structured and heterogeneous. In this section, an ultra-structured
and heterogeneous viscoelastic network is proposed, and the relaxation time
of strain is obtained for different spring stiffnesses and dashpot constants.
This approach aims to provide a more realistic representation of the com-
plex and heterogeneous nature of viscoelastic networks observed in biological
systems, thereby enhancing the predictive capability and applicability of the
simulated fluid models. To incorporate the viscoelastic properties into the
fluid, we utilize the viscoelastic network generated and characterized in the
previous section. This network is also employed to evaluate the performance
and physics of a helical micro-robot inside the viscoelastic fluid. However,
to better mimic the heterogeneous and ultra-structured properties of the
viscoelastic fluid, some modifications are applied to the previous network.
As shown previously in Figure 4.13, polymer fibers in biological fluid are
heterogeneous, forming networks that create void spaces allowing the robot
to navigate through. The length of the fibers in these networks is relatively
large compared to the void space between them.

To simulate the behavior of these networks accurately, we must ensure the
network is heterogeneous and that each pair of nodes in the viscoelastic net-
work is connected via multiple intermediary nodes. This approach accounts
for the bending and deformation of the links connecting the nodes, as illus-
trated in Figure 4.13. To modify the network shown in Figure 4.4 to better
mimic the behavior depicted in Figure 4.13, we implemented three key mod-
ifications: making the network heterogeneous, ensuring the links between
nodes are deformable, and varying the concentration of the viscoelastic net-
work to reflect the diversity encountered by microorganisms moving through
biological fluids. To create the modified viscoelastic network based on these
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Figure 4.13: a) Scanning electron micrograph of a freeze-dried bovine vaginal
fluid sample. Scale bar = 5µm. b) Scanning electron micrograph of a freeze-
dried bovine vaginal fluid sample considered to be an artifact. Scale bar
= 25µm, and insert 7.5µm. Both figures adapted from Ref [14].

requirements, we first generate the initial network shown in Figure 4.4. A
fraction of the links is then randomly removed to adjust the polymer con-
centration, ensuring heterogeneity. For example, in one scenario, 40% of the
links were removed randomly. The nodes are randomly removed to ensure
the heterogeneity of the final network. To make the remaining links de-
formable, five intermediary nodes are added between each pair of connected
nodes, and all nodes are connected through a spring and dashpot (Maxwell
element). This process allows us to control the polymer concentration by
varying the percentage of links removed, while the addition of intermediary
nodes ensures the deformability of the links.

We studied four different concentrations by removing 40%, 50%, 60%,
and 70% of the links. A network with dimensions 1 (width) by 1 (depth) by
3 (length) along the x, y, and z axes was created. The minimum distance
between neighboring nodes in the x, y, and z directions is 0.05. Thus, the
network size is 45µm × 45µm × 135µm, with the distance between neigh-
boring nodes being 2.25µm. In Figure 4.14, we present one of the created
viscoelastic networks where 50% of the links are removed.
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a b

Figure 4.14: Viscoelastic network with 50% of the links removed, showing
the heterogeneity of the network from two different views.

This is the size of the network we utilized to simulate the motion of a he-
lical micro-robot through a viscoelastic fluid. Subsequently, we characterized
the created viscoelastic fluid using a creep test. As described in the previous
chapter, we first created a cube with a side length of 1. To maintain the
same spacing between the nodes as in our viscoelastic network illustrated in
Figure 4.14, the network was initially generated with 5 × 5 × 5 nodes, and
all neighboring nodes were connected through links. A percentage of the
links were then randomly selected and removed. For the remaining links,
five intermediary nodes were added, and all nodes were connected through
springs and dashpots (Maxwell elements).

We aimed to study the effect of the stiffness of the spring, the dashpot
constant, and the concentration of the viscoelastic network on the relaxation
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time of the strain in the creep test. Therefore, a 0.1 non-dimensional stress
was applied to the top surface of the unit cube while the bottom of the
cube was fixed for a duration of 1 non-dimensional time. The stress was
then removed, as in the creep test described in the previous section, and the
relaxation time of the network was estimated using the fitting exponential
function as explained in the previous section. To study the effect of spring
stiffness, we tested springs with stiffness values of 0.625, 2.5, 10, 40, and
160 and obtained and compared the relaxation times. Then, the dashpot
constant was varied with values of 1, 5, 10, 20, and 40, and the relaxation
time was obtained and compared for each case. For all these simulations, the
fraction of removed links was kept constant at 50%, and the viscosity of the
fluid was set to 1. Finally, to investigate the effect of the concentration of the
viscoelastic network on the relaxation time of the strain, we removed 40%,
50%, 60%, and 70% of the links in different simulations. The following figures
show the creep function plotted versus time for different spring stiffnesses,
dashpot constants, and concentrations of the viscoelastic network. Figures
4.15, 4.16, and 4.17 show the effect of the stiffness of the spring, the dashpot
constant in the Maxwell element, and the fraction of the removed links on
the creep function in the creep test. It is worth noting that a smaller fraction
of removed links means a higher concentration of the viscoelastic network.
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Figure 4.15: Creep functions for the viscoelastic network whose top surface
is subjected to a 0.1 stress while the spring constant of the Maxwell element
is varied. The dashed line represents the exponential curve fitted to the
decreasing section of the plot to estimate the relaxation time.

As shown in Figures 4.15, 4.16, and 4.17, for a duration of 1 non-
dimensional time, the stress is applied and then removed, allowing the cube
to reach its steady-state situation. During the application of stress, the
creep function increases non-linearly, and upon removal of the stress, the
creep function decreases. Table 4.3 presents the relaxation time for all the
cases discussed above. As interpreted from Table 4.3, increasing the stiffness
of the spring results in a decrease in relaxation time, while increasing the
dashpot constant in the Maxwell element results in a decrease in relaxation
time. Additionally, increasing the concentration of the viscoelastic network
by reducing the fraction of removed links increases the relaxation time.
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Figure 4.16: Creep functions for the viscoelastic network whose top surface is
subjected to a 0.1 stress while the dashpot constant of the Maxwell element
is varied. The dashed line represents the exponential curve fitted to the
decreasing section of the plot to estimate the relaxation time.
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Figure 4.17: Creep functions for the viscoelastic network whose top surface is
subjected to a 0.1 stress while the concentration of the viscoelastic network is
varied by changing the fraction of links removed. The dashed line represents
the exponential curve fitted to the decreasing section of the plot to estimate
the relaxation time.
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Case K η Fraction of removed links Relaxation time (τ)

1 0.625 10 50% 3.5

2 2.5 10 50% 1.6

3 10 10 50% 0.6

4 40 10 50% 0.05

5 160 10 50% 0.03

6 160 1 50% 0.05

7 160 5 50% 0.04

8 160 10 50% 0.03

9 160 20 50% 0.02

10 160 40 50% 0.02

11 0.625 10 40% 4.5

12 0.625 10 50% 3.5

13 0.625 10 60% 2.8

14 0.625 10 70% 2.3

Table 4.3: Relaxation time (τ) for different cases with varying spring stiffness
(K), dashpot constant (η), and fraction of removed links in the viscoelastic
network.
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As the next step, similar to the previous section, we aimed to calculate
the equivalent flexibility and viscosity of the viscoelastic network using the
cyclic test and by comparing it with the analytical solution provided in Equa-
tion 4.3. However, the analytical equation was derived under the assumption
that the viscoelastic network is fully connected. When a fraction of the links
is removed and additional nodes are introduced to create a heterogeneous
network, the system’s behavior under cyclic force application changes. Con-
sequently, determining the desired parameters α, β, and γ to achieve a close
agreement with the simulation results proved to be unsuccessful.

In Figure 4.18b, the creep function of a viscoelastic network is plotted as
a function of time, with K = 0.625, η = 10, and 40% of the links removed.
The cyclic force sin(2πt) is applied to the top surface of the network, and the
creep function is represented by the orange line. The parameters α, β, and
γ were optimized to minimize the error between the creep function derived
from Equation 4.3 and the one obtained from the simulation. However, as
illustrated in Figure 4.18b, there is a significant discrepancy between the two
curves, indicating that the analytical formula cannot accurately predict the
behavior of the heterogeneous viscoelastic network. The prediction error in
this case was 0.24. In contrast, Figure 4.18a shows the application of the
analytical equation to predict the behavior of a fully connected viscoelastic
network, resulting in a prediction error of 0.033. This demonstrates that
while the analytical equation is highly effective in predicting the behavior of
a fully connected network, its accuracy diminishes when a significant fraction
of links is removed and additional viscoelastic nodes and links are added,
depending on the extent of network modification. Thus, using the method
from the previous section to find the equivalent viscosity and elasticity for
these cases is not feasible.
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Figure 4.18: Creep functions for a viscoelastic network with K = 0.625 and
η = 10 under a cyclic force sin(2πt) applied to the top surface: (a) fully
connected network and (b) heterogeneous network with 40% of the links
randomly removed.
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Chapter 5

Motion of micro-robot in a
viscoelastic fluid

5.1 Introduction

Microorganisms typically move through complex biological environments
which contain high-molecular-weight polymeric material. Examples include
mammalian spermatozoa swimming in viscoelastic mucus in the cervix or
along the fallopian tubes [64], the bacterium Helicobacter pylori moving
through the mucus layer covering the stomach and causing ulcers [68], the
Lyme disease spirochete Borrelia burgdorferi penetrating the connective tis-
sues in our skin [70], and bacteria producing extracellular polymeric sub-
stances (EPS) and forming biofilms [136]. Most biological fluids such as
cervical mucus and vitreous humor are viscoelastic due to the presence of
high-molecular-weight polymeric materials.

As shown in Figure 4.1a, viscoelastic fluids such as cervical mucus exhibit
complex microstructural properties that influence microorganism motility.
The movement of microorganisms and sperm cells within these viscoelastic
fluids plays a pivotal role in numerous biological functions, including fer-
tilization, infection, and the development of biofilms. As explained in the
introduction section, to simulate microswimming in a viscoelastic fluid, vari-
ous approaches, including continuum and non-continuum models, have been
proposed. Depending on the Knudsen number (Kn), as defined earlier in the
introduction section (equation 1.11), which captures the non-continuum as-
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pects of the medium, and considering the size of dispersed phases relative to
the swimming flow length scale, different approaches can be employed. For
instance, Knf ≪ 1 indicates that the fluid can be modeled as a continuum;
otherwise, the microstructural details become significant.

In the continuum approach, the viscoelastic properties are considered
homogeneous at the microscale size and the scale size of the microswim-
mer. When the continuum approach is chosen, different constitutive equa-
tion models can be employed to model microswimming in polymeric fluids,
including Oldroyd-B, Giesekus, and FENE models [137, 138, 139]. While
many studies model complex fluids as continuum media, it is important to
realize that most biological examples are highly heterogeneous at the micro-
scopic scale [91]. Many microorganisms experience a biological environment
of entangled fibers around 10–100 nm in diameter and pores ranging in size
from 0.1 to 1 µm [92].

In this study, the motion of a micro-robot designed for transporting im-
motile sperm is being investigated. As discussed in Chapter 3, the size of
designed micro-robot is based on the length and diameter of sperm, and the
cervical mucus through which the sperm is swimming is a non-continuum
fluid based on the pore size between the polymer fibers [14]. According to
the study by Rutllant et al. on the ultrastructural and rheological properties
of bovine vaginal fluid, the structure of polymers within bovine vaginal fluid,
particularly the filamentous and fibrous components, reveals a complex and
dynamic arrangement critical for sperm transport [14]. The vaginal fluid
is primarily composed of mucins, which form a three-dimensional network
that provides the gel-like properties of the fluid. These mucins are macro-
molecular glycoproteins secreted by the cervical epithelium, with a structure
consisting of a polypeptide backbone and numerous heterosaccharide side
chains. The filamentous network in bovine vaginal fluid varies significantly
in size and structure depending on the phase of the ovarian cycle. During
the estrogenic (follicular) phase, the network features larger intermicellar
spaces, averaging 1–10 micrometers (µm), which facilitate sperm movement.
In contrast, during the luteal phase under progestational influence, these
spaces reduce to fractions of 1 µm, creating a denser network that impedes
sperm penetration. Therefore, for the designed helical micro-robot discussed
in Chapter 3, the viscoelastic fluid inside the vaginal fluid is considered non-
continuum.
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5.2 Geometry and mechanical/viscoelastic prop-

erties of the helical micro-robot and vis-

coelastic network fluid

In Chapter 3, the transportation of filamentous micro-cargo using a designed
helical micro-robot was simulated in a Newtonian fluid. However, the biolog-
ical fluid in which most microorganisms swim is a viscoelastic fluid. There-
fore, in this chapter, the motion of the designed micro-robot in viscoelastic
fluid is studied. One of the primary reasons for designing this micro-robot
was to transport immotile sperm. Hence, it is essential to ensure that, firstly,
the sizes of the designed micro-robot are consistent with those described in
Chapter 3 and, secondly, that the viscoelastic fluid properties are compatible
with cervical mucus.

Similar to Chapter 3, we non-dimensionalize all variables throughout this
chapter using the characteristic length scale l̂ = 45 µm, the viscosity of water
µ = 0.001 Pa s, and the density scale ρ = 1000 kgm−3, corresponding to
the density of water. Additionally, in most of the simulations performed
in this study, the rotational frequency, as represented by Equation 3.6, is
fixed at f = 0.15 in dimensionless units. With our non-dimensionalization,
this corresponds to 50 Hz, a frequency used in past experiments by Medina-
Sánchez et al.[4]. We set the maximum magnitude of the non-dimensional
magnetic torque to T |m⃗| = 65, which corresponds to 3 × 10−12 N ·m. This
value is selected based on the structural properties and materials of the
micro-helices, as well as experimentally achievable magnetic field strengths.
Additionally, the frequency is fixed at f = 0.15, and the magnetic field is
held constant throughout.

Two different helical micro-robots are tested in this simulation: one with
single handedness and one with three helices of alternating handedness, sim-
ilar to Chapter 3. The micro-robot with three helices is particularly func-
tional for the contactless transportation of filamentous micro-cargo. For the
micro-robot with single handedness, we use Nλ = 8 windings, pitch λ = 0.15,
radius R = 0.08, and cross-sectional radius r = 0.005 for the helix. For the
micro-robot with three helices, we use Nλ = 10 windings, pitch λ = 0.15,
radius R = 0.08, and cross-sectional radius r = 0.005 for the helix. Fig-
ure 5.1 shows the two micro-robots. As shown previously in Figure 4.13,
polymer fibers in biological fluid are heterogeneous, forming networks that
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a b

Figure 5.1: Helical micro-robots used in the simulation: (a) Micro-robot
with single handedness, (b) Micro-robot with three helices of alternating
handedness.

create void spaces allowing the robot to navigate through. The length of
the fibers in these networks is relatively large compared to the void space
between them. In Section 4.3, a viscoelastic network inspired by the hetero-
geneous structure of bovine vaginal fluid was developed to better mimic the
heterogeneous and ultra-structured properties of the viscoelastic fluid. This
network is employed to evaluate the performance and physics of a helical
micro-robot inside the viscoelastic fluid.

To mimic the behavior of the non-continuum viscoelastic network, we en-
sured that the modified viscoelastic network incorporates three key features:
heterogeneity, deformable links between nodes, and variable concentration to
reflect the diversity encountered by microorganisms in biological fluids. In
the following sections, we evaluate the performance of the designed micro-
robot (Figure 5.1) as it navigates the heterogeneous viscoelastic network,
previously described in Section 4.3.
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5.3 Locomotion of helical magnetic micro-robot

in a viscoelastic network

In this section, the locomotion of a helical magnetic micro-robot in a vis-
coelastic fluid is studied. In Chapter 3, we improved the design of the helical
micro-robot by adding a pushing micro-helix to the middle of the micro-robot
to enable the transport of filamentous microcargo without any contact. As
discussed in Chapter 3, the novel micro-robot design with two different hand-
edness can carry filamentous microcargo, such as immotile sperm or bacteria,
in the fluid without contact, preventing adhesion and making the release of
the microcargo at the final destination easier. However, in most biological
fluids where sperm and bacteria must be transported, the fluid is viscoelastic.
Therefore, it is crucial to understand how the helical magnetic micro-robot
moves in a viscoelastic fluid and how the novel helical micro-robot with two
different handedness performs in the viscoelastic fluid compared to the he-
lical micro-robot with a single handedness. Additionally, we compare the
performance of both micro-robots (with single and double handedness) in
viscoelastic fluid to their performance in Newtonian fluid.

In this section, a finite piece of heterogeneous ultra-structured viscoelas-
tic network, as introduced in Section 5.2, is generated with different con-
centrations of the viscoelastic network, and the locomotion of the helical
micro-robot through the network is studied. We perform simulations with
the helical micro-robot starting outside the viscoelastic network and analyze
the processes of entering, swimming through, and exiting the network. All
of these stages are important and physically relevant.

We first characterize the behaviour of the two micro-robots shown in
Figure 5.1 as they separately swim through the viscoelastic network, focusing
on their z-velocities as a measure of their performance. Subsequently, we
examine the influence of various properties of the network by varying the
fraction of the removed links in the network, the stiffness of the spring in
the Maxwell element, and the dashpot constant.
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5.3.1 Behaviour of helical micro-robots passing through
a viscoelastic network

In this section, we examine the motion of two helical micro-robots, intro-
duced in Figure 5.1, within a viscoelastic network. Initially, the micro-robots
are positioned outside of the network, as shown in Figure 5.2. Using a mag-
netic field, the robots are rotated and move in the z-direction through the
viscoelastic network.
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Figure 5.2: Two views of the initial configuration of the viscoelastic network
and location of the micro-robot before entering the viscoelastic network.

We do not alter the viscoelastic properties of the network for this analysis.
For a specific set of viscoelastic properties listed in Table 4.3, both micro-
robots are tested. We study the pattern of the viscoelastic network nodes
and links surrounding the micro-robots, comparing their performance to that
in a Newtonian fluid and to each other. As an initial step, we examine the ve-
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locity of the micro-robots in the z-direction, normalized by their Newtonian
velocity over time. The viscoelastic network that is studied in this section
has a spring stiffness of 0.625, a dashpot constant of 10, and 50% of the links
removed. In Figures 5.3 and 5.4, the normalized velocity of the micro-robots
with single handedness and with three helices with two handedness, relative
to their velocity in Newtonian fluid, is plotted versus time. Initially, as both
micro-robots start their motion from outside the viscoelastic network, the
normalized velocity is very close to 1, indicating that the velocity is almost
the same as in Newtonian fluid, showing that the viscoelastic network has
not yet influenced the micro-robots. The red vertical lines indicate where
the micro-robots enter and exit the viscoelastic network. Upon approaching
and entering the viscoelastic network, the velocity of the micro-robot with
single handedness increases, while the velocity of the micro-robot with three
helices decreases. As the viscoelastic network is finite, initial end effects
are observed, but when the micro-robot is at the center of the viscoelastic
network, the velocity reaches an almost steady value. Although the velocity
never completely stops oscillating due to the heterogeneous nature of the
viscoelastic network, an average velocity can still be reported. This steady
value is more observable for the micro-robot with single handedness. For
the micro-robot with single handedness, when it exits the viscoelastic net-
work, the velocity returns to 1. As the micro-robot approaches the exit, the
velocity decreases, and finally, when the micro-robot exits the network, the
normalized velocity returns to 1, indicating that the effect of the viscoelastic
network has disappeared. However, for the micro-robot with three helices,
the situation is different. The velocity of the micro-robot decreases, with
this decrease slowing when the micro-robot is at the center of the viscoelas-
tic network. When the micro-robot exits the network, the velocity does not
return to 1 as it did for the micro-robot with single handedness. This shows
that even after exiting the viscoelastic network, the effect of the viscoelas-
tic network persists. The reason for this, as shown in Figure 5.8, is that
the micro-robot with three helices transports some of the viscoelastic nodes
with it, so even after exiting the viscoelastic region, the effect of the vis-
coelastic network remains. For this viscoelastic network, the velocity of the
micro-robot with single handedness reaches 1.25 times its velocity in Newto-
nian fluid, while the velocity of the micro-robot with three helices and two
different handedness reaches 0.4 times its velocity in Newtonian fluid.
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Figure 5.3: Normalized velocity of the micro-robot with single handedness
in a viscoelastic fluid compared to its velocity in a Newtonian fluid versus
time. Red vertical lines indicate where the micro-robots enter and exit the
viscoelastic network.

The observed increase in the velocity of a single-handedness micro-robot
in viscoelastic fluid, compared to Newtonian fluid, is consistent with the ex-
isting literature. As discussed in Sections 1.5.1 and 1.5.2, the behavior of a
micro-swimmer in viscoelastic fluids varies based on its shape and propulsion
method. While some cases show a decrease in velocity, others show an in-
crease. However, Mahdy et al. found that the velocity of a magnetic helical
micro-robot propelled by a rotating magnetic field increases with the fluid’s
viscoelasticity, which aligns with the results of this thesis[140]. To improve
our understanding of the physics of helical micro-robots in a viscoelastic net-
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Figure 5.4: Normalized velocity of the micro-robot with three helices and
two different handedness in a viscoelastic fluid compared to its velocity in
a Newtonian fluid versus time. Red vertical lines indicate where the micro-
robots enter and exit the viscoelastic network.

work, the streamline of the fluid around the micro-robot while it is inside
and at the middle of the viscoelastic network is plotted in Figures 5.5 and
5.6.
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Figure 5.5: Streamline of the fluid around the micro-robot with single hand-
edness while the micro-robot is at the middle of the viscoelastic network.

As shown in Figures 5.5 and 5.6, the streamline and the velocity field
around the micro-robot in a viscoelastic network is very similar to the veloc-
ity field in Newtonian fluid, as shown in Chapter 3. As discussed before in
Chapter 3, adding the pushing micro-helix to the middle of the micro-robot
with three helices creates a zone inside the micro-robot that pushes the fluid
forward rather than backward, as in a micro-robot with three handedness.
This specific feature, as discussed in Chapter 3, helped us transport filamen-
tous micro-cargo without contact. This feature also causes different behavior
in the micro-robot with three helices compared to the micro-robot with sin-
gle handedness. We further explain how this feature causes the velocity of
the micro-robot with three helices and two different handedness to decrease
in the viscoelastic network compared to its velocity in Newtonian fluid, while
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Figure 5.6: Streamline of the fluid around the micro-robot with three helices
and two different handedness while the micro-robot is at the middle of the
viscoelastic network.

the velocity of the micro-robot with single handedness increases.

To better understand the increase in velocity of the micro-robot with
single handedness in a viscoelastic network compared to Newtonian fluid, and
the decrease in velocity of the micro-robot with three helices and two different
handedness, we examine two different times during the micro-robot’s motion
through the viscoelastic network: when the micro-robot is inside the network
and when it is exiting the network.
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Figure 5.7: Helical micro-robot with single handedness a) inside the vis-
coelastic network and b) while it is exiting the network.

In Figures 5.7a and 5.8a, the micro-robots are at the center of the vis-
coelastic network. The main difference observed here is that for the micro-
robot with single handedness, the network is more dragged towards the
micro-robot compared to the micro-robot with three helices. For both cases,
the viscoelastic network and the links and fibers connecting nodes are ro-
tated around the micro-robot, and the network is twisted around the robot.
Another difference is observed in Figures 5.7b and 5.8b, where the micro-
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Figure 5.8: Helical micro-robot with three helices and two different handed-
ness a) inside the viscoelastic network and b) while it is exiting the network.

robot is exiting the viscoelastic network. In Figure 5.7b, half of the robot
is outside the viscoelastic network zone, and although the network in the
XY plane is twisted and deformed significantly, the network is not dragged
and relocated in the Z direction with the micro-robot’s movement. How-
ever, in Figure 5.8b, it is observed that while the micro-robot is outside the
viscoelastic network, some of the viscoelastic nodes are dragged and relo-
cated with the micro-robot in the z-direction. All these nodes are around
the middle section of the micro-robot where the pushing micro-helix is lo-
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cated. As discussed in Chapter 3 and shown in Figure 5.6, the fluid inside
the pushing micro-helix is in the forward direction, causing the viscoelastic
nodes to be dragged with the micro-robot as it moves forward. Therefore,
as shown in Figure 5.8b, the links connected to these viscoelastic nodes are
also stretched. Stretching of those nodes causes a force in the backward di-
rection to be applied to the micro-robot, pulling it backward. This behavior
also occurs when the micro-robot is inside the viscoelastic network. Nodes
in the z-direction are located at different layers, and when a micro-robot
with a pushing micro-helix moves through the network, nodes at different
layers are pulled forward with the micro-robot, and their links are stretched
in the z-direction. This phenomenon causes the micro-robot with a pushing
micro-helix to be pushed backward, reducing its velocity in the z-direction
compared to the Newtonian fluid. This behavior is not observed for the
micro-robot with single handedness, as it does not have a pushing micro-
helix, so its velocity increases compared to the Newtonian fluid. For the
micro-robot with single handedness, the viscoelastic nodes and the fibers
are rotated around the micro-robot, providing a duct for the micro-robot to
move forward.

To better understand how the viscoelastic network is arranged around the
micro-robot as it moves through the network, we plot the radial distribution
of the viscoelastic nodes around the robot. For each micro-robot, we create
a cylindrical binning system centered around the micro-robot. Specifically,
around the axis of the micro-robot, we create Nr × Nz bins, where Nr is
the number of bins in the radial direction (r), and Nz is the number of bins
in the axial direction (z). The average density of the viscoelastic nodes in
each bin is then calculated for one complete rotation of the micro-robot.
We select two levels in the z direction, denoted as Z1 and Z2, and sum the
number of the viscoelastic nodes located in the bins between Z1 and Z2, and
from θ = 0 to 2π. The radial distribution of the viscoelastic nodes is then
plotted. To better understand the distribution, the radial position of the
bins is normalized by the radius of the micro-robot. Thus, distances greater
than 1 indicate a position outside the micro-robot, while distances less than
1 indicate a position inside the micro-robot. For the micro-robot with a
single helix, Z1 and Z2 are chosen such that Z1 corresponds to the minimum
z value of the micro-robot, and Z2 to the maximum value. For the micro-
robot with three helices, Z1 and Z2 are selected at the bottom and top of
the middle micro-helix (pushing micro-helix), and at the bottom and top of
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the pulling micro-helix at the back. Two separate radial distributions of the
viscoelastic nodes are plotted for these cases. Figures 5.9 and 5.10 display
these radial distributions. The normalized density shown in these figures
is calculated as the number of viscoelastic nodes divided by the volume of
the bin where those nodes are located, and then normalized by the average
density of the viscoelastic nodes at the initial time. Initially, the viscoelastic
network contains 3293 nodes with a total volume of 3, giving an average
node density of 1097. Therefore, to normalize the density of the viscoelastic
nodes around the micro-robot, the calculated density is divided by 1097.

Figure 5.9: Normalized density of the viscoelastic nodes around the micro-
robot with single handedness.
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Figure 5.10: Normalized density of the viscoelastic nodes around the pushing
micro-helix of the micro-robot with three helices and two different handed-
ness.

As shown in Figure 5.9, compared to the micro-robot with three helices,
the micro-robot with single handedness drags more nodes towards itself. This
was also observed in Figure 5.7. Moreover, Figure 5.10 shows that the overall
normalized density of the viscoelastic nodes around the pushing micro-helix
is higher than that around the pulling micro-helices. The reason, as dis-
cussed before, is that the pushing micro-helix also drags some viscoelastic
nodes from the previous layer of viscoelastic nodes in the z-direction. This
is the main reason that the velocity of the micro-robot with three helices re-
duces in a viscoelastic network compared to a Newtonian fluid. In the next
section, we will study the effect of the properties of the viscoelastic network
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on the velocity of the micro-robot, including the stiffness of the spring in
the Maxwell element, the dashpot constant in the Maxwell element, and the
concentration of the viscoelastic nodes.

5.3.2 Studying the effect of viscoelastic properties on
the performance of the helical micro-robots

In the preceding section, we discussed the performance of two different micro-
robots in a viscoelastic network. The viscoelastic properties of the network
were kept constant in the previous analysis. It was observed that the speed of
micro-robots with three sections of alternating handedness in a viscoelastic
network reduces compared to a Newtonian fluid. However, the micro-robot
with single handedness demonstrated better performance in the viscoelastic
network. This was attributed to the fluid flow around the micro-robot and
the pattern and distribution of the viscoelastic nodes around it.

In this section, we evaluate the effect of spring stiffness, dash-pot con-
stant, and the concentration of viscoelastic nodes in the network. These
parameters, as examined in the previous chapter and characterized in this
chapter, can alter the viscoelastic properties of the fluid. To assess the im-
pact of these three parameters on the performance of the two micro-robots,
we conducted multiple simulations for each micro-robot.

Firstly, we varied the spring stiffness of the Maxwell elements to four
different values: 0.625, 10, 40, and 160. Next, keeping the spring stiffness
constant at 160, we varied the dash-pot constant to values of 1, 5, 10, and
20. For all these simulations, the fraction of removed links was set to 50%, as
previously discussed, to affect the concentration of the viscoelastic network.
Setting the fraction of removed links to 50% generated 3293 nodes in the
viscoelastic network.

Finally, we altered the concentration of the viscoelastic network by vary-
ing the fraction of removed links to 50%, 60%, and 70%, which generated
3293, 2173, and 1385 nodes, respectively. These nodes are connected to
their neighboring nodes through multiple Maxwell elements. Figure 5.2 il-
lustrates the viscoelastic network with the maximum concentration of vis-
coelastic components, comprising 3293 nodes.

Tables 5.1 and 5.2 summarize the effect of the viscoelastic network on
the normalized velocity of the two micro-robots: one with single handedness
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and the other with three helices and different handedness. In what follows,
we examine each effect and study the velocity profile of the fluid and the
distribution of the viscoelastic nodes around the micro-robot to understand
why these effects occur.

Case K η Fraction of removed links VNN/VN

1 0.625 10 50% 1.25

2 10 10 50% 1.29

3 40 10 50% 1.33

4 160 10 50% 1.37

5 160 1 50% 1.07

6 160 5 50% 1.1

7 160 10 50% 1.37

8 160 20 50% 1.6

9 0.625 10 50% 1.25

10 0.625 10 60% 1.07

11 0.625 10 70% 1.03

Table 5.1: Effect of viscoelastic properties on the normalized velocity of
the micro-robot with single handedness. (Velocity is normalized with the
velocity of the micro-robot in Newtonian fluid.)
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Case K η Fraction of removed links VNN/VN

1 0.625 10 50% 0.4

2 10 10 50% 0.32

3 40 10 50% 0.108

4 160 10 50% -0.029

5 160 1 50% 0.58

6 160 5 50% 0.5

7 160 10 50% -0.029

8 160 20 50% -0.1

9 0.625 10 50% 0.4

10 0.625 10 60% 0.75

11 0.625 10 70% 0.91

Table 5.2: Effect of viscoelastic properties on the normalized velocity of the
micro-robot with three helices. (Velocity is normalized with the velocity of
the micro-robot in Newtonian fluid.)

Effect of elastic component of maxwell element on the
performance of the micro-robots

As shown in Tables 5.1 and 5.2, increasing the stiffness of the Maxwell ele-
ment in the viscoelastic network structure results in an increase in the veloc-
ity of the micro-robot with single handedness and a decrease in the velocity
of the micro-robot with three helices. To better understand the effects of
increased stiffness of the Maxwell element, we first examine the viscoelastic
nodes and links surrounding the micro-robot while it is located in the middle
of the viscoelastic network region.

Figure 5.11 illustrates the viscoelastic network around the micro-robot
with three helices and a pushing micro-helix positioned at the center of the
network. In Figure 5.11a, the spring stiffness of the Maxwell element is
0.625, while in Figure 5.11b, the spring stiffness is 160. As depicted, the
stiffer network is more wrapped around the robot, with more network nodes
being dragged inside or around the network. This occurs because, as the
micro-robot rotates, viscoelastic nodes around it are dragged inward due to
the fluid flow. When the network stiffness is very high, nodes connected
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to those dragged nodes with stiff Maxwell elements are also pulled toward
the network, causing a large group of connected nodes to wrap around the
micro-robot.

Previously, we explained that for a micro-robot with three helices, many
viscoelastic nodes are transported with the pushing micro-helix located at
the center. This transportation stretches the Maxwell elements connected
to those nodes, resulting in a backward force applied to both the nodes and
the micro-robot, thus decreasing the micro-robot’s speed. Therefore, stiffer
Maxwell elements generate a larger backward force, further reducing the
micro-robot’s speed.

For the micro-robot with single handedness, nodes surrounding it create
a channel that facilitates forward movement, increasing its speed. When the
Maxwell element is stiffer, more nodes are dragged toward the micro-robot,
amplifying this effect and increasing its speed.

Figure 5.12 shows the normalized density of viscoelastic nodes around the
micro-robot with three helices. Two key observations can be made from this
figure. First, compared to Figure 5.10 more viscoelastic nodes are pulled
toward the micro-robot as the stiffness of the Maxwell element increases.
Second, the normalized density of viscoelastic nodes around the pushing
micro-helix is higher due to the pulling and transporting of some nodes from
lower Z levels. Consequently, more nodes are transported with the micro-
robot, making the reduction in its forward velocity more significant.

Figure 5.13 illustrates the fluid streamline around the micro-robot with
three helices when the stiffness of the Maxwell element is 160. As previ-
ously reported in Table 5.2, the micro-robot does not move forward when
the stiffness is very high. The streamline plot shows that the fluid inside
the pushing micro-helix flows backward, indicating that the micro-robot is
moving in the opposite direction. This backward movement is caused by
the high density of transported viscoelastic nodes and the stiffness of the
Maxwell element, which generates a backward force due to the extension of
the connected Maxwell elements, as illustrated in Figure 5.11.
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Figure 5.11: Viscoelastic network around the micro-robot with three helices
and a pushing micro-helix at the center, with Maxwell element stiffness of
a) 0.625 and b) 160.
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Figure 5.12: Normalized density of the viscoelastic nodes around the micro-
robot close to the a) pushing micro-helix and b) back pulling micro-helix
when the stiffness of the Maxwell element is 160.
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Figure 5.13: Streamline of the fluid around the micro-robot with three helices
where the stiffness of the Maxwell element is 160.
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For the single handedness micro-robot, it can also be observed from Fig-
ure 5.13 that the density of viscoelastic nodes around the micro-robot is
higher compared to a network with lower stiffness, as shown in Figure 5.9.
This increased density enhances the effect of the viscoelastic network, re-
sulting in a higher velocity for the single handedness micro-robot in a stiff
viscoelastic network.

Figure 5.14: Normalized density of the viscoelastic nodes around the micro-
robot with single handedness where the stiffness of the Maxwell element is
160.
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Effect of viscous component of Maxwell element on the
performance of the micro-robots

The influence of the viscous component of the Maxwell element can be ob-
served in Tables 5.1 and 5.2. As shown, increasing the viscosity of the
Maxwell element results in different outcomes for micro-robots with vary-
ing helices. For a micro-robot with three helices, increased viscosity reduces
the forward velocity, whereas for a micro-robot with single handedness, it
increases the forward velocity.

This phenomenon, similar to the effect of stiffness in the Maxwell ele-
ment, occurs because higher viscosity makes it more difficult to change the
length of the links connecting the nodes. Consequently, when the viscoelastic
nodes near the micro-robot are dragged toward it, the nodes connected to
them are also dragged closer, increasing the density of the viscoelastic nodes
around the micro-robot. This heightened density enhances the effect of the
viscoelastic network, resulting in an increased velocity for the micro-robot
with single handedness and a decreased velocity for the micro-robot with
three helices.

Furthermore, increasing the viscosity of the Maxwell element enhances
the forces that pull back the transported viscoelastic nodes with the pushing
micro-helix. This causes the micro-robot to be pulled back with greater
force, reducing its forward velocity and sometimes even causing it to move
backward instead of forward.

In Figure 5.15, it is evident that when the viscosity increases from 10 to
20, more viscoelastic nodes are pulled toward the micro-robot, resulting in
an increased forward velocity for the micro-robot with single handedness.
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Figure 5.15: Viscoelastic network around a micro-robot with single handed-
ness during its motion where the viscosity of the Maxwell element is 20.
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Similarly, Figure 5.16 shows the viscoelastic network around a micro-
robot with three helices and two different handedness. As the viscosity
increases from 10 to 20, more viscoelastic nodes are pulled toward the micro-
robot, resulting in a decreased forward velocity for the micro-robot with three
helices and two different handedness.

Figure 5.16: Viscoelastic network around a micro-robot with three helices
during its motion where the viscosity of the Maxwell element is 20.
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Effect of concentration of viscoelastic network on the
performance of the micro-robots

Altering the concentration of viscoelastic nodes reduces the overall density
of the nodes. Consequently, for a Maxwell element with consistent elastic-
ity and viscosity, a network with lower concentration has fewer viscoelastic
nodes surrounding the micro-robot. As the concentration of viscoelastic
nodes decreases due to the increased fraction of removed links, the density
of nodes around both types of micro-robots diminishes. This reduction in
node density results in a decrease in the velocity of the micro-robot with
single handedness, and increasing the velocity of the micro-robot with three
helices and two different handedness. These effects are reported in Tables
5.1 and 5.2. Furthermore, to better illustrate how the velocity of the micro-
robots changes with varying concentrations of the viscoelastic network and
the viscoelastic properties of the fluid, we have plotted two different figures.
Figures 5.17 and 5.18 illustrate the normalized velocity of the micro-robot
inside the viscoelastic fluid, with the y-axis showing the velocity normalized
by the velocity in Newtonian fluid. The x-axis indicates the concentration,
calculated as 100 minus the percentage of removed links. Figure 5.17 plots
various values of the stiffness (K) of the Maxwell element, while Figure 5.18
plots various values of the viscosity (η) of the Maxwell element. Both figures
include separate curves for single-handedness micro-robots and micro-robots
with three helices.
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Figure 5.17: Normalized velocity of the micro-robot inside the viscoelastic
fluid for different values of the stiffness (K) of the Maxwell element. The
concentration is represented by 100 minus the percentage of removed links.
The plot compares the performance of single-handedness micro-robots and
micro-robots with three helices.

One important discussion remains. In Figures 5.17 and 5.18, as well
as the data reported in Tables 5.1 and 5.2, some cases exhibit a negative
velocity. For instance, when the concentration is 50% and the elasticity of
the Maxwell element is 160, or when the concentration is 50% or 40% and
the viscosity η is 20, the reported velocities are zero. This is unusual as we
expect that the presence of the polymer resist the motion of the micro-robot
but not completely and consistently reverse the direction of motion.
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Figure 5.18: Normalized velocity of the micro-robot inside the viscoelastic
fluid for different values of the viscosity (η) of the Maxwell element. The
concentration is represented by 100 minus the percentage of removed links.
The plot compares the performance of single-handedness micro-robots and
micro-robots with three helices.

The reason for reporting negative velocities is that, in all cases except
those with negative velocities, the velocity profile of the micro-robot over
time follows a similar trend as shown in Figure 5.4. Here, the velocity de-
creases until it reaches a specific value, and as some viscoelastic nodes and
their connected links are transported with the micro-robot, the normalized
velocity never returns to 1. The effect of the viscoelastic network persists,
and part of the network is carried along with the micro-robot until it reaches
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an approximate steady velocity, which is then reported.

However, for cases where negative velocity is reported, the velocity profile
trend differs. In Figure 5.19, where the concentration is 40% and the stiff-
ness of the Maxwell element is 160, the velocity profile of the micro-robot in
the z-direction (forward direction) is plotted. For cases where the concen-
tration of viscoelastic nodes is high, and both the stiffness and viscosity of
the Maxwell element are large, numerous viscoelastic links become wrapped
around the micro-robot, causing it to move backward temporarily rather
than forward. This backward movement helps to push away the viscoelastic
nodes and links, freeing the micro-robot from being trapped in the network,
which subsequently leads to an increase in velocity. Thus, the curve’s main
trend shows a decrease to negative values, followed by an increase to positive
velocities, exceeding 1, and then a final decrease to values close to 1.

The negative velocities occur because many viscoelastic nodes wrap around
the micro-robot, pushing it backward. However, eventually, the micro-robot
pushes the nodes away, increasing its velocity and escaping the viscoelastic
network. As the viscoelastic nodes are pushed away, the behavior previously
observed with the three-helical micro-robot—where some nodes were inside
the pushing helix and transported along with the micro-robot, slowing it
down—is no longer observed. At this stage, the velocity of the micro-robot,
similar to that of a single-handed micro-robot, exceeds the speed in a Newto-
nian fluid. Finally, when the micro-robot exits the viscoelastic network, and
its influence is removed, the normalized velocity returns to 1. However, as
can be seen, the velocity is not exactly 1, as we have for the single-handedness
micro-robot, but it is very close when compared to other micro-robot with
three helices. The velocity of the micro-robot reaches 0.86, indicating that a
few viscoelastic nodes are still being transported with the micro-robot, even
after it exits the viscoelastic network region.

In Figure 5.20, the normalized density of the viscoelastic nodes around
the pushing and pulling sections of the micro-robot is plotted at two different
times. In Figure 5.20a, the micro-robot exhibits negative velocity, and the
viscoelastic links are tightly wrapped around it, hindering its forward motion.
In contrast, in Figure 5.20b, the links have been pushed away from the micro-
robot’s surface, allowing it to move with a normalized speed slightly greater
than 1. It can be observed that, unlike in Figure 5.20a, the maximum density
of viscoelastic nodes in Figure 5.20b is located outside and away from the
micro-robot’s surface.
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Figure 5.19: Normalized velocity of the micro-robot with three helices in the
forward direction over time within a viscoelastic network with a concentra-
tion of 40%, Maxwell element stiffness of 160, and Maxwell element viscosity
of 10.
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a b

Figure 5.20: Normalized density of viscoelastic nodes around the micro-robot
during the time robot has negative velocity and stuck inside the network (a)
and after the viscoelastic links have been pushed away (b), where the micro-
robot achieves a normalized speed greater than 1.
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5.3.3 Studying the effect of breakpoints for links in
the viscoelastic network on the performance of
helical micro-robots

In the previous sections, we did not impose any limitations on the stretch-
ing of links within the viscoelastic networks. However, in real situations,
polymer fibers in viscoelastic networks break when overstretched. There-
fore, in this section, we study the effect of introducing breakpoints for the
links connecting viscoelastic nodes. We vary the elasticity and viscosity of
the Maxwell element as in previous sections, using a viscoelastic network
where 60% of the links have been removed. At the end of each RK4 time
step, links that have been stretched to more than three times their initial
length are permanently removed from the remainder of the simulation. We
expect that during the motion of micro-robots through the viscoelastic net-
work, some links will break, and some nodes will become disconnected from
the network. This phenomenon is similar to breaking polymer fibers into
smaller sections.

As explained in Section 5.3.1, the primary reason for the reduced speed
of the micro-robot with three helices in a viscoelastic network compared
to a Newtonian fluid is the transport of viscoelastic nodes by the pushing
micro-helix. The links connected to these transported nodes are stretched,
resulting in a backward force that slows down the micro-robot. Therefore,
we expect that the micro-robot with three helices will break more Maxwell
elements than the single-handedness micro-robot. For the single-handedness
micro-robot, although Maxwell elements are also deformed, fewer elements
break because viscoelastic nodes are not transported with the micro-robot;
they are just rotated and wrapped around it.

As shown in Figure 5.21, many viscoelastic nodes are disconnected from
the network, and no Maxwell elements are connected to these nodes. Addi-
tionally, around the pushing micro-helix, many viscoelastic nodes are trans-
ported with the micro-robot, and their Maxwell elements are overstretched
and disconnected. As this is the main reason for the reduced velocity of the
three-helix micro-robot in a viscoelastic network, introducing a breakpoint
for the Maxwell element results in a smaller reduction in the micro-robot’s
speed compared to a Newtonian fluid.

In Table 5.3, we vary the elasticity and viscosity of the Maxwell element
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and calculate the percentage of broken elements and the normalized velocity
of the micro-robot with three helices. As seen in the table, when 68% of
the Maxwell elements are broken, the normalized velocity is close to 1, indi-
cating that the micro-robot’s velocity in a viscoelastic network is similar to
that in a Newtonian fluid. Therefore, for the cases shown in Table 5.3 where
more Maxwell elements are broken, the speed of the micro-robot is closer to
that in a Newtonian fluid. Here in this study, we assume a 200% threshold
for the stretching of the Maxwell element before breaking. Changing this
threshold, or using more or less resistant fibers, will alter the fraction of bro-
ken Maxwell elements. Increasing the stiffness or viscosity of the Maxwell
element decreases the fraction of broken elements because they stretch less,
reaching the breaking threshold less frequently. However, there is an excep-
tion in Table 5.3 where increasing elasticity from 40 to 160 resulted in more
broken elements. This is because stiffer Maxwell elements drag more vis-
coelastic nodes toward the micro-robot, increasing the number of potential
elements for breaking.

For the single-handedness micro-robot, Table 5.4 shows significantly fewer
broken Maxwell elements compared to the three-helix micro-robot. How-
ever, the trend is the same: higher fractions of broken Maxwell elements
correspond to velocities closer to that in a Newtonian fluid because fewer
fibers wrap around the micro-robot, creating a channel for the micro-robot
to move forward. Figure 5.22 shows the viscoelastic nodes around the single-
handedness micro-robot. The viscoelastic nodes are not transported with the
micro-robot, resulting in fewer disconnected nodes.

In summary, in real situations, polymer fibers break when overstretched.
The three-helix micro-robot causes more fiber stretching in the viscoelastic
network, leading to more broken fibers. Breaking fibers makes the behavior
of the viscoelastic fluid approach that of a Newtonian fluid. Depending on
fiber resistance, the fraction of broken fibers changes, affecting the micro-
robot’s speed relative to that in a Newtonian fluid.
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Figure 5.21: Viscoelastic network around a micro-robot with three helices
during its motion. The viscosity of the Maxwell element is 20, the stiffness
of the Maxwell element is 0.625, and breakpoints for the Maxwell element
are considered.
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Figure 5.22: Viscoelastic network around a micro-robot with single hand-
edness during its motion. The viscosity of the Maxwell element is 20, the
stiffness of the Maxwell element is 0.625, and breakpoints for the Maxwell
element are considered.
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Case K eta Broken Maxwell elements VNN/VN

1 0.625 10 68% 0.98
2 10 10 46% 0.94
3 40 10 45% 0.84
4 160 10 50% 0.73
5 160 1 67% 0.93
6 160 5 56% 0.83
7 160 10 50% 0.73
8 160 20 33% 0.52

Table 5.3: Effect of having breakpoints for the Maxwell elements in the
viscoelastic fluid on the performance of the three-helix micro-robot with
60% removed links.

Case K eta Broken Maxwell elements VNN/VN

1 0.625 10 48% 1.015
2 10 10 19% 1.06
3 40 10 10% 1.08
4 160 10 12% 1.12
5 160 1 41% 1.02
6 160 5 20% 1.07
7 160 10 12% 1.12
8 160 20 9.70% 1.2

Table 5.4: Effect of having breakpoints for the Maxwell elements in the
viscoelastic fluid on the performance of the single handedness micro-robot
with 60% removed links.
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5.4 Summary and conclusion

This chapter delves into the intricate dynamics of a helical micro-robot op-
erating within a viscoelastic fluid. The primary objective was to evaluate
how the viscoelastic properties of the fluid influence the locomotion of the de-
signed micro-robot, intended for applications in medical and biological fields.
In Chapter 3, a new micro-robot with three helices of alternating handed-
ness was designed and tested for its ability to improve the transportation
of filamentous micro cargo such as sperm and bacteria. Given that most
biological micro-swimmers, such as bacteria and sperm, move in viscoelastic
fluids, it is crucial to evaluate the performance of the designed micro-robot in
viscoelastic fluids and compare it with the conventional single-handed helical
magnetic micro-robot.

The chapter began with an introduction to the geometry of the micro-
robot and the viscoelastic network fluid. A viscoelastic network inspired by
the network found in bovine vaginal fluid samples was designed and created.
The micro-robot designs included single-handedness and three helices with
alternating handedness, aimed at enhancing cargo transport capabilities. To
assess the impact of different viscoelastic properties on the performance of
the designed micro-robot, various viscoelastic networks were created by vary-
ing the flexibility of the Maxwell element, the viscosity of the Maxwell ele-
ment, and the concentration of the viscoelastic network.

In the first section of assessing the performance of the helical magnetic
micro-robot, the performance of the single-handed micro-robot and the three-
helical alternating handedness micro-robot was compared, and their perfor-
mances were also compared with that in a Newtonian fluid. It was observed
that the single-handed micro-robot moved faster in a viscoelastic fluid, while
the three-helical alternating handedness micro-robot moved slower in a vis-
coelastic fluid. After studying the pattern of the viscoelastic network around
the micro-robot, the reason for the slower speed of the three-helical micro-
robot compared to its speed in Newtonian fluid was revealed. Adding a push-
ing micro-helix to the middle of the three-helical micro-robot creates a zone
inside the micro-robot that pushes the fluid forward rather than backward, as
in a micro-robot with three helices of alternating handedness. This specific
feature, as discussed in Chapter 3, helped transport filamentous micro-cargo
without contact. This feature also causes different behavior in the three-
helical micro-robot compared to the single-handed micro-robot. The fluid
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inside the pushing micro-helix moves forward, causing the viscoelastic nodes
to be dragged with the micro-robot as it moves forward. The links con-
nected to these viscoelastic nodes are also stretched. Stretching of those
nodes causes a backward force to be applied to the micro-robot, pulling it
backward. Nodes in the z-direction are located at different layers, and when
a micro-robot with a pushing micro-helix moves through the network, nodes
at different layers are pulled forward with the micro-robot, and their links
are stretched in the z-direction. This phenomenon causes the three-helical
micro-robot to be pushed backward, reducing its velocity in the z-direction
compared to its speed in Newtonian fluid. This behavior is not observed for
the single-handed micro-robot, as it does not have a pushing micro-helix,
so its velocity increases compared to its speed in Newtonian fluid. For the
single-handed micro-robot, the viscoelastic nodes and fibers rotate around
the micro-robot, providing a duct for the micro-robot to move forward.

Next, the effect of viscoelastic properties on the performance of the helical
micro-robots was compared. Initially, the elasticity of the Maxwell element
in the viscoelastic network was varied. It was observed that a stiffer network
wraps more around the robot, with more network nodes being dragged in-
side or around the network. This occurs because, as the micro-robot rotates,
viscoelastic nodes around it are dragged inward due to the fluid flow. When
the network stiffness is very high, nodes connected to those dragged nodes
with stiff Maxwell elements are also pulled toward the network, causing a
large group of connected nodes to wrap around the micro-robot. This feature
causes that for stiffer Maxwell elements, the single-handed micro-robot has
more viscoelastic nodes providing the path to move forward and improve
its performance and velocity. Conversely, for the three-helical alternating
handedness micro-robot, many viscoelastic nodes are transported with the
pushing micro-helix at the center. This transportation stretches the Maxwell
elements connected to those nodes, resulting in a backward force applied
to both the nodes and the micro-robot, thus decreasing the micro-robot’s
speed. Therefore, stiffer Maxwell elements generate a larger backward force,
further reducing the micro-robot’s speed. This behavior was also observed
when the viscosity of the Maxwell element was varied. Increasing the vis-
cosity of the Maxwell element has a similar effect to increasing its elasticity.
This phenomenon occurs because higher viscosity makes it more difficult to
change the length of the links connecting the nodes. Consequently, when
the viscoelastic nodes near the micro-robot are dragged toward it, the nodes

157



connected to them are also dragged closer, increasing the density of the vis-
coelastic nodes around the micro-robot. This heightened density enhances
the effect of the viscoelastic network, resulting in an increased velocity for
the single-handed micro-robot and a decreased velocity for the three-helical
micro-robot. Furthermore, increasing the viscosity of the Maxwell element
enhances the forces that pull back the transported viscoelastic nodes with
the pushing micro-helix. This causes the micro-robot to be pulled back with
greater force, reducing its forward velocity and sometimes even causing it to
move backward instead of forward.

Moreover, altering the concentration of viscoelastic nodes reduces the
overall density of the nodes. Consequently, for a Maxwell element with con-
sistent elasticity and viscosity, a network with lower concentration has fewer
viscoelastic nodes surrounding the micro-robot. As the concentration of vis-
coelastic nodes decreases due to the increased fraction of removed links, the
density of nodes around both types of micro-robots diminishes. This reduc-
tion in node density results in a decrease in the velocity of the single-handed
micro-robot and an increase in the velocity of the three-helical alternating
handedness micro-robot.

In the last section, the impact of overstretching-induced breakpoints in
the viscoelastic network on micro-robot performance was analyzed. Unlike
previous sections, this study introduced breakpoints for links exceeding 200%
of their initial length, simulating the real-world breaking of polymer fibers.
The analysis revealed that the micro-robot with three helices, which trans-
ports viscoelastic nodes and overstretches their connecting links, breaks more
Maxwell elements than the single-handedness micro-robot. This increased
breakage mitigates the backward force exerted by the stretched nodes, reduc-
ing the velocity differential between viscoelastic and Newtonian fluids for the
micro-robot with three helices and alternate handedness. The study found
that with a higher percentage of broken Maxwell elements, the normalized
velocity of the micro-robot with three helices approaches that in a Newto-
nian fluid, demonstrating that the breaking of fibers shifts the viscoelastic
fluid’s behavior towards Newtonian-like characteristics. Conversely, for the
single-handedness micro-robot, significantly fewer broken Maxwell elements
compared to the micro-robot with three helices were detected. However,
the trend is the same: higher fractions of broken Maxwell elements corre-
spond to velocities closer to that in a Newtonian fluid because fewer fibers
wrap around the micro-robot, creating a channel for the micro-robot to move
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forward. This study highlights the critical role of fiber resistance and break-
points in determining micro-robot performance in viscoelastic networks.

These findings provide a comprehensive understanding of the perfor-
mance of helical micro-robots in viscoelastic fluids. While the micro-robot
with three helices is effective in transporting filamentous cargo in Newtonian
fluids, it faces challenges in viscoelastic environments and its speed can be
reduced significantly and the possibility of getting stuck in the viscoelastic
fluid is quite higher compared to the regular micro-robot with single hand-
edness.
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Chapter 6

Summary and conclusions

In recent years, there has been a notable surge in interest within the medi-
cal field towards minimally invasive procedures, with magnetic micro-robots
emerging as a promising avenue. These micro-robots exhibit the capabil-
ity to traverse various mediums, including viscoelastic and non-Newtonian
fluids, facilitating targeted drug delivery and medical interventions. Many
current designs, drawing inspiration from micro-swimmers found in biologi-
cal systems such as bacteria and sperm, utilize a contact-based approach for
transporting payloads. However, adhesion between the cargo and the car-
rier can complicate release at the intended site. This thesis investigated the
potential of a helical micro-robot for non-contact delivery of drugs or cargo,
focusing on its ability to transport passive filaments.

To design the helical micro-robot for capturing and carrying a passive fil-
ament, we first studied the streamline and pathline of fluid around the rotat-
ing helical micro-robot. Our calculations showed that confining the filament
inside the micro-robot close to its axis maximized the forward hydrodynamic
drag force. The geometrical parameters r/R and λ/R significantly affect the
pathline of the fluid, and unsuitable choices can cause the fluid to escape the
radial confinement of the micro-robot, resulting in backward fluid velocity.
We simulated the motion of the helical micro-robot and the passive filament,
examining the effects of filament flexibility, r/R, and λ/R. Increasing the
flexibility of the filament and the ratio of r/R led to better coupling, while
reducing λ/R improved the coupling as well. However, the forward velocity
of the filament was lower than that of the micro-robot, causing it to surpass
the filament and lose the coupling.
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To address this issue, we added a pushing helix to the front of the micro-
robot to apply a larger hydrodynamic thrust force to the filament and en-
hance its forward velocity. Despite this improvement, the flow field on the
front of the micro-robot was in the forward direction, pushing the filament
forward during the capturing process and making it difficult to capture. We
then proposed a third design consisting of three helical sections: one pushing
microhelix between two pulling microhelices of different lengths. The pulling
helix at the back provided the main thrust for the micro-robot to move for-
ward, while the front helix pulled fluid into the micro-robot to assist with
capturing the filament. By optimizing the length ratio between the push-
ing and pulling microhelices and selecting appropriate helix parameters, we
achieved effective filament capture and transportation.

Since biological and synthetic filaments are often curved, we conducted
simulations with two different non-straight resting shapes: sinusoidal and
circular arcs. Our micro-robot successfully captured and transported these
filaments over a range of curvatures and amplitudes. Additionally, we demon-
strated that the micro-robot could transport a straight filament with an at-
tached head, similar to human sperm. By tuning the length ratio of the
helical sections, we maintained a gap between the head of the cargo and the
micro-robot, mitigating potential contact or adhesion issues.

We developed a theoretical model to estimate the length ratios that allow
complete coupling between a filament and a micro-robot. The optimal length
ratio from the model closely matched the numerically determined optimum,
supporting our recommendation that the combined length of the front and
middle sections be slightly longer than the intended filament cargo.

The second main part of the thesis focused on the dynamics of a he-
lical micro-robot operating within a viscoelastic fluid. We evaluated how
the viscoelastic properties of the fluid influence the locomotion of the de-
signed micro-robot, which is crucial for applications in medical and biological
fields. A viscoelastic network inspired by bovine vaginal fluid samples was
designed and created. The performance of the single-handed micro-robot
and the three-helical alternating handedness micro-robot was compared in
both viscoelastic and Newtonian fluids. It was observed that the single-
handed micro-robot moved faster in viscoelastic fluid, while the three-helical
micro-robot moved slower.

The slower speed of the three-helical micro-robot was attributed to the
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fluid inside the pushing micro-helix moving forward, causing the viscoelastic
nodes to be dragged with the micro-robot, stretching the links and applying
a backward force. This phenomenon was not observed in the single-handed
micro-robot, as it did not have a pushing micro-helix, resulting in increased
velocity compared to its speed in Newtonian fluid. The single-handed micro-
robot’s viscoelastic nodes and fibers rotated around it, providing a path for
forward movement.

We also examined the impact of varying the viscoelastic properties on
the micro-robot’s performance. Increasing the elasticity and viscosity of
the Maxwell element in the viscoelastic network caused more nodes to be
dragged around the micro-robot, enhancing the single-handed micro-robot’s
performance but decreasing the three-helical micro-robot’s speed due to the
increased backward force. Altering the concentration of viscoelastic nodes
affected the node density around the micro-robot, influencing its velocity
accordingly.

The study also analyzed the impact of overstretching-induced breakpoints
in the viscoelastic network. Breakpoints for links exceeding 300% of their
initial length were introduced, simulating real-world breaking of polymer
fibers. The three-helical micro-robot broke more Maxwell elements than
the single-handed micro-robot, reducing the backward force and normalizing
its velocity closer to that in a Newtonian fluid. This study highlights the
critical role of fiber resistance and breakpoints in determining micro-robot
performance in viscoelastic networks.

In conclusion, this thesis provides a comprehensive understanding of the
design and performance of helical micro-robots in both Newtonian and vis-
coelastic fluids. The novel design of the micro-robot with three helices of-
fers significant improvements in non-contact transport of filamentous cargo,
with potential applications in medical procedures and drug delivery. How-
ever, challenges remain in viscoelastic environments, where the micro-robot’s
speed can be significantly reduced, and the risk of getting stuck is higher
compared to a single-handed micro-robot. Future research should focus on
further optimizing the micro-robot design and exploring additional strategies
to overcome these challenges in viscoelastic fluids.
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6.1 Recommendations for future works

In Chapter 3, we assessed the performance of the designed micro-robot in
transporting filamentous microcargo by conducting all simulations with ini-
tial conditions that aligned the micro-robot with the filament. While it has
been experimentally demonstrated that magnetic micro-robots are highly
controllable and can be manipulated accurately, it is useful to investigate
the extent of acceptable error in the micro-robot’s alignment that still al-
lows successful filament capture. When approaching a filament to capture
and transport it, one must first determine the filament’s orientation using
a camera, then approach the filament for capture. There are two sources
of error: finding the exact orientation and location of the filament, and the
change in filament orientation due to fluid motion as the micro-robot ap-
proaches. Therefore, perfect alignment of the micro-robot and the filament
is impossible. It is important to test how much alignment error is acceptable
to ensure successful filament capture and transport.

Another parameter that can be studied in the future is the assumption
that the filament is passive. Even immotile sperm are not completely pas-
sive; they are just less motile. Additionally, many micro-swimmers are active.
Therefore, it is important to assess the performance of the designed micro-
robot in capturing and transporting active filamentous micro-cargo.

Moreover, future projects could expand on the work in Chapter 5. In
Chapter 5, we simulated a Newtonian fluid in which a viscoelastic network
is suspended. However, some biological fluids are shear-thinning or shear-
thickening, meaning the viscosity of the fluid is not constant but a function of
the shear and strain rate. Future studies should investigate the performance
of the micro-robot in such non-Newtonian fluids where the viscoelastic net-
work is suspended in shear-dependent fluids.

Finally, in the last project, we observed that although the designed micro-
robot is very successful in transporting filamentous micro-cargo without any
contact, its speed can be significantly reduced in viscoelastic fluids where a
multitude of polymer fibers are suspended. One other potential direction for
future studies is to improve the design of the micro-robot to ensure it re-
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mains effective in both Newtonian and viscoelastic fluids for the non-contact
transport of filamentous micro-cargo.
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Appendix I: Detailed
calculations for deriving the
analytical equation of
developed viscoelastic Network

The calculations used for deriving the analytical force-strain relationship in
the developed viscoelastic network model, as discussed in Chapter 4, are
presented here in detail.

The viscoelastic network model used in this study is based on the struc-
ture proposed by Wróbel et al. [13, 117]. As depicted in Figure 4.1, this
network consists of multiple nodes arranged within a cubic lattice, with each
node connected to its 26 neighboring nodes. The connections between nodes
are represented by a combination of springs and dashpots, forming the basis
of the viscoelastic network. Therefore, the more accurate element connecting
two nodes is a dashpot and spring in series in parallel with another dashpot,
as shown in Figure 1: Next, the relationships between force, strain, and the

x1

K η
x2

η2

Figure 1: Schematic of the element connecting two nodes in the viscoelastic
network.
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velocity of nodes x1 and x2 are examined.

F1 = Kϵ1 ⇒ F1

k
= ϵ1. (1)

F1 = ηϵ̇1 ⇒ Ḟ1

η
= ϵ̇1. (2)

F2 = η2ϵ̇. (3)

F = F1 + F2. (4)

ϵ = ϵ1 + ϵ2. (5)

where ϵ1 is the strain of the spring and ϵ2 is the strain of the dashpot η. F1

is the force applied to the series of the spring and dashpot, and F2 is the
force applied to the dashpot η2. F and ϵ are the forces and strain applied
between nodes x1 and x2 which are connected. Using Equations (1) to (5),
we derive the following equation relating the force F and the strain ϵ:

η

K
Ḟ + F = (η + η2)ϵ̇+

ηη2
K

ϵ̈. (6)

By defining α = η
K
, β = η + η2, and γ = ηη2

K
, we obtain the following ODE

relationship between F and ϵ:

αḞ + F = βϵ̇+ γϵ̈. (7)

To characterize the viscoelastic fluid, several tests can be conducted, in-
cluding the creep test and strain test, where a strain or force is applied to
the viscoelastic fluid and the system’s behavior is observed. Assume the
previously described network, consisting of multiple nodes arranged within
a cubic lattice where each node is connected to its 26 neighboring nodes,
extends infinitely in the x, y, and z directions. To analyze the system, we
focus on a single representative cube containing eight nodes, which forms
one unit of the periodic lattice. Since the network is periodic, all cubes are
assumed to be identical, with edges and nodes shared between adjacent cells.
By studying the behavior of a single cube, we can infer the behavior of the
entire infinite viscoelastic network. Applying a shear force in the x-direction
to the top surface ABCD, as shown in Figure 2, and an equal and opposite
force to the bottom surface OPMN allows us to calculate the displacement of
the nodes in the x-direction. The ODE equation relating the displacement
of the nodes in the x direction to the force applied to the ABCD surface
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Figure 2: A cube within the viscoelastic network, where the nodes are con-
nected by the elements shown in Figure 1.

is derived, providing a general formula for the viscoelastic fluid’s behavior.
The strain parameter is defined as follows:

ϵ =
2∆x

a
.

Based on the diagram provided and considering that a shear force is applied
to the cube, it is observed that the top vertices A, B, C, and D are displaced
by a magnitude of ∆x to the right, while the bottom vertices M, N, O,
and P are displaced by the same magnitude ∆x to the left. From this, the
following relationships are deduced. It is important to note that the cube
represents a unit of the periodic lattice. Since the network is periodic and all
cubes are identical, with edges and nodes shared between adjacent cells, the
strain of shared edges is only counted once to avoid multiple counting across
cubes. This assumption is applied throughout the rest of the calculations
in this thesis. As we predict the behavior of the entire system based on the
analysis of this single cube, we ensure that strains of shared edges are not
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double-counted. Therefore, in the calculations and equations below, certain
edges are marked as ’only one counted’ to indicate that their strain is shared
between adjacent cubes and included only once in the overall calculations.

ϵAD = ϵBC = ϵMN = ϵOP = 0

ϵBD = ϵAC = ϵOM = ϵNP = 0

ϵCD = ϵAB = ϵON = ϵMP = 0

ϵMD = ϵCP (only one counted)

ϵAN = ϵOB (only one counted)

ϵAM = ϵDN = ϵBP = ϵOC (only one counted)

ϵNC = ϵOD = ϵBM = ϵAP (two are counted)

ϵBN = ϵOA (two are counted)

ϵCM = ϵDP (two are counted)

The strains for each case are computed as follows:

ϵAD = ϵBC = ϵMN = ϵOP = 0

ϵBD = ϵAC = ϵOM = ϵNP = 0

ϵCD = ϵAB = ϵON = ϵMP = 0

ϵMD = ϵCP (just one counted)

ϵAN = ϵOB (just one counted)

ϵAM = ϵDN = ϵBP = ϵOC (Just one counted)

ϵNC = ϵOD = ϵBM = ϵAP (two are counted)

ϵBN = ϵOA (two are counted)

ϵCM = ϵDP (two are counted)

These equations describe the strain relationships within the viscoelastic net-
work when subjected to a shear force. This detailed analysis forms the
basis for understanding the mechanical behavior of the network under var-
ious loading conditions. In what follows, the strain parameter ϵ for each of
these links and their respective angles with the x-axis are calculated. The
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purpose of determining these angles is to ultimately express the force in the
x-direction, denoted as F , and establish its relationship with ϵ. Therefore,
for all these terms, the components of force and strain in the x-direction are
of primary importance. Term 1:

ϵMD =

√
a2 + (a+ 2∆x)2 − a

√
2

a
√
2

∴ ϵMD =

√
1

2
(1 +

(
1 +

2∆x

a

)2

)− 1 =

√
1

2
(1 + (1 + ϵ)2)− 1

cosθMD
=

a+ 2∆x√
a2 + (a+ 2∆x)2

=
1 + ϵ√

1 + (1 + ϵ)2

Term 2:

ϵAN =

√
a2 + (a− 2∆x)2 − a

√
2

a
√
2

∴ ϵAN =

√
1

2
(1 +

(
1− 2∆x

a

)2

)− 1 =

√
1

2
(1 + (1− ϵ)2)− 1

cosθAN
= − a− 2∆x√

a2 + (a− 2∆x)2
= − 1− ϵ√

1 + (1− ϵ)2

Term 3:

ϵAM =

√
a2 + (2∆x)2 − a

a
=

√
1 + ϵ2 − 1

∴ ϵAM = (
√
1 + ϵ2 − 1)

cosθAM
=

2∆x√
a2 + (2∆x)2

=
ϵ√

1 + ϵ2

Term 4:

ϵNC =

√
2a2 + (2∆x)2 − a

√
2

a
√
2

× 2 (two of them are counted)

∴ ϵNC = (

√
1 +

1

2
ϵ2 − 1)× 2
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cosθNC
=

2∆x√
2a2 + (2∆x)2

=
ϵ√

2 + ϵ2

Term 5:

ϵBN =

√
2a2 + (a− 2∆x)2 − a

√
3

a
√
3

× 2 (two of them are counted)

∴ ϵBN = (

√
2

3
+

1

3
(1− ϵ)2 − 1)× 2

cosθBN
=

a− 2∆x√
2a2 + (a− 2∆x)2

=
1− ϵ√

2 + (1− ϵ)2
× (−1)

Term 6:

ϵCM =

√
2a2 + (a+ 2∆x)2 − a

√
3

a
√
3

× 2 (two of them are counted)

∴ ϵCM = (

√
2

3
+

1

3
(1 + ϵ)2 − 1)× 2

cosθCM
=

a+ 2∆x√
2a2 + (a+ 2∆x)2

=
1 + ϵ√

2 + (1 + ϵ)2

Next, the Taylor series expansions for each term are derived up to the second
order:

Term 1:

ϵMD =

√
1

2
(1 + (1 + ϵ)2)− 1 =

ϵ2

8
+

ϵ

2

cos θMD =
1 + ϵ√

1 + (1 + ϵ)2
= −3

√
2ϵ2

16
+

√
2ϵ

4
+

√
2

2

Term 2:

ϵAN =

√
1

2
(1 + (1− ϵ)2)− 1 =

ϵ2

8
− ϵ

2
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cos θAN = − 1− ϵ√
1 + (1− ϵ)2

=
3
√
2ϵ2

16
+

√
2ϵ

4
−

√
2

2

Term 3:

ϵAM = (
√
1 + ϵ2 − 1)× 2 =

ϵ2

2

cos θAM =
ϵ√

1 + ϵ2
= ϵ

Term 4:

ϵNC = (

√
1 +

1

2
ϵ2 − 1)× 2 =

ϵ2

2
+ 1

cosθNC
=

ϵ√
2 + ϵ2

=

√
2

2
ϵ

Term 5:

ϵBN = (

√
2

3
+

1

3
(1− ϵ)2 − 1)× 2 =

2ϵ2

9
− 2ϵ

3

cosθBN
=

2 ·
√
3 · ϵ
9

−
√
3

3
+

(
√
3 · ϵ2)
9

Term 6:

ϵCM = (

√
2

3
+

1

3
(1 + ϵ)2 − 1)× 2 =

2ϵ2

9
+

2ϵ

3

cosθCM
=

2 ·
√
3 · ϵ
9

+

√
3

3
− (

√
3 · ϵ2)
9

If a shear force F is applied to the system in the x-direction, each viscoelastic
component, which consists of a spring and a dashpot in series, paralleled by
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an additional dashpot, contributes to the system’s overall behavior in the x-
direction. The total response of the system in this direction is therefore the
sum of the responses of all these components. Specifically, the term βϵ̇+ γϵ̈
for each component projected onto the x-direction represents the cumulative
effect of these components. Consequently, this sum is equivalent to the total
stress F + αḞ applied to the system. Thus, we have:

F + αḞ =cosθMD
(βϵ̇MD + γϵ̈MD).

+ cosθAN
(βϵ̇AN + γϵ̈AN).

+ cosθAM
(βϵ̇AM + γϵ̈AM).

+ cosθNC
(βϵ̇NC + γϵ̈NC).

+ cosθBN
(βϵ̇BN + γϵ̈BN).

+ cosθCM
(βϵ̇CM + γϵ̈CM)

Upon substituting the strains from the previously derived equations, it is
important to note that the Taylor series expansions up to the second order
are considered. Therefore, in the calculations of the above equations, terms
up to the second order of ϵ are included.

Term 1 + Term 2 of the RHS:

Term1+Term2 = β(

√
2

2
ϵ̇−

√
2

16
ϵ2ϵ̇) + γ(

√
2

2
ϵ̈+

√
2

2
ϵ̇2ϵ−

√
2

16
ϵ2ϵ̈)

Term 3 of the RHS:

Term3 = β(ϵ2ϵ̇) + γ(ϵ2ϵ̈+ 2ϵϵ̇2)

Term 4 of the RHS:

Term4 = β(

√
2

2
ϵ2ϵ̇) + γ(ϵ2ϵ̈+ ϵϵ̇2)

Term 5 + Term 6 of the RHS:

Term5+Term6 = β(
4
√
3

9
ϵ̇− 4

√
3

81
ϵ2ϵ̇) + γ(

4
√
3

9
ϵ̈+

8
√
3

81
ϵ̇2ϵ− 4

√
3

81
ϵ2ϵ̈)

By calculating the summation of all terms on the right-hand side (RHS), we
obtain:

F + αḞ = β(1.4769ϵ̇+ 1.5332ϵ2ϵ̇) + γ(1.4769ϵ̈+ 3.8782ϵ̇2ϵ+ 1.8261ϵ2ϵ̈).
(8)
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Appendix II: Genetic
Algorithm

The Genetic Algorithm (GA) is an optimization technique inspired by the
process of natural selection in biology. Developed by John Holland in the
1970s [141], it belongs to the broader class of evolutionary algorithms, where
a population of candidate solutions evolves over time toward an optimal
solution. The algorithm is commonly used to solve complex optimization
problems where traditional methods might struggle, especially when the so-
lution space is large or poorly understood.

The genetic algorithm works by simulating the survival of the fittest.
Initially, a population of potential solutions, called individuals or chromo-
somes, is generated. These individuals are typically represented as strings
of binary values (bit strings), though other forms of representation, such as
real numbers or more complex structures, can also be used depending on the
problem at hand.

Each individual in the population is evaluated using a fitness function,
which quantifies the quality of the solution. The fitness function is problem-
specific, and it represents how close a given solution is to the optimal solu-
tion. In a minimization problem, for example, lower fitness values indicate
better solutions, while in a maximization problem, higher fitness values are
desirable.

Once the fitness of each individual has been assessed, the algorithm pro-
ceeds to select individuals for reproduction. The likelihood of an individ-
ual being selected is generally proportional to its fitness—fitter individuals
have a higher chance of being chosen to pass their genes (solutions) on to
the next generation. Several methods exist for selecting individuals, with
roulette wheel selection and tournament selection being the most common.
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In roulette wheel selection, each individual is given a slice of a wheel that
is proportional to its fitness, and the wheel is spun to select individuals for
reproduction. Tournament selection involves randomly selecting a group of
individuals and choosing the fittest one from this group.

After selecting individuals, the next step in the GA is crossover (recom-
bination). Crossover mimics biological reproduction by combining genetic
material from two parent individuals to create offspring. The most com-
mon type of crossover is single-point crossover, where a crossover point is
randomly chosen on the chromosome, and the genetic material from the
two parents is swapped at that point. This results in offspring that carry
traits from both parents, potentially combining the strengths of both. An-
other type of crossover is two-point crossover, where two crossover points are
selected, and the genetic material between these points is swapped. Addi-
tionally, uniform crossover can be used, where each gene in the offspring is
randomly selected from either parent with equal probability.

Mutation is another key process in GAs, and it serves to introduce ran-
dom changes to the chromosomes. While crossover allows for the combina-
tion of good solutions, mutation ensures genetic diversity in the population
and helps the algorithm explore new areas of the solution space. In the
case of binary chromosomes, mutation involves flipping bits (changing 0s to
1s and vice versa). The mutation rate, typically a small probability, deter-
mines how often mutation occurs. A balance must be struck in setting the
mutation rate: if the rate is too high, the algorithm behaves like a random
search, while if it is too low, the population may converge prematurely to
suboptimal solutions due to lack of diversity.

The final step of the GA is replacement, where the new population, con-
sisting of the offspring, replaces the old population. In some cases, a tech-
nique known as elitism is used, where the best-performing individuals from
the current generation are carried over to the next generation without any
modification. This ensures that the best solutions are not lost during the
evolutionary process. The GA repeats this process of selection, crossover,
mutation, and replacement over many generations until a termination crite-
rion is met. Common stopping criteria include reaching a predefined number
of generations, achieving a satisfactory fitness level, or observing that the
population has converged, meaning that most individuals have become very
similar and further evolution is unlikely to yield significant improvements.
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One of the key advantages of genetic algorithms is their ability to explore
large and complex solution spaces without requiring gradient information or
specific problem structures. Unlike traditional optimization methods, GAs
do not require the objective function to be differentiable or continuous, mak-
ing them suitable for a wide range of problems, including those with discon-
tinuous or noisy objective functions. Additionally, because GAs maintain
a population of solutions, they are less likely to get stuck in local optima
compared to single-point optimization methods.

Another strength of GAs is their flexibility. They can be adapted to
solve a wide variety of optimization problems by simply adjusting the rep-
resentation of individuals, the fitness function, and the genetic operators.
This makes GAs applicable to problems in diverse fields such as engineering,
machine learning, scheduling, bioinformatics, and game development.

However, genetic algorithms are not without their drawbacks. One of
the main disadvantages is their computational cost. Because GAs evaluate
many individuals in each generation, and because they often require many
generations to converge to a good solution, they can be computationally
expensive, especially for problems where evaluating the fitness function is
time-consuming. This makes GAs less practical for problems where real-
time solutions are needed.

Additionally, GAs can suffer from premature convergence, where the pop-
ulation quickly becomes homogeneous and the algorithm gets stuck in a local
optimum. This can happen if the mutation rate is too low or if the selection
pressure is too high, causing only the fittest individuals to dominate the pop-
ulation early in the process. Careful tuning of the algorithm’s parameters,
such as mutation rate, crossover probability, and population size, is crucial
to ensure that the GA performs well.

Another challenge is that GAs often require significant fine-tuning to per-
form effectively on specific problems. The performance of a GA can be highly
sensitive to its parameters, and finding the right balance between exploration
(searching new areas of the solution space) and exploitation (refining known
good solutions) can be difficult. Hybrid approaches, where GAs are com-
bined with other optimization techniques like local search, can help mitigate
some of these issues, but they add complexity to the algorithm.

In conclusion, the genetic algorithm is a powerful and flexible optimiza-
tion tool that can handle complex and challenging optimization problems.
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Its ability to explore large solution spaces and avoid getting trapped in local
optima makes it particularly useful for problems where traditional optimiza-
tion methods struggle. However, its computational cost and the need for
careful parameter tuning are important factors to consider when choosing
whether to apply a GA to a particular problem. Despite these challenges,
GAs remain a popular choice for many real-world optimization problems,
thanks to their versatility and robustness.

For a more in-depth understanding of genetic algorithms, please refer to
[134, 135].
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