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Abstract

In this thesis, the input-output stability problem of controlling magnetically driven helical
microrobots is analyzed to achieve bounded straight runs without drift in a low-Reynolds-number
regime. An active suspension solution is found experimentally, yielding helical propulsion with
a near-zero angle of attack without drift, though the theoretical modelling remains inconclusive.
Unique control inputs are found, for a given helical microrobot geometry and material composition,
which can be generated with rotating field.
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Chapter 1

Introduction

1.1 Problem Formulation

The term microrobots this thesis refers specifically to Untethered Helical Magnetic Devices (UH-
MDs), helical robots that are actuated wirelessly via a rotating magnetic field to induce rotational
movement [1].These UHMDs have many possible biomedical applications, including tissue pene-
tration, drug delivery and targeted therapy [2]. The usage on which this research is centered is the
application of micro UHMDs to dissolve blood clots.

Blood clots (thrombus) are a method with which the body prevents excessive bleeding when
a blood vessel is injured. Usually, these clots are dissolved naturally when the wound heals, but
cases where clots form inside of blood vessels without dissolving naturally are possible. These clots
can happen in deep veins of the body, or break free and move around the arteries (becoming an
embolus), leading to dangerous medical conditions, such as Venous Thromboembolism (VTE) [3].

The use of UHMDs for grinding and dissolving these blood clots has been widely explored,
although the methods to control said UHMD vary. One of the primary challenges in their appli-
cation is the loss of feedback when the UHMDs are introduced in vivo. Visual feedback is lost,
and although using ultrasound is possible and has been demonstrated in vitro [4], simplifying the
process can make it more attainable.

In order to mitigate the effect of the loss of feedback during in vivo applications, the behaviour of
the UHMD must be either perfectly predictable (with behaviour fully and accurately modelled), or
guaranteed (bounded by rotational magnetic actuation). The boundedness of helical microrobots
has been studied in order to achieve motion control systems of microrobots based on their location,
without orientation localisation.

The use of helical microrobots with a diameter of 300µm has been validated with in vitrio exper-
iments to clear clogged blood vessels [5], using two rotating dipole fields as mechanical actuation,
instead of the one rotating magnet arm intended for this research.

Using a robotic arm, to which a permanent magnet is attached, the rotation of the magnetic
field can be controlled in a way to bound the UHMD, allowing it to propel itself through viscous
fluids. Input-output boundedness of the states of the helical device have been demonstrated for mm
size, meaning that there is a potential to enable predictable motion, even with sensory uncertainties
during localization [2]. However, to further the application of the control of the UHMDs with a
singular rotating magnet to the human body, an attempt is to be made to control robots at a
micro-size and determine if they can reach bounded behaviour.

1.2 Research Question and Approach

The purpose of this research is to attempt to apply established motion control of millimeter-
sized UHMDs to micro-sized UHMDs and examine differences between the modelled and measured
propulsion of the microrobot.

The research question proposed for this thesis is the following: Is it possible to validate the
boundedness of helical microrobots predicted with a previously designed model for millimeter-sized
helical microrobots?

This research question is then broken down into the following questions: Can the previously
designed model predict bounded behaviour from the microrobots? Can bounded responses be
obtained experimentally with the helical microrobots? Does the model accurately predict the
witnessed behaviour?
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This will be answered by determining the characteristics with which to model the microrobots
behaviour, and studying their theoretical behaviour. Then, these microrobots will be placed in
tubes and actuated using a robotic arm with a permanent magnet (creating rotating magnetic
fields) in an attempt to control the motion of the helical microrobot, experimentally.

This research will be described in this report, following the process of the necessary activities:
A look into the theoretical aspects of the research as well as the theoretical model, experimental
research, and an analysis of the observed behavior.
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Chapter 2

Theory

2.1 Boundedness

A UHMD placed into a fluid will simply float downwards, but by introducing a Rotating Permanent
Magnet (RPM) to actuate it, an external magnetic torque can be applied, compensating for the
force of gravity and allowing the UHMD to move horizontally.

Placing the RPM at a point pa with respect to the frame of reference, rotating around its axis
Ωa at a frequency fa, with a pitch angle of βa with respect to the x-axis, causes the UHMD, located
at point ph from the frame of reference, to rotate at a frequency fh around its axis ωh. The angle
βh formed between ωh and the x-axis is also referred to as the angle of attack [6] [2].

Figure 2.1: Diagram representing the positions
and vectors used to define the movement of a
UHMD.

The effect of this time-dependent torque
and force on the UHMD generates a propul-
sion, (with a velocity va) characterized by the
position of the UHMD from the RPM:

aph = [
a
phx

,a phy
,a phz

]
In the limit of low-Reynolds number (which

is to say, a system with smooth, constant fluid
motion), the force balance between external
non-fluidic and viscous forces and torques can
predict the rotation rate of the UHMD and its
velocity [2] [6]:

(

[
(mh · ∇)B(aph) + fvisc + fg
mh ×B(aph) + τvisc + τg

]
) = 0 (2.1)

where fvisc is the drag force and fg is the
gravitational force, and τvisc and τg are their
corresponding torques. mh is the magnetic
dipole moment of the helix (further explained in Section 3.4), withB(aph) representing the strength
of the magnetic field, B, at the position of the UHMD, aph. With this force balance, the trans-
lational velocity vh and angular velocity of the UHMD can be determined for a given mh and
aph.

2.2 Gain

Boundedness, or a bounded response, is defined when the trajectory of the UHMD remains constant
for all future time, with a perfect force balance and no drift. In order to quantify this, a gain is
defined: the ratio between the initial total change in the trajectory of the UHMD to its initial
distance to the RPM [2] [6]:

γ :=
min(aphz

(t))−max(aphz
(t))

aphz
(t0)

(2.2)
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Chapter 3

Characterization

The microrobots used throughout this thesis were 3D micro-printed onto a substrate using Direct
Laser Writing with an IP-Dip photoresin and then sputtered with a layer of approx 300nm of
Nickel, followed by 50nm of Gold as an inert protective layer to prevent corrosion. They are
shaped to have a spherical head attached to a helical tail.

In order to predict the behaviour of these microrobots when actuated by a uniform magnetic
field (a rotating permanent magnet) to swim in a low-density liquid, the microrobots geometric
dimensions and magnetic properties are necessary. Specifically the dimensions from which the
volume and drag can be computed (diameter of the head, diameter of the wire, diameter of the
coil loop, the length of the microrobot and the spacing between the helix loops), and the magnetic
properties that can describe it’s interaction with the magnetic field (the dipole moment).

3.1 Geometry - SEM Imaging

The geometric dimensions of the UHMDs were determined visually from a microscopic image of
a collection of microrobots made by Scanning Electron Microscopy, which uses a focused beam
of electrons instead of light to scan a surface and form an image. This beam is produced by an
electron gun and travels vertically down a vacuum in the microscope, passing through lenses and
electromagnetic fields that focus it to the sample placed in the microscope. The beam interacts
with the surface of the sample, causing electrons and X-rays to be ejected from the sample. These
are collected by detectors inside the microscope and produce a signal containing information about
the surface topography of the sample. The position of the beam and the intensity of this signal are
sent to a screen to produce an image of the sample [7] [8]. For SEM to be successful, the samples
used must be electrically conductive and electrically grounded to avoid the accumulation of electric
charge from the beam, as this effect leads to image distortion [9].

SEM imaging was chosen over the use of a normal optical microscope as it has a higher resolution
and magnification and the UHMDs fulfilled the conductivity condition (having been sputtered in
conductive metals), making it the better choice for determining the dimensions of the microrobot
[10]. Three different SEM measurements were taken by Constantinos Goulas and Islam Khalil with
the NeoScope JCM-5000 bench top Scanning Electron Microscope at the MS3 department of the
University of Twente, at three different magnifications: 275x, 420x and 1350x as shown in Figures
3.1a, 3.1b and 3.1c respectively.

(a) (b) (c)

Figure 3.1: Results of the SEM, showing (a) various microrobots on a plate background, (b) a
magnified image of one microrobot, (c) a magnified image focused on the tail end of a microrobot

The parameters necessary to describe the geometry of the microrobots were then determined
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SEM EDX
L [µ m] 500 ±50 Ni [Wt%] 61.8 ±0.6
ds [µm] 200 ±10 Au [Wt%] 23.7 ±1.2
dw [µm] 45 ±3 C [Wt%] 11.25 ±1.3
p [µm] 180 ±20 O [Wt%] 3.2 ±0.4
dh [µm] 200 ±6

Table 3.1: Geometric and Material Properties as characterized by Scanning Electron Microscopy
(SEM) and Energy-Dispersive X-Ray Spectroscopy (EDX)

by processing these images in the video tracking software Tracker. The scale bar included in the
SEM results was used to calibrate the distance tracking function of the software, and then xx
parameters were determined: the length if the helical coil (L), the diameter of the spherical head
(ds), the diameter of the wire used in the coil (dw), the distance between the loops of the coil
(pitch, p) and the diameter of the loops of the helix (dh), as shown in Figure 3.1.

The distances were measured multiple times, in the different images and from different points
in the image, in order to get a more accurate value. However, as the angle at which the SEM
images were taken was unknown, the distortion of the measured distances caused by said angle
was not taken into account. This is represented most clearly by the larger standard deviation
in the determined values of L and p, where this angle has the largest effect, leading to a larger
variation in the measurements in different images.

3.2 Material Properties

The most straightforward method to determine the magnetic properties (namely the magnetic
dipole moment) of a sample such as the UHMD would be via Vibrating Sample Magnetometry
(VSM).

VSM is a technique used to determine the magnetic moment of a sample when vibrated in a
uniform magnetizing field, based on Faraday’s law of magnetic induction. The sample is placed
between electromagnet poles oriented perpendicularly to the magnetizing field, and a constant
vibration is applied. The moment of the sample creates a magnetic field that changes as a function
of time. This magnetic flux, proportional to the magnetic moment of the sample, varies, leading
to an induce AC voltage in pickup coils placed near the poles. This induced voltage is measured to
obtain information about the magnetic moment of the sample. The result of a VSM measurement
is a magnetization curve, from which the magnetic properties can be deduced.

However, apart from the fact that VSM measurements require sample sizes larger than the
available microrobots, the main disadvantage of this process is that it is not suitable for fragile
samples due to the acceleration occurring during vibration. As there were only three (very fragile)
microrobots available for the measurement and experimentation process, VSM measurements were
deemed unfeasible. Instead, the magnetic dipole moment of the microrobots was to be determined
theoretically from the material composition of the UHMD. This material composition was initially
determined via Energy Dispersive X-Ray Spectroscopy (EDX) [11], then checked by a calculation
of the theoretical volumes of materials according to the description of the UHMD fabrication.

3.2.1 Energy Dispersive X-Ray Spectroscopy (EDX)

Energy Dispersive X-Ray Spectroscopy (EDX) is a method used to quantify the elemental compo-
sition of a sample of material. EDX detects the X-rays produced during SEM imaging, when an
electron beam interacts with the surface of an input sample (as explained in Section 3.1). These
X-rays have a wavelength that is characteristic of the atomic structure of the elements of the sam-
ple. The results of EDX are shown as a spectrum, displaying peaks of energy levels for which most
X-rays have been received. Each peak corresponds to an atom, and therefore an element, so the
height of the peak indicated the concentration of the element in the sample, as shown in Figure
3.2 [12] [13].

EDX measurements were carried out with the same sample plate as in the SEM measurements,
containing multiple microrobots. However, during the time between these procedures, the container
with the microrobots had been handled roughly, and the fragile microrobots inside of it (which had
been standing upright) snapped. Therefore, the EDX measurements were focused on one of the
remaining intact heads of a microrobot, with the longest remaining piece of helix still attached.
The results of the EDX measurements taken by Nick Helthuis at the MS3 Microscopy Lab at the
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Figure 3.2: EDX Results

University of Twente are shown in Figure 3.2. Four measurements on different points of the sample
resulted in four different spectrum graphs with varying weight percentages, of which the average
and standard deviation were taken for Figure 3.1. Included in Figure 3.2 are also four differently
colored images of the sample, showing the concentration of specific elements per pixel of the image.

3.2.2 Inconsistencies

As in SEM, during EDX the interaction between the electron beam and the sample occur in
a teardrop-shaped volume extending below the surface. In most measurements this means this
depth leads to a more accurate reading of the composition in EDX, but for a maximum sample
of a depth of 200µm (the radius of the head) this interaction volume could have included part of
the plate on which the microrobots were placed. As the size of the interaction volume during the
measurements was unknown, the extent of this effect is unknown.

Furthermore, as is visible in the images in Figure 3.2, the center of the broken-off piece, made
entirely of IP-DIP photoresist has a higher thickness than the layers of Ni and Au surrounding it,
which correlates with the fact that the metal layers were sputtered on to a much wider photoresist
component. This implies that the Wt% of C and O should be larger than what is indicated by the
measured values, as they represent a larger part of the composition.

For these reasons, an analysis of the material composition as described by the fabrication process
was carried out (Section 3.3), to determine if the EDX results could be supported theoretically (by
the description of the fabrication of the microrobt) or if more inconsistencies became apparent.

3.3 Theoretical Composition

In order to assess to what extent the weight percentages determined by the EDX had been influ-
enced by the gold plate holding the sample and the incompleteness of the robot, the description
of the fabrication of the microrobots was used to estimate what the weight percentages of the
elements would be from the layers sputtered onto the substrate.

The microrobots were 3D micro-printed with Nanoscribe out of an IP-Dip photoresin, and
deposited with metallic layers: 300nm of Ni (thNi) and 50nm of Au (thAu). The measurements of
the EDX show highest percentages of Ni and Au, corresponding with the thickness of the sputtered
layers, and lesser C and O percentages, (representing the organic components of the photoresin
polymer).

To calculate the weight percentages of Ni, Au, and the photoresin (a combination of C&O)
according to this description of the layers of the components of the microrobot, the volume of each
layer was determined. This was done in a Matlab script, by calculating the volume of the spherical
head and helix as described by the parameters determined in the SEM measurement, and then
subtracting volumes calculated with the different thicknesses in layers. The volumes were then
converted to weight percentages by considering the densities of the materials.

3.3.1 Volume Calculation

Spherical Head Volumes

To determine the volumes of the different layers of the sphere, the volumes of three different
spheres (as shown in Figure 3.3) were calculated: Sphere A, with the radius as measured in the
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(a) (b)

Figure 3.3: Diagram (a) included to define the volumes (2D images of spheres A, B and C from
left to right) and parameters used in the calculation of the volumes of the layers defined as shown
in diagram (b)

SEM (rsA = ds/2); Sphere B, with the radius of Sphere A minus the thickness of the Nickel layer
(rsB = ds/2− thNi); Sphere C, with the radius of Sphere B minus the thickness of the Gold layer
(rsC = ds/2− thNi − thAu).

Vsphere =
4

3
πr3s (3.1)

After determining these spherical volumes (VsA, VsB , VsC) with the formula shown above, the
volumes of each of the layers (Gold VAu, Nickel VNi and Photoresin VCO) were as shown below:

VsCO = VsC =
4

3
π(ds/2− thNi − thAu)

3 (3.2)

VsNi = VsB − VsC =
4

3
π(ds/2− thNi)

3 − 4

3
π(ds/2− thNi − thAu)

3 (3.3)

VsAu = VsA − VsB =
4

3
π(ds/2)

3 − 4

3
π(ds/2− thNi)

3 (3.4)

These layered volumes of the spherical head are then combined with the volumes of the layers
in the helix.

Helix Volumes

(a) (b) (c)

Figure 3.4: Diagram (a) shows a cross section of the helix wire and parameters used in the calcu-
lation of the helical volumes A, B and C. Diagram (b) shows a diagram of the length of the coil,
as well as the way the pitch for volumes A, B and C are defined. Diagram (c) is a vertical view of
the helix, and defines the diameter of the helix loop and that of the wire.

The same method as used for the spherical head of the microrobot is used to determine the
volumes of the layers of the helix. Three volumes are defined as A, B and C with wire radii as
shown in Figure 3.4 (a), where volume A is the largest, B is the one reduced by a layer, and C is
the smallest volume. The formula for the volume of a helix (given below) requires the diameter of
the wire (dw) and the total length of the wire (W ).
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Vhelix =
πd2wireW

4
(3.5)

W =
L

p+ dwire

√
π(dhelix)2 + s (3.6)

Where L is the measured height of the wire, s is the pitch, dwire is the diameter of the wire
used in the coil, and dhelix is the diameter of the coil as shown in figure 3.4 (c). These variables
are slightly different for each of the helix volumes A (VhA), B (VhB) and C (VhC), as summarized
in Table 3.2, in terms of the measured SEM parameters (L, ds dw, p and dh):

VhA VhB VhC

dwire dw dw − 2thAu dw − 2(thAu + thNi)
s p p+ 2thAu p+ 2(thAu + thNi)
dhelix dh dh − 2thAu dh − 2(thAu+ thNi)

Table 3.2: Table summarizing parameters used for the calculation of three different helical volumes
(VhA, VhB and VhC).

From these volumes, the volumes of the layers of Gold, Nickel and IP-Dip Photoresist were
determined with the same method as the previous section, having used the parameters assigned in
Table 3.2, to calculate the volumes shown in Table 3.3:

VhCO = VhC (3.7)

VhNi = VhB − VsC (3.8)

VhAu = VhA − VsB (3.9)

3.3.2 Weight Percentages

The volume of the physical microrobot is determined from combining the spherical volume VsA

and the helical volume VhA, as these were calculated directly from the dimensions determined via
SEM. This results in a total volume of 7.1 ∗ 106µm3. With the aim of comparing these calculated
volumes of the layers to the weight percentages determined by the EDX, these volumes are then
converted to weight percentages.

Weight Percentage (Wt%) is defined as the ratio between the mass of a substrate (mi) and the
total mass of the mixture (wt), represented as:

Wt% =
mi

mt
100 (3.10)

A conversion from the determined volumes requires the density of each of the components, a
calculation for the mass associated to each volume, and a calculation of the total mass. The
density of nickel and gold at room temperature (25-30 degrees) are respectively 8.90g/cm3 [14]
and 19.32g/cm3 [15]. The density of IP-DIP Photoresist according to the Nanoscribe Material
Datasheet [16] is 1.17g/cm3.

The mass associated with each volume was determined with the relation between volume,
density and mass: Mass = V olume

Density , and the total mass was determined as the sum of these. These
results and the corresponding weight percentages are summarized in Table 3.3.

The weight percentages determined from the description of the fabrication of the microrobots
shown in Table 3.3 are vastly different from those measured during the EDX. But even taking
into consideration the likely wear and tear of the layers on the microrobots, and the possible

[h] Theoretical Volume [m3] Theoretical [Wt%] EDX [Wt%]
Ni 2.0× 10−13 18 61.8± 0.6
Au 1.2× 10−14 2 2.7± 1.2
C&O 6.8× 10−12 80 14.4± 1.5

Table 3.3: Summary of the theoretically determined volumes and weight percentages for the dif-
ferent layers of components. The carbon and oxygen readings are presented combined, as a repre-
sentation of the IP-Dip photoresist.
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inconsistencies that could have partially led to this divergence (mentioned in Section 3.2.2) the
difference is still significant enough to be concerning. The results of the theoretical may not be
experimentally supported, but conceptually align with the structure of the microrobot in a way
that the EDX results do not: the Wt% of CO is larger than Nickel and Gold, reflecting that most
of the microrobot was micro-printed out of a photoresin polymer, with the metals added as thin
covering layers. Therefore, although the theoretical weighted percentages may not be as precise
as those determined by the EDX, they are assumed to be more accurate and will be used for the
succeeding sections.

3.4 Magnetic Properties

The property necessary to characterise the magnetic behaviour of the UHMD when introduced to
a magnetic field is the magnetic dipole moment.

3.4.1 Magnetic Dipole Moment

The magnetic dipole moment (m) describes the magnetic strength of an object, and can be defined
as a vector relating the aligning torque (τ ) on said object from an applied magnetic field (B).

τ = m×B (3.11)

In a uniform magnetic field, such as the one to be applied to the UHMD, when the dipole
direction is perpendicular to the magnetic field (θ), the maximum amount of torque on the dipole
is proportional to the magnetic moment (m) [17]:

τ = m ·B · sin θ (3.12)

Materials with any amount of magnetism have atoms with permanent and temporary dipole
moments, the way these moments are oriented depends on the property of the material (param-
agnetic, ferromagnetic, diamagnetic, etc), unless the material is in an external magnetic field (B),
where the dipoles tend to align with said field. The alignment in a volume (V) of material is
measured as Magnetization (M):

Magnetisation = M =
m

V
(3.13)

The maximum magnetic moment per unit volume for a magnetic material is called the Satura-
tion Magnetisation (Amperes/meter). At this point most of the magnetic moments are aligned in
the same direction as the field. The saturation magnetisation is a material property usually seen
on a B-H curve (or Magnetisation curve), where the B-field in a material is measured as function of
a changing H-field. By using the above equation with the saturation magnetisation, the magnetic
moment of the material under a strong magnetic field can be estimated [18].

3.4.2 Magnetic Behaviour of Components

In order to determine the magnetic dipole moment of the microrobot, first the magnetic properties
of its components (gold, nickel and the IP-DIP photoresin) are studied.

Diamagnetic materials only react weakly to magnetic fields, usually forming magnetic dipoles
directed opposite the external field, with forces weak enough to require sensitive equipment to
measure. Gold is diamagnetic at large sizes, although it can exhibit paramagnetic behaviour at
nano-particle size or in nano-agglomerates [19]. However, taking into consideration that the layer
of gold was added to the UHMD not for its magnetic properties but to prevent corrosion, it is
unlikely that the usual diamagnetic properties noted at bulk sizes would be distinguishable or
predictable.

The magnetic properties of IP-Dip photoresin are not included in its Material Datasheet, but
like most polymers, it can be assumed to be non-magnetic (unaffected by magnetic fields) [20].

Nickel is a ferromagnetic material, which is to say, it is very attracted to magnets and re-
acts strongly in magnetic fields. In the case of the microrobots, it acts as a soft magnet: easily
magnetised and easily demagnetised. It is the main magnetic component added as a layer to the
microrobot for its magnetic properties [21]. The saturation magnetisation of pure Nickel at room
temperature has been measured to be 55.1 emu/g [14]. This means that for the calculation of the
magnetic dipole moment of the microrobot, nickel is the most significant component.
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3.4.3 Magnetic Dipole Moment Calculation

To calculate the magnetic dipole moment of the volume of nickel layer on the microrobot, the
magnetisation saturation 55.1emu/g is first converted to A/m, by multiplying it by the density of
nickel (8.90g/cm3). This gives a saturation magnetisation of 4.7e5A/m.

Reordering the Equation 3.14, and using the previously calculated volume of nickel, the esti-
mation of the magnetic dipole moment gives:

m = M · V = 9.4× 10−8Am2 (3.14)
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Chapter 4

Modelling

4.1 MATLAB

The premise of this thesis was to find whether a previously designed model, specifically one used
for millimeter-sized robots actuated by a singular rotating permanent magnet [2] could be applied
to micro-sized robots to accurately predict their trajectories, leading to a controlled and bounded
motion for the microrobot both experimentally and theoretically.

The model used in this thesis was designed by Leendert-Jan W. Ligtenberg and used in his
paper ”Input-Output Boundedness of a Magnetically-Actuated Helical Device”.

It applies the force balance defined in Section 2.1, to a situation in which a UHMD follows a
rotating RPM drawing a circular trajectory, further defining the pose of the RPM with:

pa(t) = Ra(βa, γ̇a, t)pa(t0) + vat (4.1)

Ωa(t) = Ra(βa, γ̇a, t)Ωa(t0) (4.2)

Where pa(t) is the position of the RPM and Ωa(t) is the rotation axis of the RPM, at a point
in time t. t0 specifies the initial time, and va the velocity of the RPM. Ra(βa, γ̇a, t) represents a
rotation matrix specified below, in terms of the pitch angle βa, the change in yaw angle γ̇a (the
speed at which the circle trajectory is draw), and the time t:

Ra(βa, γ̇a, t) = Rz(γ̇at)Ry(−βa) (4.3)

The product of the rotation matrices in Rz(γ̇at) and Ry(−βa) creates a rotation matrix
Ra(βa, γ̇a, t) describing the rotation about both of those axes.

The model describes the trajectory of the UHMD for an RPM rotating to exert a torque on the
UHMD, while also rotating along a circular trajectory in the xy-plane with the aim of determining
bounded behaviour by obtaining an indefinite but theoretically infinite circular trajectory with the
UHMD (without drifting out of said circle).

The model requires the following parameters to characterise the UHMD and its environment:
the density of the medium, the density of the UHMD head, the density of the UHMD tail, the
magnetic moment, as well as geometric parameters for the UHMD (length, helix radius, pitch, wire
diameter and head radius).

The specific input parameters that determine the behaviour of the UHMD are taken to be
distance between the magnet and the microrobot, the pitch angle of the magnet, the curvature
of the circle drawn by the magnet, the angular velocity at which said circle is drawn, and the
actuation frequency.

4.1.1 Procedure and Results

After inputting the required characteristic parameters, a binary search method was used to attempt
to find the necessary inputs for a bounded response. A range of frequencies from 1-30 Hz were
investigated, with distances from 20-50 mm, while the pitch angle of the magnet was kept to a
constant 4 deg, and the curvature and angular velocity of the circular trajectory varied between 20
and 45 deg and 1.8 and 0.5 deg /s respectively.

However, ranges this large were investigated because determining comprehensive responses with
the model was not straight-forward, and in fact, remained inconclusive. This can be seen in the
Figures 5.4, which are supposed to represent the beginning of a circular trajectory (with a slow
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magnet angular velocity), representing instead the movement of the UHMD at high and irrational
speeds.

(a) (b)

Figure 4.1: Results of the Circular RFT Based Matlab Model, showing the position of the UHMD
as a function of time, (time represented by the colored bar)

Attempts at calibrating other parameters aside from the defined input parameters (such as
the time step and length of the simulation) were unsuccessful, so no quantitative conclusions were
derived from this Matlab model. However, during the systematic changing of the frequency input,
it was noted that the simulation became slightly more cohesive at higher frequencies, in the range
of 20-40Hz. This proved useful later during the experimental procedures, as a way to determine
the scale of the frequency with which to work with. Due to the time consuming nature of obtaining
the results and the multitude of parameters to tune, it was instead decided a different model could
be attempted

4.2 COMSOL

As the Matlab model gave inconclusive results, in order to gain information about the magnetic
forces at work in the system, a COMSOL Model was made. Most of the settings used in the
COMSOL model were adjusted after the experimental procedures in order to focus on situations
with relevant parameters.

4.2.1 Description

The COMSOL model is composed of one large cubed shape, defined as a space full of Air, in which
a cylindrical magnet with the properties of the RPM was placed (same dimensions and magnetic
dipole moment). The UHMD was placed 4.5 cm directly under the center of the RPM.

Physics options from the AC/DC module provided by COMSOL were applied to the model.
The box of air was defined as a current-free region giving the following condition for the magnetic
H-Field H: ∇ × H) = 0. This defines the scalar magnetic potential Vm, as (H = −∇Vm).
The condition for Magnetic Flux conservation was added over all three domains, establishing the
equation −∇(µ0∇Vm − Br) = 0, where µ0 is the permeability in a vacuum, Vm is the magnetic
potential, and Br is the remnant flux density.

Magnetic Insulation was added over all domains, and the Magnet condition was applied to the
RPM, specifying the North and South borders and the magnetic moment of the RPM: 18.89Am2.
The materials of the UHMD and RPM were specified, Nickel (as an approximation) and NdFeB
Grade-N45 respectively.

A force and torque calculation was carried out during the simulation to determine the amount
of force acting on the UHMD on behalf of the RPM, which uses the integration of Maxwell’s stress
tensor over the outer boundary of the UHMD (requiring also a vector direction for the torque axis).

A partial validation of the model was carried out by increasing and decreasing the size of the
mesh by 2.5, and determining that no change occurred in the first four significant figures of the
calculated values. With the Multiphysics aspect of COMSOL, the model could be expanded to
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include fluid dynamics and gravitational effects, but due to computational and time constraints,
the model was not explored further.

4.2.2 Results

(a) (b)

Figure 4.2: Simulated Magnetic Field norm (A/m) for a magnet during rotation at (a) 0 deg and
(b) 90 deg, with a microrobot in the field

Figure 4.3: Magnified Image of Figure 4.2 (a) to focus on the Magnetic Field Near the UHMD

The results of this model include graphical plots for the Normalised Magnetic Field, used to
check whether the simulation perceived any noteworthy interaction between the RPM and UHMD.
This was plotted for an RPM at two different stages of rotation: 0 deg and 90 deg, as shown in
Figure 4.2. A magnified look at the effect of the field on the UHMD is shown in Figure 4.3. Aside
from the graphical results, the simulation was used to calculate the force and torque acting on
the UHMD at different angles. As can be seen in Table 4.1, there is no noticeable difference at
2 significant figures in the forces acting on the UHMD, indicating that in this simulation, there
is little variation in the effect of the RPM on the UHMD. This was unexpected, as during the
rotation (from 0deg to 90 deg) the distance to the magnet decreases, which presumably would lead
to a larger attraction.

EM Force (N) Axial Torque (y-axis) (Nm)
0 degrees 2.7× 10−6 1.0× 10−10

90 degrees 2.7× 10−6 1.0× 10−10

Table 4.1: Results of the Force and Torque calculations during the COMSOL simulation
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Chapter 5

Experimental Method

5.1 Description

In order to investigate the behaviour of the UHMDs experimentally, a setup and method were
designed to observe the movement of the microrobot through a fluid (water) when actuated by a
rotating permanent magnet.

To do so, the microrobots were contained in a small glass tubes filled with water, and placed in
view of a camera, to be filmed while a Rotating Permanent Magnet (RPM) a distance dm apart,
rotated at a frequency of fa at an angle βa to the horizontal plane, with a horizontal speed of va.

While all of these variables are relevant to the control of the UHMD, the experiment was
simplified due to physical and timeliness restrictions (further elaborated in Section 5.3.1), such
that the angle of the RPM (βa) remained constant and near-zero, and the RPM did not displace
horizontally (va = 0).

5.2 Setup and Design

The UHMDs were put in a glass square cuvette filled with filtered water, which was then placed
on the stage of a Keyence Digital Microscope with an added white background and a block of
squared paper to mark initial distance PHM. The microscope camera was tilted at 90 degrees to
film the horizontal movement of the UHMD and leave space above the cuvette for the RPM, which
consisted of a large cylindrical magnet on a rotating attachment, annexed to a KUKA Robotic
Arm in order to control its placement and position.

Figure 5.1: Overview of Experimental Setup

5.2.1 Cuvettes/Containment

Initially, the UHMDs were held in 10 mL cylindrical test tubes, but due to the visual distortion
caused by the curvature of the glass surface, any images or videos of the microrobots were unusable.
The UHMDs were instead placed in 10x10x380 mm square-shaped cuvettes (3.5 mL) with clear,
straight sides, borrowed from the Chemistry SLT Labs (Student Laboratories Twente), by using
2 mL pipettes. These cuvettes were also significantly shorter than the test tubes. The cuvettes
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chosen were to be 10mm wide in order to avoid edge effects influencing the swimming motion of
the microrobots. The further the UHMDS are from the walls, the less interference the change in
motion at the container boundaries has on their motion. A width of at least 10 times the size of
the microrobot in each direction was advised, a condition which the cuvettes fulfilled.

Figure 5.2: Dimensions of the cubed cuvettes
used as containers.

At first, the experiments were carried out
simply by applying the magnetic rotation to
the UHMD swimming freely in the cuvette, as
there was little way to control the starting point
of the UHMD in each experiment. But in an
effort to improve the consistency and repro-
ducibility of the results, a small plastic tube
(0.4 cm in diameter) was attached to the inner
side of the lid of the cuvette (As seen in Fig-
ure 5.2), from which the UHMD was be located
at the beginning of each experiment. This re-
sulted in an consistent starting point for the
measurements.

5.2.2 Keyence Microscope

Different cameras were tried in the process of
designing the setup, as the microrobot was dif-
ficult to observe with sufficient clarity, as shown
in Figure 5.3. Attempts at filming the motion
of a microrobot were made with a phone cam-
era (specifically an iPhone SE) and with a dig-
ital camera available in the SRL lab, but the
magnification was not enough and the micro-
robot remained out of focus.

A Keyence Digital Microscope of the VHX-7000 series, borrowed from the Microscopy Lab
of the MS3 department at the University of Twente, had a reliable level of maneuverability and
manual or automatic adjustment of focus that made it suitable for this experiment.

Primarily using the 20x and 30x magnification. The distance between the cuvette and the
microscope ranged from 5 to 10 cm, varying due to the need to adjust the focus of the microscope
during the movement of the robot.

(a) (b) (c)

Figure 5.3: Images taken of a micro-robot with three different cameras: (a) Cropped image from an
iPhone Camera at maximum magnification, (b) Cropped image from a Blackfly S-BFS-U-13Y3C
camera, (c) Image from the Keyence Microscope at 20x magnification. The Keyence provides the
sharpest image of the robot.

5.2.3 Rotating Permanent Magnet

The Rotating Permanent Magnet (RPM) used was a wide, flat cylindrical magnet made of NdFeB
Grade-N45, with a radius of 17.5mm and height of 20.0mm, with a dipole moment of 18.89Am2

encased in a black casing, attached to an industrial robotic arm (the KUKA KR 10 R1100-2).
The RPM itself was powered by a motor controlled by a Matlab script, in which the rotational
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frequency and time interval could be customised for different experiments. Its attachment to the
robotic arm served the purpose of making the trajectory of the RPM easily controllable with a
software designed for generating robot paths (RobotDK). This would have been used to automate
the linear horizontal movement of the RPM, however, when testing the set-up it was made apparent
that a horizontal movement of the RPM would not be necessary (as further elaborated in Section
5.2.5). This meant that the moving function of the KUKA Arm remained mostly unused except
when preparing the setup, though the speed of the movements was set to the slowest settings for
safety reasons anyway.

5.2.4 Additional Equipment

Other elements added to this set up include: a white background to provide contrast against the
microrobot and therefore better focus; a 5cm high block to elevate the cuvette to the same height
as the microscope, ensuring the same view for all measurements; and the distance marker, another
block standing upright next to the cuvette with a squared paper cover, used to mark the distance
between the cuvette and RPM at different measurements without displace equipment to measure
said distance with a ruler.

5.2.5 Setup Overview and Limitations

Due to the fragility and importance of the Keyence Microscope, it was determined that the mini-
mum distance between the centerline of the RPM and the cuvette (a distance labelled dm in Figure
5.4b) was 3.5 cm. This gave extra space in case of any sudden (but consistently slow, due to the
settings of the KUKA Arm) unplanned movements of the RPM.

The angle of the swimming microrobot, dictated by the angle of the RPM proved to be prob-
lematic to vary. The adhesive used to add the starting-point tube to the cuvette often caught
the microrobots, especially when they began movements at angles other than parallel to the tube
sides. After losing one of three available microrobots to the glue lining the tube, as it proved to
be permanently attached, the experiment was simplified to have a constant βa to the horizontal:
measured to be 0 deg±4 deg.

As is visible in Figure 5.4a, the RPM is large in comparison to the cuvette, and especially
the field of view through the Keyence microscope (Figure 5.3). Even without moving the RPM
horizontally, during set-up testing, the microrobot would reach the end of the field of view of the
microrobot before it left the range of the effect of the RPM. This limitation in the measurable
range of motion for the microscope, as well as the extra conditions required to synchronize the
rotational and linear movements of the RPM led to the experiment getting simplified further: the
variable of the horizontal speed of the RPM (va = 0) was removed.

Removing the two variables va and βa made the experimental process much easier, as the
number of values and settings to be measured was reduced, so more of the time could be focused
on repeated measurements.

The overview of the final setup is presented in Figures 5.4a and 5.1, with distances specified in
Figure 5.4b.

(a) (b)

Figure 5.4: (a) ZX-Plane view of the setup, from the direction of the microscope. (b) Diagram of
the ZX-plane view of the setup, labelled with distances relevant for the setup
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5.3 Experimental Procedure

The experimental method consisted of exploring the frequency range fa = 10 − 40Hz and the
distance range dm = 3.5 − 4.5cm with the RPM held at a constant angle of approximately 0 deg
and a horizontal velocity of the RPM of va = 0. A single microrobot was used for the final
measurements, due to the fact the two of them became unusable throughout the experimental
procedure.

5.3.1 Noted Interferences

Although the water used in the cuvettes was filtered before use, between measurement days the
dust inside the containers would accumulate and form larger dust mites. Aside from the water
requiring regular replacement and the way the dust interfered in the filming, this was problematic
due to the fact that the microrobots were very susceptible to getting caught in these pieces of dust,
as shown in Figure 5.5 (a) and (b). Once the microrobots stuck to the dust, it would interfere
with their movement and stop them from rotating as efficiently (increasing the drag of the robot).
For the most part, shaking the cuvettes or using a pipette to blow air at the microrobot and dust
would separate them, but one of the microrobots was put aside due to an unremovable dust mite.

(a) (b) (c)

Figure 5.5: Two images of a microrobot caught in dust in front of a (a) black background (b) white
background, and an image of a microrobot stuck on the side of a tube.

The microrobots were also sensitive to surfaces, and often adhered to not only the adhesive
used to add the starting-point tube (which caused another of the microrobots to be removed from
the experiment), but also any of the thin sides of said tube, as shown in Figure 5.5 (c).

5.3.2 Measurement Method

The first step of each measurement was to ensure the microrobot was placed in the starting tube
attached to the cuvette lid. As the microrobot could not be moved manually, this had to be done
by tilting the cuvette at a variety of angles, to make the microrobot float into the tube (ensuring
that it did not fall far enough into the tube to make contact with the adhesive on the cuvette lid).

Then the cuvette was placed into its position before the Keyence Microscope, under the RPM,
as shown in Figure 5.4a. The recording function of the Keyence would be initiated, and then the
RPM would be started (having been set to the required frequency).

Changing the frequency for an experiment was done by changing the necessary variable in the
RPM Matlab script, and changing the distance between the cuvette and RPM was done by raising
one of the KUKA Robotic Arm joints to an increased or decreased height, while maintaining the
joint of the RPM parallel to the ground.

First, measurements were taken for frequencies from 10-40Hz, in intervals of 10Hz, for distances
of 3.5cm, 4cm and 5cm. Then, after narrowing down the frequencies and distances that gave more
bounded responses, measurements were taken for frequencies between 20-30Hz in intervals of 2Hz,
at distances of 4cm and 4.2 cm.

5.4 Processing

The results of the Keyence recordings were AVI files, filmed at 30 frames per second. The videos
that had been recording for longer than 8 minutes were then clipped, to make processing easier. All
videos were then individually passed into the video tracking software Tracker, where the position
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(a) (b)

Figure 5.6: Two filmed trajectories of the helical microrobot (vertically inverted). Image (a) taken
at fa = 25Hz, dm = 4.5cm, and the robot drifts downwards due to the strong effect of gravity
(falling). Image (b) taken at fa = 30Hz, dm = 4.1cm, where due to the closer distance to the
RPM the robot drifts upwards (unbounded attraction)

of the head of the microrobot was tracked in each frame, resulting in a a dataset of distances from
the robot to its initial starting point over a time period.

For each frequency and distance, two to three measurements were taken, and for each mea-
surement, the collected dataset were averaged and simplified to represent the gain (γ) as defined
in the Chapter 2.1, by defining trajectory (such as those shown in Figure 5.6) as the difference
between the starting and final position of the robot (df , in meters) and combining it with the
chosen distance between the starting point of the robot and the RPM (dm).

γ :=
min(aphz

(t))−max(aphz
(t))

aphz
(t0)

=
df
dm

(5.1)

5.5 Results

(a) (b)

Figure 5.7: Graphs representing the Gain against the frequency fa for different distances dm.
Graph (a) is measurements from 10-40Hz in intervals of 10Hz, at distance of 3.5, 4 and 5cm.
Graph (b) is measurements from 20-30Hz in intervals of 2Hz, at distances of 4 and 4.2 cm

After processing, the results of the experiments can each be classified into one of three categories:
a case of unbounded attraction, where the microrobot drifts upwards into the upper wall of the
cuvette (similar, but further distance than Figure 5.6 (b)), in direction of the magnet; a case of
a falling microrobot, where the microrobot falls downwards onto the lower wall of the cuvette
(similar, but further distance than Figure 5.6 (a)); and a case of bounded response, where the
microrobot does not hit either boundary before it leaves the field of vision of the microscope.

The video results were processed from videos into a gain value corresponding to a frequency
fa and distance dm, but in this process, both unbounded responses (falling and attraction) are
presented the same way. This is due to the fact that the maximum of the absolute distance between
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the initial and final points of the robot (as used for equation 5.1) is approximately the same for
both cases, as the top and bottom walls are equidistant from the starting point. This creates a
clear difference between the unbounded responses and the measurements in which the microrobot
remained in a more or less straight line, as seen in Figures 5.7 (a) and (b), where the lower plot
point on the graph indicate much straighter runs.

Figures 5.7 (a) and (b) show the average gain of the measurements taken at each of the frequen-
cies and distances plotted. Given that a lower gain represents less change in the trajectory of the
microrobot, the best results are shown in both Figure 5.7 (a) and (b), to be at frequencies between
20 and 30, at a distance of 4cm, resulting in gains around or less than 0.04, which is considerably
lower than the gains of around 0.1 that most of the unbounded responses exhibit. The unbounded
responses (which mostly occurred for gains between 0.07 and 0.12) do not all have the same gain,
due to the fact that not all the runs had the maximal distance (that between the starting point
and the wall of the cuvette) in the same direction or within the limit of the field of view, leading
to small discrepancies in the value of the gain.

Some frequencies and distances led to a mixture of unbounded and straight responses, leading
to points with large error bars, plotted in areas not decisively bounded or unbounded.
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Chapter 6

Conclusion

6.1 Conclusion

The purpose of this research was attempt to apply established motion control of millimeter-sized
UHMDs to micro-sized UHMDs and examine differences between the modelled and measured
propulsion of the microrobot.

One of the limiting factors of the approach used to reach this purpose was the lack of a certain
value for the magnetic moment of the UHMD. The volume-based calculation to verify or correct
the EDX measurements and change the calculation of the magnetic moment was only carried out
after some of the inconsistencies in the RTF model were fixed by reducing the magnetic moment
parameter that had been calculated from the EDX measurement. Although, for this investigation
there was not enough mass to carry out a VSM measurement, it would have brought more certainty
to the magnetic parameters used in the simulations.

The aim of applying previously validated theoretical models to predict bounded responses
for the microrobots was unsuccessful, as the Matlab model did not provided any interpretable
results, bounded or unbounded. The COMSOL model was carried out as an investigation into the
Magnetic behaviour associated with the determined parameters, but was not extended to include
fluid dynamics, or utilised further.

Bounded behaviour was determined in the experimental investigation of this thesis, with enough
bounded responses to be able to identify patterns and determine the parameters for the bounded
response with the least drift within the frequency and distance ranges measured. It was determined
that the previously established guideline [2] that bounded behaviour occurs for gains 0 < γ < 1
for the given equation of gain holds best when the UHMD is not as limited in its range of vertical
motion as it was for this experiment. Most bounded behaviour measured was exhibited in gains of
0.06 or below, and unbounded behaviour ranged from 0.06 to 0.12.

In conclusion, during this investigation, bounded responses were obtained experimentally with
the helical microrobots, but further investigation is necessary into whether the previously designed
model can predict bounded behaviour accurately, as the results from the simulations were incon-
clusive.

6.2 Further Work

In order to fully answer the proposed research question, further work would have to be done, such
as correctly calibrating the integration parameters of the RTF Matlab Code, and/or expanding
the COMSOL model to include fluid dynamics and gravitational forces, providing an image of the
force-balance. Experimentally, further work should be done to investigate the effect of the angle
of attack of the UHMD. Furthermore, exploring different microscopy/camera equipment with a
wider field of view, could make it possible to further investigate the UHMD trajectories when the
RPM is translated horizontally.
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nanocrystalline gold. ACS Nano, 7(8):6691–6699, 2013. PMID: 23829643.

[26] Pierce W. Selwood. Applications of magnetochemistry to polymers and polymerizationl. 2006.

[27] Crangle J. and Goodman G. M. The magnetization of pure iron and nickel. R. Soc. Lond, 1971.

23


	Introduction
	Problem Formulation
	Research Question and Approach

	Theory
	Boundedness
	Gain

	Characterization
	Geometry - SEM Imaging
	Material Properties
	Energy Dispersive X-Ray Spectroscopy (EDX)
	Inconsistencies

	Theoretical Composition
	Volume Calculation
	Weight Percentages

	Magnetic Properties
	Magnetic Dipole Moment
	Magnetic Behaviour of Components
	Magnetic Dipole Moment Calculation


	Modelling
	MATLAB
	Procedure and Results

	COMSOL
	Description
	Results


	Experimental Method
	Description
	Setup and Design
	Cuvettes/Containment
	Keyence Microscope
	Rotating Permanent Magnet
	Additional Equipment
	Setup Overview and Limitations

	Experimental Procedure
	Noted Interferences
	Measurement Method

	Processing
	Results

	Conclusion
	Conclusion
	Further Work


