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Annotation

Micro-devices manipulated by an external force is an interesting topic of re-
search in terms of potential applications, as for mixing in microfluidics and
targeted cargo delivery in bio-medical applications. Magnetically actuated
robots, as investigated here, gives the advantage of both having on-demand
motion control and safe bio-compatibility. In this work, the dynamics of
magnetic filaments is investigated experimentally under both rotating and
pulsed magnetic field. The filaments are made from ferromagnetic particles
linked together by deoxyribonucleic acid (DNA) fragments. The experi-
ments were conducted under operating different conditions which allowed
adequate comparison with numerical simulations results, identifies limi-
tations in models developed in previous studies and gives a preliminary
insight for using ferromagnetic filaments for mixing and as cargo delivery

applications.
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1 Introduction

1.1 Research actuality and literature review

Research on magnetically actuated micro-robots has become a topic of in-
creasing interest in the past ten years (Koleoso et al. 2020), due to their
potential applications, as for example, mixing (Biswal and Gast 2004; Chen
and Zhang 2017; Shanko et al. 2019), targeted cargo delivery (Nguyen et
al. 2021; Ahmed et al. 2017) and microrheology (Brasovs et al. 2015).
Hence, understanding the dynamics of such devices in their operating en-
vironment became crucial from the point of view of feasibility, design and
development. Self-propelling microdevices working in the realm of low
Reynolds numbers is challenging object for research, since viscous forces
exerted by the fluid dominate over inertial forces. When the inertia effects
are negligible, the flow regime is reversible, as first experimentally real-
ized by Taylor 1967. Purcell 1977, in his well known paper, Life at low
Reynolds number, formulated ’the scallop theorem’ addressing the issue of
this reversibility on reciprocal motion to achieve propulsion and the way
to overcome it by having more than one degree of freedom. Similarly for
mixing in microfluidics, where momentum transfer is mainly dependent on
molecular diffusion, local mixing is becoming important to enable lab on
chip devices (Drew et al. 2016), considering the constraints of space and
time for diffusion to take place. Such important potential applications in
the field of biomedicine and microfluidics give the motivation to conduct
this study.

One design of devices actuated by external magnetic field, that have
been commonly used in research, are chains consisting of connected micron
size magnetic particles. This design gives the advantage of easy in-house
manufacturing at a lab, as well as the flexibility to explore the dynam-
ics of various configurations for preliminary studies. For example, as first
published investigations for applications, chain of 1 ym paramagnetic par-
ticles, driven by oscillating transverse magnetic field (Dreyfus et al. 2005),

was used to investigate the swimming behaviour with an added cargo.



Moreover, chains made from 1.4 pum para-magnetic particles, propelled
by a rotating magnetic field, were used to study the dynamics for mixing
application (Biswal and Gast 2004).

The dynamics of flexible magnetic filaments is interesting since their
behaviour are governed by both magnetic and elastic forces. Under the
action of static field applied in one dimension, paramagnetic filaments were
found to either align with the magnetic field direction or deform having and
S-like or U-like shape, as experimentally observed by Goubault et al. 2003.
Under the action of rotating field profile in a plane, the filament experiences
a torque of magnetic origin which is opposed by hydrodynamic friction
force as the result of the filament rotation (Spatafora-Salazar et al. 2021).
At relatively low frequencies, for a filament made from super-paramagnetic
particles different rotational modes were observed experimentally, namely
rigid, wagging (S-like shapes) and folding. The mode of rotation depends
on the filament flexibility, while the filament may rotate synchronously or

asynchronously with the magnetic field (Kuei et al. 2017).

A theory that was adopted by several authors to model flexible mag-
netic filaments are based on the modified Kirchhoff rod theory to account
for magnetic energy (Ceébers 2003; Barreto et al. 2022). The force and
torque acting in the cross section of the rod are derived by energy varia-
tion which includes the elastic bending energy and energy of magnetic rod
in an applied field (Cebers 2003). In the case of ferromagnetic material,
the magnetic moment per unit length of the rod M is antiparallel the local
tangent direction ¢: M = —Mt. The torque balance reads (Erglis et al.
2010), .

%th_’xﬁfoxﬁ:O (1)

and the magnetic force gives F, = MH. The balance of the viscous,

elastic and magnetic forces reads
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where ék = (10 + (¢ — ¢L)titx is the matrix of hydrodynamic drag
coefficients, A is the tension to sustain the inextensibility of the rod and
Ay is the bending modulus.

The length is scaled with the length of the filament L, time with the
elastic relaxation time 7 = (| L*/ Ay, the elastic force by A,/L% As a
result behavior of the rod is determined by the magnetoelastic number
Cm = MHL?/A, and wr, where w is the characteristic frequency of the
AC field.

1.2 Objective and research questions

The main aim of this thesis is to experimentally investigate the dynamics
of semi-flexible magnetic chains, made of ferromagnetic particles linked by
elastic polymers, under various magnetic field profiles. This work is pro-
posed to fill research gaps in the literature available in the public domain,
where the focus in this field is mainly oriented in using para-magnetic

particles, by trying to answer the following questions,

¢ How do the filaments behave under a rotating magnetic field? When
sweeping through field frequencies, can one observe a change in the

behavior of the filament with a characteristic critical frequency?

¢ Can a ferromagnetic filament propel under a periodic field inversion

profile, as numerically proposed by Belovs and Cebers 20097

o What are the flow characteristics around the filaments under a ro-

tating magnetic field?

In this summary, a brief description of the methods is presented in
Section 1.3. The filament dynamics under a rotating magnetic field is
presented in Chapter 2. In Chapter 3 and 4 the filament behaviour under
pulsed field and velocity measurements is presented respectively. Finally,

this work conclusions are presented in Chapter 5.



1.3 Experimental methods

Throughout this work, the method used to form filaments was adapted
from the work done by K. Erglis 2010. The filament is formed by link-
ing magnetic particles with DNA fragments. The ferro-magnetic particles
used are supplied by Spherotech, with the mean diameters of 4.21 um and
4.39 pm for the lots used. These particles are made of polystyrene, which
is coated with a thin layer of chromium oxide and afterwards functional-
ized with streptavidin. The deoxyribonucleic acid (DNA) fragments are
supplied by the Latvian Biomedical Research and Study Centre, which are
1000 base pair (bp) long and biotinylated on both their ends.

The procedures adopted as follows,

o First, 10 L DNA fragment solution (182 + 10 pg/ml) is mixed with
2 4+ 0.5 uL magnetic particles (1% w/v) and 0.5 ml 10 % TE buffer
solution (made by mixing 7.5 pH TE buffer solution with distilled

water) in 1.5 - 2 ml test tubes.

e The test tube is then placed between two strong permanent mag-
nets, made from a Neodymium alloy. Dimensions of each magnet
are 5 X 5 x 1 cm. Magnets are fixed at 7 cm apart and can provide

a homogeneous field of ~ 500 Oe.

The experimental setup shown in Fig.1 consists of; in-house built coil
system, which has 6 coils to generate magnetic field in the three dimen-
sions. The coils are connected to AC power supplies (Kepco BOP 20-
10M), The coil system is capable of producing a maximum magnetic field
of 51 Oe. The desired field profile is generated by a Labview code sent
to the power supplies through National Instruments data acquisition card
(NI PCI-6229). The images were acquired by Basler ac1920-155um cam-
era, which can deliver up to 200 frames per second. The camera is syn-
chronized with the system either by receiving a pulsed digital input signal
through the DAQ cards or output signal for registering the current read-
ings. For sample observation, an optical (Leica DMI3000B) microscope

was used, under either 40x and 10x magnification in bright field mode.



The fluidic cells are made by using two microscope glass slides separated by
211 pm double-sided adhesive tape, that have a maximum volume capacity
of = 20 ul.

Camera

Coil System

Figure 1: Experimental setup

The micro-Particle Image Velocimetry (u-PIV) setup used for velocity
measurements is provided by Dantec Dynamics, Fig.2, consists of; HiSense
MKII camera which has a CCD sensor with maximum frame rate 12.2 Hz
and a minimum interframe time 200 ns in double frame mode. A double
pulsed laser (A = 532 nm) which is used as a light source for exciting the
tracer particles, with a maximum frequency of 50 Hz. The camera and the
laser are synchronized through a timer box (NI PCI-6602). The filament
samples are observed by an inverted optical microscope (Leica DMIL),
under Y3 filter cube and 40x objective.



532-nm Nd:YAG
laser

L e R p— NI 6602

e timer box

Figure 2: Experimental setup for velocity measurements

1.4 Approbation of the results
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1.4.3 Research project

The work done here is associated with "Magnetics and Microhydrodynam-
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2 Filament dynamics under a rotating field

The behaviour of the filaments is investigated under the action of a rotating
magnetic field. The filament under this field profile was found to undergo
two regimes, where transition is at a characteristic critical frequency f.: a
2D in-plane rotation at lower frequencies and a 3D motion for higher fre-
quencies. The experiments where conducted using filaments with different
length L, at a range of frequencies f and field strength H. An example of
deformed filament shapes observed is shown in Fig.3. In images (a)-(c) the

difference of deformed shapes of a filament with L = 41 pym can be seen

; 58

ALY S

: —=e =T =
10 um 10 pm r 10 ym

=N = | —
g 10 um 10pm I 10 ym

Figure 3: Shapes of deformed filaments under rotating magnetic field.
Filament with L = 41 ym at H = 17.2 Oe for frequencies (a) f = 1 Hz,
(b) f =4 Hz, (¢c) f =9 Hz. Filaments at H = 17.2 Oe and f = 8 Hz
for filaments with lengths (d) L = 33 um, (e) L = 41 pym, (f) L = 65 pm.
Filament with L = 46 pum at f = 5 Hz and magnetic fields (g) H = 4.3 Oe,
(h) H = 12.9 Oe, (i) H = 25.8 Oe.
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for an increasing frequency at a constant field strength H. In Fig.3(a) &
(b) it is visible that the filament performs a steady in-plane rotation with
a slight ’S’-like deformation. While in Fig.3(c), the filament undergoes a
3D motion, observable experimentally due to the blurred filament body
shape when focusing on one of the filament tips. For longer filaments at
the same constant frequency above f. and the same field strength, higher
deformations are observed. This can be seen in Fig.3(d), (e) and (f), where
L =33 pm, L =41 pym and L = 65 pm respectively. Similarly, the ob-
served shapes of a filament with length L = 46 pm are shown in Fig.3(g)-(i)
for a frequency f = 5 Hz when increasing the field strength.

For filament rotations below critical frequency, the filament dynamics
here is characterized by measuring the angle between the magnetic field
direction and the tangent angle at the filament centre ¥/. The angle ¥
was calculated for filaments with three different lengths L for a range of

frequencies and field strengths. The results obtained showing the effect of

90+ 7
'/
/
80+ /@
:I' *
70t / S
;@ 7/
v 7/
. 60 K 7 [] &
2 ! yd -
250 4 4 1
@ ¢ e
D40 2 Vs b
< g A
30t }}A{ S
200 d P
o> o 8.60e
10 }':‘?l- * 17.20e
Lo 25.80e
1 2 3 4 5

Frequency (Hz)

Figure 4: Relationship between the angle ¥ and frequency f, under rotat-
ing magnetic field with different strengths, H = 8.6 Oe (red), H = 17.2 Oe
(blue) and H = 25.8 Oe (green) for a filament with a length L = 46.3 pm.
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varying the magnetic field strength under a range of frequencies (0.1 Hz
to 5 Hz) for the same filament with a length L = 46.3 pm is shown in
Fig.4. The circles, points and squares donate the calculated values of ¥ at
three magnetic fields 8.6 Oe, 17.2 Oe and 25.5 Oe respectively. From the
results in Fig.4 it is visible that the increase of the magnetic field strength
results in a lower angle ¢. To approximate the filament magnetization
from the obtained experimental results, relation (3) obtained theoretically
by considering rigid rod is used, where ( is the hydrodynamic coefficient
approximated by 4mn, the viscosity of the fluid 7 is approximated with
0 1

the water viscosity 0.01 P and the constant a in 7 = a g was found

experimentally to be 6.8 Oe-s,

wT
¥ = 0.086 —
0.086 5 - (3)

The filament bending modulus is measured by registering the displace-
ment of a filament tip along the y axis over time after rotating field is
switched off. The measured y-displacement over time is shown in Fig.5
and was found to have an exponential dependence for three filaments with

different lengths. The decrements of the filament relaxation from the decay

— — —y=23.0-%%°"143.3, L=80.0 um
y=14.4.6%%21,40.5, L=67.4 um
— = —y=11.4.¢291,38.6, L=63.2 ym

m)

Y-Displacment (u
o
o

Figure 5: Filament relaxation behaviour for different filament lengths L
and the initial rotating field conditions: L = 80.0 um, f = 1.0 Hz and
H = 8.6 Oe (red curve). L =63.2 um, f = 1.0 Hz and H = 13.7 Oe (blue
curve). L =674 pm, f =1.5 Hz and H = 8.6 Oe (green curve).
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rate were found to be 0.25 s71, 0.42 s~! and 0.25 s~ for filaments with
length L = 80 pm, 76.4 um and 63.2 um respectively. Using the solution
for a free rod with the unclamped boundary conditions for the elastic micro
filament problem (eq: 4), as presented by Wiggins et al. 1998, the bending
modulus Ay is then estimated using the decay rates 1/7 obtained from the

experimental data, where the estimated value is Ay = 6.5 = 3.4 - 10713,

% =3.93'L714,/¢C (4)

We characterize the filament deformations as the ratio % between the
radius of the tip trajectory R with the filament length L. The experimental
results obtained for the relationship between R/L and frequency are shown
in Fig.6 for filaments with three different lengths. Red, green and blue
diamonds denote data points for L = 65 um, 41 um and 33 um respectively
measured under a constant field strength H = 17.2 Oe. This relationship
shows that an increase in frequency first results in a minor decrease of R/L,
which is followed by an abrupt drop of R/L, which can be seen clearly for

0.55
058 —
PO G Sl ol S N e
0451 N \
\g;\ \
\
04 \\ \
\
0.35 & \Q\\
< N N
fie \\ &
0.3r s &
0.25 N
: 'S
\\%\
02t = \@\\g
L =65um -~
045 F L=41um ~¢
¢ L=33um
0.1 L
1 2 3 4 5 6 7 8 9 10 11

Frequency - Hz

Figure 6: Experimental data for the relationship between R/L and fre-
quency f. Deformation of filaments with different length is measured
operating at the field strength H = 17.2 Oe.
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L = 41 pm and 33 pm data behaviour in Fig.6. This abrupt change was
observed experimentally to occur during the transition from a 2D planar
regime to 3D motion for frequencies above the critical frequency f.. A
further increase in the frequency was observed to have lower influence on
R/L. Moreover, longer filaments were found to have lower values of critical
frequency f..

From the results obtained, it can be seen that flexible chains formed by
linked ferromagnetic particles, under the action of a 2D rotating magnetic
field, rotates synchronously with the magnetic field in its plane of rotation
or undergo a transition to a 3D motion. This transition to a 3D rotating
motion was previously predicted numerically for magnetic particles in a
rotating field (Cimurs and Cebers 2013) and where experimentally realized
in a recent study for nano-rods made from ferro-magnetic material (Palkar
et al. 2019). Moreover, their behaviour differs from chains made by linking
paramagnetic particles, which undergo an in-plane back and forth motion
rotations at frequencies above critical (Frka-Petesic et al. 2011). Numerical
simulations were made using the model presented in chapter 1, with the
addition of small perturbations which the system may experience. The
results obtained for R/L dependence on frequency in comparison with
experimental data shows good agreement, as shown in Fig.7, for filament

with L = 46 um operating at different field strength H.
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Figure 7: Filament deformation comparison between experiment and nu-
merical results via R/L dependence on frequency. The colored diamonds
denote experimental data for filament with L = 46 pum operating at dif-
ferent field strength H. The dashed lines represent numerical simulations.
The shaded area represents the error margins obtained from fitting.
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3 Filament dynamics under pulsed field

One important feature of ferromagnetic filaments is the instability caused
when a magnetic field is inverted with respect to its magnetization, which
results in either ’S’ or "U’-like filament deformation. In the latter deforma-
tion case, propulsion is experimentally observed when a pulsed magnetic
field profile with a duty cycle of 30% is applied. An example of deformed
filament shapes with their corresponding magnetic field direction are shown
in Fig.8. The magnetic field readings in Fig.8(A) H* are normalised by the
maximum field strength value and the time ¢ is normalised with the period
of the pulsed magnetic field 7. As shown in Fig.8(B)(a-c), the filament
bends in a U-like shape in the 30% of the period, followed by a relaxation
stage as shown Fig.8(B)(d-f). At the location shown in Fig.8(B)(f), the
filament relaxes and aligns with the magnetic field direction. The swim-
ming direction was found to be perpendicular to the magnetic field, in the
y-direction. However, displacements in the z-direction were also observed,
which may probably be a result of the difference in the ’arm’ length of the
filament, due to unequal number or sizes of the particles at each side of
the 'U’ shape or due to the difference in the number of DNA fragments
linking particles.

The swimming behaviour is characterized by calculating the velocity
perpendicular to the field direction. The centre of mass coordinate in the y-
direction is first registered over time, as shown in Fig.9(a). The velocities
are then estimated by a linear fit (shown as by the dashed red line in
Fig.9(a)). The obtained velocities over a range of frequencies for filaments
having different length L are shown in Fig.9(b), namely L = 48 pm (red),
59 pm (blue) and 70 pm (black). It can be shown from the obtained
results in Fig.9(b), for L = 48 pm and 59 pm, that the velocities reach a
maximum and then decrease with the increase of frequency. A maximum
value of velocity was not observed for the filament with L = 70 um due to

the formation of a ring like shape, when the filament ends get connected.

Numerical simulations results were made using the same model pre-

sented in chapter 1, with considering the difference between perpendicular
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Figure 8: (A) Magnetic field measurements versus time over one period
where H* = H/Hyax and T* = t/T . The red circles show the readings
that correspond to images (a-f)(B). (B) An example of filament U’ defor-
mations under a magnetic field with a 30% duty cycle pulse wave profile,
at different location within one period for filament with length L = 60 pm,
field frequency f = 2 Hz and field strength H = 5.2 Oe.
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Figure 9: (a) Relationship between filament centre of mass y-displacements
as a function of time for a filament with length L = 70 ym and frequencies
f = 2 Hz (black line) and f = 3 Hz (blue line) at fixed field strength
H = 5.2 Oe. (b) Velocity as a function of field frequency for filaments
with lengths L = 48 pym (red), 59 pm (blue) and 70 pum (black), at a fixed
field strength H = 5.2 Oe.

(1 and parallel ¢ hydrodynamic drag coefficients. The drag coefficient
ratio is defined as A, where A\ = -(¢1 /() -1). Moreover, a condition is then
added to the model to avoid the filament to completely relax and always
have a slightly curved shape before the start of each bending stage. If
the condition of initial curved shape was not applied, the "U’-shaped de-

formation could not be achieved and the filament underwent the ’S’-like
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deformation resulting in no propulsion. Typically a defect was observed
in the chain alignment experimentally, which results in a slightly curved
shape and confirms this to be a valid assumption of the added condition.
The experimentally obtained results were compared with numerical
simulations, as is shown in Fig.10. In (a) of this figure, the filament center
of mass y-displacements obtained experimentally, and scaled with the fil-
ament length L, are compared with numerically obtained results for three
data sets - L =70 ym & f = 3 Hz (diamonds), L = 70 um & f = 2.5 Hz
(squares) and L = 59 ym & f = 3 Hz (circles). The numerical simula-
tions results were obtained by calculating the median obtained from the
filament configurations. This corresponds to the experimentally obtained
as Cm = 70, T/T = 0.0039 (black), Cm = 70, T/ = 0.031 (blue) and
Cm =50, T /T = 0.0047 (red) respectively. In a similar way to the experi-
mental data processing, the velocities obtained by numerical simulation are
calculated by a linear fit from the y-displacements over time relationship,
and the results were compared for filaments with three different lengths,
as shown in Fig.10(b). The data points for experimental velocity as shown
in Fig.10(b), were previously shown in Fig.9(b), where here are scaled with
L/7 on y-axis and 7 on the x-axis, having filaments with length L = 70 pm
(circle), L = 59 pm (square) and L = 48 pum (diamond). This corresponds
to Cm = 70 (Blue), Cm = 50 (Black) and C'm = 30 (red) in numerical
simulations respectively. The upper and lower limits donate the simulation
results obtained by defining A = —0.4 and A = —0.2 respectively.
Previous studies available on the investigation of the micro-swimmer
swimming behaviour have been made using chains of paramagnetic parti-
cles. For example as presented in Ido et al. 2016; Li et al. 2013; Dreyfus
et al. 2005. Unlike for the chains made of paramagnetic material, where
its magnetization is zero once the field is switched off, spontaneously mag-
netized filaments buckle when the magnetic field is inverted, in a similar
way to Euler instability of a rod under the compression Pilyugina et al.
2017. This buckling instability was experimentally realized by Erglis et
al. 2010, which results in a loop formation, having the filament move in

the third dimension to align with the field. Numerically, such a swimmer
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Figure 10: The filament centre of mass y-displacements as a function of
time ¢. Circle, diamond and square points denote experimental data. The
displacement is scaled by the filament length L on the y-axis and with
7 = 54 s (diamond and square) and 42 s (circle) on the z-axis. The dashed
lines show the numerical filament centre dynamics that correspond to the
experiment - Cm = 70, T/ = 0.0039 (black), Cm = 70, T/T = 0.031
(blue) and C'm = 50, T'/T = 0.0047 (red). (b) Scatter points show velocity
as a function of frequency for filaments with lengths L = 48 pm (diamond),
59 pm (circle) and 70 pm (square) scaled with L/7 on y-axis and 7 on
the z-axis, operating at a range of frequencies and fixed field strength
H = 5.2 Oe. The solid lines represent numerical simulations over range
of T/7 for Cm = 70 (Blue), Cm = 50 (Black) and Cm = 30 (red).
Colored regions boundaries correspond to simulations by defining a slightly
different A = —0.2 and —0.4 for lower and upper lines respectively.
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design was first proposed by Belovs and Cebers 2009, showing that the
filament can propel with a periodic field inversion profile, by breaking the
time reversal symmetry due to the difference between bending and relax-
ation stages. We can compare the swimming performance through the
maximum achieved velocity with other designs presented in the literature.
For example, 18 ums™', L = 38 um, f = 30 Hz were measured for a rigid
helical tail swimmer with an attached magnetic bead head and driven by a
rotating field profile (Zhang et al. 2009). A flexible propeller design actu-
ated by a rotating field profile with a constant perpendicular field resulted
in 21 yms™',L = 5.8 um, f = 21 Hz, as presented by Pak et al. 2011.
The maximum velocity obtained here is ~ 3 pms~! which is lower than
other designs of micro swimmers presented in the literature. However,
the swimming velocity can be optimized by either modifying the magnetic
field profile, to reduce the time for full relaxation before the bending stage.
This can be seen in Fig.8(A) which corresponds to ~ T* = 0.67...1.

One important aspect is choice of the duty cycle, that the filament
should have enough time to develop the u-like deformations but not enough
time to develop the non-linear instability of S-like shape. The choice was
made based on experimental observations, in order to have more swimming
filaments in the sample as a whole. Initially, when the experiments were
first conducted, the duty cycle was set to 70 %, the buckling instability
was found to occur in the longer part of the period. However, in that case
the filament was found to eventually flip and change its magnetization
direction to align with the magnetic field direction in the longer stable
part of the period. Different duty cycles were tried in the experiments.
For example, at 50% square profile, the filament centre part was found to
orient perpendicular with the magnetic field, while the ends try to follow
the magnetic field direction in the opposite direction resulting in an S-like
shape in 2D and 3D motions. The cease of swimming and the transition
to S-like deformations was also seen in numerical simulations by defining
a sine wave inversion profile (Erglis et al. 2011).

A good agreement is found when comparing experimental and numer-

ical results, as presented in Fig.10(b) for velocities of filaments with three
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different lengths over a range of frequencies. However, differences may
arise as a result of the variation the filament physical properties, as for
the bending modulus A, due to unequal number of links between the par-
ticles or unequal section lengths. Moreover, in the numerical simulations
the hydrodynamic drag coefficient ratio (1 / ¢ was found to best fit with
experimental velocities in the range of 1.2...1.4, opposite to the value of 2

for an infinite rod.
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4 Local flow measurements

We present here the velocity measurement around filaments under the
action of a rotating magnetic field. The measurements here are made
using PIV technique, by the experimental setup discussed in section 1.3.
Examples of acquired images, for a filament with length L = 73 pum under
a rotating field of strength H = 34.4 Oe and f = 1 Hz are shown in
Fig.11. The acquisition frame rate F'R is set to 6 Hz, and the inter-frame
time between the first and second exposure, shown in Fig.11(a) and (b)
respectively, is set to 15 ms. Fig.11(a),(c)-(f) shows the first exposed frame

at different location within a period.

Figure 11: Examples of acquired images for local flow measurements. Fil-
ament under a rotating magnetic field of strength H = 34.4 Oe, frequency
f=1Hzand L =73 pm. (a) and (b) are the first and the second frame
obtained by the double exposure mode with an inter-frame time of 15 ms.
(a),(c)-(f) show the first frame acquired at different locations within one
period, at a frame rate of 6 Hz.

The velocity field of the subsequent frames obtained by using the double
exposure mode, at different location within the period are first obtained,
using PIVlab tool. For this an add-on package for MatLab is used, par-
ticularly for cross-correlation calculations and PIV analysis, developed by
Thielicke and Stamhuis 2014. To obtain the average velocity fields at sin-
gle location (a reference frame which is chosen arbitrary, here based on the
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filament tangent angle at the centre). The velocity fields are first trans-
lated based on the movements of the filament centre point, then rotated
by the angle difference between the tangent at filament centre point and
the reference location. The results obtained are then averaged at a refer-
ence frame, flow characteristics such as velocity magnitude and vorticity
are calculated. The experiments were done for filaments of three different
lengths L, under a fixed field strength H = 34.4 Oe and at a range of
frequencies f = 1 — 5 Hz. An example of the velocity fields and their
magnitude normalised by the calculated velocity of a rotating rod (vyeq),
where (v,04) is the maximum calculated velocity of a rotating rod esti-
mated theoretically, is shown in Fig.12 for a filament with L = 73 pum,
and frequencies f = 1 — 5 Hz (a-e).

As shown in Fig.12, increasing the frequency will result in the increase
of the filament minor S-like deformations, and an increase of velocity mag-
nitude. Moreover, it is observed that the maximum velocity magnitude is
located near the filament tips. Slight change in the maximum velocities was
found when comparing the magnitude at the filament tips, which maybe a
result of unsymmetrical rotations. The flow profile obtained for the veloc-
ity magnitude v, along the filament center line (fr) is shown in Fig.13,
for a filament with length L = 73 pm, H = 34.4 Oe and f =1 — 3 Hz
for (a — c) respectively. It is found that the maximum velocities are lo-
cated in the middle of the bent part of the filament close to the tip. The
velocities then decrease in a linear behaviour until reaching zero at the
centre of rotation. Beyond the maximum velocity towards the filament
tip, the decrease of velocity was also found to be linear. This flow profile
was found to have a similar behaviour at a range of frequencies, as shown
in Fig.13(a-c), for a filament with an observable S-like deformation.

Far field velocities become important to consider for filament interac-
tions with other filaments or with other solid boundaries. The far field
velocities here are characterised by the spatial velocity decay as a function
of distance R away from the filament. Here the y-component velocity v
is read along the z-axis from the filament maximum velocity near the fil-

ament tip (z;). The points are then fitted with v = using n =

___a
(R—z¢)™
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X pm

Figure 12: Velocity field obtained for a filament with length L = 73 pum,
field strength H = 34.4 Oe and operating at frequency f: (a) 1 Hz, (b)
2 Hz, (c) 3 Hz, (d) 4 Hz and (e) 5 Hz

1,2,3. The results obtained for a filament with length L = 73 um under
a field strength H = 34.4 Oe are shown in Fig.14, operating at different
frequencies. The results obtained show qualitatively that the best fit is
obtained for a fluid velocity decay as a function of 1/R?, (shown as the

green lines), which can be described to have a flow singularity of force
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Figure 13: Flow profile of the velocity v, along the centre line of a filament
fr with length L = 73 pm, frequency f: (a) = 1 Hz, (b) = 2 Hz and (c)
= 3 Hz field strength H = 34.4 Oe

dipole.

Figure 14: The fluid velocity (v) along the z-axis from the filament tip
away from the filament, the black circles are read from experimental data.
The lines shows the best fit obtained at different power of R, for a filament
with L = 73 pum under a field strength H = 34.4 Oe and frequency for
(a-c) is 1...3 Hz respectively.

Numerical simulations were done using the method of regularized Stokeslets
with a regularization parameter 6 = r/L, defined as the ratio of particle ra-
dius to the filament length. It was found that by comparing experimental
and numerical results, their behaviour are in good agreement qualitatively.

However, the velocity magnitude was found to be about one order of mag-
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nitude higher for numerically obtained results. A further study of the nu-
merical method used or quantitative comparison with experimental results
here is not in the scope of this work. However, further investigation can be
suggested as a future work. Moreover, solving using regularized Stokeslets
method introduces the regularization parameter §, which is assumed here
to be the particle diameter to filament length ratio. Simulations can be
done for a wider range J to investigate difference of flow behaviour and its
applicability on this system. The difference in velocity may be explained
by using higher value of § which reduces the accuracy of results (Zhao
et al. 2019). Or as a result of wall interaction that are not considered in
the model.

The maximum velocity magnitude was found to be around half the
expected from a rotating rigid rod, with assuming no slip condition by
having the velocity at the filament boundary is equal to the fluid velocity.
Here, a lower maximum measured velocities are expected compared to a
rigid rod since the maximum velocities is not located at the filament tip.
Moreover, the tracer particles are not located on the filament but closely
around it and the fluid velocities decay as 1/R?, a lower maximum velocity
is expected. It should be noted as observed experimentally that increasing
the frequency results in rotations at larger distance from the wall bottom.

It may be suggested that this effect is due to the interaction with wall.
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5 Summary and conclusions

The author of this PhD thesis is trying to experimentally investigate the
dynamics of chains made from ferromagnetic particles. The significance
of the work presented in this thesis can be summarized in the following

conclusions:

o It is found that under the action of rotating field ferromagnetic fila-
ments undergo two regimes: at lower frequency the filament rotates
synchronously with the rotating field and remains in its plane. At
higher frequency: the filament moves out of the rotating plane in the

third dimension with a circular anti-phase tip trajectory.

e It is observed under the action of periodic magnetic field inversion,
the filament propels in the direction perpendicular to the field direc-
tion. However, initial filament configuration and specific field profile

is required to achieve propulsion.

e Microflow measurements around filaments can be measured with a
micro particle image velocimetry technique and qualitatively agree

with numerical simulations.

5.1 Thesis

Results obtained justify the following a thesis: flexible ferromagnetic fila-
ments can be useful for the design and development of soft microrobotics.

Applications are foreseen in biomedicine and biotechnology.
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