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Abstract
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Doctor of Physics

Dynamics of spontaneously magnetized micro- laments under an
external magnetic eld: Experimental investigation

by Abdelgader Z ABEN

Micro-devices manipulated by an external force is an interesting topic of
research in terms of potential applications, as for mixing in micro uidics and
targeted cargo delivery in bio-medical applications. Magnetically actuated
robots, as investigated here, give the advantage of both having on-demand
motion control and safe bio-compatibility. In this work, the dynamics of mag-
netic laments is investigated experimentally under both rotating and pulsed
magnetic eld. The laments are made from ferromagnetic particles linked
together by DNA fragments. The experiments were conducted under operat-
ing different conditions which allowed adequate comparison with numerical
simulations results, identi es limitations in models developed in previous
studies and gives a preliminary insight for using ferromagnetic laments for
mixing and as cargo delivery applications.
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Chapter 1

Introduction

1.1 Motivation

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 po-
tential 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, under-
standing the dynamics of such devices in their operating environment be-
came 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 uid
dominates over inertial forces. When the inertia effects are negligible, the
ow regime is reversible, as rst experimentally realized by Taylor 1967. Pur-
cell 1977, in his well known paper, Life at low Reynolds numbeformulated
'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 micro uidics, where
momentum transfer is mainly dependent on molecular diffusion, local mix-
ing 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 eld of biomedicine and micro uidics
give the motivation to conduct this study.
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1.2 Magnetic micro-chains

One design of devices actuated by external magnetic eld, 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 manu-
facturing at a lab, as well as the exibility to explore the dynamics of various
con gurations for preliminary studies. For example, as rst published inves-
tigations for applications, chain of 1 mm paramagnetic particles, driven by
oscillating transverse magnetic eld (Dreyfus et al. 2005), was used to inves-
tigate the swimming behaviour with an added cargo. Moreover, chains made
from 1.4 nm para-magnetic particles, propelled by a rotating magnetic eld,
were used to study the dynamics for mixing application (Biswal and Gast
2004).

A method to form the magnetic chains or laments, as realized experi-
mentally by Biswal and Gast 2003; Goubault et al. 2003, utilizes the streptavidin-
biotin to bind the particles with special linkers. The magnetic particles are
coated with Streptavidin and are linked with DNA fragments biotinylated
from their both ends. The particles are aligned in chains by the application of
a strong static magnetic eld. Brownian motion ensures the motion of DNA
fragments until they form bonds with particles. Eventually this results in the
formation of exible magnetic laments. Their exibility and physical prop-
erties can be adjusted by different parameters. For example, the increase of
linker length increases the exibility (Byrom et al. 2014). Moreover, the effect
of varying chemical properties as PH and salt as investigated by Erglis et al.
2008, can also vary the lament properties. Further details on the lament
formation process is presented in chapter 2.1.

1.3 Filament dynamics

The dynamics of exible magnetic laments is interesting since their behaviour
is governed by both magnetic and elastic forces. Under the action of static
eld applied in one dimension, paramagnetic laments were found to either
align with the magnetic eld direction or deform having and S-like or U-like
shape, as experimentally observed by Goubault et al. 2003. The resultant
deformed shape is dependent on the lament length, were longer laments
tend to deform while shorter ones align with the eld direction (Goubault et

al. 2003). Such lament con gurations have been also predicted numerically
as presented by Cebers 2003; Shcherbakov and Winklhofer 2004, showing
that the transitional meta-stable U-like ( hairpin ) mode can be created under
initial lament conditions, such as including a defect in the model for the |-
ament.

Under the action of rotating eld pro le in a plane, the lament experi-
ences a torque of magnetic origin which is opposed by hydrodynamic fric-
tion force as the result of the lament rotation (Spatafora-Salazar et al. 2021).
At relatively low frequencies, for a lament made from super-paramagnetic
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particles different rotational modes were observed experimentally, hamely
rigid, wagging (S-like shapes) and folding. The mode of rotation depends on
the lament exibility, while the lament may rotate synchronously or asyn-
chronously with the magnetic eld (Kuei et al. 2017). Transitional behaviour
was investigated by applying a sudden relatively higher frequency rotating
eld, were an irreversible 2D compact structures were formed (Casic et al.
2010), from spiral formation on the lament both ends as the result of dissi-
pative torques (Cebers and Kalis 2011).

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

%’Tn E Mt H=0 (1.1)

where K is the curvature. For the magnetic force gives &, = M H. The balance
of the viscous, elastic and magnetic forces reads

fir _

N O (5
It

where Zy = zod + (¢ Z»)tity is the matrix of hydrodynamic drag coef -
cients, L 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 lament L, time with the elas-
tic relaxation time t = z, L% A,, the elastic force by A,/ L2. As a result,
the behavior of the rod is determined by the magnetoelastic number Cm =
MHL 2/ A, and wt , where w is the angular frequency of the AC eld.

The numerical algorithm is based on the construction of the projection
operator projecting the con guration on the class of inextensible con gura-
tions. For that the rod is discretized by +,i = 1,..p+ 1 marker points (in
simulations p = 300 for the most cases). For the inextensible rod there are
p constraints g, = (¥i+1 *)?> = h? The constraints give p  3(p+ 1) ma-
trix J; = Yai/ 1. Approximating the derivatives by nite differences, where
the condition that ends are torque free 1%/ 112 = 0 is taken into account, the
equation of motion introducing 3 (p+ 1) 1 column vectors+ and F may be
written as ( Pis transposed matrix)

T _ = L
2 L (F+ 30%) (1.3)

where z,' = z,'+(z, ' z,")tty is the mobility matrix. As a result of
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discretization, the stiffness matrix A and /, = F5 = Ay are obtained. for
k= 2,..pand Fp+1= Agpeqf+ Cniffor k= landk= p+ 1.

The condition of inextensibility J % = 0 allows to express L as follows

L
—= (Z'P xr (1.4)
2h
and the equation of motion reads
ﬂf — 1 1 1 1
ﬁ_(' z 'Rz P Yz E (1.5)
Eq.(1.5) contains the projection operatorP = |z X Jz 10 1J Itis easy

to check that P2 = P. Eq.(1.5) is numerically solved by implicit scheme

*(t+ Dt) +(t) _
Dt B

Pz Y(F%(t+ Dt) + By) (1.6)

After each time-step redistribution of marker points is carried out to sus-
tain their homogeneous distribution along the arclength of the lament's cen-
terline.

This model was used to describe the dynamics of ferromagnetic swim-
mer (Belovs and Cebers 2009), deformation dynamics under the action of the
magnetic eld inversion, where the lament was found to formaloop (  Erglis
et al. 2010) and numerically to investigate the behavior under a rotating eld
(Goyeau et al. 2017), showing that the rotation can be either synchronous or
asynchronous with the magnetic eld depending on the rotational frequency.
Moreover, the model was used for a magnetic rod with a xed end (Wang
et al. 2020).

1.4 Propulsion at low Reynolds number

As discussed in section 1.1, one of the main proposed bio-medical applica-
tions for micro swimmers driven by magnetic eld is the ability of being pro-
pelled and navigated in viscous environment (Peyer et al. 2013). From the
continuum theory of uids based on mass and momentum conservation, a
well known physical interpretation of the Reynolds number is the ratio be-
tween inertia and viscous forces terms in the Navier Stokes equations, which
for incompressible ows with neglecting the bulk compressibility reads,

r a=0 (1.7)

r 3T+(u r)a =r p+mu+rT (1.8)

where r is the density, time t, ¢ is the uid owand mis the viscosity,

rul
Re= — 1.9
e= — (1.9)
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and by scaling Eqg.1.7 with the length and velocity scales | and U with
G=4U landf =+ *and by the de nition of the Reynolds number, eq.1.7
reads,

a . -~ A A oa
Re :ITE+uru = rp+tDia+ f (2.10)

The left termsin EqQ.1.10 consists of the inertia terms having the convective
and dynamic accelerationterms u r uand ‘é—‘; respectively and the right hand
terms ( r p+ nDt ) represents the viscous forces. Taking the limit lim ra o
Eqg.1.8 & 1.7 reduces to Stokes equations as follows

2

ma=rp T (12.11)

r a=0 (1.12)

Stokes equations are linear and with the absence of time dependence, it
gives the property of Stokes ows to follow perfect reciprocal motion (Lauga
and Powers 2009), which results in no net displacements. Therefore, the dis-
placements of the micro swimmer at low Reynolds number environment is
solely dependent on the geometrical con gurations over time, not the fre-
guency of the reciprocal motion. This is referred as the scallop theorem (Pur-
cell 1977), which states that the body should have more than one degree of
freedom in order to achieve propulsion. It should be noted here that the term
'swimmer' is used here for devices which are actuated by internal energy, or
by the application of an external force or torque. Another termis used in liter-
ature as a 'propeller’, while 'swimmer' is donated to microorganisms (Lauga
and Powers 2009). Stokes equations are derived assuming that the Reynolds
number is very small (Re 0), however small inertial forces depending on
the swimmer shape and size may contribute in breaking the time reversal
symmetry and allow propulsion. Moreover, the symmetry can be also bro-
ken in non-Newtonian uids, in visco-elastic uids as an example (Peyer et
al. 2013).

For self propelling lament like swimmers similar to spermatozoa, the
propulsion at low Reynolds number is achieved by the shape change as a re-
sults of local hydrodynamic interaction differences across its deformed ag-
ella or lament. This showed through resistive force theory the importance
of anisotropy of hydrodynamic drag, by considering the difference in the the
drag coef cients acting along ( zy) and perpendicular ( z, ) to the lament are
required to achieve propulsion. The instantaneous drag acting on the la-
ment per unit length T(s,t), given by the tangent local angle dynamics (s,t)
as a function of space and time reads (Lauga and Powers 2009),

T(s,t) =  [zt(s (s t) + zo[1 t(s t)t(s t)]] t(st) (1.13)

where 4 is the local velocity of a point on the lament relative to the sur-
rounding uid as a function of arc length  sand time t. For an asymptotically
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slender lament with alength L and radius a, where L/ atends to ¥ , the par-
allel (zy) and perpendicular ( z, ) drag coef cients can be expressed as (Lauga
2020),

2pm

2= e (1.14)
_ _4pm
2= A (1.15)

As the radius atends to zero, a maximum ratio of z,/ zy 2 can be
achieved theoretically, and this ratio is lower for real slender bodies with
nite dimensions (Yang et al. 2017). Several theoretical models have been
presented to estimate the anisotropy of hydrodynamic drag coef cient for a
rod like objects, for example; bead model consisting of touching N number
of beads (Yamakawa and Tanaka 1972) and cylinder model (Batchelor 1970).
The comparison of estimates between different theoretical models is recently
presented by Yang et al. 2017.

In studies of microswimmers, far- eld velocity become important to con-
sider especially if the swimmer is interacting with another object, for exam-
ple, a wall boundary or with other swimmers. A fundamental solution of
velocity elds #(r) for (eq. 1.11, 1.12) can be obtained by Green's functionG,
asjuj! Owhenr! ¥ by,

d(r)= F G(¥) (1.16)

where F is a point force applied locally at the origin and G (¥) is de ned
as,

G) = I

som 1t (1.17)

G(¥) is a tensor eld, known as the Oseen tensor, where r is jfj and |
is the identity tensor. The fundamental soultion of a single point source at
the origin, known as stokeslet, where in this case u decays spatially as 1/r.
Since Stokes equations are linear, it is possible to obtain the velocity eld by
superposition principle of several stokeslets by,

z
)= (19 o +9a° (1.18)

where Tis the uid force density. For most of swimming cells, the far eld
velocities u decays spatially as 1/r?, resulting in a force dipole ow elds.
The force dipole is arised from the local hydrodynamic forces produced by
the agella as they swim, opposed by the drag of moving cell body acting
in the opposite direction (Lauga 2020). Hence, understanding the system is
necessary to solve Stokes equations using method of superposition of funda-
mental solutions. Here as presented in chapter 5, the far eld velocity was
found experimentally to have a decay spatially as a function of 1/ r2, for a
lament under a rotating eld.
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Another aspect to consider in the propulsion of microswimmers, is the
direction or the signature of the ow elds relative to the swimmer. The
term 'pusher’ is used when the driving agella is used to push the cell body
through the surrounding uid. 'Puller' swimmers, for which the agella are
located in the front of the cell body, pull the surrounding uids while the
cell body is dragged along its sides. For example, spermatozoa and Chlamy-
domonas reinhardtii represent the types of pusher and puller con gurations
respectively. The resultant velocity elds are similar, however the direction
of the ow is the opposite. In equation 1.9, Re is de ned as a function of
the characteristic velocity U. Another interpretation of Reis de ned as a
function of driving frequency, referred as oscillatory Reynolds number Rey
(Lauga 2020),

rL2w
m

Rey = (1.19)

The magnitude of oscillatory Reynolds number is higher than Re calcu-
lated using Eq.1.9 when operating at low Reynolds number environments.
For example, a difference of 2 order of magnitude for bacterium swimming
at Re 10 4, and is lower or equal for swimmers operating at Re > 10 !
(Lauga 2020).

The design of magnetic arti cial swimmers are often inspired by microor-
ganisms, that use a bending or rotating agella to propel. The design of such
devices is complex and capturing the propulsion mechanism from nature can
help keeping the complexity minimal (Peyer et al. 2013). Examples of de-
signs for arti cial swimmers driven by magnetic eld are shown in Fig.1.1.
Such as, a exible beating agella similar to spermatozoa motility mecha-
nism driven by an oscillating magnetic eld (Dreyfus et al. 2005; Pak et al.
2011), shown in Fig.1.1(a), helical structures similar to E.colibacterial agella
driven by a rotating magnetic eld (Zhang et al. 2009a; Tottori et al. 2012)
(Fig.1.1(b)), arti cial cilia made using exible chains of para-magnetic beads,
as shown in Fig.1.1(c & d) and driven with a rotating magnetic eld (Vilfan
etal. 2010). Here as presented in chapter 4, we study a new propulsion mech-
anism, which is similar to Chlamydomonas reinhardtii micro algae.
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FIGURE 1.1: Example of magnetic driven microswimmers
presented in the literature: (a) exible tail made from para-
magnetic particles attached to a blood cell driven by an AC
eld. (b) helical swimmer, made from a helical tail attached
to a magnetic bead driving by a rotating eld. (c) shows as-
sembled chains of paramagnetic particles xed from one end,
representing arti cial magnetic cilia. (d) shows the formation
process of the laments used in (c), by the use of rectangular
trenches and the application of a static eld. (source: Peyer
etal. 2013)
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1.5 Particle image velocimetry (PIV)

Particle image velocimetry (PI1V) is an optical non-intrusive technique used to
characterize the ows both quantitatively and qualitatively. The fundamental
principles of a PIV system consists of the following (Raffel et al. 2007):

» Seeding: tracer particles are added to the ow or system. They have
to be small enough not to in uence the phenomenon of interest. As a
result of their re ections, the ow can be quanti ed over time based on
their locations.

» Light source : the added tracer particles are exited by a light source,
which can be either a mono wavelength source (laser beam) or multi-
wavelength source. This improves their contrast in the short exposure
times used in experiments. Particles can be uorescent, allowing a se-
lective visualisation. Moreover, these tracer particles can be either il-
luminated in a desired plane area (light sheet) or by illuminating the
volume. In micro- ows which are observed under microscope, the vol-
ume is illuminated. Such a measurement technique for micro- ows is
often termed in the literature as mPIV.

* Image acquisition : to detect tracer particle locations in time. For this
exposure time is important and has to be short enough not to allow
blurring of particles. Also precise timing of image acquisition is impor-
tant for further calculations.

* \elocity computation : image analysis methods (typically cross corre-
lation) are used on the recorded images to obtain the displacements of
particle ensembles within two images.This is done for multiple parts
of the image, called interrogation areas, typically obtaining a set of dis-
placements, from which velocities can be calculated using the measured
time between the images.

» Results validation : the calculated velocity elds are generally vali-
dated by different tools. For example, errors associated with the cross-
correlation solution method that is used.

The quality of PIV experiments are typically evaluated by the measure of
errors associated with cross correlation method and used tools. This requires
considerations of the tracer particle concentration per interrogation areas, to
have a minimal noise to signal ratio. Moreover, the tracer particles should be
able to follow with the ow at the shortest time delay. From Stokes equation,
the velocity lag (U,)between the particles and the ow can be calculated by
(Raffel et al. 2007),

_ el T
U=t —a (1.20)

where ais acceleration, d is the tracer particle diameter, r and r, are uid
and patrticle densities respectively, mis uid viscosity. Assuming that the
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density of the tracer patrticles is close to the density of the uid, the lag ve-
locity (U)) is a function of d,%. Hence using particles of lower size is more
desired to obtain accurate measurements. Moreover, smaller tracer particles
increase the spatial resolution by having more particles per interrogation ar-
eas. However, by using smaller tracer particles in micro systems, the particle
displacements are distorted due to the Brownian motion and may interfere
with the measurement quality. The effect of particle displacements due to the
Brownian motion can be evaluated by calculating Stokes number Stk, de ned
as Raffel et al. 2007,

tp

Stk= —, (1.21)

ty
were t, is the tracer particle response time de ned as t, = d? r /18 mand
t ¢ is the characteristic time of the ow. A value of Skt << 1 is desirable to
consider in setting the experiments.

1.6 Mixing at low Reynolds number

By considering the de nition of Reynolds number (Eq.1.9) in micro uidic de-
vices, the characteristic length L and velocity U are relatively small. Hence,
mixing is mainly dependent on the molecular diffusion due to the absence of
turbulent chaotic ow. However, molecular diffusion for some applications

is too slow and inef cient in the scale of hundreds of microns for mixing to
take place (Shanko et al. 2019). Several designs have been developed to en-
hance the mixing rate at low Reynolds number regimes. This can be achieved
by changing the device geometry, termed as passive micromixers, to enhance
both chaotic advection by the addition of obstacles or by increasing the in-
terfacial area between the uids. For example, a spiral shaped channel ge-
ometry as presented by Sudarsan and Ugaz 2006, whom showed that mixing
will occur at shorter distances downstream the channel compared to straight
channels. or by adding diamond-shaped obstructions to increase the chaotic
advection by breaking and recombining the ow within the channel (Bhagat
et al. 2007).

Another way to enhance the chaotic advection and breakup ows is by the
introduction of external forces, known as 'active mixing', which can be done
by the application of pressure, temperature, acoustic and magnetic gradients
(Shanko et al. 2019). Magnetic chains or rods driven by a rotating magnetic
eld (microstirrer) have showed to be a good choice with an achievable mix-
ing ef ciency up to 92 % (Cai et al. 2017). Under a rotating eld, the magnetic
torque is expressed by,

T=M B (1.22)

Where M is the magnetic moment per unit length of the chain and B is
the magnetic eld strength. The mixing ef ciency can be evaluated by Mason
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number Ma, which is ratio of viscous forces to the magnetic forces, de ned
under the application of magnetic torques by (Shanko et al. 2019),

16hw

= — 1.2

where h is the viscosity, w is the angular velocity, m is the permeability of
free space,c is the dimensionless susceptibility of the magnetic particles and
H is the magnetic eld strength. For mixing applications, Mason number is
used to characterize between the contribution of mixing due to advection rel-
ative to diffusion. Hence, higher Ma results in a higher mixing effectiveness,
with the value of Mais > 1, mixing is dominated by advection. When a mag-
netic rotating eld is applied, the particle chain rotates with angle J between
its magnetic moment and the eld direction. The critical angular velocity — wq
can be obtained when the viscous drag torque is equal to the magnetic torque.
For rigid linked particles, rotations when angle J < 90 is synchronous with
the magnetic eld (Kang et al. 2007).

For angular velocities above w¢, the lament breaks into smaller laments.
This was observed experimentally by Kang et al. 2007, characterized when
operating at ( Ma > 0.002). To increase the exibility and avoid breakage of
the lament, elastic linkers such as the DNA fragments can be used to link
the particles.
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1.7 Magnetic properties

The magnetic properties of a material can be de ned based on its behaviour
under a magnetic eld - as a ferromagnetic, paramagnetic or diamagnetic
material. The magnetic properties are determined by the net magnetic mo-
ment of the material. At atomic scale, if the magnetic moment across the
material orients randomly in a way to have zero net magnetization, the ma-
terial is referred as paramagnetic. In the case of a ferromagnetic material,
larger volumes or domains within the material have a magnetic moment in
the same direction, which results in a net permanent magnetization (Rikken
et al. 2014). When a magnetic eld is applied, the magnetic moment of the
material domains try to align with the magnetic eld direction, until reach-
ing the maximum magnetic moment per unit volume (saturation magneti-
zation M), where the material magnetic moment vector is aligned with the
magnetic eld direction. Below Mg, a difference of angle between the mag-
netic moment and the magnetic eld direction occurs, referred as magnetic
anistropy. Studies of magnetic particles manipulated by an external magnetic
eld are either conducted using ferromagnetic or paramagnetic particles (Xu
et al. 2021).

To highlight the main difference, ferromagnetic particles behave differently
when the eld is switched off, a residual magnetization is present, while
paramagnetic particles have a zero net magnetization (Rikken et al. 2014).
Moreover, ferromagnetic material gives a higher response to external eld. In
this work, ferromagnetic particles are used. Their magnetic properties have
been previously measured through vibrating sample magnetometer (VSM),
as presented by Erglis et al. 2010. The magnetization curve is shown in
Fig.1.2.
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FIGURE 1.2: Magnetic moment of the diluted sample of core-
shell ferromagnetic particles in dependence on the magnetic
eld. (source: Erglis et al. 2010)

1.8 CGS unit system

In the following chapters, calculations of the material magnetic properties
were made based on centimeter-gram-second (CGS) unit system, which is
preferred by MMML (Laboratory of Magnetic Soft Materials) research group
in contrast with the International System of Units (SI). Different views have
been presented on the advantages of using CGSemu(electromagnetic) units
when compared Sl. For example, the value of the permeability of vacuum my
in CGS is 1, which avoids the confusion in referring the eld strength H as
B, where B= myH and my = 4p 10 7N/ A?in Sl units. However, work-
ing with Sl units give the advantage of uniting both electrostatic ( esy and
(emuy units. More on the comparison of units systems in Electromagnetism
is presented by Goldfarb 2018. The following table 1.1 presents the factors to
convert cgs to Sl units, for the parameters which are used in this work.

Note that emuis an indication that electromagnetic units is used, which is
equivalent to erg G.
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Conversion between cgs and Sl units

Quantity cgsunits S.I. Units  Conversion factor to Sl
Magnetic Flux density B Gauss T 10 4
Magnetic eld strength H Oe Am 1 10%4 p
Magnetization M emucm?® Am ! 10°
Energy E erg J 10 7
Dynamic viscosity h P Pa s 101

TABLE 1.1: Conversion factors between cgs and Sl units

1.9 Thesis overview

The main aim of this thesis is to experimentally investigate the dynamics of
semi- exible magnetic chains, made of ferromagnetic particles linked by elas-
tic polymers, under various magnetic eld pro les. This work is proposed to

Il research gaps in the literature available in the public domain, where the
focus in this eld is mainly oriented in using para-magnetic particles, by try-
ing to answer the following questions,

* How do the laments behave under a rotating magnetic eld? When
sweeping through eld frequencies, can one observe a change in the
behavior of the lament with a characteristic critical frequency?

» Can a ferromagnetic lament propel under a periodic eld inversion
pro le, as numerically proposed by Belovs and C ebers 2009?

* What are the ow characteristics around the laments under a rotating
magnetic eld?

In chapter 2, the synthesis procedures of the lament formation is rst
presented, we also discuss here about the limitations and problems encoun-
tered by using this formation method. In Section 2.2 and 2.3 the experimental
setup is described for video microscopy based analysis and mPIV measure-
ments methodology respectively.

The structure of chapters 3, 4 & 5 is sectioned as following,

» Experimental procedures
» Processing and data analysis methods

» Comparison between experimental with numerical simulations results
and result discussion

The numerical simulation results were obtained from the model, as pre-
sented brie y in Section 1.3, using Matlab program which has been previ-
ously developed by MMML group. More details on the numerical algorithms
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can be found in (Erglis et al. 2010; Goyeau et al. 2017).

In chapter 3, the results showing the lament behaviour under a rotat-
ing magnetic eld are presented, which is divided into two sections. In 3.1:
the dynamics when operating at frequencies where the magnetic torques are
higher that the viscous torques. Some of the results presented here have been
previously communicated in the publication (Deformation of exible ferro-
magnetic laments under a rotating magnetic eld, Zaben et al. 2020a). In
section 3.2, the results obtained when operating at a higher eld frequency
are presented, which were communicated through the publication (3D mo-
tion of exible ferromagnetic laments under rotating magnetic eld, Zaben
et al. 2020b).

In chapter 4, we present the results obtained for the lament dynamics
under a pulsed magnetic eld, which represents the application use of |-
aments as micro-swimmers. A part of the results presented in this chapter
have been previously communicated in the publication (Instability caused
swimming of ferromagnetic laments in pulsed eld, Zaben et al. 2021). In
chapter 5, we present the local velocity measurements around the laments
under a rotating eld, analysis methods and discuss about the optimal mix-
ing ef ciency operating conditions. Finally, the conclusions from this work
and further work suggestions are presented in chapter 6.2.
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Chapter 2

Experimental methodology

In this chapter, the experimental set-up and methods used for producing the results
in subsequent chapters will be presented. In the rst section, the lament formation
method will be presented, followed by the experimental setup. In section 2.3, the
setup for velocity measurements is presented.

2.1 Filament formation

Throughout this work, the method used to form laments was adapted from
the work done by K. Erglis 2010. The lament is formed by linking mag-
netic particles with DNA fragments. The ferromagnetic particles used are
supplied by Spherotech, with the mean diameters of 4.21 nm and 4.39mm for
the lots used. These particles are made of polystyrene, which is coated with
a thin layer of chromium oxide and afterwards functionalized with strepta-
vidin. The 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 resultant Streptavidin-biotin is strong in-terms of bind-
ing strength and has widely been utilized for applications as in biochemical
sensing (Liu et al. 2016).

The synthesis procedure is as follows,

* First, 10 mL DNA fragment solution (182 10 ng/ml) was mixed with
2 0.5nl magnetic particles (1% w/ v) and 0.5 ml 10 % TE buffer solu-
tion (made by mixing 7.5 pH TE buffer solution with distilled water) in
1.5 - 2 ml test tubes.

» The test tube is then placed between two strong permanent magnets,
made from a Neodymium alloy. Dimensions of each magnetare 5 cm
5cm 1cm Magnets are xed at 7 cm apart and can provide a homo-
geneous eld of 500 Oe.

A schematic diagram showing the lament formation mechanism is shown
in Fig.2.1. The resultant DNA and particle mass concentration in the sample
is 6 nM and 0.004%w/ v respectively. This concentration results in an aver-
age of 8 10° DNA fragments to bind with each particle in the sample.

The maximum ability of a particle to bind with DNA is 2 10/, as calculated
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by Erglis 2010, where the DNA molecular weightis Mpna = 607.ANycliotidest
157.9. Since the main interest is the formation of chains, the desired areas of
linkage are the parts covered between aligned two particles. The working
DNA to particle ratio was found to be good for this study, since it was ob-
served to have a relatively low probability of particle clusters formation.. Itis
about one order of magnitude lower than to cover the whole particle. Using
this synthesis method, the formed lament length has a wide distribution,
where we observed chains ranging from three particles in length to 130 mm.

FIGURE 2.1: Schematic representation of the lament forma-
tion, Erglis 2010

Different parameters are responsible for the resultant structures or shapes
formed using this method. Such as, magnetic eld strength, DNA length and
particle size. The magnetic eld strength used in the formation process can
be varied by having an adjustable track, as shown in the illustration in Fig.
2.2. The effect of magnetic eld strength on the formed length was previously
investigated by Belska 2018, using similar particles size and DNA fragment
length. There, is was found that reducing the distance between the magnets
results in the formation of longer chains. However, the increase of the eld
strength will also result in the increased probability of particle aggregations.
An adequate study showing the effect of particle size and DNA length on the
formation process was not done on ferro-magnetic particles so far. However,
it was observed by Erglis 2010, that using 465 bp long DNA fragments did
not result in chain formation using this synthesis method.

Other formation procedures have been proposed in the literature. For ex-
ample, Byrom et al. 2014 investigated the formation criteria of super-paramagnetic
particles using DNA fragments of various lengths. For them the laments
were prepared in a thin uidic chamber placed on a hot plate for 1.5 hours,
while a lower eld strength (19G - 275G) was applied. Since this study is
concerned about preliminary investigation of the dynamics using individual

laments, literature gaps in the lament formation mechanism and process,
such as synthesis of desired length, were out of the scope. However, it is pro-
posed that several research areas in the formation of ferromagnetic laments
are yet to be potentially investigated. Examples of shapes observed using this
formation method are shown in Fig. 2.3 and range from straight laments (a)
to conjoining of two laments (b), aggregated patrticles (c) and non-linked
particles (d).
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FIGURE 2.2: Schematic illustration showing the experimental
setup for lament synthesis in a strong magnetic eld.

FIGURE 2.3: Example of shapes observed with the application
of a static eld in the horizontal direction.
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2.2 Experimental setup and tools

The experimental setup consists of the following components (shown in Fig.2.4),

FIGURE 2.4: Experimental setup

» Microscope : For sample observation, an optical (Leica DMI3000B) mi-
croscope was used, under both (40 , NA =0.8) and (10 , NA =0.25)
in bright eld mode.

e Camera: The images were acquired by Basler ac1920-155um camera,
which has a grayscale CMOS sensor and can deliver up to 200 frames
per second. Image acquisition was controlled by either xing the frame
rate or by an external trigger mode, depending on the desired goal.

» Coil system: The magnetic eld was generated using an in-house built
coil system (schematic is shown in Fig.2.5). It consists of three coll
pairs, which are capable of providing any magnetic eld con guration
in three dimensions. The coils are powered by three AC power sup-
plies (Kepco BOP 20-10M), which can provide currents up to 7 A and
frequencies up to 50 Hz. Two pairs of coils are cooled with a heat ex-
changer (Huber ministat 230) through uid circulation. The coil system
is capable of producing a maximum magnetic eld of 51 Oe.

» System control : The desired magnetic eld strength and pro le is rst
de ned by a LabVIEW code. This de ned signal is then sent to the
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power supplies through National Instruments data acquisition (DAQ)
card (NI PCI-6229). The power supplies are set to the current control
mode, which supplies the current based on the voltage input from the
signal sent, where 1 V corresponds to 1 A. The camera is synchronized
with the system in two ways. In one case it receives a pulsed digi-
tal input signal through the DAQ card. Using the camera trigger mode
setting, images are acquired at a desired magnetic eld direction, prede-
ned in the LabVIEW code (The LabVIEW code is shown in Appendix
B.1). The other way of synchronization is a continuous reading of the
magnetic eld. In this case current values from the power supplies are
measured by a voltage drop on resistors of known resistance. By de n-
ing a xed frame rate acquisition mode, a pause trigger by a signal sent
from the camera is used to record the eld values based on the images
acquired. The program code used in this case is shown in Appendix
B.2.

» Fluidics : The uidic cells used in experiments are placed in the coil
system. Cells are made by using two square microscope glass slides
and a 211mm double-sided adhesive tape. A square of 1 1 cm cutis
made in the middle of the tape, which results in a volume capacity of

20m. Using micropipettes, such amount is added from the prepared
lament sample for observation.

FIGURE 2.5: Schematic illustration of the coil system
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2.3 PIV experimental setup

Similar to the lament synthesis procedures presented in section 2.1, 30 m of

0.53mm tracer Nile red uorescent particles (Spherotech) are also added to
the tube before adding magnetic particles and DNA and placing the sample
between the magnets. To reduce the tracer particle aggregation probability,
10m of 0.01% SDS (Sodium Dodecyl Sulfate - a surfactant) was added to the
sample. It is also sonicated for 30 min before adding the magnetic particles
and DNA fragments. A schematic illustration of lament formation for ve-
locity measurements is shown in Fig.2.6. From experimental observations it
should be noted that a careful concentration of SDS should be used. A higher
concentration will result in adherence of the uorescent dye of the tracer par-
ticles to the magnetic particles in a short time.

FIGURE 2.6: Schematic illustration of lament formation
method used in velocity measurements

The tracer particle concentration was determined initially by following an
approximation (Kiger 2010),

CDz
N]_: |\/|2
0

where C is the particle concentration, Dz is the thickness in the z-axis illu-
minated, D is the size of the interrogation region, Mg is the magni cation
and N is the desired number of particles in the interrogated regions. The
choice of the interrogation region size, often called as window size, is based
on the signal to noise ratio obtained from a cross correlation map, which also
allows to specify the spatial resolution. An average 10 or more patrticles, up
to 25, are desired to obtain accurate measurements, as presented in literature
(Raffel et al. 2007). More details on the effect of particle concentration will be
presented in chapter 5. By having the initial calculations, the working tracer
particle concentration was chosen and then ne-tuned based on a trial and
error process in experimental observations in order to have the maximum
particle per window while taking into account the possible particle aggrega-
tion that may occur as a result of higher concentrations used. The optimal

D?, (2.1)
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concentration was found to be approximately 2 times higher than the one
estimated in using eq 2.1.

The nPIV setup used in this study is made by Dantec dynamics and con-
sists of the following (as shown in Fig.2.7):

» Camera: HiSense Mkll camera is used for images acquisition. It has a
special CCD sensor, which allows to operate in a double frame mode,
with a maximum frame rate of 12.2Hz and a minimum inter frame time
200 ns. Hence, an effective acquisition rate between two consecutive
images in the double frame mode can reach ve million frames per sec-
ond (fps). Images are saved via Dynamic Studio software and can be
later exported.

» Light source: The light source used to excite the tracer particles is a
double pulsed YAG laser, capable of producing mono wave-length light
pulses with a wave length | = 532 nm at a maximum frequency of
50 Hz. The choice of nile red orescent particles was based on the max-
imum excitement wave length of the orescent ( | =532 nm) given by
the manufacturer's speci cation. This results in the reduction of the im-
age noise to signal ratio and enhances the quality of the velocity mea-
surements.

» System control ;: The camera and the laser are synchronized by a timer
box (NI PCI-6602) through the Dantec dynamic software Dynamic Stu-
dio .

» Microscope: An inverted optical microscope (Leica DM-ILM) is used
for sample observation. We use Y3 Iter cube in which the Iters of ex-
citation and emission light emitted from laser and tracer particles have
ranges of 535 50 and 610 75 respectively. 40x objective with NA=0.8
is used here.
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FIGURE 2.7: Experimental setup for velocity measurements
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Chapter 3

Filament dynamics under a
rotating eld

In this chapter, the experimental procedures and lament behaviour under the
application of a rotating magnetic eld will be presented. The lament under this
eld pro le was found to undergo two regimes: a 2D in-plane rotation at frequencies
below a critical valuecf(presented in section 3.1) and in a 3D motion for higher
frequencies (Section 3.2). The results presented in this chapter have been
communicated via two publications (Zaben et al. 2020a; Zaben et al. 2020b), which
are added in appendix.A

3.1 Behaviour at low frequency ( f < f¢)

3.1.1 Experimental Procedure

The experiments were conducted as following: the uidic cell containing the
lament solution, prepared as presented in chapter 2, is placed under the
microscope for observation. A static magnetic eld of H = 17.2 Oe in an
arbitrary direction is applied rst for a few minutes, to allow the lament

to align with the eld direction and connect any nearby free particles to the
lament, which may have been disassembled during the transfer process. A
rotating eldinthe x vy plane is then applied, de ned in the Labview code
as two sine pro le signals with one having a phase shift of 90 degrees. The
images were acquired by setting the camera in an external trigger mode, de-
ned to capture a single frame per period when the magnetic eld direction

is pointing in the y-direction. The experiments were repeated at a range of
both magnetic eld strength H = 6 Oe - 25 Oe and eld frequency f = 0.1 Hz
-8 Hz.

Examples of the observed lament shapes are shown in Fig.3.1. In these
experiments the eld strength is xed while the frequency is varied for two
laments of different lengths. It is observed that operating at higher frequen-
cies increases the lament deformation, as visible in images (a-d) and (A-D),
with a resultant 'S'-like shape deformation, while having the lament tips
pointing opposite directions. This increase of frequency also induces a larger
observable lag of the central part of the lament with respect to the magnetic
eld direction, which is pointing upwards. Finally, it was also observed that
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at at a certain frequency the lament tip moves out of the focus plane, as vis-
ible in Fig.3.1(d). The angle between the central part of the lament and the
magnetic eld is nearly perpendicular.

FIGURE 3.1: Examples of the observed lament shapes under

a rotating magnetic eld of strength H = 8.6 Oe. Filament

with L = 50.5mm at (a) 1 Hz, (b) 1.5 Hz, (c) 2 Hz and (d)

3 Hz. Filament with L = 67.4mm at (A) 0.2 Hz, (B) 0.3 Hz, (C)
0.4 Hz and (D) 0.6 Hz.
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3.1.2 Image processing

The lament deformation here is characterized by measuring the angle be-
tween the magnetic eld direction and the tangent angle at the lament cen-
tre J. To do so, the images were processed in Matlab with the following
steps. The particle centres were found using circular Hough transform func-
tion (Atherton and Kerbyson 2001). Then the lament centre line is found by
tting the detected particle centers with a polynomial function. The angle Jis
then calculated at the median point of the centre line. These steps are shown
in an illustration in Fig.3.2(a), which is made from a processed experimental
image.

Experiments to determine the lament bending modulus A, were made
by registering the y-displacement as a function of time t, as illustrated in
Fig.3.2(b) with the data from processed experimental images for an initially
deformed and relaxed lament after the magnetic eld is switch off from a
rotating state. In Fig.3.2(c), the approximated centreline from a polynomial
t of data from the processed experimental images is shown for four different
frequencies at a xed magnetic eld strength.

FIGURE 3.2: lllustration of the image processing process. (a)
shows the detected circular shapes (red circles) of the parti-
cles with centres ( blue asterisks), the black dashed line shows
the centres coordinates t with a polynomial of sixth order.
Tangent angle J is marked with a blue arrow. (b) Process-
ing method for relaxation experiments, the y-displacement of
the tip particle coordinate was tracked over this. (c) Shows
the approximated centrelines over a range of frequencies f
(0.2, 0.4, 0.5 and 0.6 Hz) at a xed magnetic eld strength
H = 8.6 Oe.
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3.1.3 Results

As mentioned earlier, the experiments are done under different operating
conditions for laments with different lengths. The angle J was calculated
for laments with three different lengths L, as shown in Fig.3.3. Blue, red and
green dashed lines connect angle values for laments with length L = 16nm,
38mm and 46 mm respectively attwo eld frequencies f = 1Hzand f = 2Hz,
atH = 6.9 Oe.

FIGURE 3.3: Relationship between the angleJ and frequency

f under a rotating magnetic eld at H = 6.9 Oe for laments

with different lengths L = 46.2nm (blue line), L = 37.9mMm
(red line) and L = 16.8mm (green line).

These results show that longer laments undergo a higher deformation at
a xed frequency and eld strength. Therefore, the increase of the lament
length will result in a higher deformation by the viscous torques under a ro-
tating eld. The results obtained showing the effect of varying the magnetic
eld strength under a range of frequencies (0.1 Hz to 5 Hz) for the same |-
ament with a length L = 46.3mm is shown in Fig.3.4. The circles, points
and squares donate the calculated values ofJ at three magnetic elds 8.6 Oe,
17.2 Oe and 25.5 Oe respectively. From the results in Fig.3.4 it is visible that
the increase of the magnetic eld strength results in a lower angle J. This is
expected considering the force balance between magnetic torque (which is a
function of the eld strength) versus the viscous drag exerted by the uid and
the elasticity of the lament, resulting in a dynamic steady state. It should be
also noted that at low frequencies the angle J has a linear relationship with
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the frequency, due to the low contribution of elastic forces. At higher fre-
guencies,J deviates to lower values as compared to the the linear ts, shown
as the colored dashed lines in Fig.3.4. A further increase of frequency forces
the lament to move out of the rotating plane, with observed J values ap-
proaching 90 . The lament behaviour at higher frequencies will be further
discussed in section 3.2.

FIGURE 3.4: Relationship between the angleJ and frequency

f, under rotating magnetic eld with different strengths, H =

8.6 Oe (red),H = 17.2 Oe (blue) andH = 25.8 Oe (green) for
a lamentwith alength L = 46.3mm.

To approximate the lament magnetization from the obtained experimen-
tal results and considering the observable linearity of J dependence at low
deformations regime, the following relation is used, which is obtained theo-
retically by considering rigid rod:

wt
J = 0.086-— 3.1
o 3.1)

where Cm = ME;‘Z, is the magnetoelastic number, t = ZA—L: and z is the
hydrodynamic coef cient approximated by 4 ph, the viscosity of the uid h
is approximated with the water viscosity 0.01 P. Using the experimental re-

sults obtained in Fig.3.4, we obtain the relationship of % as a function of %

as shown in Fig.3.5. Since the relationship is linear, the slope aof ¢ = a %

was found to be 6.8 Oe s. Substituting the values with the relationship ob-
tained by the numerical simulations in 3.1, the lament magnetization per
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unit length M is found to be M = 2.14 10 ’ emu. While the magnetic mo-
ment per particle mis found to be m= 9.01 10 **emuusing M d, where d
is the average particle diameter (d = 4.26nm).

FIGURE 3.5: Relationship between % and ﬁ obtained for a
lament with length L = 46.3nmm.

The lament bending modulus is measured by registering the displace-
ment of a lament tip along the vy axis overtime after rotating eld is switched
off, as illustrated in Fig.3.2(b). The measured y-displacement over time is
shown in Fig.3.6 and was found to have an exponential dependence for three
laments with different lengths. The decrements of the lament relaxation
from the decay rate were found to be 0.25 s 1, 0.42s ' and 0.25s ! for la-
ments with length L = 80 nm, 76.4mm and 63.2 nm respectively. Using the
solution for a free rod with the unclamped boundary conditions for the elas-
tic micro lament problem (eq: 3.2), as presented by Wiggins et al. 1998, the
bending modulus A, is then estimated using the decay rates 1/t obtained
from the experimental data.

t}— 3.93L Ayl z (3.2)

The average bending modulus was estimated by a liner t of the relax-
ation decrements with the lament length, including experimental errors in
the registration of the lament tip displacements and is shown in Fig.3.7. The
estimated value of bending modulusis A, = 6.5 3.4 10 Berg.cm.
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FIGURE 3.6: Filament relaxation behaviour for different la-

ment lengths L and the initial rotating eld conditions: L =

80.0mm, f = 1.0Hzand H = 8.6 Oe (red curve).L = 63.2rmm,

f = 1.0Hzand H = 13.7 Oe (blue curve). L = 67.4nm,
f = 1.5Hzand H = 8.6 Oe (green curve).

From the results presented above, it was found that the lament under
the action magnetic eld deform with an 'S'-like shape. This was previously
seen experimentally for laments using para-magnetic particles (Kuei et al.
2017) and numerically for ferromagnetic exible rods (Goyeau et al. 2017).
The exibility of the lament is determined by the operating condition and
its physical properties. For example, higher deformations can be seen when
increasing frequency, decreasing the magnetic eld strength and when using
lament with longer length. Moreover, the length of the DNA linker deter-
mines the bending modulus (Byrom et al. 2014), due to the contribution of the
elastic compared to the magnetic dipole interaction between the particles. By
using the relation Ab = M?/2 as given in (C ebers 2005; Vella et al. 2014; Kiani
etal. 2015), we nd that the bending modulus obtained experimentally is two
orders of magnitude larger than it is expected from the magnetic energy con-
tribution. Hence, it can be assumed that the lament deformations observed
are mainly driven by the elasticity of the DNA linkers between the particles.
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FIGURE 3.7: Relationship between relaxation decrements and

L 4 for different lament lengths. Black circles are experi-

mental points with errorbars. Red dashed line is linear tand
red dotted lines are con dence intervals of 3 s.

3.2 Behaviour at higher frequency ( f > f)

3.2.1 Experimental procedures

Experiments were performed in the same way as presented in section 3.1
with the exception that a wider range of frequencies was used, to observe
the lament dynamics particularly at higher frequencies. As these experi-
ments take longer time and the lament slightly moves around during the
rotations, we rst apply a rotating eld of strength H=17.2 Oe, f = 1 Hz for
15 minutes. This allows catching and connecting the free particles in the sur-
rounding of the lament. Otherwise lament parameters can change during
the experiment, complicating the analysis. This slight movement may hap-
pen due to several reasons - variable interaction with the wall or a somewhat
unsymmetrical rotation with respect to the lament centre, due to the particle
size distribution, variation in the number of links from DNA fragments. The
camera acquisition mode is set to a xed frame rate to allow capturing the
lament con gurations at different locations within a period.

Examples of the deformed lament shapes observed are shown in Fig.3.8.
In images (a)-(c) the difference of deformed shapes of a lament with L =
41 mm can be seen for an increasing frequency at a constant eld strength H.
In Fig.3.8(a) & (b) it is visible that the lament performs a steady in-plane
rotation with a slight 'S'-like deformation, as discussed in chapter 3.1). While
in Fig.3.8(c), the lament undergoes a 3D motion, observable experimentally
due to the blurred lament body shape when focusing on one of the lament
tips. For longer laments at the same constant frequency above f; and the
same eld strength, higher deformations are observed. This can be seen in
Fig.3.8(d), (e) and (f), whereL = 33mm, L = 41 mm and L = 65 nm respec-
tively. Similarly, the observed shapes of a lament with length L = 46 nm
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are shown in Fig.3.8(g)-(i) for a frequency f = 5 Hz when increasing the eld

strength.

FIGURE 3.8: Shapes of deformed laments under rotating

magnetic eld. A lamentwith L = 41lnmmatH = 17.2 Oe

for frequencies (a) f = 1 Hz, (b) f = 4 Hz, (c) f = 9 Hz. Fila-

mentsatH = 17.2 Oe andf = 8 Hz for laments with lengths

(d)L=33nm,(e)L=41nm, (f) L= 65nmm. A lament with

L= 46mmat f = 5 Hz and magnetic elds (g) H = 4.3 Oe,
(h) H = 12.9 Oe, (i)H = 25.8 Oe.
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3.2.2 Image processing

The images were processed on Matlab in the following manner. The lament
image is rst segmented using a threshold with a manually chosen intensity
value. This step results in a binary image, which is then processed by an open
source package NRBC (Zeng et al. 2015), to approximate the lament centre
line in each image. And the process is repeated for every image of the series.

In this investigation, we characterize the lament deformations as the ra-
tio % between the radius of the tip trajectory R with the lament length L.
Furthermore, The lament length L is approximated here as 2 R, not the
measured lament length. where Ry is the radius of the tip trajectory radius
observed for a lament at low frequencies without a notable shape deforma-
tion.

The method used for nding R is illustrated in Fig.3.9. In (a) examples
of experimental images at different locations and over several rotations are
shown. From the detected centre line (shown as red dashed line), the coor-
dinates of the lament tip which is in-focus (the yellow point), are registered
over several rotations. To account for the slight movement that the lament
undergoes, the tip coordinates for each location are corrected by translation
with a reference location. The calculated tip coordinates are then tted with a
circle function, as shown in Fig.3.9(b) for a sample experimental data. Hence,
this allows to estimate the radius of the tip trajectory R while accounting for
the unsymmetrical centre of rotation. The difference of the centre coordinates
obtained by tting and the reference point are shown in Fig.3.9(b) as ( Xc, Yc¢)
and (x,yr) respectively. Moreover, the experimental results show that the
tracked tip trajectories follow a circular path.

3.2.3 Results

The experimental results obtained for the relationship between R/ L and fre-
quency are shown in Fig.3.10 for laments with three different lengths. Red,
green and blue diamonds denote data points for L = 65 nm, 41 nm and 33 nm
respectively measured under a constant eld strength H = 17.2 Oe. This re-
lationship shows that an increase in frequency rst results in a minor de-
crease of R/ L, which is followed by an abrupt drop of R/ L, which can be
seen clearly for L = 41 mm and 33 nm data behaviour in Fig.3.10. 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 fc. A
further increase in the frequency was observed to have lower in uence on
R/ L. Moreover, longer laments were found to have lower values of critical
frequency fe.

To compare the experimental results with numerical simulation, the model
from section 1.3 is used. As discussed previously, Goyeau et al. 2017 investi-
gated the lament dynamics under a rotating eld using the same model and
showed that rotations are in a 2D plane synchronously following the eld
or becoming asynchronous and having a back and forth motion. This back
and forth motion has been previously observed for paramagnetic nano rods
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FIGURE 3.9: An illustration of how radius R of lament ro-
tation is found in each experiment. (a) Four consecutive im-
ages of a lament, which is rotating in 3D. Dashed red lines
indicate the centre line. The blue points show the tracked
tip, while yellow points represent the tracked centre, which
is used for reference. (b) The tracked tip coordinates for one
experiment (blue points) are tted with a circle (black dashed
line). Yellow point (x,yr) is the reference and black point
(X, Yc) denotes the tted centre of the circle.

under a rotating eld (Frka-Petesic et al. 2011). In the simulations conducted
here, we also take into account the small perturbations which the system may
experience. Itis de ned as an initial condition - a tiny deviation from the ro-
tational plane is made via setting z-coordinate to 0.004 for one of the lament
tips (numerically it is normalised with the lamentlength  L).

From numerical simulation results, the change in the lament initial con-
guration was suf cient to predict the experimentally observed behaviour.
For example, the relationship between the lament tip z-coordinates in de-
pendence on the dimensionless timet at Cm = 50 and wt = 1000 is shown
in Fig.3.11. The coordinates and time are scaled with the lament length L
and the elastic relaxation time t respectively. It can be seen that the lament
undergoes rst a transition state with some oscillations, eventually reaching
a stable 3D motion region after t  0.14. This stability is noticed from the un-
changed z-coordinate of the lament tip over time. The numerically obtained
con gurations for a frequency above f., when the processional regime is es-
tablished are shown in Fig.3.12 for a lamentwith Cm= 220 andwte = 4500
at different locations within a period. From the numerically obtained shapes
it can be seen that the lament becomes strongly bent, while the tips move
in antiphase along circular trajectories similar to what was observed experi-
mentally in Fig.3.9.

To numerically estimate the critical frequency f¢, which here de nes the
transition from planar to 3D synchronous rotation, the exponential decay rate



36 Chapter 3. Filament dynamics under a rotating eld

FIGURE 3.10: Experimental data for the relationship between

R/ L and frequency f. Deformation of laments with differ-

ent length is measured operating at the eld strength H =
17.2 Oe.

| is obtained by registering the relaxation behaviour of a lament tip coordi-
nate in the z-axis to the plane of rotating eld. Since | characterizes an ex-
ponential behaviour, it is obtained using the relationship z = z(0)exp( |t).
After obtaining | over a range wt values for several Cm, the critical wt . for
eachCm can be found, as shown in Fig.3.13(a) forCm = 225 andCm = 300.
Considering the linear dependence shown in Fig.3.13(a), the critical wt is
obtained by extrapolating the line to = 0. The obtained results for wt . de-
pendence on Cm are shown in Fig.3.13(b). Again a linear relation can be
observed and the coef cient is found from the slope wt; = 12.04Cm. This
value obtained for the critical frequency is similar to the one obtained for the
transition frequency from a 2D synchronous to 2D asynchronous regime in
Goyeau et al. 2017. However, here critical frequency describes the transition
to a 3D motion.

Numerical simulations allow us to illustrate the lament shapes. Projec-
tions of the lament con gurations in the plane of eld rotation at different
time instants within a period, when operating at frequencies above critical,
are shown in Fig.3.14, where x and y axis are scaled with the lament length
atCm= 220 andwt = 4500.

From the estimated critical frequency f., the relationship between the |-
ament deformations characterized by R/ L with frequency normalised by the
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FIGURE 3.11: Time dependence of lamenttips' z coordinates

show formation of a precessional regime. Numerical calcula-

tion is performed for Cm = 50 and wte = 1000.The coordi-

nates are scaled with the length of lament L and time with
the elastic relaxation time te.

critical frequency wt / wt ¢ is shown in Fig.3.15. The behaviour can be divided
into three regimes as follows:

* In region | : operating at frequency below critical with minor deforma-
tions until reaching wt/wt. 0.5, followed by a notable drop in R/ L
ratio until reaching wt / wt; = 1. Moreover, higher values of Cm have a
sharper decreasing slope, which may be explained from the increased

deformation as a function of lament length, when considering the def-
inition of Cm.

* In region Il , the lament is operating at frequencies above the criti-

cal value. In this regime, a rapid increase in the deformation appears,
which is seen from R/ L behaviour.

» Afurtherincrease in wt/ wt;where its value is > 2 is shown in region
Ill . Here, a lower in uence of the lament deformation can be noted
as observed from R/ L slope when compared for smaller operating fre-
guencies. Moreover, when looking at higher values of Cmin region Il

there is no observable change of the R/ L behaviour for values above
Cm> 200.
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FIGURE 3.12: Con gurations of the lament in precessional
regime at several moments of one period for Cm = 220,wte =
4500. Coordinates are scaled with the length of lament L.

When comparing the above presented results obtained both numerically
and experimentally, the lament behaviour is found to be in a good agree-
ment. For example, from the observed relationship between R/ L and fre-
quency, shown in Fig.3.10 for experimental and Fig.3.15 for numerical re-
sults. Similarly, the lament shapes observed as shown in Fig.3.8 and nu-
merically in Fig.3.14. To compare the results quantitatively, the experimental
data, shown in Fig.3.10, was tted with results obtained by numerical simu-
lation. In these experiments, R/ L values were calculated for a lament with
length L = 46 nm, operating at a range of eld strength and frequencies. To
t the experimental results obtained (shown as diamonds in Fig.3.15) with
numerical results, two parameters were introduced here: A which is linked
with the magnetic eld strength H and Cmby A = CnV H and B, which is
linked with the non dimensional frequency by B = wt¢/ f.

Fitting the results was done using Matlab, where A and B are obtained by
a non-linear square t of all the experimental results at once. To do so, 'scat-
terinterpolant' function was used for the characterized lament deformation
R/ L = function(wte, Cm), with several numerical simulation results, which
were done using different values of Cmfor arange of wt . The selected range
was based on the previously estimated parameters of magnetic moment M
and bending modulus Ay, as presented in section 3.1. From the obtained
local minima of the non-linear least square t, A and B were found to be
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FIGURE 3.13: Critical frequency wt is proportional to the

magnetoelastic number Cm. (a) An example of nding crit-

ical frequencies by decrement (I ) analysis for Cm = 225 and

Cm = 300. Circles represent numerical data, lines - linear ts

andred correspond to critical frequencies (wt¢. (b) Critical

frequency as a function of Cm. Circles are numerical data and
the dashed line is the linear t.

125 20e 'and 241 4s !srespectively.

From the best t, A, and M is found to be 1.5 10 12 erg cm and 4.9
10 7 emu respectively. These estimates are not far from the estimated val-
ues from the force balance at low deformation regimes and from the lament
relaxation experiments in section 3.1. However, these results show that this
lament synthesis methodology can vary the lament physical properties, re-
markably, the bending modulus - by one order of magnitude difference. This
may be due to either the difference of linked DNA fragments between the
particles or due to the variation of particle size along the lament, as men-
tioned earlier. The numerical results for the corresponding experiment are
shown in Fig.3.16 as dashed lines denoting the best ts and colored regions
showing the upper and lower errors, calculated from the upper and lower
deviations of parameters A and B. The obtained values of Cm for the nu-
merical simulation shown in Fig.3.16, corresponds to eld strength H values
de ned in experiments as given in Table 3.1.

To compare the lament shapes in the 3D regime between experimental
and numerical simulations performed, an overlap of numerical con gura-
tions was made on experimental images, which are observed in as 2D shapes.
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FIGURE 3.14: Projection of the lament con gurations in the
precessional regime on the plane of the rotating eld ( x-y
plane, Cm= 220wt ¢ = 4500).

H,Oe| Cm
4.3 31.0
8.6 62.5
129 | 93.8
17.2 | 125.0
25.8 | 187.5

TABLE 3.1: Experimental eld strength H and corresponding
magnetoelastic numbers Cm, as found by the non-linear t.

This comparison is shown in Fig.3.17 for a lament with length L = 46 mm,
frequency f = 5 Hz and operating at different eld strengths ( H = 4.3 Oe,
H = 8.6 Oe andH = 12.9 Oe for images (a), (b) and (c) respectively). From
this comparison, a good agreement was found. However, discrepancies in the
lament length was observed, notably as shown in Fig.3.17(c), which may be
a result of the chosen length L, explained in the image processing section of

the projected tip radius for an undeformed lament.
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FIGURE 3.15: Numerical simulation results for lament de-
formations. Normalized deformation R/ L as a function of
normalized frequency wt / wtc.

3.3 Discussion

From the results presented above, it can be seen that exible chains formed
by linked ferromagnetic particles, under the action of a 2D rotating magnetic
eld, rotates synchronously with the magnetic eld in its plane of rotation or
undergo a transition to a 3D motion. This transition is dependent on the crit-
ical frequency (f¢), which depends on the lament exibility. This transition
was experimentally observed when the lament tangent angle at the centre
J orients perpendicularly with the magnetic eld direction. At frequencies
below f¢, the behaviour of the lament was characterized by measuring the
lag with the magnetic eld. Such measurements have allowed to estimate
the magnetization per unit length M, considering the low effect of elastic
forces arising in the energy balance between lament elasticity and magnetic
torques at low deformation regimes. Hence, these results show a linear de-
pendence (Fig.3.5). The estimated value ofM is not far from the measured
one, obtained by a vibrating sample magnetometer ( Erglis et al. 2010), where
M = 3.3 10 " emu The shapes obtained at this regime were observed to
have either an undeformed straight lament shape or have an 'S'-like defor-
mation, where the lament tips are pointing in the opposite direction follow-

ing the magnetic eld with angles up to 30 degrees.
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FIGURE 3.16: Filament deformation comparison between ex-
periment and numerical results via R/ L dependence on fre-
guency. The colored diamonds denote experimental data for
lament with L = 46 nm operating at different eld strength

H. The dashed lines represent numerical simulations scaled
with values of parameters obtained from the t for different
Cmyvalues as shown in Table.3.1. The shaded area represents

the error margins obtained from tting.

The bending modulus Ab of the lament was estimated from the experi-
mental relaxation rate from the deformed shapes under a rotating eld. The
thermal uctuations here that occur due to Brownian motion were not found
to be large enough to be applicable in determining the lament bending mod-
ulus, which may be probably due to the particle size or DNA length used.
This differs form the investigation by Byrom et al. 2014, who estimated the

lament elasticity by registering the displacements due to thermal uctua-
tions. Furthermore, from the estimated values of Ab, the lament was found
to be quite stiff, as the respective persistence length has a value of tens of
centimetres.

The transition to a 3D rotating motion at frequencies above critical fre-
guencies was previously predicted numerically for magnetic particles in a
rotating eld (C murs and Cebers 2013) and where experimentally realized
in a recent study for nano-rods made from ferro-magnetic material (Palkar
et al. 2019). Moreover, a transition to an out of plane motion was also ob-
served for paramagnetic rods under precessing magnetic eld (C murs et al.
2019). This movement to the 3D motion may be explained by considering the
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FIGURE 3.17: Direct comparison of laments in experimen-

tal images and numerical simulations, using best t, shows a

gualitative agreement. Filamentof L = 46 mmat f = 5 Hz

and different H is compared to numerical results at wt =

1208 and different Cm. (a) H = 4.3 Oe,Cm = 31, (b)
H = 8.6 Oe,Cm= 62.5, (c)H = 12.9 Oe,Cm = 93.8.

perturbations to the system. For example:

» The lament has a slightly unsymmetrical shape formed from the adapted
synthesis process.

» The earth magnetic eld which is not accounted for in the numerical
model.

» Other existing magnetic eld gradients from the experimental setup
may interfere.

* Thermal uctuations for the whole lament.

The increase of frequency at the planar regime will result in a lower hydro-
dynamic drag, seen in Fig.3.4, showing the relationship between the J and f,
where J deviates from the linear dependence. This can be explained from the
role played by the lament elasticity and was found also found numerically
to match. When the critical frequency ( fc) is reached and considering such
mentioned possible perturbations, the lament moves to structurally prefer-
able 3D regime.

The estimated critical frequency from the numerical simulations ( wte =
12 Cm) is similar to one calculated for paramagnetic laments, when an
asynchronous planar regime is established (Kuei et al. 2017). Moreover, it is
shown that the contribution of magnetic dipolar interactions on the lament
elasticity using A, = M?2/2 (C ebers 2005), the calculatedA, from lament
relaxation time and by tting the experimental results with numerical (as
shown in Fig.3.16) was found to be two and one order of magnitude higher
respectively. Hence, we can deduce that the lament elasticity is mainly
present due to the elasticity provided by DNA fragments linking the parti-
cles. Increasing the DNA length will result in a decrease of the persistence
length, resulting in different dynamics as folding or coiling, observed exper-
imentally by Kuei et al. 2017. Such behaviour was not seen at the ranges of
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the estimated A and may rise an interesting research question - if behaviour
of magnetic chains made from ferromagnetic particles remains the same with
the increase of lament exibility.

As discussed in section 1.1, the exible magnetic chains are a good po-
tential candidate for local mixing applications in micro- uidic devices. This
was presented in details in the review article by (Drew et al. 2016; Shanko
et al. 2019). From the results obtained, it can be seen that using ferromagnetic
laments can overcome the limitation of the paramagnetic laments by the
transition to a 3D motion, while maintaining to rotate synchronously with the
magnetic eld. This behaviour may give the advantage in terms of mixing ef-
ciency at higher frequencies when comparing the use of the two materials.
Moreover, 3D rotary motion may be advantageous for speci ¢ applications,
where local mixing is desired over a wider height ranges or across the vol-
ume.
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Filament dynamics under a
pulsed eld

In this chapter, we present a swimmer con guration behaviour which is applicable
for chains made from ferromagnetic particles. The lament propels by the
application of a pulsed magnetic eld pro le with a duty cycle of 30%. A part of the
results presented in this chapter have been communicated through the publication
(Zaben et al. 2021), which can be found in appendix A

4.1 Experimental procedure

Following the lament preparation as presented in chapter 2, 20 nm of the
prepared sample is rst added to the uidic cell and then it is placed under
the microscope for observation. The camera mode is set to continuous im-
age acquisition with a xed frame-rate up to 100 Hz. A static eld is rst
applied in the horizontal x-direction for a few minutes, which aligns the [-
ament with the eld direction and allow unconnected free particles to attach
with the laments. A pulsed eld pro le is then applied in the same direction
with a duty cycle of 30%, where the eld is inverted 30% of time within one
period. An example of deformed lament shapes with their corresponding
magnetic eld direction are shown in Fig.4.1. The magnetic eld readings in
Fig.4.1(A) H are normalised by the maximum eld strength value and the
time t is normalised with the period of the pulsed magnetic eld T. Asshown
in Fig.4.1(B)(a-c), the lament bends in a U-like shape in the 30% of the pe-
riod, followed by a relaxation stage as shown Fig.4.1(B)(d-f). At the location
shown in Fig.4.1(B)(f), the lament relaxes and aligns with the magnetic eld
direction.

The swimming direction was found to be perpendicular to the magnetic
eld, in the y-direction. However, displacements in the x-direction were also
observed, which may probably be a result of the difference in the 'arm' length
of the lament, 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.

It should be noted that initially the eld pro le in the experiments is de-
ned to have the unstable part in the longer part of period. However, the la-
ment was observed to ip its orientation and align with the magnetic eld, to
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FIGURE 4.1: (A) Magnetic eld measurements versus time
over one period where H = H/ Hpaxand T = t/ T. The
red circles show the readings that correspond to images (a-
f)(B). (B) An example of lament 'U' deformations under a
magnetic eld with a 30% duty cycle pulse wave pro le, at
different location within one period for lament with length

L = 60 nm, eld frequency f = 2 Hz and eld strength

H = 5.2 Oe.

have the stable part in the shorter stage in the period. Here, the bending and
relaxation stages are referred as the unstable and stable parts of the eld re-
spectively, where the lament magnetization direction is opposite and along
the eld direction.
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