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Active mixing and catching using
magnetic particles

Summary

Magnetic micro-particles have many applications in micro-scale systems, for
example as actuators to generate fluid flows, as stirrers to mix laminar fluid streams
and, when functionalized with bio-specific surface coatings, as mobile binding sites for
biochemical assays. The goal of this study is to obtain enhanced mixing and enhanced
biochemical binding reactions of biological targets through controlled dynamics of
magnetic micro-particles. To facilitate the experimental control of the magnetic micro-
particles, we have designed and realized an octopolar electromagnetic system capable
of full threedimensional control of the magnetic micro-particles over a wide range of
frequencies. Moreover, 3D numerical models have been developed to understand the
mechanisms governing the dynamics of both the magnetic micro-particles and the
particle-based target capture process.

Experimentally, we show the possibility to (I) assemble the magnetic micro-particles
as intelligent micro-stirrers capable of performing efficient micro-scale mixing and micro-
scale biochemical assays. Specifically, we focus on the dynamic regime of the rotating
magnetic particle chains in which they periodically breakup and reform. The dynamic
regime of the rotating chain, when compared to rigid rotating chains, is shown to yield
an enhanced homogenization (5×) of fluid in the plane of rotation. To demonstrate
the effects of the different actuation regimes on magnetic particle-based target capture,
rotating (streptavidin-coated) magnetic particle chains are used to sample a volume,
seeded with (biotin-coated) target particles. We find that the initial capture kinetics
are significantly enhanced (4×) by the dynamic regime as compared to the rigid regime.
When compared to the different reference situations (a single magnetic capture particle
and a collection of sedimented magnetic capture particles), the enhancement due to
dynamic chain rotation is about 5 and 10 times, respectively, which we believe is caused
by the inherent particle chain dynamics.

Numerically, we have conducted 3D particle dynamics simulations to accurately

ix
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describe and understand the rotational dynamics of rotating magnetic particle chains.
Within a specific range of magnetic field magnitudes, rotational frequency and fluid
and particle properties, chains of magnetic particles periodically self-assemble, thereby
inducing chaotic mass-transport and enhanced particle-based target capture. We
find that this dynamic regime of rotating magnetic particle chains can be accurately
described by a dimensionless number RT, defined as the ratio between the driven
magnetic torque and the counteracting viscous drag torque, i.e. when RT < 1 the
magnetic particle chains rotate rigidly, but when RT > 1 the formed particle chains
periodically breakup and reform.

Experimentally, we also show that (II) the formed chains, clusters and aggregates
of magnetic particles can be disassembled into individual entities using time-varying
magnetic fields, i.e. we are able to reset the particle distribution to its original dispersed
state. Large clusters of several tens (60) of particles can be disaggregated within about
one minute. After the disaggregation process, the magnetic particles are uniformly
distributed over the surface and ready for further lab on chip processing.

Also, we show (III) experimentally the very strong fluid flows (∼ 1 mm/s) induced
by actuating a collection of rotating magnetic micro-stirrers orthogonal to the surface
of a fluid cell. Specifically, such configuration allows the generation of a stable and
global vortex flow of fluid and particles stretched along the entire length of the fluid
cell (9 mm), with many eddy-type substructures that fluctuate continuously in time,
resembling turbulent flow. However, when the magnetic actuation field is turned off,
both the fluid and the particles come to an instantaneous stand-still, which shows that
inertial effects do not play a role in the generation of the strong vortical flows. We have
applied the phenomenon of strong vortical flows to a biochemical assay with magnetic
capture particles and fluorescently labelled IgG targets. When compared to a reference
system of sedimented and locally concentrated magnetic capture particles, magnetic
actuation leads to both a 9 times increase in the initial assay kinetics as well as a 7
times increase in the target capture signal after 30 min.

As a last step, we numerically (IV) predict the fluid flow induced by rotating
magnetic particle chains, through the combination of particle dynamics simulations
(used to calculate the corresponding particle dynamics) and FEM simulations (used
to compute the resulting fluid flow). Moreover, we seed the fluid domain with targets
exhibiting translational Brownian motion and subsequently count the fraction of targets
captured by the rotating magnetic particle chains in different actuation regimes, i.e. for
(1) the rigid regime of rigid chain rotation, (2) the dynamic regime wherein chains
periodically fragment and reform and (3) the alternating regime where the rigid and
dynamic chain behaviors alternate. We observe that the periodic chain breakup and
chain reformation yields (1) a higher average amount of target capture and (2) a more
homogenous distribution of the captured targets over the magnetic particles forming the
chain. We believe that this is due to the periodical topological changes of the magnetic
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particle chain. We believe that this model is important in predicting and understanding
the role that volume transport plays in the process of magnetic particle-based target
capture.





Chapter one

Introduction

1.1 Lab on a chip technology

The development of accurate, fast and affordable technologies that can rapidly

analyze minute quantities of bio-fluids such as blood or saliva is currently a hot topic,

both in scientific research as well as in industry. Moreover, the sophistication of the

analysis methods demands increasingly expensive apparatus and high levels of skill

and specialization from their users. Consequently, sample analyses are restricted to

highly specialized laboratories. This asks for a breakthrough in developing more gentle

protocols and economically affordable instruments for specific analysis tasks, which is

currently becoming possible through the recent advances in the area of microfluidics

and lab on a chip technologies [1].

Lab on a chip technology (Fig. 1.1(a)) is the miniaturization, with the use of

microfluidics, of separation and analysis techniques so that multiple classical laboratory

methods can be accomplished on one single chip [2, 3]. Small quantities of sample and

reagents are introduced through micron-sized structures where they are manipulated

and analyzed. The use of microfluidics provides several advantages when compared

to the classical macroscopic handling of fluids. Due to the miniaturization, the

amount of sample and reagent needed for each process are reduced in comparison

to macro-scale laboratory operations. A second advantage is integration. Lab on a

chip devices can in principle be designed with multiple on-board functions such as

sample preparation, concentration, mixing, biochemical reaction and detection with the

sample automatically transported from one place to another on the chip until the entire

operation is completed (Fig. 1.1(b)).

1



2 Chapter 1

(a) Artistic representation of a LOC-system
[4]

(b) Schematic representation of a
LOC-system

Figure 1.1: Lab on a chip (LOC) system. (a) Lab on a chip technology is the miniaturization
of laboratory techniques so that multiple classical macroscopic laboratory
methods can be accomplished on one single chip. (b) Lab on a chip systems
can be designed with multiple on-board functions, as summarized by Dittrich et
al. [3], with the sample (blood drop) automatically transported from one place
to another on the chip until the entire operation is completed.

1.2 Microfluidic environment

We assume the fluid to be incompressible and Newtonian. The Navier-Stokes

equation that theoretically describes the fluid motion is given by [5, 6]:

ρ(
∂v

∂t
+ v · ∇v) = η∇2v −∇p+ f , ∇ · v = 0, (1.1)

where ρ is the fluid density, v the fluid velocity, η the fluid dynamic viscosity, p is the

pressure and f any externally applied force.

The Navier-Stokes equation thus consists of an inertial force density, a viscous force

density, a pressure force density and an external force density. The ratio of the force

densities due to inertia and viscosity is known as the Reynolds number and is given as:

Re =
ρvL

η
(1.2)

where v is the characteristic magnitude of fluid velocity, L the length scale of the system.

With water as the working fluid, a characteristic velocity of 10 µm/s and a typical length

scale of 100 µm in microfluidic enviroments, Re ≪ 1. The viscous forces overwhelm
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the inertial forces. Therefore the inertial forces can be neglected and in microfluidic

volumes, the Navier-Stokes equation reduces to the Stokes equation:

∇p = η∇2v + f (1.3)

Under such conditions, the flow is laminar and the transport of fluid and molecules

within microfluidic systems is dominated by diffusive mass-transport which is a

continuous stochastic process. The time t required for a diffusive particle with diffusivity

D to travel a certain distance x can be approximated by:

x2 = 2Dt (1.4)

where D is given by:

D =
kT

6πηR
(1.5)

and k is the Boltzmann constant, T the absolute temperature and R the radius of the

particle. Diffusion limited mass-transport is in general a slow process. For instance,

the spreading of a small protein (D = 40 µm2/s) in water over a distance of only 1 mm,

takes hours of time. Therefore in laminar flow, manipulation and transport of fluid and

molecules in microfluidic systems such as mixing and biochemical binding reactions (as

shown in Fig. 1.1(b)) have to be externally enhanced.

We have investigated the possibility of utilizing magnetic particles, actuated under

influence of rotating magnetic fields, as micro-actuators to promote mixing and

biochemical binding reactions in microfluidic systems. In laminar flow conditions, active

mixing can be achieved by using chaotic advection (Fig. 1.2), i.e. by increasing the

contact surface between the different fluids and decreasing the diffusion path between

them, only small diffusion distances need to be traveled so that the typical time for

homogenization is decreased [7, 8]. Chaotic advection can be realized by fluid stirring

induced by rotating magnetic particle chains. The resulting flow pattern shortens the

diffusion path and thus improves the transport of fluid and molecules at micro-scale.

1.3 Magnetic micro-particles

Generally, the magnetic particles (Figs. 1.3(a) and 1.3(b)) range in size from a few

nm to many µm. The larger particles usually are polymer-based in which many separate

small mono-domain iron-oxide grains are embedded. This composition leads to super-

paramagnetic particle behavior, giving strong magnetization only in the presence of an

externally applied magnetic field [10, 11]. Upon application of an external magnetic
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Figure 1.2: The principle of micromixing includes the maximisation of interfacial surface
area and the concentration gradient [7]. Chaotic mixing of dyed (dark) and
transparent (light grey) lamellae of a water-based solution is shown using a
split-and-recombine mixer [9].

field, the super-paramagnetic particles acquire dipole moments in the direction of the

field causing them to collectively form magnetic supraparticle structures. The shape of

such a structure depends on many parameters such as the amplitude and frequency of

the applied field, the shape and magnetic content of the particles, the concentration of

the magnetic colloids, the temperature, etc.

When functionalized with bio-specific surface coatings (Fig. 1.3(b)), magnetic

particles can be used for the capture and/or detection of target molecules, such as

proteins, hormones and DNA fragments and cells [12–14]. In comparison with other

functional micro particles, magnetic colloidal particles offer the advantage of magnetic

control that is not affected by the electro-chemical conditions of bio-fluids (surface

charges, pH, ionic concentrations and temperature). Moreover, manipulation of the

suspended particles can be done by external means, i.e. the actuator is not in direct

contact with the liquids. Critical reviews concerning various applications of magnetic

particles in microfluidic systems are presented by Pamme et al. [15] and Gijs et al. [16].

Magnetic particles actuated by magnetic fields have many applications in microfluidic

systems, for example as actuators [17–19] to generate fluid flows, as stirrers [20–22]

to mix laminar fluid streams (Figs. 1.3(c) and 1.3(d)) and when functionalized with

bio-specific surface coatings, as mobile binding-sites [23–25] for biochemical assays.

Several studies, both computational and experimental, have investigated the controlled

actuation of suspended magnetic particles as rotating particle chains as well as its

potential application to chaotically mix and manipulate fluid and molecules at micro-

scale.
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(a) M270 Dynaparticles® carboxyl (b) M270 Dynaparticles® strepta-
vidin

(c) A water-dye interface (d) Mixing of the water-dye interface

Figure 1.3: (a) and (b) 3 µm superparamagnetic particles with different surface
functionalizations. (c) In the inset of the figure, a s-shaped magnetic particle
chain is seen formed of carboxylated (COOH) M270 magnetic particles. A clear
interface can be seen between the fluorescent dye and the uncolored water. (d)
Rotating magnetic particle chains near the dye-water interface, as highlighted
by the arrows, were applied to chaotically mix the two fluids.

1.3.1 Quantification of mixing and biochemical binding reac-

tion

The definition and quantification of ‘good’ mixing is not straightforward.

Quantitative measures for mixing do exist, but they are usually applied only to

numerical simulation results, and hardly ever to experimental data, since the noise

in the experimental data makes the obtained quantitative estimates very unreliable, or

the data are simply not sufficient to calculate the measured. Examples of measures

are Poincaré maps, Lyapunov exponents, intensity of segregation and tracer-particle

distribution [26–28]. Some of the methods (such as Poincaré maps) require that the

flow is perfectly periodic in time.

In real-life experiments such as ours, passive colored tracer targets are usually

added and visible as a blob of fluorescent dye-particles (Fig. 1.3(d)). The level of

mixing is mostly assessed simply by observation of the homogeneity of the color
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(fluorescence). The experimental system (fluorescent microscopy) cannot track the

individual fluorescent dye-particles due to the high density of particles. Therefore, the

mixing state is based on the total emitted fluorescence rather than the individual emitted

fluorescent from each individual particle. The mixing state is then characterized as the

homogeneity at which the fluorescent dye is distributed across the whole fluid domain

and is sometimes quantified through a mixing index parameter (M). This quantity is

similar to the intensity of segregation and is related to the ratio of the variance and the

square of the average of the fluid fluorescent intensities (I) [22,29]:

M ∼ var(I)

I
2 (1.6)

The term I is the average fluid fluorescent intensity over the fluid domain. Good

mixing is defined when I stays constant but while the variance decreases. For a

perfectly unmixed state, M equals 1 and for a perfectly mixed state, M equals 0.

Ideally, M reaches a value of 0 in a certain finite time. Quantitative values as references

are rather arbitrary since the mixing index is very dependent on the parameters of

the experimental system, e.g. the amount and the configurations of the actuators

(magnetic particles), resolution of the microscopy, non-specific interactions between

the dye particles, etc. However, for a certain specific system, such as ours, we can

use the mixing index parameter to quantify the level of mixing between the different

actuation protocols.

Biochemical binding reactions that utilize functionalized magnetic capture particles

(MC) to capture targets (T), are widely used for biochemical assays [12–14]. The

magnetic particles are functionalized with bio-specific surface coatings, i.e. affinity

molecules. The targets of interest are captured and extracted from the bio-fluid onto

the magnetic particles by specific binding to the affinity molecules, i.e. by forming a

complex bound (TMC).

A parameter that can be used to characterize the kinetics of target (T) capture by

the magnetic capture particles (MC) is the association rate constant ka. The association

rate constant (ka) is proportional to the rate at which the complex bounds (TMC) are

formed [30]:

d[TMC]

dt
= ka[T][MC] (1.7)

where [TMC] is the concentration of formed complex bounds, [T] the concentration

of the unbound targets and [MC] the concentration of the magnetic capture particles.

All concentrations are in molar concentration (M) where ka has units M−1s−1. At

fixed initial concentrations of both the magnetic capture particles and the targets, the



Chapter 1 7

kinetics of the assay, i.e. the rate at which the complex bounds are formed can only

be enhanced by an increase in the association rate constant. Subsequently, we will

obtain the association rate constants corresponding to the different magnetic actuation

protocols. We will compare them with corresponding reference systems for which

the concentration of the assay components is the same but the configuration and the

dynamics of the magnetic capture particles are different.

1.3.2 Rotating magnetic particle chains

We focus on a diluted suspension of mono-dispersed and uniformly distributed super-

paramagnetic colloidal particles exposed to a strong, continuous, homogenous magnetic

field. Under such circumstances, the magnetic particles form chain-like structures in

the direction of the applied field. When the magnetic field begins to rotate, the

bead chains also tend to rotate in order to remain oriented with the field. Typical

structures such as linear chains and S-shaped chains are observed (as shown in the inset

of Fig. 1.3(c)). Experimental and numerical investigations regarding the rotational

dynamics of magnetic particle chains have been conducted by several researchers

[31–40]. The rotating chains are observed to undergo a process of dynamic growth

and fragmentation that is dependent on the frequency of the applied field. Generally,

the dimensionless Mason number is used to characterize the rotating magnetic particle

chain dynamics. The Mason number is defined as the ratio of hydrodynamic to magnetic

forces for a two-particles-in-contact configuration:

Mn = 122
ηω

µ0χ2
pH

2
0

(1.8)

where ω is the angular velocity of the applied magnetic field, µ0 the magnetic

permeability of free space, χp the effective magnetic particle susceptibility and H0 the

magnitude of the applied magnetic field.

At low Mason numbers, the suspended particles aggregate into chain-like structures

that rotate rigidly with the magnetic field frequency but with a frequency-dependent

phase lag behind the field. At higher Mason numbers, as the hydrodynamic friction

forces overcome the magnetic forces, the chains breakup and reform in an alternating

way. Kang et al. [27] concluded through 2D numerical simulations (Fig. 1.4) that the

periodic breaking and reformation of the magnetic particle chain is an efficient way

to induce mixing of fluids at the micro-scale. Specifically, the alternating breakup and

reformation lead to the stretching and folding of fluid elements, which is a manifestation

of chaos.
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(a) Rigid rotating chain [27]

(b) Break and reform chain [27]

Figure 1.4: Kang et al. [27] conducted 2D finite elements simulations to solve the mixing of
two fluids (blue and white) actuated by a rotating magnetic particle chain. They
concluded that within a limited range of the Mason numbers, periodic breaking
and reformation of the magnetic particle chain occur (b). This repeating
topological changes of the chain, when compared to a rigid rotating chain (a),
is an efficient way to induce local mixing of fluids at the micro scale.

1.4 Thesis aim and outline

The aim of this dissertation is to investigate and to obtain enhanced mass-transport

of fluid and molecules through controlled actuation of magnetic particle chains.

Specifically, we are interested in the dynamic regime of the rotating chains in which

they periodically breakup and reform. To this end, we have designed an octopolar

electromagnetic system capable of full three-dimensional control of the experimental

magnetic particles over a wide range of frequencies. Numerically, we have developed

a 3D numerical model capable of accurately describing the rotational dynamics of the

rotating particle chains along with the induced fluid flow.

In Chapter 2, 3D particle dynamics simulations and experiments are reported that

accurately describe the alternating topological changes of the rotating magnetic particle

chains. We found that this dynamic regime can be accurately described by a novel

dimensionless number RT, defined as the ratio between the driven magnetic torque and

the counteracting viscous drag torque on a chain of particles.

Chapter 3 focuses on the experimental findings of enhanced chaotic mass transport

induced by the alternating topological changes of rotating magnetic particle chains.

Results on the induced fluid flows were obtained through particle tracing experiments

and mixing experiments.

In Chapter 4, we show that the formed particle chains, clusters and aggregates of

magnetic particles can also be disassembled into individual entities using time-varying

magnetic fields, i.e. we are able to reset the particle distribution to its original dispersed
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state.

In Chapter 5, we show that strong and global fluid flows are induced by a collection

of rotating magnetic particle chains orthogonal to the surface of a fluid cell. Such

configuration leads to the generation of a stable and global vortex flow of fluid and

particles stretched along the entire width of the fluid cell, with many eddy-type

substructures that fluctuate continuously in time, resembling turbulent flow.

Finally, in Chapter 6, a numerical model is developed and applied to observe the

kinetics behind the capture of Brownian targets by functionalized magnetic particle

chains. A combined approach is taken of utilizing particle dynamics simulations (used to

calculate the corresponding particle dynamics) and FEM simulations (used to compute

the induced fluid flow and the capture of targets by magnetic particles).
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Chapter two

Numerical and Experimental study

of a rotating magnetic particle chain

in a viscous fluid

Abstract

A simple and fast numerical method is developed capable of accurately determining

the 3D rotational dynamics of a magnetic particle chain in an infinite fluid domain.

The focus is to control the alternating breakup and reformation of the bead chain which

we believe is essential to achieve effective fluid mixing at small scales. The numerical

scheme makes use of magnetic dipole moments and extended forms of the Oseen-Burgers

tensor to account for both the magnetic and hydrodynamic interactions between the

particles. It is shown that the inclusion of hydrodynamic interaction between the

particles is crucial to obtain a good description of the particle dynamics. Only a small

error of deviation is observed when benchmarking the numerical scheme against a more

computationally intensive method, the direct simulation method. The numerical results

are compared with experiments and the simulated rotational dynamics correspond well

with those obtained from video-microscopy experiments qualitatively and quantitatively.

In addition, a dimensionless number (RT) is derived as the sole control parameter for

the rotational bead chain dynamics. Numerically and experimentally, RT ≈ 1 is the

boundary between rigid ‘rod’ and dynamic ‘breaking and reformation’ behaviors.

This chapter is based on : Y. Gao, M. A. Hulsen, T. G. Kang and J. M. J. den Toonder, Phys.
Rev. E, 86, 041503, 2012
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2.1 Introduction

The development of lab on chip systems that enable classical biochemical assays to

be integrated and accomplished on one single chip, is currently a hot topic. When

functionalized with bio-specific surface coatings, magnetic particles can be used inside

lab on chip systems for mixing and biochemical binding reactions.

Many studies, both computational and experimental, have investigated the

controlled actuation of suspended magnetic particles as well as its potential application

to chaotically mix fluid streams at micro-scale. In this study, we focus on the controlled

rotational dynamics of a single magnetic particle chain in an infinite fluid domain.

A diluted, mono-dispersed and uniformly distributed super-paramagnetic colloidal

suspension is exposed to a strong, continuous, homogenous and unidirectional magnetic

field. Under such circumstances, the suspended magnetic particles form isolated

magnetic particle chains. When the magnetic field begins to rotate, the isolated chains

also tend to rotate in order to remain oriented with the field.

Rotational dynamics of magnetic particle chains have been studied by several

groups [1–8]. They used the Mason number to define the observed dynamics. At low

Mason numbers, the magnetic particle chains rotate with the magnetic field frequency.

At higher Mason numbers, the rotating chains are observed to undergo a process of

dynamic growth and fragmentation. Kang et al. [9] reported that the alternating

topological changes of the magnetic particle chain is an efficient way to induce local

mixing of fluids at the micro scale.

To the best of our knowledge, no attention has been given to the numerical and

experimental comparisons of such alternating topological changes, indicating the critical

control parameter. Moreover, although there is much previous work on modeling the

dynamics of suspended magnetic particles, most of these studies employed either a

simplified but fast simulation method (particle dynamics, pin-jointed mechanism) or

a more detailed but computationally expensive method (Stokesian dynamics, lattice

Boltzmann and finite elements simulations). In the present study, we expand the fast

3D particle dynamics simulation with extended forms of the Oseen-Burgers tensor

to account for the effect of hydrodynamic interactions. This numerical scheme is

subsequently benchmarked against a more accurate but cumbersome simulation method

(3D version of the numerical scheme developed by Kang et al. [10]). In addition, we

carried out video microscopy experiments to obtain the repeating topological changes

of the chain for qualitative and quantitative comparisons.
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2.2 Numerical Methods

A complete theoretical analysis regarding the dynamics of suspended super-

paramagnetic particles in Newtonian fluids actuated by a homogeneous magnetic field

involves various contributions. Here, we consider only those contributions which we

believe are essential to capture the physics of the problem, i.e. the alternating breakup

and reformation dynamics of an isolated rotating magnetic particle chain in an infinite

fluid domain.

2.2.1 Magnetic interactions

Given the super-paramagnetic nature of the particles, we can assume that their

magnetization is always parallel to the applied field. Moreover we expect that the

strength and the direction of bead magnetization are not affected by neighboring

magnetic particles. Thus, each magnetic particle is modeled as a hard sphere

characterized by its induced magnetic dipole moment:

m = VpχpH (2.1)

where Vp is the spherical volume of the suspended particles, χp the effective magnetic

particle susceptibility and H the applied magnetic field. The spherical shape of the

particles induces an internal demagnetization field opposite to the applied magnetic

field, reducing the magnetic susceptibility of the particle relative to the magnetic

susceptibility of the material of which it is composed. This phenomenon is included in

the Clausius-Mossoti function for the calculation of the effective magnetic susceptibly

for a spherical particle [11]:

χp =
χ

1 + χ
3

(2.2)

where χ is the magnetic susceptibility of the material of which the particle is composed.

Since, in our simulations, the applied magnetic field is homogeneous, there is no

magnetic gradient force due to the applied field. Thus, the expression for the magnetic

interaction force Fm
i acting on the ith super-paramagnetic particle in a collection of N

particles equals [4, 8]:

Fm
i =

3µ0

4π

N∑
j=1
j ̸=i

mimj

r4ij
[(1− 5(m̂ · r̂ij)2)r̂ij + 2(m̂ · r̂ij)m̂] (2.3)

where µ0 is the magnetic permeability of free space, mi the strength of the dipole

moment of the ith particle, m̂ the unit vector of the magnetic field, rij the distance
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between the centers of the ith and jth particles and r̂ij the unit vector of the

corresponding two particle chain axis.

The excluded-volume force is implemented to model ‘hard’ sphere particles and thus

to prevent them from overlapping [4, 8]:

Fev
i = 2

3µ0

4π(2R)4

N∑
j=1
j ̸=i

mimje
−ξ(

rij
2R

−1)r̂ij (2.4)

where R is the particle radius. Here, numerical simulations are performed with ξ = 30.

Using this value for ξ in a configuration where two dipoles aligned with the magnetic

field are separated by a distance of 2.2R, the corresponding excluded volume force

acting on a single particle is 14 times smaller than the opposing magnetic attraction

force. Thus, its influence on isolated dipoles is negligible.

2.2.2 Hydrodynamic interactions

The movement of a particle through the fluid will influence the corresponding flow

field and consequently the motion of other particles. This hydrodynamic interaction

between the particles is a complex phenomenon and involves many contributions such

as the non-linear character of the Navier-Stokes equation for the fluid flow. We neglect

inertia of the fluid and assume Stokes flow. In that case, a linear relationship exists

between the force F(rj) exerted by the jth particle at position rj on the fluid and the

velocity perturbation of the flow field ∆v(ri) at some other position ri. Here, the

force exerted on the fluid by the jth particle is equal in magnitude but opposite in

direction to the hydrodynamic drag force Fh
j experienced by the corresponding particle,

i.e. F(rj) = −Fh
j . In view of the linear Stokes equation, it is natural to assume that

the velocity perturbations caused by the different beads can be superimposed, i.e. the

total velocity perturbation of the flow field at position ri caused by (N − 1) particles

equals [12]:

∆v(ri) =
N∑
j=1
j ̸=i

Ω(rij) · F(rj) (2.5)

with Ω(rij) known as the Oseen-Burgers tensor. However, in deriving the original form

of the Oseen-Burgers tensor, the assumption of point particles with zero radius was

made which is certainly unjustified.

Several studies proposed the use of extended forms of the Oseen-Burgers tensor in

which the influence of the finite size of the particles with radius R is approximately taken

into account. The best known modification is the Rotne-Prager-Yamakawa tensor valid
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for interacting particles of equal size [13–15]:

Ω(r) =
3

24πηr

{
[(1 + 2R2

3r2
)I+ (1− 2R2

r2
) rr
r2
], r ≥ 2R

[ r
2R
(8
3
− 3r

4R
)I+ rr

8R2 ], r < 2R
(2.6)

where η is the dynamic viscosity of the non-magnetic fluid and I the unit tensor.

Öttinger [12, 13] proposed a hydrodynamic-interaction tensor that smoothly switches

off the interactions at short distances (of order R):

Ω(r) =
1

8πηr[r2 + (4
3
)R2]3

[(r6+
14

3
R2r4+8R4r2)I+(r6+2R2r4− 8

3
R4r2)

rr

r2
] (2.7)

They argued that the above modification, due to its smooth dependence on the

position vector can be important for the systematic development of higher-order

numerical integration schemes for the stochastic differential equations of motion.

However, only the Rotne-Prager-Yamakawa tensor has been proven to be valid for all

configurations of chains consisting of any number of beads [12]. In the current work,

both hydrodynamic-interaction tensors are incorporated in the numerical model to

compare their influences on the rotating bead chain dynamics.

Furthermore, if we assume that the hydrodynamic drag force acting on the ith

particle equals the Stokes drag, the following relationship can be derived between the

hydrodynamic drag force, the ith particle velocity vi and the fluid velocity at the particle

position ri, v(ri):

Fh
i = −6πηR(vi − v(ri)) (2.8)

In general, there are three contributions to the fluid velocity v(ri): (a) The externally

imposed fluid velocity field, (b) the motion driven by the forces exerted by the other

particles in the system (see Eq. (2.5)), and (c) the correction to the velocity experienced

by the particle due to the presence of confining walls [16]. In the simulation of suspended

magnetic particles in an infinite medium, the fluid velocity at position ri is due to

contribution (b), i.e. v(ri) = ∆v(ri).

2.2.3 The numerical system

Ignoring the negligible inertia of the particles, the governing equation for the ith

super-paramagnetic particle is given by:

Fm
i + Fev

i + Fh
i = 0 (2.9)
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where Fm
i is the magnetic force, Fev

i the excluded-volume force and Fh
i the hydrodynamic

force. Melle et al. [2] defined a dimensionless number λ that calculates the ratio between

magnetic and thermal energies:

λ =
πµ0R

3χ2
pH

2
0

9κBT
(2.10)

where H0 is the magnitude of the magnetic field, κB the Boltzmann constant and T the

temperature. The values of λ that correspond to the conducted experiments reported

here are between 1400 and 3800. Therefore, the magnetic force was the dominating force

during the experiments and Brownian motion was thus neglected in the simulations.

Since we are interested in the dynamic behavior of a rotating magnetic particle chain in

an infinite fluid domain, chain sedimentation is of no importance. The corresponding

numerical scheme can be found in Appendix 2.8.1.

In this paper, a 3D particle dynamics model is developed that is capable of predicting

the dynamic behavior of magnetic colloids in an infinite medium exposed to an externally

applied magnetic field. While this method is simple, it includes the hydrodynamic

interactions between the particles. In other words, the motion of a particle depends

on the motion of the other particles. For comparison, we will also perform particle

dynamics simulations where hydrodynamic interaction is neglected.

2.3 Numerical Benchmarking

Firstly, we benchmarked the obtained numerical model against a more accurate but

computationally expensive method, the direct simulation method introduced by Kang

et al. [10]. The direct simulation method uses the Maxwell stress tensor and a fictitious

domain method to solve both magnetic and hydrodynamic interactions between the

particles in a fully coupled manner. Both simulation methods are formulated in 3D.

The model problem (Fig. 2.1) involves two spherical magnetic particles (with radius

R) suspended in a Newtonian fluid with negligible wall boundary effects. The initial

distance between the two particle centers equals 4R. The resulting particle-center

trajectory is dependent on the initial phase lag α, formed between the direction of

the magnetic field H and the axis of the bead chain.

The particles with radius R = 1 are modeled with a material magnetic susceptibility

χ = 1 which corresponds to an effective magnetic particle susceptibility χp = 0.75. The

particles are suspended in a Newtonian fluid with a dynamic viscosity η = 0.001 and are

subjected to a static, homogenous magnetic field with a magnitude H0 = 1000. Using

the direct simulation method as a point of reference, two types of particle dynamics
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Figure 2.1: The model problem used to benchmark particle dynamics simulation method
against the direct simulation method

simulations are carried out to study the effect of hydrodynamic interaction between the

particles. One includes the implementation of the hydrodynamic-interaction tensors

whereas in the other one hydrodynamic interaction is not considered. Discrete time

steps ∆t = 10−6 are used for all the conducted simulations.

In Figs. 2.2(a), 2.2(b) and 2.2(c), particle-center trajectories as a function of the

initial phase lags are plotted using particle dynamics simulations (dots) and the direct

simulation method (lines). The Rotne-Prager-Yamakawa tensor (Eq. (2.6), Fig. 2.2(a))

and the Öttinger tensor (Eq. (2.7), Fig. 2.2(b)) are used to approximate the effect of

hydrodynamic interaction between the particles. The variation in initial phase lags is

represented by a difference in colors. Regardless the initial particle configuration (α <

90o), the two particles eventually move towards each other forming a chain aligned

with the magnetic field. Apart from close inter-particle distances, the simulated results

correspond very well with each other. The deviation seen at the end of the trajectories

is caused by the lubrication phenomenon which is not included in the particle dynamics

simulations.

On the other hand, if hydrodynamic interaction is not considered, significant

deviations can be found between the particle dynamics simulation and the direct

simulation method. In Fig. 2.2(c), it is seen that discrepancies exist even if the two

particles are relatively far from each other (α = 80o). Thus, we can conclude that

inclusion of hydrodynamic interaction between the particles is crucial to accurately

determine the trajectories of suspended magnetic particles. In addition, first order

approximations regarding the magnetic and hydrodynamic interactions between the

particles are shown to yield similar results with respect to the simulation method

in which hydrodynamic interactions and high-order mutual magnetic interactions are
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(a) Rotne-Prager-Yamakawa tensor (b) Öttinger tensor

(c) No hydrodynamic-interaction tensor (d) Rotne-Prager-Yamakawa and
Öttinger tensors

Figure 2.2: Benchmarking results between particle dynamics simulations (dots) and the
direct simulation method (lines). (a), (b) and (c) Particle-center trajectories
as function of the initial phase lags. The initial phase lags are 0o (black), 20o

(cyan), 45o (red), 54.7o (blue) and finally 80o (magenta). (d) Particle-center
trajectories as function of time in which the initial phase lag equals 80o. The x
(circular dots) and y (square dots) coordinates of particle 1 are calculated using
the Rotne-Prager-Yamakawa tensor (magenta) or the Öttinger tensor (blue).
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solved in a fully coupled manner.

In Fig. 2.2(d), the obtained particle-center trajectories are plotted as a function of

time in a system configuration where the initial phase lag was 80o. Here, we follow

the x and y coordinates of particle 1 (Fig. 2.1) calculated using either hydrodynamic-

interaction tensors or the direct simulation method. A small deviation of 4.5% in

time-scale can be seen between the two types of simulation methods. We believe that

the cause is due to the first order approximations made for both the magnetic and the

hydrodynamic forces.

Summarizing, although the direct simulation method provides a more accurate

description of the magnetic and hydrodynamic interactions between the particles, it

is computationally expensive, cumbersome and mostly even practically unfeasible when

calculating the three dimensional dynamics of multiple particles (N > 2). In contrast,

the 3D particle dynamics simulation method implemented with a hydrodynamic-

interaction tensor has the capacity to simulate a large collection of suspended particles

in a relatively short time. Moreover, first order approximations cause a deviation error

of only around 4.5% which we believe is still small enough to give an accurate prediction

of the suspended particle dynamics.

2.4 Experimental Methods

Experiments were carried out with diluted suspensions of super-paramagnetic

particles at room temperature (T = 293 K). A magnetic actuation setup was realized

capable of manipulating the magnetic particles triaxially, i.e. by generating a user-

specified magnetic field both in the horizontal as well as in the vertical plane (Figs. 2.3(a)

and 2.3(b)). The setup consists of 8 individually controlled coils (brown) together

with 8 soft-iron (ARMCO®) poles (grey) connected by soft-iron frames (blue and red).

Magnetic fields are produced by the flow of electrical currents through the coils and

by following the soft-iron frames, they are guided to the sample area as indicated by a

cross sign at the center of the setup.

In the current study, we are interested in the biaxial actuation of the suspended

magnetic particles and their subsequent break-up and reformation dynamics. Therefore,

only the part of the setup (blue) capable of creating a horizontal rotating homogeneous

magnetic field is of importance here. Using that part of the setup (Fig. 2.3(c)), a

magnetic field was generated and was measured using a Gauss meter (F.W. Bell®).

Within the sample area (2 mm x 2 mm), the generated magnetic field is homogenous

and has a linear relationship with the actuation current, i.e. electrical currents with

amplitudes of 0.2 and 0.1 A produce constant magnetic fields of 13 (±0.4) and 6.5

(±0.3) mT, respectively.
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(a) CAD-figure of the setup(b) Topview of the
setup

(c) Horizontal actuation
configuration

(d) The fluid chamber

Figure 2.3: Magnetic actuation set-up and fluid chamber. (a) and (b) CAD-figures of the
setup. (c) The part of the set-up capable of creating a horizontal rotating
homogeneous magnetic field. (d) The fluid chamber that is placed in the center
of the setup.

The fluid chamber (that is placed in the center of the setup) has a diameter of 9 mm

and a depth of 1 mm and is made using polystyrene substrates and Secure-Seal spacers

(Grace BIO-LABS®) (Fig. 2.3(d)). The bead suspension was placed inside the fluid

chamber which was then closed with a cover glass. All experiments were conducted at

a constant magnetic field strength while varying the frequency of the rotation. During

each experiment, the setup was placed under a microscope (Leica®) and the dynamics

of induced bead chains were subsequently analyzed using video-microscopy. Only free

floating bead chains were considered, i.e. bead chains without any interactions with

each other and the surrounding walls of the reservoir.

We chose to work with particles coated with Carboxylic acid (COOH) groups

to prevent particle aggregation and to obtain stable and repeatable bead chain

dynamics. Two different polymer-based super-paramagnetic particles were used in the

experiments, i.e. Micromer particles (3 µm, Micromod®) and M-270 Dynabeads (2.8

µm, Invitrogen®). The magnetic properties of the particles were determined using



Chapter 2 23

Vibrating Sample Magnetometer (VSM) measurements for both the Micromer particles

(χp ≈ 0.19) as well as for the Dynabeads (χp ≈ 0.69) at the field strengths applied

in the experiments. Specifically, Micromer particles were actuated a constant field

strength of 13 mT and Dynabeads at a constant field strength at 6.5 mT. The obtained

magnetic moments at the applied field strengths agree well with the ones characterized

and founded by van Reenen et al. [17].

2.5 A particle chain model

3D particle dynamics simulations were carried out to determine the dynamic

behavior of magnetic colloids under the influence of a rotating magnetic field. We are

interested in the alternating breakup and reformation behavior of an isolated magnetic

particle chain suspended in an infinite medium.

With reference to several authors [1, 5, 6, 10, 18, 19], the integrity of a chain is

determined by its phase lag which is defined as the angle between the long axis of

the chain and the externally applied magnetic field. When this phase lag increases

above a critical number, the radial component of the dipolar magnetic force (Eq. (2.3))

responsible for chain formation becomes negative, causing the chain to fragment. This

phase lag is due to a competition between two opposing angular torques: a driven

magnetic torque counteracted by a viscous drag torque. In the case when the viscous

torque is larger than the maximum possible magnetic torque, the phase lag grows beyond

its critical number and the chain subsequently fragments.

Generally, rotating magnetic particle chain dynamics have been characterized by

the use of the Mason number [2, 4–9, 18, 20]. Although this dimensionless parameter

is described using different proportionality factors in the literature, it is always

defined as the ratio of hydrodynamic to magnetic forces for a two-particles-in-contact

configuration. In contrast, the alternating breakup and reformation configuration is the

result of two competing angular torques rather than forces and is significantly influenced

by the amount of particles forming the chain. Thus, we have derived a new dimensionless

number (Appendix 2.8.2) to characterize this special region of interest:

RT = 16
ηω

µ0χ2
pH

2
0

N3

(N − 1)(ln(N
2
) + 2.4

N
)

(2.11)

where ω is the angular velocity of the applied magnetic field and N the amount of

particles forming the chain. RT is obtained by dividing the viscous drag torque [6,19,21]

by the driven magnetic torque [6]. Just prior to chain fragmentation, the viscous

torque equals the maximum obtainable magnetic torque, so that RT = 1 and the chain
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rotates following the magnetic field.

This dimensionless number leads to the subdivision of the rotating chain dynamics

into two global regimes in agreement with the ones proposed by Melle et al. [2, 4] and

Kang et al. [9]. If RT < 1, the magnetic torque balances the viscous torque and a steady

phase lag is achieved, i.e. the bead chain rotates as a rigid rod following the field. But,

if RT grows beyond unity, chain fragmentation occurs. Thus, we define a critical RT,

RTc at which a bead chain begins to fragment and reform and based on the simplified

theory for deriving RT (Appendix 2.8.2), RTc should be equal to 1 for any size of the

chain.

The proposed dimensionless number RT is consistent with the findings by Sing

et al. [22]. They characterized the fragmentation (chain break-up) transition to be

dependent on the square of the magnetic field magnitude and inversely on the square

of the total amount of particles making up the chain. In addition, Melle et al. [4]

concluded from experiments that the dynamics of chain rotation does not depend on

particle volume fraction in diluted suspensions which justifies the role of RT as the sole

control parameter in our simulations and experiments.

The model reflects an infinite liquid medium with suspended super-paramagnetic

particles subjected to a biaxial rotating homogeneous magnetic field. The initial spatial

configuration of the colloids is an arrangement where the particles form chains aligned

with the field. The externally applied magnetic field is the only driving force to

actuate the particles. Its strength is constant but its direction varies with a constant

angular velocity. All the simulated parameters, e.g. particle dimensional and magnetic

properties, magnetic field strength and fluid medium viscosity are comparable to the

ones used in the experiments.

2.6 Results and Discussion

Qualitative and quantitative comparisons are made between 3D numerical and

experimental results of rotating chains of magnetic particles in an infinite fluid medium.

As a first step, we investigate qualitatively and quantitatively the first breakup

transition of a rotating magnetic particle chain, i.e. we obtain the critical RT, RTc, at

which a bead chain begins to fragment and reform. As a second step, we examine the

higher order break-up transitions experienced by a rotating magnetic particle chain as its

RT is increased above 1. Since the importance of including hydrodynamic-interactions

is already pointed out in section 2.3, all the following numerical results take the effect of

hydrodynamic interactions into account, calculated using the Rotne-Prager-Yamakawa

tensor (Eq. (2.6)).
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(a) RT=0.5 (b) RT=0.49

(c) RT=1.0 (d) RT=0.9

(e) RT=1.1 (f) RT=1.0

Figure 2.4: Rotational dynamics of a 14-bead (Dynabeads) chain characterized experimen-
tally ((a), (c) and (e)) and numerically ((b), (d) and (f)). By varying RT, the
bead chain either rotates as a rigid rod following the field or it periodically breaks
and reforms at the chain center in stable and predictable manner. The black
arrows indicate the directions of the magnetic field.

2.6.1 The first breakup transition

In Fig. 2.4, experimental (2.4(a), 2.4(c) and 2.4(e)) and numerical (2.4(b), 2.4(d) and

2.4(f)) results are depicted for a 14-bead chain. The RTc for a 14-bead chain equals

1.13 (±0.1) experimentally and 0.92 numerically. By varying RT, the bead chain either

rotates as a rigid rod following the field or it periodically breaks and reforms at the

chain center in stable and predictable manner.

At relatively small values of RT (RT < RTc), the rotating bead chain has a linear

shape. As the dimensionless number approaches the critical number (RT ≤ RTc), the

bead chain deforms to obtain a stable S-shape with its ends following the field (as

indicated by the black arrows) more closely than the rest of the chain. This phenomenon

has been extensively studied by Petousis et al. [6]. Finally, when RT ≥ RTc the bead

chain breaks up and reconnects in an alternate manner.

A peculiarity is the breaking and reformation of an uneven magnetic particle chain,

that cannot break at the center as is the case with the 14-bead chain. In Fig. 2.5,

measured (2.5(a) and 2.5(c)) and simulated (2.5(b) and 2.5(d)) results are depicted for

a 13-bead chain at RT > RTc. Experimentally, the critical RT for a 13-bead chain equals

1.05 (±0.05) and numerically, it equals 0.94. If the experiment is conducted under

ideal conditions, i.e. the magnetic particles have identical magnetic and dimensional

properties without any external disturbances, the forces acting on the center particle due

to its left and right neighbor bead chains have opposite directions and equal magnitudes
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(a) RT=1.1 (b) RT=1.1

(c) RT=1.1 (d) RT=1.1

Figure 2.5: Breaking and reformation of a 13-bead (Dynabeads) chain studied experimen-
tally ((a) and (c)) and numerically ((b) and (d)). In (a) and (b), the observed
dynamics occur only in ideal systems whereas the dynamics in (c) and (d)
correspond to systems with asymmetrical effects.

and hence, add to zero. The center particle therefore remains static while the outer bead

chains tend to rotate (Fig. 2.5(a)).

This state of particle dynamics is very unstable: the experimental particles are not

perfectly mono-dispersed nor do they have identical magnetic susceptibilities. Moreover,

the particle surface interactions along with environmental disturbances such as the

(small) non-homogeneity of the applied magnetic field have to be taken into account.

Thus, after 2 cycles of breaking and reformation, the symmetry of the system disappears

and the bead chain quickly adapts to the behavior as depicted in Fig. 2.5(c).

Particle dynamics simulations were conducted under ideal conditions and the

resulting configuration is a static particle in the center with two outer rotating bead

chains (Fig. 2.5(b)). In a next step, variability was incorporated in the simulation system

by varying the magnetic properties of the particles (Fig. 2.5(d)). Here, the magnetic

susceptibility for each particle was randomly assigned from a uniform distribution in

the interval [0.68, 0.7]. In this case, the bead chain breaks into two chains with even and

uneven amount of magnetic particles. For both systems, the obtained particle dynamics

are very similar.

2.6.2 Quantitative comparisons of RTc

Quantitative comparisons between experiments and 3D particle dynamics simulations

were obtained by observing the critical RT for each rotating bead chain with length

varying from 5 to 17 beads. In Fig. 2.6, the observed RTc is plotted as a function

of the bead chain length. Experimentally, Micromer particles (due to their low

magnetic susceptibility) form short bead chains (5-10 particles) whereas Dynabeads

form relatively long bead chains (11-17 particles). Numerically (Fig. 2.6(a)), the effect

of hydrodynamic interactions between particles is approximated using either the Rotne-

Prager-Yamakawa tensor (Eq. (2.6)) or the Öttinger tensor (Eq. (2.7)). For both
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hydrodynamic-interaction tensors, the obtained RTc’s (squares) are similar.

In addition, to emphasize the importance of implementing hydrodynamic-interaction

tensors, numerical simulations (Fig. 2.6(b), diamonds) were also conducted where

Stokes drag was considered as the sole contribution to the hydrodynamic force acting

on the particles, i.e. RTc’s were obtained for simulated bead chains where hydrodynamic

interaction between the particles was neglected.

(a) Simulation vs. Experiments

(b) Simulation vs. Simulation

Figure 2.6: In (a), quantitative comparisons are shown between numerical and experimental
results of rotating bead chains at the point of fragmentation, characterized by
the dimensionless number RTc. RTc’s of experimental bead chains are indicated
by circles whereas RTc’s of simulated bead chains are indicated by squares. Here,
the effect of hydrodynamic interactions is approximated using the Rotne-Prager-
Yamakawa tensor (Eq. (2.6)). In (b) simulations are conducted where the effect
of hydrodynamic interactions is not considered (diamonds).

In Fig. 2.6(a), it is seen that for both experiments and simulations, RTc ≈ 1 is the

boundary between rigid and dynamic behaviors, as we anticipated. Without the effect

of hydrodynamic interactions (Fig. 2.6(b), diamonds), RTc decreases from 0.8 for short
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chains to a value around 0.5 for long chains. This confirms the importance of including

hydrodynamic interaction between the suspended magnetic particles.

In order to accurately determine the dynamics of the proposed particle chain

model, one must take into account that the motion of a particle is dependent on

the motion of other particles. We believe that the standard deviations (Fig. 2.6(a))

of the measurements are caused by the variations in the magnetic properties of

the experimental micro-particles. Nevertheless, we can conclude that for both the

experiments and the simulations, the critical RT is around 1 and is independent of the

chain length and taking the variations of the experiments into account, the numerical

predictions are close to the experimental results. Thus, RT seems to be an appropriate

dimensionless number to characterize the rotational dynamics of a magnetic particle

chain.

2.6.3 The higher order breakup transitions

For increasing RT, we observed higher order transitions at which additional chain

dynamics appear with chains breaking in multiple pieces. Such higher order breakup

transitions of rotating magnetic particle chains were investigated both numerically and

experimentally. In Fig. 2.7, rotational dynamics corresponding to the second breakup

transition are shown for a 12-bead chain. The topological changes are depicted in

sequence of the amount of chain fragments. Numerical simulations were conducted for

both (1) the ideal case (Fig. 2.7(a)), i.e. the situation where the magnetic particles

have identical magnetic properties and (2) the case where asymmetry was incorporated

into the simulation system by varying the magnetic properties of the particles from a

uniform distribution in the interval [0.68, 0.7] (Fig. 2.7(b)).

In Fig. 2.7(a), at RT = 1.8, the 12-bead chain begins to breakup alternately in

2 or 4 chain-fragments. Since particle dynamics simulations were conducted under

ideal conditions, the resulting rotational dynamics of the magnetic particle chain is

expected to be symmetric, which is indeed the case. In contrast, by varying the magnetic

properties of the particles (Fig. 2.7(b)), a bead exists at the chain-center with the lowest

susceptibility and it is eventually released as the magnetic particle chain breaks into

3 fragments. When the chain-center is occupied by magnetic particles with similar

magnetic properties, the chain fragments into 4 pieces. Petousis et al. [6] suggested a

bead of lower susceptibility to act as the weakest link. Such dynamic behavior, the

alternating chain breakup and chain reformation with either 2, 3 or 4 chain-fragments

were also observed experimentally (Fig. 2.7(c)). In real-life experiments, we also have to

consider that both magnetic as well as dimensional variations along with particle surface

interactions and environmental disturbances (small non-homogeneity of the magnetic

field) have additional effects on the rotational dynamics of the magnetic particle chains
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(a) RT=1.8

(b) RT=1.8

(c) RT=1.7

Figure 2.7: Dynamic behavior of a rotating 12-bead (Dynabeads) chain at the second
breakup transition, studied numerically ((a) and (b)) and experimentally ((c)).
The depicted topological changes are in sequence of the amount of chain
fragments. Under assumption of identical magnetic properties ((a)), the 12-
bead chain breaks alternately in 2 or 4 chain-fragments. By varying the
magnetic properties of the particles ((b)), asymmetric breakups occur. Movies
corresponding to the rotational dynamics can be found in Appendix 2.8.3.

(a) RT=2.2

(b) RT=2.3

(c) RT=2.1

Figure 2.8: Dynamic behavior of a rotating 12-bead (Dynabeads) chain at the third breakup
transition, studied numerically ((a) and (b)) and experimentally ((c)). Under
assumption of identical magnetic properties ((a)), the 12-bead chain breaks in 2,
3, 4 and 5 fragments. By varying the magnetic properties of the particles ((b)),
asymmetric breakups occur. Movies corresponding to the rotational dynamics
can be found in Appendix 2.8.3.
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Figure 2.9: The time-average number of chain fragments with respect to RT. The external
magnetic field is kept constant at 5 mT (crosses) and 9 mT (spheres). The
experimental rotating chains were varied from N = 9 till N = 14.

and those consequently account for the small observed differences between experiments

and simulations.

At even higher RT, a third (Fig. 2.8) transition region was observed. Similar

as above, Fig. 2.8(a) corresponds to numerical simulations conducted under ideal

conditions and Fig. 2.8(b) corresponds to ones conducted with varying magnetic

particle properties. In the ideal case (Fig. 2.8(a)), in accordance with above, the 12-

bead chain symmetrically breaks up in 2, 3, 4 and 5 chain-fragments. Again, by varying

the magnetic properties of the particles (Fig. 2.8(b)), asymmetric breakups occur

which are indeed more similar with the obtained experimental results (Fig. 2.8(c)). In

Appendix 2.8.3, movies corresponding to the rotational dynamics of a 12-bead chain

can be found for both experiments and simulations.

Sing et al. [22] characterized the higher breakup transitions using numerical

modeling and tracking the time-average number of chain fragments (⟨n⟩) at an

increasing dimensionless number, i.e. ∼ ωN2H−2
0 which scales with RT. They

concluded that a master curve exists between the time-average number of chain

fragments and the dimensionless number. It is interesting to see whether this can be

confirmed by our experiments. In Fig. 2.9, the time-average number of chain fragments,

with chain size varying from 9 till 14 beads, is plotted with respect to RT. Here, the

external magnetic field is kept constant at 5 mT (crosses) and 9 mT (spheres) while the

chain length and field rotational frequency are varied. In accordance with the findings

of Sing et al. the data collapses to a master curve at different field strengths, different

chain lengths and different rotational frequencies.
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The results obtained from experiments and simulations agree very well. More

importantly, we found that the inclusion of asymmetric effects by varying the magnetic

particle properties is crucial to obtain a good description of the particle dynamics at

higher breakup transitions. Although the dimensionless number RT is derived for the

first breakup transition, i.e. the case when the viscous torque is larger than the maximum

possible magnetic torque (RT > 1), we believe that RT can also be used to indicate the

thresholds for higher order breakup transitions.

2.7 Conclusion

In the current work, we proposed a fast, easy to implement numerical method to

accurately describe the dynamics of a rotating magnetic particle chain in an infinite

fluid domain.

The numerical method, implemented using dipolar magnetic interactions and

hydrodynamic-interaction tensors, was shown to yield a small error of 4.5% when

benchmarked against the direct simulation method. Inclusion of hydrodynamic-

interaction tensors was crucial to obtain such small error of deviation. Although

the direct simulation method provides a more accurate description of the magnetic

and hydrodynamic interactions between the particles, it is practically unfeasible when

calculating the 3D dynamics of multiple particles. In contrast, 3D particle dynamics

simulations have the capacity to simulate a large collection of suspended particles in a

relatively short time.

We derived a dimensionless number RT that is capable of characterizing the dynamics

of a rotating magnetic particle chain, i.e. if RT is smaller than a critical number RTc,

the chain rotates as a rigid rod following the field. But, if RT grows beyond RTc, the

chain periodically fragments and reforms. According to basic theoretic considerations,

RTc should be equal to 1. Numerically and experimentally, RTc ≈ 1 was indeed found

as the boundary between rigid and dynamic behaviors. In addition, in accordance with

the numerical findings of Sing et al. [22], a master curve is found to exist between

experimental chain fragmentation behavior and the proposed dimensionless number

RT. Thus, we can conclude from both the experiments and simulations that RT is a

dimensionless number that can be used to characterize the rotational dynamics of a

magnetic particle chain.

Qualitatively, the numerical and experimental results agree very well, i.e. the

simulated rotational dynamics of a magnetic particle chain correspond well with those

obtained from video-microscopy experiments. Quantitatively, the numerical scheme

incorporated with the effect of hydrodynamic interactions is able to determine accurately

the transitional behavior of a rotating bead chain. In addition, variability effects were

incorporated into the numerical work to approach real-life experiments. In particular,
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varying the magnetic particle properties statistically between beads in a simulation is

found to be crucial to obtain rotational dynamics at higher breakup transitions.

Concluding, the combination of a fast 3D numerical method along with a new

dimensionless number and our experimental set-up allows us to experimentally control

a rotating magnetic particle chain and design the optimum parameters for real lab on

chip applications. In the end, this can be utilized to effectively mix fluids and effectively

capture low concentrations of bio-molecules.

2.8 Appendix

2.8.1 The numerical scheme

The numerical scheme used to calculate ith super-paramagnetic particle trajectory

is as follows. As a first step, the hydrodynamic drag force acting on the ith particle is

obtained from Eq. (2.9):

Fh
i = −(Fm

i + Fev
i ) (2.12)

As a second step, we obtain the net velocity of the ith super-paramagnetic particle with

respect to the surrounding fluid from Eq. (2.8):

vi − v(ri) = − Fh
i

6πηR
(2.13)

As a third step, the total velocity perturbation of the flow field surrounding the particle

is calculated using F(rj) = −Fh
j and Eqs. (2.5) and (2.12):

v(ri) =
N∑
j=1
j ̸=i

Ω(rij) · (Fm
j + Fev

j ) (2.14)

From Eq. (2.13), the particle velocity vi is obtained. As a last step, discrete time steps

∆t are used to obtain the ith particle trajectory using the following equation:

ri = ri + vi∆t (2.15)

which is a forward Euler method.
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Figure 2.10: A 3-bead chain.

2.8.2 Derivation of RT

The motion of a rotating magnetic particle chain is due to the tangential components

of the dipolar magnetic interaction force (Eq. (2.3)). Moreover, the corresponding

magnetic force has an inverse dependence on particle center-center distance to the power

4. It is therefore justified to consider only nearest neighbor dipole interactions for the

calculation of the driving magnetic torque acting on a rotating magnetic particle chain.

Assuming the suspended magnetic colloids to be identical both magnetically as well as

dimensionally, the expression for the tangential component of the magnetic force Fθ
2,

acting on the 2th super-paramagnetic particle in a collection of 3 particles forming a

rigid and straight chain is:

Fθ
2 =

3µ0m
2

4π(2R)4

3∑
j=1
j ̸=2

[2 sin(α)(m̂ · r̂2j)θ̂] (2.16)

where θ̂ is the unit vector perpendicular to the corresponding particle chain axis. In

Fig. 2.10, a 3-bead chain is depicted along with some of the parameters in Eq. (2.16).

The dot product term causes the tangential forces acting on a bead due to its left

and right neighbors to have opposite directions and hence, the total tangential force

acting on the particle equals zero. Only for the outer particles that have just one direct

neighbor, is the net tangential force non zero.

3D particle dynamics simulations with hydrodynamic-interaction tensors were

conducted to validate the above assumption, i.e. only the outer particles of a chain

have significant contributions to the driven magnetic torque. In Fig. 2.11(a), torque

contribution (i.e. the cross product between the tangential force component acting on

the particle and the position vector between the center of the chain and the center of the

corresponding particle) of each particle in a 5-bead chain is plotted against time steps.

Torque contributions of the outer particles are depicted by the color blue whereas the

rest of the particles is represented by the color black. Similar action is done for a 17-bead

chain (Fig. 2.11(b)). Again, torque contributions of the outer particles are depicted by

the color blue. For both figures, it is seen that beads with two neighboring particles

have a negligible influence on the driven magnetic torque. Thus, we can conclude that
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(a) 5-bead chain (b) 17-bead chain

Figure 2.11: Torque contributions of the particles forming a chain are plotted against time
steps. Torque contributions of the outer beads are depicted by the color blue
whereas the rest of the particles is represented by the color black.

the driven magnetic torque is determined by the tangential forces acting on the outer

particles of a chain. Using the above made statements, the driven magnetic torque is

derived for a N -bead chain [6]:

Tm =
3µ0m

2(N − 1)

4π(2R)3
sin(2α) (2.17)

The maximum possible torque occurs when the chain follows the rotating magnetic

field with a constant phase lag of 45o.

The opposing viscous drag torque consists of 4 factors [6, 19, 21]. The first factor

is the shape factor κ for a linear chain of spherical particles including the effect of

hydrodynamic interactions. Specifically, Wilhelm et al. [21] empirically derived a shape

factor valid for any size of the chain:

κ =
2N2

ln(N
2
) + 2.4

N

(2.18)

The second and third factors are the rotating chain volume and fluid viscosity,

respectively. The fourth factor deals with the angular velocity of the rotating chain

and equals the angular velocity of the rotating field when chain breaking did not occur.

Combining the mentioned factors, the viscous drag torque equals:

Tv =
8πR3

3

N3

ln(N
2
) + 2.4

N

ηω (2.19)

Just prior to chain fragmentation, the phase lag equals 45o and the chain rotates

following the magnetic field. RT (Eq. (2.11)) is obtained by dividing the viscous drag
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torque Tv by the driven magnetic torque Tm.

2.8.3 Movies

Movie 2.1 depicts the rotational dynamics of an experimental 12-bead chain from rigid

behavior to the third breakup transition. Movie 2.2 depicts the rotational dynamics

of a simulated (ideal case) 12-bead chain from rigid behavior to the third breakup

transition. Movie 2.3 depicts the rotational dynamics of a simulated (varying the

magnetic properties) 12-bead chain from rigid behavior to the third breakup transition.
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Chapter three

Chaotic fluid mixing by alternating

micro-particle topologies to enhance

biochemical reactions

Abstract

We report experimental results on chaotic mass transport induced by alternating

topological changes of magnetic particle chains actuated by a rotating magnetic field.

Results on the induced fluid flows, through particle tracing experiments and mixing

experiments, are obtained for (1) the regime of rigid chain rotation and (2) the regime

wherein chains periodically fragment and reform. In the case of rigid rotating chains, the

overall tracer particle trajectories are steady slightly modulated circles around the center

of the microparticle chains. In the regime of periodic chain breaking and reformation,

the tracer particle trajectories become chaotic. The level of mixing is measured by using

a mixing index (M) in a water-dye system, i.e. in a perfectly mixed system M = 0 while

in an unmixed system M = 1. When particle chains periodically break and reform, we

observe that the mixing index M decreases from 1 to 0.1 within 15 rotational cycles. For

rigid rotating chains, M reaches a minimum of only 0.5. We also report the effect of the

different actuation regimes on a biological binding reaction in the solution, and indeed

found that the reaction product (at equal actuation time) is significantly enhanced (3

times) by the dynamic chain regime as compared to the rigid chain regime. We conclude

that the alternating topological change of microparticle chains - with repetitive chain

breakup and chain reformation - is an effective mechanism to achieve chaotic mixing

This chapter is based on : Y. Gao, A. van Reenen, M. A. Hulsen, A. M. de Jong, M. W. J. Prins
and J. M. J. den Toonder, Microfluid and Nanofluid, accepted
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and thereby promote and homogenize reactions in lab on a chip systems.
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3.1 Introduction

Magnetic micro- and nano-particles are being applied in lab on a chip systems as

labels, sorters, capture particles, transporters and mixers. Reviews describing various

applications of magnetic particles in lab on a chip systems have been presented by

Gijs [1] and Pamme [2].

At the micro-scale, fluid flows are laminar due to the low Reynolds number. As

a consequence, micro-scale mixing is governed by molecular diffusion rather than

turbulent mixing, and the speed of mixing is thus severely limited. Also selective capture

of target molecules by magnetic particles is hampered by diffusive mass transport.

Several research groups investigated the possibility of utilizing rigid rotating magnetic

particle chains as micro-stirrers to promote reactions and homogenize the biochemical

processes [3–9].

Biswal et al. [3, 10] used a suspension of chemically linked magnetic particle chains

to perform micro-scale mixing experiments of laminar fluid streams. They showed that

effective fluid mixing is proportional to the rotational frequency of the magnetic particle

chains. However, due to the rigid behavior of the linked chains, there is a maximum

frequency above which the chains buckle and are therefore no longer effective in mixing.

Rotating particle chains were also employed within micro-vesicles to investigate induced

fluid flows experimentally. Franke et al. [6] noticed that the overall trajectories of the

tracer particles are steady circles around the center of the micro-stirrers with additional

small oscillations. In a similar way, Roy et al. [8] applied this active stirring protocol to

successfully mix a water-soluble dye in a droplet loaded with magnetic microspheres.

In an another approach, Kang et al. [11] conducted 2D finite element simulations

to investigate the induced fluid flows actuated by rotating magnetic particle chains.

Within a specific range of magnetic field magnitude, rotational frequency and fluid and

particle properties, periodic breaking and reformation of the magnetic particle chains

occurs. They concluded that this region, when compared to rigid rotating chains, is

a more efficient way to induce mixing, i.e. chaotic mass-transport of fluids at micro-scale.

In this paper, we report the induced fluid flows actuated by isolated rotating magnetic

particle chains, for both (1) the regime of rigid chain rotation and (2) the regime

wherein chains periodically fragment and reform, obtained from particle tracing and

mixing experiments. Also, we report the effects of the different actuation regimes on a

biochemical (streptavidin-biotin) binding reaction in the solution.
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3.2 Experimental methods

3.2.1 Experimental System

An octopolar electromagnetic system has been designed for full three-dimensional

control of the magnetic fields over a wide range of frequencies (Fig. 3.1(a)). The

setup consists of 8 individually controlled copper coils (brown) together with 8 soft-iron

(ARMCO®) poles (grey) connected by soft-iron frames. Magnetic fields are produced by

the flow of electrical currents through the coils and by following the soft-iron frames, they

are guided to the center of the setup. Characterization of the octopolar electromagnetic

system has already been reported in our previous papers [12,13]. Here, we use poles 1,

3 and 5-8 responsible for the generation of the vertical and horizontal components of

the magnetic field.

In the experiments we report in this paper, we generated three particular magnetic

fields: (1) an upward directed (ez direction) magnetic field gradient (∇(B2),∼ 0.1

T2/m) by flowing currents through coils 1 and 3 simultaneously, (2) a horizontal (−ex
direction) field gradient (∇(B2),∼ 0.1 T2/m) by flowing currents through coils 5 and 7

simultaneously and (3) an uniform rotating magnetic field (B, ∼20 mT) in the horizontal

(x−y) plane, which is created by applying currents to coils 5 to 8 that vary sinusoidally

in time, and have a phase shift of 90 degree between them. The horizontal rotating

magnetic field is used to form rotating chains of magnetic particles while the upward

gradient is used to focus the formed particle chains at a fixed plane in the bulk of the

fluid. Moreover, the upward gradient is also utilized to translate the rotating chains

along the vertical direction. The horizontal field gradient is implemented for the mixing

experiments, i.e. to attract the formed particle chains to the water-dye interface.

At the center of the setup, a closed fluid cell (Fig. 3.1(a)) is placed that contains a

suspension of (magnetic) particles. The fluid cell has a diameter of 9 mm and a height of

120 µm and is made using glass substrates and Secure-Seal spacers (Grace BIOLABS®).

During each experiment (T = 293 K), the suspended magnetic particles are actuated

using the magnetic setup that is placed under a microscope (Leica®DM6000 with

20x objective). The resulting particle and flow dynamics are analyzed using video

microscopy with a resolution of 2 pixels per µm.

3.2.2 Materials and Methods

Flow analysis experiments were conducted with super-paramagnetic micro-particles

(106/ml) (3 µm, Dynaparticles® M-270 COOH) and fluorescent nano-particles as

tracer/dye particles (200-500 nm, FluoSpheres® COOH) coated with carboxylic

acid groups. In the experiments described in the paper, it is critical that the
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(a) The octopolar electromagnetic sys-
tem

(b) Particle tracing experiment

(c) Mixing experiment

Figure 3.1: (a) An octopolar electromagnetic system was realized capable of generating a
user-specified magnetic field both in the horizontal as well as in the vertical plane.
(b) A magnetic actuation protocol was executed to obtain the induced motion
of the fluorescent tracer particles (green) actuated by rotating magnetic particle
chains (brown): (1) A static horizontal magnetic field (B) was generated to form
magnetic particle chains. (2) An upward field gradient (∇(B2)) was applied to
attract the formed particle chains into the bulk of the fluid. (3) A rotating
magnetic field was used to rotate the formed particle chains in the bulk. (4)
An upward field gradient was again applied shortly to prevent the chains from
sedimentation. (c) For mixing experiments: (1) A magnetic particle chain was
positioned in a blob of fluorescent dye-particles utilizing the protocol described
in (b). (2) Additional field gradient was applied to attract the particle chain to
the water-dye interface. (3) A rotating magnetic field was used to mix the two
components fluids.
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magnetic particles form well defined particle chains according to the applied field

rather than particle clusters or aggregates. One important factor determining

particle clustering/aggregation is the non-specific interactions between the magnetic

particles, i,e, non-specific interactions cause the particles to stick to each other.

Here, we chose to work with particles coated with carboxylic acid groups to

prevent particle clustering/aggregation. In water, the surface active groups become

ionized resulting in the mutual repulsion between the suspended magnetic particles,

preventing/counteracting the non-specific interactions or sticking of the magnetic

particles.

Moreover, in the mixing experiments, we used a high viscosity fluid (see below) to

decrease the diffusive mass-transport of the fluorescent dye particles and to obtain a

clear dye-water interface. Accordingly, magnetic particles were used with high magnetic

susceptibility (0.7) to form well-defined and long particle chains at limiting field strength

of 20 mT. Magnetic particles that are spherical, mono-dispersed and highly magnetic

susceptible are Dynaparticles® with size ranging between 1 µm - 3 µm. Since the

tracer/dye particles have sizes between 200-500 nm, the size of the magnetic particles

is chosen to be 3 µm, i.e. larger than the tracer/dye particles.

Particle Tracing

For particle tracing experiments (Fig. 3.1(b)), a well dispersed tracer particle

suspension (green, 108/ml) was introduced into the fluid cell. As a first step, (1) a

static and uniform horizontal magnetic field (by poles 5-8) was generated to form chains

of magnetic particles. Next, (2) an upward field gradient (by coils 1 and 3, 20 s) was

applied to attract the formed particle chains into the bulk of the fluid. (3) A uniform

rotating magnetic field (by coils 5-8) was used to rotate the formed particle chains in

the bulk. After each rotational period of 4 seconds, an upward field gradient (4) was

again applied shortly (0.5 s) to prevent the chains from sedimentation and to keep the

chains at a fixed horizontal plane (thickness ∼ 2 µm) in the bulk of the fluid, as shown

in Fig. 3.1(b).

Particle tracing experiments were conducted by following isolated rotating magnetic

particle chains, for (1) the regime of rigid chain rotation and (2) the regime wherein

chains periodically fragment and reform. To characterize the fluid flow induced by the

rotating magnetic particle chains, we followed the small fluorescent tracer-particles in

close proximity to the rotating magnetic particle chains using video-microscopy. An

in-house built particle tracking algorithm was used to process the recorded movies. The

movies were split into 24-bit RGB images and the tracer-particles were subsequently

identified based on their sizes and their emitted fluorescent intensities. To eliminate

errors induced by the noise, a threshold filter was applied based on the maximum

entropy method [14].
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Mixing

For mixing experiments (Fig. 3.1(c)), a blob of fluorescent dye-particles (1011/ml)

was introduced into the fluid cell. A high viscosity fluid (∼ 6 mPas, 50% glycerol in

water) was used to decrease the diffusive mass-transport of the fluorescent dye-particles

and to obtain a clear water-dye interface. A magnetic actuation protocol similar to the

particle tracing method (Fig. 3.1(b)) was used to position a magnetic particle chain in a

blob of dye-particles (Fig. 3.1(c)). In addition, a horizontal field gradient (∇(B2)) (by

coils 5 and 7) was applied (4 s) to position the chain at the water-dye interface. Next,

a rotating magnetic field was used to investigate its ability to mix the two fluids.

Mixing was evaluated by visualizing the spatio-temporal variation of the (fluorescent)

dye-water interface using in-house built image analysis software (Fig. 3.2). The software

is capable of extracting the fluorescent intensity (I) of fluid within a defined area, i.e.

we are only interested in the local fluid mixing occurring within the rotational range of a

magnetic particle chain. As a first step, the recorded movies are split into 8-bit red and

8-bit green images. The red images are used as reference images to identify the pixels

related to the fluid whereas the green images correspond to the emitted intensities of

the fluorescent dye-particles. In Fig. 3.2 and movie 3.1 (Appendix 3.5.1), the different

steps of image analysis along with the mixing of a water-dye interface actuated by a

rotating magnetic particle chain are shown.

To quantify the mixing results, we used a mixing index (M) [8,15] scaled between 0

and 1, i.e. in a perfectly mixed system M = 0 while in an unmixed system M = 1. The

non-normalized mixing index M
′
is defined as the ratio of the variance and the square

of the average of the fluid fluorescent intensities:

M
′
=

1
N

∑
N(Ik −

∑
N Ik
N

)2

(
∑

N Ik
N

)2
=

var(I)

I
2 (3.1)

The term Ik is the fluorescent intensity at a pixel k, and I is the average over N pixels

corresponding to the fluid confined within the rotational range of the chain. The value

of this ‘mixing index’M
′
is dependent on the initial concentration of the fluorescent dye-

particles within the rotational range of the chain and varies per experiment. However,

we do make sure that the initial mixing configuration is similar between each experiment,

i.e. a clear dye-water interface is visible nearby the magnetic particle chain. When the

dye is unmixed, the variance is large, and M
′
has a correspondingly large value M

′
0. As

mixing progresses, the fluorescent intensity distribution becomes more uniform and for

perfect mixing, the variance and consequently M
′
approaches zero. The mixing index

can be normalized using the following equation [8]:

M =
M

′ −M
′
∞

M
′
0 −M ′

∞
(3.2)
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Figure 3.2: The different steps of image analysis to evaluate the mixing of a water-dye
interface actuated by a rotating magnetic particle chain. The original image
is split into a green and a red image. The green image depicts the emitted
fluorescent intensities (color bar) while the red is used to identify the pixels
related to the fluid (I = 1) and pixels related to the chain (I = −1). A final
image is constructed in which pixels related to the chain (I <0) were removed
from the pixels corresponding to the fluid (I > 0).

where M
′
∞ is the M

′
for perfect mixing and equals zero, so that M = M

′

M
′
0

. Accordingly,

we will compare mixing indices M between the different actuation regimes.

The volumetric boundary in which the mixing of a dye-water interface is investigated

is restricted to the rotational plane of the magnetic particle chain, i.e. the focal plane of

the microscope. However, the extracted fluorescence intensities (I) used to characterize

the corresponding mixing (M) do have fluorescence interferences from above and below

the focal plane of the microscope. Nevertheless, these interferences occur for both

the rigid and break and reform regimes which still allows us to use the approach to

characterize the differences in mixing between these two regimes. Moreover, both

actuation regimes are conducted under similar experimental conditions i.e. a single and

isolated rotating magnetic particle chain with no magnetic particle chains above and

below the rotational plane of the corresponding particle chain.

Biochemical Binding

Experiments to study the biochemical binding reaction were conducted utilizing

streptavidin-coated magnetic capture particles (3 µm, Dynaparticles® M-270

streptavidin, 4·106/ml) and biotinylated fluorescent target particles (200 nm, 2·106/ml)

[16]. A buffer solution (PBS+BSA-10 mg/ml) was used to reduce any non-specific
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Figure 3.3: Biochemical binding experiments utilizing streptavidin-coated magnetic capture
particles (brown) and biotinylated fluorescent target particles (green) in a fluid
cell placed at the center of the octopolar electromagnetic system. Rotating
magnetic capture particle chains were formed to sample the cell volume. Two
magnetic actuation protocols were applied: (1) Active switching between a low
frequent (1 Hz) and a high frequent (30 Hz) magnetic field to generate controlled
chain breaking and chain reformation. (2) A constant rotating magnetic field
(5 Hz) to generate rigid rotating chains. The capture of target particles onto
magnetic particles was measured using video microscopy with single-target
resolution

interactions between the magnetic particles. In addition, a magnetic actuation protocol

(which will be explained more in detail in chapter 4) [13] was used to disaggregate

any formed clusters of magnetic microparticles. After the disaggregation process the

particles are evenly distributed over the cell surface and ready to form well-defined

particle chains. For these experiments, the biotinylated target particles were uniformly

dispersed over the entire bulk volume as shown in Fig. 3.3.

Here, the topological changes of the magnetic particle chains, i.e. chain breakup

and chain reformation, were actively controlled by alternating the rotational frequency

of the magnetic field. Under influence of a low frequency magnetic field (1 Hz, ∼ 20

mT), the capture particles form long chains that rotate along with the field. When the

rotational frequency is increased instantly (30 Hz, ∼ 20 mT), the larger particle chains

break into smaller parts that in turn begin to periodically break-up and reform. In

contrast, when a constant rotational frequency is used (5 Hz, ∼ 20 mT), most of the

magnetic particle chains eventually form small and isolated rigid rotating chains.

To sample the cell volume, magnetic particles were distributed evenly over the surface

of the fluid cell. The even distribution of the magnetic particles was realized utilizing a

vertical magnetic field perpendicular to the cell surface, causing the mutual repulsions

between the sedimented magnetic particles. A rotating magnetic field is then applied

to form rotating chains of magnetic particles at the bottom cell surface. Simultaneous
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with the rotational dynamics of the magnetic particle chains, an upward field gradient

was applied to translate the rotating particle chains along the height of the cell, so

that they could interact with the cell volume. In movie 3.2 (Appendix 3.5.1), the

volume sampling of a collection of magnetic particle chains, that periodically breakup

and reform, is shown. One actuation period (2 minutes) consisted of the translation

of the rotating particle chains from the bottom substrate to the upper substrate (120

µm) and then back. It should be noted that the upward field gradient was not applied

constantly, but with intervals to prevent chains from reaching the upper substrate in

only few tens of seconds. The capture of target particles onto magnetic particles was

measured using video microscopy with single-target resolution.

A parameter that can be used to characterize the kinetics of target capture by the

magnetic capture particles is the association rate constant ka, as was introduced in

chapter 1 [17]:

d[FTMC]

dt
= ka[FT][MC] (3.3)

where [FTMC] is the concentration of captured fluorescent target particles, [FT] the

concentration of the unbound targets particles and [MC] the concentration of the

magnetic capture particles. All concentrations are in molar concentration (M) where ka
has units M−1s−1.

3.3 Results and Discussion

3.3.1 Particle Tracing

In case of rigid rotating chains (Fig. 3.4), the overall trajectories of the tracer particles

are steady slightly modulated circles around the center of the micro-particle chains,

similar to the ones described by Franke et al. [6]. In Fig. 3.4(b), the radius of the

micro-particle chains is scaled to 1. The observed oscillations of the tracer particles

correspond to the rotational frequency of the micro-particle chains and are dependent on

their relative distances to the micro-particle chains, i.e. as a tracer-particle is positioned

away from the rotational range of the chain (the orange outer trajectory in Fig. 3.4(b)),

the amplitude and the wavelength of the oscillation decrease.

In the regime of periodic chain breaking and chain reformation (Fig. 3.5), the

induced tracer particle trajectories within the rotational range of the chain become

chaotic, i.e. significant radial transport of the tracer particles is observed. In the case of

rigid rotating chains (Fig. 3.4(b)), the tracer particles are confined within well-defined

regions. When the chains periodically break-up and reform, the tracer particles are

distributed spatially along the radial range of the chain. In movie 3.3 (Appendix 3.5.1),
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(a) Induced motion of a tracer particle

(b) The overall tracer particle trajec-
tories

(c) The tracer particle positional
distribution

Figure 3.4: Particle tracing results obtained for rigid rotating chains. (a) The induced
motion of a tracer particle at different time steps. (b) The overall trajectories of
the tracer particles, starting at different radial distances from the center (0,0) of
the magnetic particle chains, scaled to unit chain length, i.e. chain radius equals
1. (c) The positional probability distribution of the tracer particles at different
radial distances from the magnetic particle chain. The chain center is located at
radial distance 0. The colors correspond to the trajectories shown in (b).

the motion of a tracer particle is shown for both regimes.

To gain more insight, we plot the positional distribution of the tracer-particles

with respect to the radial distance of the micro-particle chain (Fig. 3.4(c) and

Fig. 3.5(c)). The probability distributions of the tracer particle positions were obtained

by discretizing the radial distance into 20 uniform intervals and counting the frequency

of a tracer particle occupying a certain interval.

In Fig. 3.4(c), the probability distribution is depicted for the rigid chain case. In

this case, the probability distribution is restricted to a narrow distance interval, i.e.

the tracer-particles are likely to remain at fixed distance with respect to the center of

the micro-particle chain. In the case of periodical chain breakup and chain reformation

(Fig. 3.5(c)), the probability distribution of the tracer particles is dispersed over the

complete radial distance of the chain, i.e. the tracer particles are positioned at random
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(a) Induced motion of a tracer particle

(b) The overall tracer particle trajec-
tories

(c) The tracer particle positional
distribution

Figure 3.5: Particle tracing results obtained for periodic chain breaking and chain
reformation. (a) The induced motion of a tracer particle at different time
steps. (b) The overall trajectories of the tracer particles, starting at different
radial distances from the center (0,0) of the magnetic particle chains, scaled
to unit chain length, i.e. chain radius equals 1. (c) The positional probability
distribution of the tracer particles at different radial distances from the magnetic
particle chain. The chain center is located at radial distance 0. The colors
correspond to the trajectories shown in (b).

positions within the rotational range of the chain, indicating chaotic mass transport

of the tracer particles. This is desirable since Suzuki et al. [18] pointed out that the

effectiveness of both mixing and particle-based target capture are maximized in the

chaotic regime. For rigid rotating chains, the tracer particle positions are confined to

circular bands around the chain’s rotational center, indicating linear transport.

3.3.2 Mixing

In Fig. 3.6, qualitative (a) and quantitative (b) mixing results are shown for an

isolated rotating magnetic particle chain that breaks and reforms periodically. The

color bar indicates the intensity (I) of the emitted fluorescent dye. At the beginning

of rotation (field rotation cycle=0), the fluid near the chain is unmixed and a clear

interface can be seen between the dye and the uncolored water. After 15 rotational
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cycles of the magnetic field, the two fluids are mixed and I drops to a value around 40

throughout the observed area and remains constant as can be seen in Fig. 3.6(a).

The average fluorescent intensity over the observed area as a function of the field

rotational cycles is shown in the inset of Fig. 3.6(b): if the magnetic particle chain

remains at a fixed plane, I should be constant, which is indeed the case. In contrast, as

active mixing occurs, the standard deviation of the intensity should decrease (shaded

area, inset of Fig. 3.6(b)), which happens as well indeed. In accordance with above,

within 15 field rotational cycles, the mixing index M decreases from 1 to 0.1 where

it remains stable and constant. Particle clogging (the formation of small clusters of

fluorescent particles) prevents a further homogenization of the water-dye system, i.e.

small clusters of fluorescent particles induce bright spots in the mixing area (Fig. 3.6(a),

rotational cycles=25), which prevents the standard deviation of the intensity to decrease

even further.

In Fig. 3.6(c), the average mixing indices obtained from 6 rotating magnetic particle

chains in different mixing regimes are shown, i.e. for (1) the regime of rigid chain rotation

and (2) the regime in which chains periodically fragment and reform. The shaded

areas correspond to the calculated standard deviations. Clearly, alternating topological

changes of the chains yield a better homogenization of fluid with M approaching a value

around 0.1. Rigid chains, on the other hand, result in a value of M of only around 0.5

indicating less homogenization.

3.3.3 Biochemical Binding

Biochemical binding experiments were conducted to study the effect of different

mixing regimes on a streptavidin-biotin biological model system [16, 17]. Tanaka et

al. [5] already showed that active stirring of magnetic particle clusters accelerated

particle-based target capture. Here, we employ rotating (streptavidin-coated) magnetic

particle chains to sample the cell volume, seeded with (biotin-coated) target particles.

The chaotic regime, i.e. periodic breaking and reformation of the magnetic particle

chains, is actively controlled by alternating the rotational frequency of the magnetic

field between 1 and 30 Hz. The rigid regime with rigid rotating particles chains, is

obtained by applying a constant rotational frequency of the magnetic field (5 Hz). We

obtain the reaction product, i.e. the amount of formed streptavidin-biotin bonds per

100 magnetic capture particles.

In Fig. 3.6(d), the amount of captured fluorescent target particles per 100 magnetic

capture particles is shown. An enhancement (3x) of the overall reaction product can

be seen for the dynamic regime when compared to the rigid regime. A parameter

that characterizes the kinetics of the biochemical binding reaction is the association

rate constant ka (Eq. 3.3). Here, we calculate the association rate constants for the
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(a) Qualitative analysis of mixing of
a water-dye system

(b) Quantitative analysis of mixing of a
water-dye system

(c) Comparison between different mixing
regimes

(d) Incubation results on a streptavidin-
biotin system

Figure 3.6: (a) and (b) Chaotic fluid mixing induced by the alternating topological changes
of a rotating magnetic particle chain. (a) The mixing of a water-dye system
is shown qualitatively. The color bar indicates the emitted intensity of the
fluorescent dye (I). (b) Mixing index as a function of the field rotational cycles.
In the inset, the average fluorescence intensity of the fluid is shown along with
the calculated standard deviations. (c) The average M obtained from 6 rotating
magnetic particle chains in different mixing regimes. (d) Amount of captured
fluorescent target (FT) particles per 100 magnetic capture (MC) particles in
different mixing regimes. Errors correspond to Poisson statistics and each data
point corresponds to the evaluation of (10± 3) · 103 capture particles [16].
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different mixing regimes within the first 4 minutes of actuation. At longer time periods

(6 minutes), magnetic capture particles drift towards the sidewall of the fluid cell due

to field gradients and this hampers the rotational motion and the target capture of the

magnetic particle chains.

In case of periodical chain breakup and chain reformation, we found that ka equals

(57±2) ·109M−1s−1 and in case of rigid rotating particle chains we found that ka equals

(14±2)·109M−1s−1 [16]. The alternating topological changes lead to a 4 time increase of

the reaction rate constant within the first 4 minutes of magnetic field actuation. When

compared to the diffusion rate constant of a single particle (ka = (10± 2) · 109M−1s−1)

and sedimented magnetic particles (ka = (5.3± 0.4) · 109M−1s−1) [17], we observe that

the enhancement due to periodical chain breakup and chain reformation is about 5 and

10 times respectively.

It is easy to understand why the diffusion rate constant of a single magnetic capture

particle is larger than the diffusion rate constant of a collection of sedimented magnetic

capture particles. This is due to the depletion of the targets near the vicinity of the

sedimented magnetic particles caused by the mutual competition for the targets between

the different individual magnetic particles. When the sedimented magnetic particles

form rigid rotating magnetic particle chains, the depletion regions are refreshed and the

association rate constant is increased to (14 ± 2) · 109 M−1s−1, which is similar to the

diffusion rate constant of a single magnetic capture particle. However, the alternating

topological changes of the magnetic particle chain lead to an additional 4 time increase

of the association rate constant which we believe is caused by the inherent particle

chain dynamics. When compared to the different reference situations (a single magnetic

capture particle and a collection of sedimented magnetic particles), the enhancement

due to dynamic chain rotation is about 5 and 10 times.

It is interesting to try to understand how the fluid flows induced by the different

actuation regimes affect the binding of the target particles onto the magnetic capture

particles. For one, rigid rotating chains, as shown in the particle tracing experiments,

induce non-chaotic fluid flows with the tracer particles remaining at a fixed distance

from the center of the magnetic particle chains (Fig. 3.4). In the case of periodical

chain breakup and chain reformation, the induced fluid flow becomes chaotic of nature

and effective volume transport of the tracer particles occurs, i.e. the tracer particles are

distributed to any position within the rotational range of the chain (Fig. 3.5). This

chaotic mass-transport of the tracer particles will increase the probability of collision of

the target particles with the magnetic capture particles.

Moreover, chain breaking and chain reformation yield an enhancement in fluid mixing

(Fig. 3.6(c)), thus allowing for a faster and more efficient sampling of the local fluid.

Based on the above arguments the observed enhancement in capture rate can be

qualitatively understood. It is however important to remind that the data is shown
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for the capture of 200 nm sized target particles, whereas the field of particle-based

target capture is much broader, with the targets ranging from small molecules to large

cells, and with the fluids ranging from simple buffers to complex matrices such as

blood and saliva. In the case of complex biological fluids, magnetic capture particles

have the tendency to aggregate which terminates the rotational magnetic particle chain

dynamics.

3.4 Conclusions

We have shown the differences in the fluid flows induced by rotating magnetic particle

chains in different actuation regimes. In case of rigid rotating chains, tracer particles

used for flow characterization are confined within well-defined circular bands around

the center of the micro-particle chains. In the regime in which chains break and reform,

chaotic mass-transport of the tracer particles occurs near the chains, due to the presence

of significant radial transport of the tracer particles.

Also, we compared the abilities of the two different actuation regimes to mix a two-

component fluid system. We characterized the mixing with a mixing index M , i.e. in

a perfectly mixed system M = 0 while in an unmixed system M = 1. When particle

chains periodically break and reform, we observe that M decreases from 1 to 0.1 within

15 field rotational cycles, and then remains constant, whereas M reaches a minimum of

only 0.5 for rigid rotating chains. Therefore, we conclude that the alternating topological

changes of the micro-particle chains, when compared to rigid rotating chains, yield a

much better homogenization of fluids in the plane of rotation. For volumetric mixing, an

additional upward field gradient can be applied to translate the rotating particle chains

along the entire height of the cell, so that they can interact with the whole sample

volume.

Finally, we demonstrated the effects of the different actuation regimes on a

streptavidin-biotin biological model system for particle-based target capture by

magnetic capture particles, using 3µm magnetic capture particles and 200 nm

fluorescent nanoparticles in buffer. We found that the capture kinetics are significantly

enhanced by the dynamic regime as compared to the rigid regime. Specifically, rotating

(streptavidin-coated) magnetic particle chains were employed to sample the cell volume,

seeded with (biotin-coated) target-particles. The rotating chains were repeatedly

translated from the bottom substrate to the upper substrate and then back in 2 minutes,

using a vertical magnetic field gradient. Hence, the whole volume was sampled as

would be relevant for lab on chip applications. We observed that the alternating

topological changes of the micro-particle chains led to an overall 3-fold enhancement of

the reaction products when compared to the rigid chain regime. Moreover, we obtained

the initial association rate constants corresponding to the different actuation regimes,
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i.e. (57±2)·109M−1s−1 for chain breakup and chain reformation and (14±2)·109M−1s−1

for rigid rotating chains. When compared to the different reference situations (a

single magnetic capture particle and a collection of sedimented magnetic particles),

the enhancement due to dynamic chain actuation is about 5 and 10 times, respectively.

We conclude that the alternating topological change of the micro-particle chains -

with repetitive chain breakup and chain reformation - is a key mechanism to achieve

chaotic mixing and thereby promote and homogenize reactions in lab on a chip systems.

3.5 Appendix

3.5.1 Movies

Movie 3.1 depicts the different steps of image analysis to evaluate the mixing of a

water-dye interface actuated by a rotating magnetic particle chain. Movie 3.2 depicts

the volume sampling of a collection of magnetic particle chains in a fluid cell. Movie 3.3

depicts the induced motion of a tracer particle in the rigid and the dynamic regimes of

a rotating magnetic particle chain.
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Chapter four

Disaggregation of micro-particle

clusters by induced magnetic

dipole-dipole repulsion near a

physical surface

Abstract

Ensembles of magnetic particles are known to align and aggregate into multi-particle

clusters in an applied magnetic field, and the physical laws governing these processes are

well-described in literature. However, it has been elusive how to achieve the opposite

process, i.e. the disaggregation of particle clusters in a magnetic field. We report a

novel method to disaggregate clusters of superparamagnetic microparticles using time-

dependent magnetic fields. The disaggregating field is designed to generate repulsive

dipole-dipole forces between the particles and to stabilize the disaggregated particles

on a physical surface. We demonstrate the disaggregation of large clusters of several

tens of particles, within about of one minute, using fields generated by a multipole

electromagnet. After the disaggregation process the particles are uniformly distributed

over the surface and ready for further lab on chip processing. Our results represent a

novel methodology to disaggregate magnetic particle clusters and thereby improve the

effectiveness and reproducibility of biological assays based on magnetic microparticles.

This chapter is based on : Y. Gao, A. van Reenen, M. A. Hulsen, A. M. de Jong, M. W. J. Prins
and J. M. J. den Toonder, Lab Chip, 2013, 13, 1394-1401
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4.1 Introduction

Magnetic microparticles are being applied in many biochemical assays in order to

capture, transport, separate, label, and mix the biological material [1,2]. Due to the high

surface-to-volume ratio and the control over the surface properties, magnetic particles

are very suitable for nucleic acid enrichment [3], immunoassays [4] and cell capturing [5].

Moreover, the dynamic behavior of magnetic particles can be precisely controlled using

applied magnetic fields, for example to perform buffer exchange washing steps [6–8],

rapid immunoassays [9–13], or to achieve effective fluid mixing [14–18].

When particles are magnetically manipulated, there is a natural tendency of the

particles to form multi-particle clusters, e.g chains or aggregates, caused by attractive

magnetic forces. The clustering reduces the accessibility of the particles and thereby

reduces the effectiveness and reproducibility of the assays. Furthermore, the clustering

is often not easily reversed, because non-specific interactions can cause the particles to

stick [19,20] and because the thermal motion of the particles is relatively slow.

In this paper we present a novel method to magnetically break up clusters of magnetic

microparticles. The disaggregation principle is based on (i) the application of repelling

magnetic dipole-dipole forces and (ii) the stabilization of the particles by attracting

them onto a physical surface, as is sketched in Fig. 4.1. In short, groups of magnetic

particle clusters are drawn to a physical surface by means of a field gradient. A

horizontal magnetic field is applied to optimize the parallel alignment of the clusters

with the surface. Disaggregation and redispersion are initiated by means of magnetic

dipole-dipole repulsion generated by a vertical magnetic field oriented orthogonal to the

surface. We believe that the proposed magnetic actuation protocol has the potential

to be beneficial for handling of functionalized magnetic particles in many microfluidic

applications.

4.2 Theoretical Considerations

In this section, we introduce the basic equations that can be used to approximately

describe the repulsive behavior between the magnetic particles near a physical surface.

Given the super-paramagnetic nature of the magnetic particles, we can assume that

their magnetization is always parallel to the externally applied magnetic field. Thus,

each magnetic particle is characterized by its induced magnetic dipole moment: m =

Vpχp
B
µ0

where Vp is the volume of the suspended particles, χp the effective magnetic

particle susceptibility, µ0 the magnetic permeability of free space and B the applied

magnetic flux density. The expression for the magnetic interaction force Fmi
i between
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(a) Magnetic particle clusters in solu-
tion

(b) Alignment at a surface

(c) Disaggregation by an applied magnetic
field

Figure 4.1: Schematic disaggregation of magnetic particle clusters. (a) Clustered groups of
magnetic particles are present in solution and (b) are drawn to a physical surface
by means of a field gradient. A horizontal magnetic field is applied to optimize
parallel alignment of the clusters with the surface. (c) Application of a vertical
magnetic field oriented orthogonal to the surface in combination with a field
gradient results in breaking of the particle clusters by magnetic dipole-dipole
repulsion.

the ith super-paramagnetic particle with the rest of the particles (N − 1) equals [21,22]:

Fmi
i =

3µ0

4π

N∑
j=1
j ̸=i

mimj

r4ij
[(1− 5(m̂ · r̂ij)2)r̂ij + 2(m̂ · r̂ij)m̂] (4.1)

where mi is the strength of the dipole moment of the ith particle, m̂ the unit vector of

the magnetic field, rij the distance between the centers of the ith and jth particles and

r̂ij the unit vector of the corresponding two particle chain axis.
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If the particles are present in the same plane, a magnetic field oriented orthogonally

to that plane will cause the dot product terms to vanish. This forces the magnetic

interaction force Fmi
i to be an outwardly directed force, driving/repelling the ith particle

away from the other particles.

To confine the particles at the same plane, magnetic field gradients are applied which

move the corresponding particles to the nearby physical surface. The induced magnetic

gradient force Fmg
i acting on the ith dipole is given as [23]:

Fmg
i =

Vpχp

2µ0

∇B2 (4.2)

where B is the magnitude of the magnetic flux density. The combined use of a physical

surface and a magnetic field gradient to bring and keep the particles there and an

orthogonal oriented magnetic field is the key to separate superparamagnetic particle

clusters and aggregates.

4.3 Experimental Methods

4.3.1 Experimental system

A magnetic actuation setup was realized capable of manipulating suspended super-

paramagnetic particles triaxially, i.e. by generating a user-specified magnetic field both

in the horizontal as well as in the vertical plane [24] (Fig. 4.2(a)). The setup consists of 8

individually controlled copper coils (brown) together with 8 soft-iron (ARMCO®) poles

(dark grey) connected by soft-iron frames (blue and red). Magnetic fields are produced

by the flow of electrical currents through the coils and by following the soft-iron frames,

they are guided to the sample area surrounded by the poles. The blue soft-iron frames

with 4 poles at their ends are used for the generation of the horizontal components of

the magnetic field whereas the red frames are responsible for the vertical ones.

A closer view of sample area is given in Fig. 4.2(b). Here, each copper coil is

numerically assigned and the sample area is positioned at the origin of the Cartesian

coordinates. At the center of the sample area, a closed fluid cell is placed that contains

a suspension of magnetic particles. The fluid cell has a diameter of 9 mm and a depth

of 120 µm and is made using glass substrates and Secure-Seal spacers (Grace BIO-

LABS®). During each experiment (T=293 K), the suspended magnetic particles are

actuated using the magnetic setup and the resulting dynamics are analyzed using video-

microscopy.

We chose to work with polymer-based super-paramagnetic particles (2.8 µm) coated
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(a) CAD-figure of the setup (b) Experimental system

(c) Vertical magnetic field

(d) Vertical field measurements

Figure 4.2: 3D magnetic actuation setup. (a) AutoCAD side-view of the set-up. (b) The
magnetic setup with the fluid cell at the center under a microscope. (c) Simulated
vertical magnetic field induced by coils 2 and 4 at a current of 0.25 A. (d) (left
y-axis): Experimental measurements of the magnitude of the vertical magnetic
field are compared with results from Comsol simulations. (d) (right y-axis):
Generated field gradient in the center of the setup as obtained from Comsol
simulations. The vertical magnetic field of coils 2 and 4 induces a field gradient
in the −ez direction.



60 Chapter 4

with streptavidin (Dynabeads® M-270 Streptavidin). Due to the high binding affinity of

the streptavidin-biotin interaction, streptavidin-coupled Dynabeads have been utilized

in a vast number of applications, e.g. isolation and handling of biotinylated nucleic acids,

antibodies and other biotinylated ligands and targets. The undiluted stock suspension

was diluted 10 times (6.5 · 107 particles/ml) using a buffer solution (PBS + 1 mg/ml

BSA) before introducing into the fluid cell. The magnetic properties of the particles

were characterized using VSM.

4.3.2 Characterization of the setup

The possibility of generating arbitrary magnetic fields using the setup was

investigated by modeling the setup in a 3D commercial FEM package (Comsol

Multiphysics®). In Fig. 4.6(a) (Appendix 4.6.1), the modeled setup including 8

individually controlled coils is depicted. The soft-iron and copper materials were

modeled as linear media with relative permeabilities (µr) of 4750 and 1, respectively.

In the experiments we report in this paper, we generated three particular magnetic

fields: (1) a vertical field with a downward gradient by flowing currents through coils 2

and 4 simultaneously, (2) a uniform horizontal field by running currents through coils 5

and 8 and (3) a horizontally rotating field, which is created by applying currents to coils

5 to 8 that vary sinusoidal in time, and have a phase shift of 90 degree between them.

Fig. 4.2(c) shows the computed magnetic field in the z-x (vertical) plane, generated by

the flow of opposing electrical currents (0.25 A) through coils 2 and 4. As expected,

the magnitude of the vertical field shows a decrease along the z-axis. In contrast, coils

5 and 8 (0.2 A) induces a more homogenous magnetic field in the horizontal (y-x) plane

(Fig. 4.6(b), Appendix 4.6.1).

The setup was experimentally characterized by measuring the magnitudes of the

generated magnetic fields as depicted in Figs. 4.2(c) and 4.6(b) (Appendix 4.6.1) using

a Gauss meter (F.W. Bell®). The measurements took place at the center of the

setup and the electrical currents through the coils were varied from 0.1 A to 1 A. The

experimentally measured values were compared with results from Comsol simulations.

The results are shown at the left y-axes of Figs. 4.2(d) and 4.6(c) (Appendix 4.6.1).

It is seen that saturation of the magnetic fields occurs at electrical currents higher than

0.4 A, and below this value the experiments and computations show linear trends. The

observed difference between the simulation and experiment shows that the soft-iron

used in the magnetic set-up has non-linear material properties, leading to saturation of

the induced magnetic field, which is not included in the numerical simulations. In the

present study, experiments were conducted at a limiting electrical current of 0.5 A as

higher currents do not yield a higher magnetic field strength.
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The geometry of the set-up is designed in such way that electrical currents through

coils 2 and 4 (Fig. 4.2(c)) generate in addition magnetic field gradients towards the

corresponding poles, whereas this is not the case when coils 5 and 8 are operational

(Fig. 4.6(b), Appendix 4.6.1). Here, magnetic field gradients are defined as the gradients

of the modulus of magnetic flux density (B) to the square. At the right y-axes of

Figs. 4.2(d) and 4.6(c) (Appendix 4.6.1), simulated field gradients are plotted for the

vertical and horizontal configurations. On the one hand, coils 2 and 4 generate vertical

magnetic field gradients, pulling the suspended magnetic particles to the substrate. On

the other hand, coils 5 and 8 induce a homogeneous magnetic field in the horizontal

plane.

4.4 Results and Discussion

In the current study, we explore the possibility of manipulating a collection of

sedimented super-paramagnetic particles in a fluid cell, using magnetic actuation

protocols. In particular, we are interested in the influence of the vertical magnetic

field (Fig. 4.2(c)). If the particles are present in the same horizontal plane, applying

a vertically oriented magnetic field will cause mutual repulsion between the particles,

which have become vertically oriented magnetic dipoles in the horizontal plane.

Specifically, if coils 2 and 4 are actuated with a current of 0.4 A, the corresponding

magnetic field and gradient (Fig. 4.2(d)) acting on the particles are equal to 13.6 mT

and 0.1148 T2/m, respectively. Referring to Eqs. 4.1 and 4.2, the generated repulsive

and gradient forces on a dipole-dipole cluster are strong and are equal to ∼ 22 pN and

∼ 0.3 pN.

This phenomenon can be exploited in a number of ways as we will see below: it

offers the possibility to control the distribution of sedimented magnetic particles and

when combining with the ability to generate horizontal fields intermittent to vertical

fields, it provides a new way to de-cluster unwanted formation of particle clusters and

aggregates.

4.4.1 Initialization of particle distribution

Fig. 4.3(a) shows the initial magnetic particle distribution (t=0 s) after a suspension

of magnetic particles was introduced into the fluid chamber and the particles were

allowed to sediment to the bottom substrate, i.e. the floor of the fluid chamber. Here, no

external magnetic field was applied. The sedimented magnetic particles form a random

distribution over the surface and due to the presence of a small remnant magnetic

field (≤ 1 mT), cluster formation of the magnetic particles is observed. This initial
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(a) Initial magnetic particle distribu-
tion

(b) Magnetic particle distribution in
B = Bez

(c) Nearest particle-neighbor distance

Figure 4.3: Controlling magnetic particle distribution using a vertical magnetic field (14.6
mT). (a) Initial magnetic particle distribution as the particles were introduced
into the fluid chamber and allowed to sediment on the surface(t=0 s). (b)
After applying a vertical magnetic field, sedimented magnetic particles become
vertically oriented dipoles and mutually repel each other (t=12 s). (c) The
average nearest neighbor distance calculated from ∼ 1000 particles is plotted
against the field duration. The grey area indicates the corresponding standard
deviation. The inset shows distributions of the nearest neighbor distances plotted
at 4 different field durations.



Chapter 4 63

distribution of the magnetic particles is difficult to control and varies per experiment.

However, in order to obtain experimentally repeatable and reproducible data, it is

important to have a controllable and fixed initial condition of the magnetic particles.

Fig. 4.3(b) shows the resulting configuration of the magnetic particles after applying

a vertical magnetic field (14.6 mT, 12 s). The magnetic field was generated by the flow of

opposing electrical currents (0.5 A) through coils 2 and 4. As we have seen in Fig. 4.2(d),

also vertical magnetic field gradients were generated which pulled the magnetic particles

to the chamber floor. Due to the vertical magnetic field, the sedimented magnetic

particles mutually repelled each other until a relatively uniform configuration was

formed which approximately resembles a hexagonal lattice structure. Video microscopy

results corresponding to the particle distribution initialization process can be found in

Movie 4.1 (Appendix 4.6.2).

In Fig. 4.3(c), the nearest particle-neighbor distance (obtained from video-microscopy

results above) is plotted against the actuation time. Here, the nearest neighbor distance

is calculated by averaging the nearest neighbor distances surrounding ∼ 1000 particles

with the grey area as the corresponding standard deviation. The slope of the graph

shows an exponential decay which can be attributed to the generated repulsive force

(Eq. 4.1), i.e. it is a short-range force as it is inversely dependent on the inter-particle

distance to the fourth. Eventually, the particles mutually repel each other, forming

an approximately hexagonal lattice structure with an average inter-particle distance of

∼ 10 µm.

From these results, it is clear that by controlling the initial concentration of the

magnetic particle suspension along with the magnitude of the vertical magnetic field

and its gradient, the magnetic particle distribution at the beginning of every experiment

can be controlled and fixed to an almost uniform distribution.

4.4.2 Overcoming non-specific interparticle adhesion

Besides successful separation of particles (Fig. 4.3), we also observe that a small

fraction of particles is still present as chains aligned in the applied (vertical) field

direction. We can distinguish two different ways of obtaining such vertical chains.

On the one hand, thermal fluctuations of individual particles can cause the particles to

move out of the horizontal plane. As a result, the lifted particles can make a transition

from the weakly stable state of parallel alignment to the surface (in-plane) to the more

stable state of orthogonal alignment to the surface (out-of-plane). This in-plane to

out-of-plane rearrangement process is enhanced by a roughness of the physical surface

and/or the particles. The in-plane stability of the particles can be enhanced by using

stronger field gradients or larger particles.
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On the other hand, we also observe that a few clusters realign to the applied

vertical field without any observable separation of the particles. This behavior

may be attributed to non-specific interactions that keep the particles stuck to

each other. Non-specific interactions may originate from Van der Waals forces or

electrostatic forces for example. When magnetic fields are used to control magnetic

particles, the attractive forces acting on the particles are typically on the order

of 10 pN (according to Eq. 4.1). Such forces ensure that the particles come into

close contact and promote attractive non-specific interactions. This is important for

particles functionalized with proteins, as in our experiments, because protein-coated

particles can have a weak surface charge and contain non-polar (=hydrophobic) regions.

It is interesting to estimate whether it is possible to rupture non-specific bonds. We

calculate (using Eq. 4.1) that the repulsive dipole-dipole forces which we apply to our

particles are in the order of 22 pN (for a flux density in the order of 14 mT). Furthermore,

we observe that two-particle clusters which do not separate, realign with the magnetic

field within 0.1-0.2 seconds. In order to dissociate such bonds, not only the force is

important, but also the time during which the force is applied. A previous study on

the breaking of non-specific bonds between magnetic particles and a substrate in the

presence of surfactants [19] has shown that a force of 1.2 pN needs to be applied for

∼ 2 seconds to disrupt the weak non-specific bonds. The dissociation constant could

be estimated to be 0.83 s−1 at a force of 1.2 pN.

At the same force, the method presented here would result in a dissociated fraction,

i.e. the amount of non-specific bonds being ruptured for two particles clusters, of roughly

∼ 0.1. However, we apply a force that is almost 20 times higher. This would definitely

lead to a higher dissociated fraction as estimated here. Moreover, dissociation can still

be enhanced by increasing the field gradient or by saturating the magnetic moment.

Respectively, this would make the application time longer and increase the strength of

the repulsive forces. Therefore, we conclude that the repelling forces exerted using the

method presented in this paper are in a force regime which can rupture weak non-specific

bonds.

4.4.3 Controlled clustering and disaggregation of particles

Vertical (14.6 mT) and horizontal (13.7 mT) magnetic fields are utilized to break

and reform large aggregates of magnetic particles. A horizontal rotating magnetic field

(13.7mT, 0.5 Hz) was used to form such structures.

Initially, sedimented magnetic particles (Fig. 4.4(a)) form chains that rotate

along with the magnetic field (Fig. 4.4(b)). Rotating chain dynamics have been

suggested [9, 15] to enhance fluids mixing and selective binding between the
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(a) Sedimented magnetic particles (b) Rotating magnetic particle chains

(c) Large rotating magnetic particle
clusters

(d) Active breaking utilizing vertical
field

(e) Realigning utilizing horizontal field (f) Redispersed small clusters and un-
clustered particles

Figure 4.4: Magnetic actuation protocol to disaggregate particle clusters. (a) Initial
distribution of the sedimented magnetic particles. (b) Rotating magnetic particle
chains are formed with field strength equals 13.7 mT and rotational frequency
equals 0.5 Hz. (c) Large rotating clusters of magnetic particles are formed.
(d) Vertical magnetic field (14.6 mT) is used to break the horizontally aligned
clusters. (e) Horizontal magnetic field (13.7 mT) is applied to realign the vertical
clusters with the surface. (f) At the end of the protocol (50 s), the suspension
is homogenously distributed over the physical surface.
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functionalized magnetic particles with the target biomarkers. After 4 rotating

cycles (Fig. 4.4(c)), clusters and aggregates appear that drastically reduce the available

binding surface of the coated magnetic particles. Active breaking of the clusters

is necessary, since particles remain in their aggregated form due to non-specific

interactions even when the magnetic field has been turned off.

To break down the formed clusters, a magnetic actuation protocol is executed

consisting of applying, alternately, vertical and horizontal components of the magnetic

field. The vertical magnetic field acts to break down clusters when they are aligned with

the bottom substrate (the horizontal plane). In Fig. 4.4(d), the breaking of horizontal

clusters is depicted. As can be seen, some parts of the broken clusters align with the

vertical magnetic field, forming vertical clusters. A horizontal magnetic field is then

used to realign the vertical clusters with the bottom substrate(Fig. 4.4(e)).

In a similar way, alternating vertical and horizontal magnetic fields are applied

sequentially to break down the remaining clusters. The frequency of switching between

the two states is 5 Hz. At the end of the de-cluster protocol (50 s), the resulting

bead suspension is homogenously dispersed over the substrate surface (Fig. 4.4(f)).

After this, a rotating magnetic field can be applied again to form rotating magnetic

particle chains and restart the whole process. Video microscopy results corresponding

to the controlled clustering and disaggregation of particles can be found in Movie 4.2

(Appendix, 4.6.2).

Video-microscopy results from the de-cluster experiment were analyzed using

computer software (ImageJ) and the results are shown in Fig. 4.5. Here, we define

both unclustered particles and particle aggregates as individual entities. The total

amount of the entities and the average amount of particles per entity are counted and

plotted against time (Fig. 4.5(a)). The corresponding shaded areas represent the error

related to the Poisson distribution. In agreement with Fig. 4.4, at the beginning of the

experiment (t=0 s), the average amount of particles per entity is low and the amount

of entities is high. As many rotating particle chains cluster into few rotating clusters,

the average entity size reaches a peak (t ≤ 10 s). After applying the breaking protocol

(starting at t > 10 s), both quantities return to the states similar to the beginning of

the experiment.

In a similar way, Fig. 4.5(b) shows the fraction of unclustered particles during

the experiment. For t ≤ 10 s, this decreases from 0.4 to 0 due to the formation of

large particle aggregates. After starting the disaggregation protocol, the fraction of

unclustered particle climbs up to a value around 0.3 which indicates a regeneration

performance of 75% within 50 seconds.
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(a) Entity analysis

(b) Fraction of unclustered particles

Figure 4.5: Particle analysis of the disaggregation experiment. The light grey areas indicate
the period of cluster formation. The dark shaded areas indicate the error related
to the Poisson distribution. (a) The total amount of entities (left y-axis) and the
average amount of particles per entity (right y-axis) are plotted against time.
Here, we define both unclustered particles and particle aggregates as entities.
(b) The fraction of unclustered particles is plotted against time.

We believe that the proposed magnetic actuation protocol is a new way to remove

unwanted clusters and aggregates of magnetic micro-particles (some aggregates even

containing 60 particles) and to regenerate the magnetic particle distribution to a uniform

state so that one sample of magnetic particles can be used multiple times to catch the

seeded target bio-molecules.

4.5 Conclusion

We have demonstrated a method to disaggregate clusters of magnetic micro-particles

by applied magnetic fields. The particle clusters are attracted to a physical surface

by a magnetic field gradient and broken up by an orthogonally oriented magnetic field

which induces repulsive dipole-dipole interactions between the clustered particles. As
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a result, non-specific adhesion between the particles can be overcome and the particles

are uniformly distributed over the surface. For small particle clusters of less than 10

particles, a single time application of this method is sufficient to almost fully redisperse

the particles. Larger particle clusters up to 60 particles can be almost completely

redispersed by repeated application of the field configuration, interleaved with the

application of a weaker in-plane field to reorient the remaining clusters.

The disaggregation technique will open new possibilities for lab on a chip processes

based on magnetic particles. An advantage is that a uniform particle configuration

can be reestablished during the assay. A reset of the particle distribution can be very

useful for magnetically actuated fluid mixing procedures [14–18] and target capture

procedures [9, 10] in microfluidic systems, as a high mixing and capture efficiency can

be maintained by disaggregating clusters during the actuation processes.

Furthermore, the disaggregation method can be used to reduce non-specific adhesion

between the particles. The results presented in this paper have been obtained with

streptavidin-functionalized particles dispersed in a physiological buffer with blocking

proteins. The weak surface charge of the particles and the high ionic strength of the

buffer cause weak repulsive electrostatic interactions between the particles, and have

thereby enabled the occurrance of non-specific inter-particle bonds in the experiments.

The disaggregation method of this paper was able to rupture the non-specifically

bound clusters of particles and to thereby regenerate unbound particles. In follow-

up research, it will be interesting to further study the biological window of operation of

the disaggregation method for different particle types, and to evaluate which fields and

field gradients are needed to break non-specific binding in fluids of increasing biological

complexity. In addition, it will be interesting to study the case of extremely high

particle concentrations, in which large particle aggregates will be formed that need to

be redistributed uniformly over the surface.

In summary, we have presented a novel technique to disaggregate clusters of magnetic

particles. The technique will increase the effectiveness and reproducibility of magnetic

particle based biological assays and will enlarge the application range of magnetic

particles in lab on a chip devices.
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(a) Comsol model of the setup

(b) Horizontal magnetic field

(c) Horizontal field measurements

Figure 4.6: (a) 3D Comsol model of the set-up along with 8 individually controlled coils. (b)
Simulated horizontal magnetic field generated by coils 5 and 8 at a current of
0.2 A. (c) (left y-axis): Experimental measurements of the horizontal magnetic
fields are compared with results from Comsol simulations. (c) (right y-axis)
Generated field gradients as obtained from Comsol simulations.
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4.6 Appendix

4.6.1 Characterization of the set-up

4.6.2 Movies

Movie 4.1 depicts the initialization of a magnetic particle distribution using a vertical

magnetic field orthogonal to the fluid cell floor. Movie 4.2 depicts the controlled

clustering and disaggregation of magnetic particles using time-varying magnetic fields.
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Chapter five

Strong vortical flows generated by a

swarm of rotating particle chains

Abstract

Magnetic micro-particles, under influence of rotating magnetic fields, can be used

as field-responsive micro-stirrers to promote fluid transport and biochemical reactions

in micro-scale systems. We present a novel method of using a swarm of rotating

magnetic particle chains to generate very strong (∼1 mm/s) and global (9 mm) vortical

fluid flows, with many eddy-type substructures that fluctuate continuously in time,

resembling turbulent flow. We found that there is a direct relationship between the

stirring rate and the amount of magnetic particle chains with the magnitude of the

induced fluid flow. The observations can be explained with the presence of rigid micro-

stirrers uniformly dispersed in a closed fluid cell, where the dynamics and the shape of

the micro-stirrers are influenced by the external field and field gradients, respectively.

In such a configuration, the superposition of local rotational flow induced by the micro-

stirrers, adds up to generate a global vortex flow in the same rotational direction.

We utilized the phenomenon of swarming particles to enhance biochemical assays with

magnetic capture particles (4000/µL) and IgG targets (500 pM). When compared to a

reference system of sedimented magnetic capture particles, magnetic actuation leads to

both a ∼ 9 times increase in the initial assay kinetics as well as a ∼ 7 times increase of

target capture signal after 30 minutes.

This chapter is based on : Y. Gao, J. Beerens, A. van Reenen, M. A. Hulsen, A. M. de Jong, M.
W. J. Prins and J. M. J. den Toonder. to be submitted, 2013

73



74 Chapter 5

5.1 Introduction

Magnetic particles as field-responsive micro-structures have many applications in

micro-scale systems, for example as actuators [1–3] to generate fluid flows, as stirrers

[4–8] to mix laminar fluid streams and when functionalized with bio-specific surface

coatings, as mobile binding-sites [9–12] for biochemical assays. The rapid response of

the particles to the applied field and the formation of field-induced structures such as

chains and columns make the utilization of magnetic particles as micro-actuators to

promote fluid transport and biochemical reactions in micro-scale systems attractive for

both research and industry.

One of the most well-known strategies for micro-scale mixing is the stirrer-strategy,

i.e. a suspension of magnetic particles is exposed to a uniform biaxial rotating magnetic

field, thereby creating rotating chains of magnetic particles that act as programmable

micro-stirrers [4–6]. Within a specific range of magnetic field magnitude, rotational

frequency and fluid and particle properties, chains of magnetic particles periodically

self-assemble, thereby inducing chaotic mixing and enhanced particle-based target

capture [13–15]. Simultaneous with the rotational dynamics of the magnetic particle

chains, additional field gradients can be applied, perpendicular to the rotating field, to

translate the rotating particle chains, so that they can interact with the whole sample

volume.

In this paper, we present an approach to generate strong fluid flows utilizing rotating

particle chains of low magnetic contents in a flat fluid cell. Interestingly, we found that

above a certain rotational frequency of the applied field, the ‘local’ stirring of fluid by

the particle chains becomes coupled with the ‘global’ induced fluid flow, which creates

a phenomenon similar to ‘bird swarming’. When viewed more closely, the swarm of

particles appears to consist of small particle chains and clusters whirling like dervishes

without creating any significant static clusters or aggregates. Eventually, this initial and

chaotic motion of swarming particles transits into a steady-state regime with magnetic

micro-stirrers translating in opposite directions along the upper and bottom layers of

the fluid cell, i.e. a continuous vortex flow of fluids and particles is established, stretched

along the entire length of the fluid cell.

In addition, we investigate the possibility of creating ‘swarming particles’ when

exposing the magnetic particle suspension to a triaxial magnetic field, i.e. the

combination of a horizontal rotating magnetic field with a vertical rotating magnetic

field. This is advantageous since a triaxial magnetic field allows the motion of the

particle chains to cover a volume rather than to be limited to one plane as is the

case with a single-plane rotating magnetic field. Complex triaxial magnetic fields have

already been applied before to actuate artificial cilia and micro-filaments [1, 16].



Chapter 5 75

As a final step, we visualize and characterize the strong induced vortical flows of fluids

and particles, embedded with many eddy-type substructures that fluctuate continuously

in time, for which the direction and flow characteristics can be controlled by the direct

manipulation of the external magnetic field. We also report the effectiveness of strong

vortical flows to perform micro-scale mixing and micro-scale biochemical assays.

5.2 Materials and Methods

5.2.1 The Octopolar Electromagnetic System

Experiments were carried out using an octopolar setup as described and characterized

in our previous papers [14, 17]. The setup (Fig. 5.1(a)) consists of eight individually

controlled copper coils (brown) together with 8 soft-iron poles (grey) connected by

soft-iron frames. Magnetic fields are produced by the flow of electrical currents through

the coils and by following the soft iron frames, they are guided to the center of the

setup (origin of the Cartesian coordinates) where a closed fluid cell is placed containing

a suspension of (magnetic) particles. The fluid cell has a diameter of 9 mm and height

of 600 µm and is closed with glass substrates. In the experiments we report in this

paper, poles 1-4 and 5-8 are used for the generation of the vertical (z-y) and horizontal

(x-y) components of the magnetic fields, respectively. In the following, we will discuss

the applied magnetic fields used in the experiments and their effects on the magnetic

particles.

In Fig. 5.1(b), the sedimented magnetic particles at the cell floor are exposed to

a rotating vertical magnetic field B, generated by applying currents to coils 1 to 4

that vary sinusoidally in time, and have a mutual phase shift of 90 degrees. On the

right side of the figure, the time-averaged magnitude of the magnetic field over one

rotational cycle is plotted over the entire cell region (9 mm x 9 mm) at z = 0, i.e. the

fluid cell floor. The results are obtained by modeling the setup in a 3D commercial

FEM package (Comsol Multiphysics®) [17]. Due to the geometry of the setup and, in

particular, the orientation of poles 1-4 with respect to the fluid cell, a narrow band

region (between x = −2 mm and x = 2 mm) with high field strengths is formed.

Since the magnetic particles move up the field gradient, i.e. the particles move towards

regions of highest field strengths, this ‘band region’ causes the magnetic particles to be

confined along the entire length of the fluid cell without any dispersion.

The influences of a triaxial magnetic field are investigated by superimposing a

rotating vertical magnetic field on a rotating horizontal magnetic field. In Fig. 5.1(c),

the applied magnetic fields have equal magnitudes and equal frequencies. As expected,
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the rotational plane experienced by the particle chains is between the vertical and

the horizontal planes. However, when studying the corresponding time-average field

magnitudes; we observe that the critical ‘band region’ is broken down into isolated

islands, located near the horizontal poles (5-8), as shown on the right in Fig. 5.1(c).

This is caused by the adjacent geometrical positions of the horizontal poles with respect

to the horizontally placed fluid cell. In order to retain the critical band region, a triaxial

magnetic field is constructed in Fig. 5.1(d) with a dominating vertical magnetic field (4

times larger in magnitude than the horizontal field). Indeed, the band region of high

field strength is restored but less confined due to the influences of the horizontal poles.

5.2.2 Particle suspensions

The magnetic particles used in the experiments reported in this paper are 10 µm

super-paramagnetic Micromer® -M particles (∼ 4000/µL) with a mass density that is

similar to water (1.1 · 103 kg/m3). The tracer particles used to visualize the induced

fluid flow are 2 µm FluoSpheres® (∼ 2000/µL). Both the magnetic and the fluorescent

particles are coated with carboxylic-acid groups to ensure stable particles in aqueous

media. For biochemical assay experiments, we coated the magnetic particles with

(Recombinant) Protein G (Calbiochem®) proteins to create magnetic capture particles.

The assay targets are Goat anti-Mouse IgG with Alexa dye 488 fluorescent labels. The

assay components are suspended in a buffer solution (PBS + 1 mg/ml BSA) before

introducing into the fluid cell.

5.2.3 The Biochemical assay protocol

The handling steps of the biochemical assay experiments are shown in Fig. 5.2.

We use magnetic particles (4000/µL) coated with Protein G proteins to capture the

uniformly distributed IgG assay targets (500 pM) within a flat fluid cell. Utilizing the

octopolar setup, a single rotating vertical magnetic field or a combination of two fields is

used to generate strong and chaotic vortical flows of fluid and particles. We anticipated

that the formation of ‘swarming particles’, which constantly refreshes the surroundings

of the magnetic particles, can significantly accelerate/enhance the capture of the targets.

As a reference, we performed experiments where the magnetic particles are allowed

to remain sedimented at the bottom cell floor with no external actuation (passive

measurements). The capture of the targets onto the magnetic particles is measured

by acquiring the emitted fluorescent intensities from the magnetic particles utilizing

fluorescence microscopy (Leica® DM-4000 microscope with Andor® Luca camera).

Also we obtain the emitted fluorescent intensities of the background, i.e. the fluid.

The difference between the two data sets gives an accurate indication of the amount of

captured targets onto the magnetic particles.
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(a) The octopolar electromagnetic system

(b) A biaxial vertical rotating magnetic field

(c) A triaxial rotating magnetic field

(d) A triaxial field with dominating vertical components

Figure 5.1: (a) The octopolar electromagnetic system along with the generated magnetic
fields B. (b) A vertical rotating magnetic field is applied using the vertical poles
1-4 (red) and the magnetic particles form rotating chains orthogonal to the fluid
cell surface. We plot the corresponding time-averaged magnitude of the magnetic
field over one rotational cycle over the entire cell region at z = 0, i.e. the fluid cell
floor, obtained by computer simulations. A narrow band region (between x = −2
mm and x = 2 mm) with high field strength is seen to exist. (c) The combination
of a horizontal and a vertical rotating magnetic field with equal magnitudes and
equal frequencies. Isolated islands of dominant field strengths appear which are
located near the horizontal poles (5-8). (d) The vertical magnetic field magnitude
is 4 times larger than the horizontal field magnitude and the band region of high
field strengths is restored.
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Figure 5.2: The steps of the biochemical assay protocol. The assay components are magnetic
capture particles coated with Protein G proteins and Goat anti-Mouse IgG
assay targets marked with fluorescent labels. Magnetic particles (1) and the
assay targets (2) are subsequently introduced into the fluid cell and a first
reference measurement is performed, i.e. by acquiring the corresponding bright-
field and fluorescence images of the sedimented magnetic capture particles. Each
image contains around 600 particles. Next (3), the magnetic particles are either
allowed to remain sedimented (passive measurements) or they are magnetically
agitated, thereby inducing strong and global vortical flows of fluid and particles.
After each (actuation) time-period of 5 min, bright-field and fluorescence images
are taken. Utilizing the bright-field images, binary masks are constructed to
differentiate between the magnetic particles (0, blue) and the surrounding fluid
(1, red). The fluorescence image (data) contains the emitted intensities from
the fluorescent targets. By combining the data and the mask, we obtain the net
emitted fluorescence intensity from the magnetic capture particles, indicating
the amount of the captured targets.



Chapter 5 79

5.3 Results and discussions

In our experiments, we minimize the particle-surface interactions by using magnetic

particles with low magnetic contents, i.e. with a mass density (1.1 · 103 kg/m3) that is

similar to water which minimizes the influence of gravity. Moreover, both the glass

surfaces of the fluid cell [18] and the carboxylated magnetic particles we use, are

known to acquire negative surface charges when immersed in water. In this manner

and in combination with a vertical rotating magnetic field, we create rotating chains of

magnetic micro-particles with low surface interactions.

This means that our experimental conditions are very different from the work of

Sing et al. [2], who observed individual chains of particles walking over a surface in a

rotating field, caused by strong gravitational interactions with the surface.

As we will see in the next sections, magnetic field gradients have severe consequences

for the motion of the magnetic particles since they effectively attract and trap the

particles towards and at the regions of the highest field strengths, effectively bringing

the locomotion of the rotating chains to an end. In practice and especially in the case of

large regions of interest, a uniform magnetic field is hard to achieve and there is always

some degree of nonlinearity that gives rise to field gradients.

In this study, we show how the effect of trapping by field gradients can be overcome

by generating strong vortical flows of fluid and particles induced by the local stirring of

the magnetic particle chains with low surface interactions.

5.3.1 Swarming particles: overcoming the influence of field

gradients

In Fig. 5.3(a), the influence of field gradients on a collection of magnetic micro-stirrers

is depicted. Here, a suspension of sedimented magnetic particles to which initially no

magnetic field is applied (1) is exposed to a clockwise rotating vertical magnetic field (B,

30 mT). In (2), (3) and (4) the applied rotational frequency equals 1 Hz and the magnetic

particles form chains that follow the applied field (movies of the experiment are available

in movie 5.1, Appendix 5.5.1). In a simple scheme (Fig. 5.3(b)), we assume that each

chain can be approximated as a rigid stirrer that follows the rotational direction of the

applied field. Moreover, we assume that the chains have low surface interactions and

are uniformly dispersed over the entire volume of the fluid cell. Such a configuration

will induce a clockwise fluid flow when exposed to clockwise rotating magnetic field,

dragging the magnetic particles along with it. Indeed we observe, at the bottom surface

of the fluid cell, a translational movement of the particles to the left.
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However, experimentally (Fig. 5.1(b)), the applied vertical magnetic field induces a

band region of high field strengths with local maximums occurring near the poles and

at the center of the fluid cell. This ‘band region’ confines the micro-stirrers near the

center of the fluid cell (2) and traps and aggregates the micro-stirrers at the poles (3, 4),

effectively terminating the rotational and translational movements of the micro-stirrers.

However, when the rotational frequency of the magnetic field is increased to 30 Hz,

we observed a different phenomenon. A strong, and chaotic, backflow of ‘swarming

particles’ (5, movie 5.2 (Appendix 5.5.1)) is created. The swarm of particles consists of

small particle chains and clusters whirling like dervishes without creating any significant

static clusters or aggregates. More importantly, it appears that such ‘swarming particles’

transit to a steady state phenomenon, i.e. eventually a stable and continuous clockwise

vortex flow of individually rotating chains is formed along the entire length of the fluid

cell, seemingly defying both gravity and magnetic field gradients.

We believe that the observed phenomenon can be explained as follows: (I) In a

geometrically confined fluid volume, the stirring of the fluid by the rotating chains

will induce a global vortex flow of fluid and particles in the same rotational direction.

(II) However, this vortex flow is initially hindered by magnetic gradient forces that

trap and concentrate the particles at the opposite ends of the fluid cell. (III) At a

critical rotational frequency of 30 Hz, the superposition of local stirring of the fluid by

the individual micro-stirrers induces such a strong global fluid flow that the magnetic

gradient forces are overcome, i.e. the ‘trapped’ magnetic particle chains move with the

flow and a strong and chaotic (back)flow of ‘swarming’ particles is released. We then are

in the regime where the local stirring of the fluid, caused by the applied fields, is coupled

with the more globally induced vortex flow, influenced by the geometrical dimensions

of the fluid cell. More importantly, in this regime, the magnetic micro-stirrers both

generate and move with the fluid flow. (IV) The initial dense and compact shape of

‘swarming particles’ escaping from the poles is caused by (i) the initial inhomogeneous

distribution of the magnetic particles in the fluid cell, i.e. all the magnetic particles are

present on the bottom floor and (ii) field gradients near the poles that act to concentrate

the particles there.

5.3.2 Directional control of swarming particles

In Fig. 5.4(a), the formation of a global vortex flow as was described in Fig. 5.3(a)

is plotted as a function of time. At t = 0 s, a clockwise rotating vertical magnetic field

(30 mT, 30 Hz) is applied and the magnetic particles at the bottom surface move to

left while the swarm of particles at the top surface moves to the right (t = 10 s and

t = 20 s). After the swarm of particles reaches the opposite end of the cell, a stable and
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(a) Overcoming the influences of field gradients

(b) A simple scheme

Figure 5.3: (a) In the leftmost sketch, the viewing angle as well as the locations of pictures
(1) to (5) are indicated. (1) No field is applied and a suspension of sedimented
magnetic particles is seen at the center of the fluid cell. (2, 3 and 4) A clockwise
rotating vertical magnetic field (B, 30 mT, 1 Hz) is applied and the magnetic
particles form vertical chains that follow the rotational direction of the applied
field. Due to field gradients, the formed particle chains are concentrated near the
center and at the opposite ends of the fluid cell, terminating the translational
and rotational movements of the micro-stirrers. (5) At a rotational frequency
of 30 Hz, the magnetic gradient forces are overcome and a chaotic backflow
of particles at the upper surface of the fluid cell is observed. Movies of the
experiments are available in movie 5.1 and movie 5.2 (Appendix 5.5.1). (b) A
scheme describing the global induced fluid flow generated by the local stirring of
fluid by each individual micro-stirrer, i.e. in a closed configuration; the stirring
of fluid by the magnetic micro-stirrers will induce a global vortex flow of fluid
and particles in the same rotational direction.
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(a) A clockwise rotating magnetic field

(b) A counter-clockwise rotating magnetic
field

Figure 5.4: Directional control of swarming particles. See Fig. 5.3(a) for the geometrical
arrangements of the experiment. (a) A clockwise rotating vertical magnetic
field is applied (30 mT, 30 Hz) and the formation of a global induced vortex
flow of rotating magnetic particle chains forming micro-stirrers (∼ 4000/µL) is
depicted as a function of time. The initial motion of the micro-stirrers at the
bottom surface is towards the left and the resulting backflow at the upper surface
of the fluid cell is towards the right. After the swarm of particles reaches the
opposite end of the cell, a stable and continuous clockwise rotating vortex flow
is established. (b) A counter-clockwise rotating vertical magnetic field is applied
(30 mT, 30 Hz) and the formation of a counter-clockwise vortex flow of magnetic
micro-stirrers (∼ 2000/µL) is depicted. Movies of the experiments can be found
at movie 5.2 and movie 5.3 (Appendix 5.5.1).

clockwise rotating vortex flow is established consisting of particle chains translating in

opposite directions along the upper and bottom surfaces of the fluid cell (t = 5 min).

If we reverse the applied field (Fig. 5.4(b)), i.e. a counter-clockwise rotating magnetic

field is applied, we expect and observe the inversed translational movements for both

the micro-stirrers and the swarm.

Since the swarm of particles moves with the fluid, its velocity should give us

an indication of the induced fluid flow. In Fig. 5.4, the concentration of the
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suspended magnetic particles is varied between ∼ 4000/µL (Fig. 5.4(a)) and ∼ 2000/µL

(Fig. 5.4(b)) and we follow the swarm of particles as it crosses the entire length of the

fluid cell (9 mm). We expected that as the number of stirrers is increased, the generated

flow is increased as well. Indeed, we observed a higher swarm velocity at a higher particle

concentration: ∼ 0.4 mm/s for 4000/µL and ∼ 0.2 mm/s for the 2000/µL.

5.3.3 The different regimes of swarming particles

In Fig. 5.3, the rotational frequency for the magnetic particle chains to overcome the

gradient forces and to spread out over the fluid cell length is found to be at 30 Hz at

limited field strength of 30 mT. At lower stirring rates (Fig. 5.5(a), movie 5.4 (Appendix

5.5.1)), we observe a significant loss of magnetic particles to the opposite ends of the

fluid cell and the formed swarm of micro-stirrers diminishes over time, i.e. the resulting

global vortex flow (the final shape of swarming particles) is small and declining. We

attribute this to the strong field gradients present near the vertical poles, trapping and

attracting the magnetic particles to form stationary clusters and aggregates. We believe

that we are in the regime (5 Hz and 10 Hz) where the dynamics of the magnetic particles

are predominantly determined by forces due to field gradients (∇B2).

At higher rotational frequency (30 and 50 Hz) of the applied field (Fig. 5.5(b)),

the magnetic gradient forces are overcome and a stable and well-defined vortex flow of

rotating particle chains is established. In this regime, the local fluid stirring generated

by individual micro-stirrers adds up to create a global vortex flow of fluid and particles.

Specifically, such steady-state vortical flow indicates that the magnetic particles

are distributed among the upper and bottom layers of the fluid cell. Although the

distribution is not exactly equally partitioned, it does more or less represent the

distribution of rigid stirrers as was suggested in the scheme (Fig. 5.3(b)), i.e. such

configuration will generate a vortex flow of fluid and particles when actuated by a

rotating magnetic field. We test this by switching the applied vertical magnetic field

(30 Hz) on and off, after reaching the steady state of ‘scattered’ particle distribution.

We observe a sudden stop of all motion at switching off the field and a subsequent

continuation of the vortex flow of magnetic particle chains when the rotating field is

turned on immediately afterwards. Contrary, if, after turning off the field, we allow the

magnetic particles to sediment on the bottom substrate, i.e. we return to the initial

state of inhomogeneous particle distribution, turning on the field will cause the initial

‘chaotic’ form of swarming particles to appear. It takes time until the particles are

again evenly distributed over the fluid cell and the steady-state vortex re-appears.

Movies of the experiments can be found at movie 5.4 (Appendix 5.5.1).
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(a) Field gradient force dominated regime

(b) Rotating field dominated regime

(c) Stokes drag dominated regime

(d) Observations at a higher magnification

Figure 5.5: (a)-(c) The different regimes of swarming particles. A clockwise rotating vertical
magnetic field (30 mT) is applied and we observe the final shape of swarming
particles at different rotational frequencies of the applied field. A steady state
vortex flow that is not diminishing over time and that is stretched along the
entire length of the fluid cell, is found to exists at 30 and 50 Hz. Movies of
the experiments can be found in movie 5.4 (Appendix 5.5.1). (d) At higher
stirring rates (30 Hz), viscous forces prevent magnetic particles to form long and
ordered particle chains and instead, small chains and clusters appear that can
be approximated as rigid stirrers.
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At even higher rotational frequency (70 and 90 Hz) of the applied field (Fig. 5.5(c)),

the flow of micro-stirrers becomes confined at one end of the fluid cell. We believe

that this is due to the dominant Stokes drag acting on the individual rotating magnetic

particle chains, preventing them to follow the applied field. Generally, rotating magnetic

particle chain dynamics are characterized by the use of the Mason number [2,19], defined

as the ratio of viscous to magnetic forces, i.e. Ma ∼ f
B2 with f the rotating field frequency

and B the magnitude of the applied field. Here, B is kept constant at 30 mT and the

rotational frequency of the applied field is varied. At low Mason numbers (f = 1 Hz),

magnetic particles aggregate into long vertical chains that follow the applied field. At

higher Mason numbers (f = 30 Hz), the viscous forces prevent the magnetic particles to

form long particle chains and instead, smaller chains and clusters appear (Fig. 5.5(d)).

We performed high speed camera measurements to monitor the rotational dynamics of

the rotating chains and they indeed follow the applied field at a field rotation rate of 30

Hz. However, when the field rotational frequency is increased up to 50 Hz, the chains

cannot keep up with the field anymore and they rotate with a delayed stirring rate of

15 Hz. This is expected since rigid stirrers under the influence of an extremely high

rotating field will not rotate at all.

5.3.4 Bi- and Triaxial control of magnetic micro-stirrers

In Fig. 5.6(a), a biaxial (vertical) rotating magnetic field is applied and the formed

vortex flow occurs with a band with a width of 3 mm. From numerical simulations

(Fig. 5.1(b)), a biaxial rotating magnetic field induces a band of high field strengths

with a width of around 4 mm. Although the bandwidth of the experimental vortex

flow is found to be smaller, both are in the same order. The ‘band region’ of high field

strengths is responsible for the confinement of the magnetic particles along the entire

length of the fluid cell.

Experiments were conducted in which the ‘band region’ of high field strengths was

broken down by superposing on top of the rotating vertical field, a rotating horizontal

field of equal magnitude (30 mT) and equal frequency (30 Hz), i.e. a triaxial rotating

magnetic field was created. As shown in Fig. 5.1(c), the critical ‘band region’ is broken

down into isolated islands, located near the horizontal poles (5-8). Experimentally

(Fig. 5.6(b)), sedimented magnetic particles form large rotating aggregates translating

towards the horizontal poles (pole 5). Due to the closed volume, small backflows are

observed at the upper surface of the fluid cell, allowing some of the clusters to escape.

However, these backflows of clusters are eventually drawn into regions of highest field

strengths, depleting magnetic particles in the cell center. The band region of high field

strengths is restored by decreasing the magnitude of the horizontal magnetic field (∼ 7.5

mT). In accordance with the numerical findings (Fig. 5.1(d)), a stable but stretched

vortex flow of magnetic micro-stirrers is formed (Fig. 5.6(c)), due to the influence of the
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(a) A biaxial rotating mag-
netic field

(b) A triaxial rotating magnetic field

(c) Triaxial field with dom-
inating vertical components

(d) Triaxial field with dom-
inating vertical components

Figure 5.6: Bi- and triaxial control of rotating magnetic particle chains forming micro-
stirrers. (a) A single rotating vertical magnetic field (30 mT, 30 Hz) is applied
and the formed vortex flow of micro-stirrers is a band with a width of ∼3 mm.
(b) A superposition of rotating vertical and horizontal magnetic fields with equal
magnitude and equal frequency (30 mT, 30 Hz) for which the magnetic particles
form large aggregates translating towards the horizontal poles, depleting the cell
center of magnetic particles. (c)-(d) The combination of a stronger vertical (30
mT, 30 Hz) and a weaker horizontal (7.5 mT, 30 Hz at (c) and 5 mT, 300 Hz
at (d)) magnetic fields. Due to the influence of the horizontal poles, the formed
vortex flow of rotating particle chains is stretched. Movies of the experiments
can be found at movie 5.5 (Appendix 5.5.1).

horizontal poles.

It is interesting to explore the possibility of creating ‘swarming particles’ when

exposing the magnetic particle suspension to a triaxial magnetic field, i.e. the

combination of a horizontal rotating magnetic field with a vertical rotating magnetic

field with unequal rotational frequencies. This is advantageous since such triaxial

magnetic fields extend the motion of the particle chains to a larger volume rather than

to be limited to one plane as is the case with a single rotating magnetic field. To this

end, the vertical magnetic field (30 mT, 30 Hz) is set dominant over the horizontal

magnetic field (5mT, 300 Hz), taking into account the influences of induction at the

copper coils at higher frequencies (Appendix 5.5.2). We monitor the corresponding

rotational dynamics using a high speed camera and we observe that the dynamics of

the micro-stirrers is no longer restricted to a single plane. Movies of the experiments can

be found in movie 5.5 (Appendix 5.5.1). On the macroscopic level and in accordance
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with above, the influence of the horizontal poles results in a stable but stretched vortex

flow of magnetic colloidal particles (Fig. 5.6(d)).

5.3.5 The induced fluid flow

Next, we experimentally visualize and characterize the local and global induced fluid

flow generated by the motion of the rotating magnetic particle chains. We anticipated

that the ‘swarming particles’ would produce significant microfluidic flows, which will

be important in achieving fast mixing and/or fast biochemical reactions in microfluidic

systems.

At the left-side of Fig. 5.7, a vertical counter-clockwise rotating magnetic field (30

mT, 30 Hz) is applied and we monitor the induced flow field by capturing the motions

of fluorescent tracer particles (2 µm, white spots), as indicated by the red arrows, in

different horizontal planes over the entire height of the fluid cell. In this case, we

observe the induced fluid flow when a stable and well-defined vortex flow of magnetic

micro-stirrers is established along the entire length of the fluid cell. As Fig. 5.7 shows,

a counter-clockwise rotating magnetic field indeed produces a global counter-clockwise

rotating vortex flow of fluid, with tracer particles at the bottom (z = 0 µm) and upper

(z = 600 µm) surfaces moving unidirectionally (right-side of Fig. 5.7), i.e. moving

to right and left, respectively. At the center of the fluid cell (z = 300 µm), the

unidirectional motion disappears (right-side of Fig. 5.7), and small, local and short-

living vortices appear.

Ideally, in a system in which the magnetic particles are equally distributed among

the upper and bottom layers of the fluid cell (Fig. 5.3(b)), the net shear forces/fluid

flows at the center plane equal zero. However, in our experiments, the magnetic

particles are not equally distributed among the different planes of the fluid cell and

more importantly, the individually rotating chains themselves are also subjected to

the induced fluid flow (movies depicting the motions of the magnetic micro-stirrers at

different layers of the fluid cell can be found in movie 5.2 (Appendix 5.5.1)), resulting

in the formation of local vortices/perturbations at the center of the cell. Movies of the

experiments can be found in movie 5.6 (Appendix 5.5.1).

To keep the particles distributed over the entire length of the fluid cell, the induced

fluid flow should be strong enough to overcome the magnetic gradient forces trapping

the magnetic particles near the poles. More specifically, in this regime, the magnetic

particle chains both generate and move with the global induced fluid flow. In Fig. 5.8(a),

we show the magnitudes of translational velocities of both the tracer particles and the

magnetic particle chains at a stirring rate of 30 Hz (vertical field) in different horizontal
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Figure 5.7: Qualitative analysis of the flow field induced by a counter-clockwise rotating
vertical magnetic field (30 mT, 30 Hz). The flow field is obtained by capturing
the motions of the fluorescent tracer particles (2 µm) in the regime of a steady
counter-clockwise rotating vortex flow of magnetic particle chains (4000/µL).
The global induced motion (red arrows) of the tracer particles (white spots)
in three planes over the height of the cell. A global counter-clockwise rotating
fluid vortex is observed. Near the bottom (z = 0 µm) and upper (z = 600 µm)
surfaces of the fluid cell, the flow field is unidirectional. At the center of the cell
(z = 300 µm), small and local vortices appear. At the right-side of the figure:
the corresponding tracks of the tracer particles were captured by superimposing
20 and 50 frames at 30 frames a second, in a plane near the fluid cell surface,
and in a plane at the fluid cell center, respectively. Movies of the experiments
can be found at movie 5.6 (Appendix 5.5.1).

planes of the fluid cell. Near the bottom (z = 0 − 100 µm) and upper (z = 500 − 600

µm) surfaces of the fluid cell, a strong fluid flow with a magnitude of ∼ 0.9 mm/s

is observed. At the center (z =∼ 300 µm) of the fluid cell and due to the vortex

structure of the flow, the flow magnitude decreases to ∼ 0.1 mm/s. Similar velocities

are also observed for the magnetic micro-stirrers which indeed confirms our assumption

that in this regime, the micro-stirrers move with the global induced fluid flow, and

thereby overcome magnetic gradient forces. To investigate the influence of inertial effects

in generating the global induced fluid flow, we turned the rotating vertical magnetic

field (30 mT, 30 Hz) suddenly on and off (movie 5.6, Appendix 5.5.1). Accordingly,

we observed instantaneous start or stand-still of the motion of the tracer particles.
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(a) Stirring rate of 30 Hz (b) The induced fluid flow

(c) Fluid flow at 30 Hz (d) The induced fluid flow

Figure 5.8: Quantitative measurements of the induced flow. (a) A vertical rotating magnetic
field is applied (30 mT, 30 Hz) and we obtain the absolute translational velocities
of both the tracer particles and the magnetic particle chains within different
horizontal planes in the fluid cell. Due to the (vortex) structure of the flow, the
absolute velocities near the upper and bottom surfaces (z = 500− 600 µm and
z = 0− 100 µm) are high and are low at the center layer (z =∼ 300 µm) of the
cell. (b) A two-fold lower stirring rate of the magnetic particle chains (15 Hz)
causes the global induced fluid flow near the surfaces to halve (∼0.45 mm/s).
(c) In the initial stage (within 3 s after actuation), all the magnetic particles are
present on the bottom surface and a maximum fluid flow is generated. At the
final (vortex) stage (after 4 min of actuation), the distribution of the particles
is equally divided between the two surfaces which causes the induced flow at
the bottom surface to halve, and to increase at the upper surface. (d) A single
rotating vertical field (30 mT, 30 Hz) is compared with a combination of vertical
(30 mT, 30 Hz) and horizontal (5 mT, 300Hz) magnetic fields in the final vortex
stage.

Although the Reynolds number, i.e. Re = ρvL
η

with ρ the density of water, v the flow

velocity (∼ 0.9 mm/s), L the length scale of the system (∼ 9 mm) and η the viscosity

of water, is above one, namely about 10, the influences of inertia still seem negligible.

We also measured (Fig. 5.8(b)) the induced fluid flow at a lower stirring rate (15 Hz).

Since the net fluid flow at the center is predominantly caused by the inhomogeneous

distribution of the magnetic particles within the fluid cell, the fluid flows near the

surfaces are believed to represent the most reliable relationship between local stirring
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of fluid and the global induced vortex flow. Indeed, we expect and measured a two-

fold lower fluid velocity at a two-fold lower stirring rate of the micro-stirrers, i.e. ∼ 0.9

mm/s for 30 Hz and ∼ 0.45 mm/s for 15 Hz. Moreover, in Fig. 5.8(c) we compare

the differences in the induced flow between the initial and the final (vortex) stage of

actuation. Specifically, in the initial stage, all the magnetic particles are present at

the bottom surface of the fluid cell whereas in the final stage, their presence is equally

distributed between the upper and bottom surfaces of the fluid cell. In accordance with

the distribution of the particles, we see at the bottom surface of the fluid cell and in

the initial stage, a flow velocity of 1.9 mm/s which is about twice the magnitude of the

flow velocity (∼ 0.9 mm/s) in the final stage. This shows that the distribution of the

micro-stirrers over the fluid volume is an important determining factor determining the

global flow morphology

As shown above, a triaxial magnetic field causes the motion of the particle chains to be

spread out over a volume which can be beneficial for enhanced mixing or homogenization

processes. On the macroscopic level, the influence of the horizontal poles results in a

stable but stretched vortex flow of magnetic particles (Fig. 5.6(d)). It is interesting to

see whether the rotating particle chains, with their dynamic behavior now controlled by

a combination of a horizontal (5 mT, 300Hz) and a vertical (30 mT, 30 Hz) magnetic

field, can still generate strong global microfluidic flows. In Fig. 5.8(d), it is shown that

the tri-axial motion of the micro-stirrers indeed still generates strong fluid flows (∼ 0.8

mm/s).

5.3.6 Mixing and Biochemical assay experiments

As a next step, we investigated the possibility of using the phenomenon of ‘swarming

particles’ to achieve fast mixing and/or homogenization of fluids. We seeded the

fluid with fluorescent tracer particles (2 µm) and waited for 2 hours for the tracer

particles to sediment onto the bottom surface of the fluid cell. Next, we turned on

the vertical rotating magnetic field (30 mT, 30 Hz) and monitored the distribution

of the fluorescent tracer particles along the entire height of the fluid cell. Indeed, we

observed total re-suspension of fluorescent tracer-particles after 1 min of actuation

which indicates that the phenomenon of ‘swarming particles’ can used to achieve fast

homogenization of fluids in micro-scale systems. Movies of the experiments can be

found at movie 5.7 (Appendix 5.5.1).

As a last step, we report the effectiveness of utilizing strong vortical flows to perform

micro-scale biochemical assays with magnetic capture particles (∼ 4000/µL) and IgG

targets (500 pM) marked with fluorescent dyes (Fig. 5.9). The amount of captured

targets is quantified by the net fluorescence intensity emitted from the magnetic
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capture particles, i.e. the difference between the emitted fluorescence intensities from

the magnetic capture particles and the background fluid. Initially (first measurement

points), the net fluorescence intensity is found to be negative: no targets are bound

onto the particles and the background fluid (seeded with the targets) emits higher

fluorescence. As the targets are captured from the fluid and onto the magnetic capture

particles, the emitted fluorescence of the background fluid drops in intensity. The data

are fitted using the following equation: y = A + B(1 − e−kt) with t in seconds. Three

sets experiments were conducted: (black diamond) passive/reference measurements

with A = −100, B = 218 and k = 0.001, (red circle) A single vertical rotating magnetic

field with A = −319, B = 1034 and k = 0.0019 and (blue square) a combination

of vertical and horizontal rotating magnetic fields with A = −361, B = 1153 and

k = 0.0016.

In case of passive/reference measurements (no external fields), the signal (diamonds)

slowly approaches a value around 100 due to the depletion of the targets in the vicinity

of the sedimented but locally concentrated magnetic capture particles (Fig. 5.2). Also,

the initial assay kinetics are slowed down by the limited diffusive mass-transport of

the targets towards the magnetic capture particles: with a maximum diffusion distance

equal to the length scale of the system (i.e. 9 mm). To compare, AFM studies of non-

labeled IgG showed that a single non-labeled IgG molecule is 20−40 nm in diameter [20].

The root-mean-square displacement of a (spherical) target particle with a diameter of

20 nm after 100 minutes is about 0.5 mm. Taken into account the relative large length

scale of the system, only a small amount of the targets (that are positioned < 0.5 mm

away from the magnetic capture particles) are captured from the sample volume after

100 minutes. This leads to the differences in the “saturation” levels between the passive

and the active target capture signals.

In case of magnetic actuation and due to the formed vortical flow of magnetic

particle chains, the magnetic particles translate across the entire length (9 mm) of

the fluid cell periodically and in a relatively short amount of time (∼ 9 s) which will

certainly decrease the limiting diffusion distance of the targets and increase the initial

assay kinetics. Also the strong vortical flows of fluid and particles constantly refresh

the surroundings of the magnetic particle chains which will diminish the occurrence

of any target depletion and, consequently saturation of the signal. Overall, when

compared with passive measurements, we observe that (1) the initial slope of the signals

(circle and square) leads to a ∼ 9 times enhancement, i.e. ∼ 9 times increase in the

initial assay kinetics and (2) a ∼ 7 times enhancement in the end values after 30 minutes.

It is interesting to compare the association rate constants (as introduced in chapter

1) corresponding to the passive and active measurements. Here, we assume that the

saturation of the target capture signal due to magnetic field actuation is caused by
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Figure 5.9: Results obtained from biochemical assay experiments where magnetic particles
(∼4000/µL) coated with Protein G proteins are actively agitated to capture
the dispersed IgG (500 pM) assay targets marked with fluorescent labels. The
amount of captured targets is indicated by the net fluorescence intensity (y-
axis) emitted from the magnetic particles, i.e. the difference between the emitted
fluorescence intensities from the magnetic particles and the background (fluid).
Three sets experiments were conducted (black diamond) passive/reference
measurements with no external fields, (red circle) A single vertical rotating
magnetic field (30 mT, 30 Hz) and (blue square) a combination of vertical
(30 mT, 30 Hz) and horizontal (5 mT, 300 Hz) rotating magnetic fields. The
application of the fields leads to strong and global vortical flows of fluid and
particles. When compared to passive measurements, we observe that magnetic
actuation leads to both an enhancement (∼9x) in the initial assay kinetics as
well as an enhancement (∼7x) in the end values after 30 minutes. The data are
fitted using the following function: y = A+B(1− e−kt) where Bk is the initial
slope of the target capture signals.
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the depletion of the targets in the fluid cell, i.e. the concentration of the unbound

fluorescent targets ([FT]) equals zero. In the case that the concentration of one species

becomes depleted, the following equation can be used to describe the concentration of

the captured targets as function of time [12]:

[FTMC] = [FT]t=0(1− e−t/τ ) with τ = (ka[MC]t=0)
−1 (5.1)

where [FTMC] is the concentration of formed complex bounds, [FT]t=0 the initial

concentration of the unbound targets and [MC]t=0 the initial concentration of the

magnetic capture particles. All concentrations are in molar concentration M where

ka has units M−1s−1. If we assume that net emitted fluorescence intensity from the

magnetic capture particles has the same time scale as the biochemical binding process

than: k = ka[MC]t=0. Here, the [MC]t=0 is about 6.7 fM and ka ∼ 3 · 1011 M−1s−1.

In case of passive measurements, the targets are only depleted in the vicinities

around the sedimented magnetic capture particles and Eq. 5.1 can therefore not be

used. However, we can obtain theoretically the association rate constant for a single

magnetic particle. In the case of two uniformly reactive spheres with immediate

binding, the association rate constants for diffusion limited reactions can be analytically

obtained [12,21]:

kdif = 4πDTRT (5.2)

whereDT and RT represent the relative translational diffusivity and the center-to-center

distance of the spheres when in contact, i.e. DT = D1+D2 and RT = R1+R2. Here, D1

and R1 and D2 and R2 are the diffusivity and the radii of the two respective spheres. In

our case, sphere 1 is the magnetic capture particle and sphere 2 is the corresponding IgG

target. The units of kdif are m3s−1. Multiplying kdif with the Avogadro constant gives

us the corresponding ka, i.e. ka = kdif ·NA . The association rate constant corresponding

to a single magnetic particle equals 8 · 1011 M−1s−1 and is in the order of the ka found

for the active measurements.

As expected, the strong and chaotic vortical flows of fluid and particles generated

by the magnetic fields constantly refresh the surroundings of the magnetic capture

particles and more importantly, it homogenizes the initially concentrated magnetic

capture particles over the fluid volume, effectively decreasing the limiting diffusion

distances between the targets and the capture particles. Magnetic actuation therefore

transforms the initial state of sedimented and locally concentrated configuration of

magnetic capture particles to a state in which the magnetic particles are uniformly

distributed in the fluid cell volume, i.e. the diffusion limited reaction for a single

magnetic capture particle.

These results show that the phenomenon of swarming particles can en-
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hance/accelerate biochemical assays in micro-scale systems. In the current system,

the limiting factor is given by the translational length scale of the fluid cell (9 mm)

which is overcome by the strong induced vortical flows of fluid and particles, generated

by either a single rotating vertical magnetic field or a combination of two fields.

5.4 Conclusions

We are able to generate strong flows of fluid and particles ( 0.9 mm/s) near the

surfaces of a closed fluid cell utilizing magnetic particles as field-responsive micro-

actuators. The magnetic particles assemble into vertical micro-stirrers at the bottom

cell floor, in the presence of a vertical rotating magnetic field. Due to the relatively

large size of the fluid cell (9 mm in diameter, 0.6 mm in height) compared to

the magnetic actuation system, the applied magnetic field is not uniform and the

micro-stirrers are trapped and attracted towards regions of highest field strengths

at low rotational frequencies (≤ 10 Hz), effectively terminating their rotational and

translational movements.

However, by increasing the local fluid stirring by the individually rotating micro-

stirrers, a global and strong vortex flow is generated, and the magnetic gradient forces

are overcome, i.e. the trapped particles move with the fluid flow and a ‘swarm of

particles’ is formed that translates along the upper surface of the fluid cell. Eventually,

the swarm of particles is distributed evenly among the upper and bottom layers of the

fluid cell, resulting in a stable and continuous global vortex flow of fluids and particles.

The observations can be explained with the presence of rigid micro-stirrers uniformly

dispersed in a closed fluid cell, where the dynamics and the shape of the micro-stirrers

are influenced by the field and field gradients, respectively. In such a configuration, the

superposition of local rotational flow induced by the micro-stirrers, adds up to generate

a global vortex flow in the same rotational direction. Reversing the rotational direction

of the field results in a reversed flow of both fluid and particles. Moreover, we found

that there is a direct relationship between the rotation or stirring rate and the amount

of micro-stirrers with the magnitude of the induced fluid flow. Although the Reynolds

number of the corresponding system is higher than 1, turning off the field results in

an instantaneous stand-still of both the fluid and the particles, indicating that inertial

effects do not play a role in generating or maintaining the global induced fluid flow. Also,

we were able to actuate the magnetic micro-stirrers using tri-axial magnetic fields, so

that the motion of the chains is no longer restricted to a narrow band but is extended

to a larger volume, while retaining a strong and steady global vortex flow of magnetic

micro-stirrers.

We observed a total re-suspension of fluorescent tracer-particles which were initially

sedimented on the bottom surface of the fluid cell, by turning the rotating vertical
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field on for 1 min, indicating the capacity of fast mixing/homogenization of fluids.

Moreover, we utilized the phenomenon of swarming particles to enhance biochemical

assays with magnetic capture particles and IgG assay targets. When compared to

reference measurements (no external fields), magnetic actuation leads to both a ∼ 9

times increase in the initial assay kinetics as well as a ∼ 7 times increase in the end

signals after 30 minutes. The reference measurement is where we have sedimented

and locally concentrated magnetic capture particles. Magnetic actuation transforms

the initial state of sedimented and locally concentrated magnetic capture particles to

a state in which the magnetic particles are uniformly distributed in the fluid volume

with an association rate constant of ka ∼ 3 · 1011 M−1s−1, which is in the order of the ka
founded for a single magnetic capture particle. The phenomenon of ‘swarming particles’

can produce significant and chaotic motion of microfluidic flows, which is important in

achieving fast mixing and fast homogenization of biochemical reactions in microfluidic

systems.

5.5 Appendix

5.5.1 Movies

Movie 5.1 depicts the influences of field gradients on a collection of vertical rotating

magnetic particle chains forming micro-stirrers. Movie 5.2 depicts the generation of a

swarm of rotating magnetic particle chains actuated by a vertical clockwise rotating

magnetic field (30 Hz, 30 mT). Movie 5.3 depicts the direction control of the swarm by

exposing the magnetic particles with a counter-clockwise rotating magnetic field. Movie

5.4 depicts the different regimes of the swarming particles. Movie 5.5 shows the triaxial

control of the swarm of rotating magnetic particle chains. Movie 5.6 depicts the induced

fluid flow actuated by a swarm of magnetic particle chains. Movie 5.7 depicts mixing

using a swarm of magnetic particles.

5.5.2 Electromagnetic Induction

Faraday’s law of induction shows that a changing magnetic field induces an electric

field [22]:∮
E · dl = −dΦ

dt
(5.3)
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where E is the induced electric field and Φ is the magnetic flux through a loop. The

magnetic flux is defined as:

Φ =

∫
B · da (5.4)

For a coil with radius r, Φ = Bπr2. In chapter 4 [17], the magnetic field generated

by the octopolar electromagnetic system saturates at an actuation current of 0.5 A.

From Comsol simulations, we obtain the magnetic flux density through the coils at an

actuation current 0.5 A which is about 2.5 T. The area where the magnetic flux density

goes through is 2.5 · 10−5m2. So the Φ is about 6.3 · 10−5 Tm2. The frequency at which

the magnetic field changes is about 300Hz. We approximated the rate at which the

flux changed to 2·6.3·10−5 Tm2

0.0017 s
≈ 0.074Tm2s−1.

The induced electrical field induces a potential difference (V ) over the coil and

correspondingly an induction current:∫
E · dl = V = IR (5.5)

where I is the induction current and R is the coil resistance and equals 0.2Ω. The

induction current is about 0.4A. The actuation current equals 0.5A. So the net current

is around 0.1A which generates a magnetic field in the order of 5mT.

References
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Chapter six

Numerical study of target capture

by a rotating magnetic particle

chain in a viscous fluid

Abstract

Magnetic particle-based target capture is a widely used process for biochemical

assays. We are interested in the role that volume transport plays in the process

of particle-based target capture. Specifically, rotating magnetic particle chains can

actively agitate the surrounding fluid and subsequently enhance the frequency at which

the targets and the capture particles encounter and thereby effectively increase the

kinetics of the assay. Here, a combined approach is taken of utilizing both the particle

dynamics simulations and FEM simulations to accurately determine/compute the fluid

flow induced by the rotating magnetic particle chains. Moreover, we seed the fluid

domain with Brownian targets and subsequently count the fraction of targets captured

by the rotating magnetic particle chains in different actuation regimes, i.e. for (1) the

rigid regime of rigid chain rotation, (2) the dynamic regime wherein chains periodically

fragment and reform and (3) the alternating regime where the rigid and dynamic chain

behaviors alternate. We observe that the periodic chain breakup and chain reformation

yields (1) a higher average amount of target capture and (2) a more homogenous

distribution of the captured targets over the magnetic particles forming the chain. We

believe that is due to the periodical topological changes of the magnetic particle chain.

Chain breakup and chain reformation allow the fluid flow to be directed towards the

This chapter is based on : Y. Gao, N. O. Jaensson, M. A. Hulsen, and J. M. J. den Toonder, to be
submitted, 2013
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magnetic particle chain, which is essential to capture the targets. Moreover, a magnetic

particle chain that can breakup and reform, has particles at the chain center that have

more mobility than the center particles of a rigid rotating chain. The increased mobility

of the magnetic particle at the chain center also results into an enhanced target capture.



Chapter 6 101

Figure 6.1: The experimental process of target capture by magnetic particles functionalized
with distributed binding sites. Figure obtained from van Reenen et al. [6].

6.1 Introduction

Magnetic particle-based target capture is a widely used process for biochemical

assays, with targets ranging from nucleic acids to proteins to cells [1–3]. The magnetic

particles are functionalized with bio-specific surface coatings, i.e. affinity molecules.

The targets of interest are captured and extracted from the bio-fluid onto the magnetic

particles by specific binding to the affinity molecules. Magnetic micro-particles have a

high surface-to-volume ratio, and their dynamic behavior can be precisely controlled

by external magnetic fields and/or field gradients that generally are not affected by the

electro-chemical conditions of the bio-suspension [4, 5].

The process of target capture by magnetic particles with distributed binding sites is

a multistep process, consisting of (1) volume transport, (2) near-surface alignment, and

(3) the bio-chemical binding reaction (see Fig. 6.1) [6]. The role of volume transport

is to create the necessary encounters between the targets and the capture particles.

Thereafter, particles and targets move/rotate to create the alignment of the reactive

binding sites and finally particle-target bonds are formed by biochemical association.

We are interested in the role that volume transport plays in the process of

particle-based target capture. Specifically, active agitation of the surrounding fluid

can significantly enhance the frequency at which the targets and the capture particles

encounter and thereby effectively increases the kinetics of the assay. By exposing

the functionalized magnetic capture particles to a rotating magnetic field, rotating

chains of particles appear that can effectively manipulate the surrounding fluid [7–13].

Moreover, within a specific range of magnetic field magnitude, rotational frequency and

fluid and particle properties, chains of magnetic particles periodically breakup and self-

assemble, thereby inducing chaotic mass transport of the fluid nearby the chains [14,15].

In this chapter, 2D and 3D numerical models are developed and applied to observe the

kinetics governing the capture of Brownian targets by functionalized magnetic particle

chains. Specifically, the volume transport responsible for the target-particle encounter is

induced by the fluid flow actuated by the rotating magnetic particle chains. Moreover,
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we compare the effectiveness of target capture in different actuation regimes of the

magnetic particle chains, i.e. for (1) the regime of rigid chain rotation, (2) the regime

wherein chains periodically fragment and reform and (3) the regime where the rigid and

dynamic chain behaviors alternate.

To compute the fluid flow induced by the rotating magnetic particle chain, a combined

approach is taken of utilizing particle dynamics simulations [16] and FEM simulations.

The particle dynamics simulations allow us to determine the rotational dynamics of a

magnetic particle chain accurately and fast. To describe the induced fluid flow near

the rotating particle chain, we solve the Stokes equation using a boundary fitted mesh.

Thereafter, we seed the flow field with Brownian targets and subsequently count the

fraction of targets captured by the rotating magnetic particle chain.

We believe that this model can play an important role in predicting and

understanding the role that volume transport plays in biochemical-assays with

functionalized magnetic particles.

6.2 Theory of target-capture

The theoretical frame work [6] that describes the capture of targets (T) by magnetic

capture particles (MC) with distributed binding sites consists of (1) volume transport

to create encounters between the targets and the capture particles, (2) near-surface

alignment of their respective binding-sites and (3) the bio-chemical binding reaction

(see Fig. 6.1). The corresponding equation [6] consists also of 3 elements: (i) The

encounter or the separation step, (ii) the near-surface alignment or the near-surface

misalignment step and (iii) the complex formation or the de-complexation step. Each

of these steps is characterized by its own rate constant:

T +MC
kenc

ksep

T ∥ MC
kalign


kmisalign

T · · ·MC
kc

k-c

TMC (6.1)

where kenc is the encounter rate constant, ksep the separation rate constant, kalign
the near-surface alignment rate constant, kmisalign the near-surface misalignment rate

constant, kc the rate constant for complex formation and k−c the rate of de-

complexation. T ∥ MC represents the encounter of the reacting particles due to volume

transport, T · · ·MC represents the near-surface alignment of the reactive binding sites

and TMC represents the formed complex bound.

In our numerical model, we assume that the binding between the target and magnetic

capture particle is immediate and irreversible i.e. we assume hit-and-stick behavior.

Moreover, the magnetic particles are functionalized with uniform reacting adsorbing

surfaces. In this case, both the chemical binding reaction and the alignment processes

are fast and the separation step is not present. The overall rate constant of target
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capture (i.e. association) is solely determined by the encounter rate constant:

ka = kenc (6.2)

By manipulating the fluid surrounding the magnetic particles, the volume transport of

the targets towards the magnetic particles and consequently the encounter rate can be

enhanced. Here, we manipulate the nearby fluid utilizing rotating chains of magnetic

particles in different actuation regimes, i.e. for (1) the regime of rigid chain rotation,

(2) the regime wherein chains periodically fragment and reform and (3) the regime

where the rigid and dynamic chain behaviors alternate.

The association rate constant (ka) can be obtained from the rate at which the targets

are captured [6]:

d[TMC]

dt
= ka[T][MC] (6.3)

where [TMC] is the concentration of formed complex bound, [T] the concentration of

the unbound targets and [MC] the concentration of the magnetic capture particles. All

concentrations are in molar concentration (M) where ka has units M−1s−1.

Theoretically, in the case of two uniformly reactive spheres with immediate binding,

the association rate constants for encounter (i.e. diffusion) limited reactions can also be

analytically calculated [6, 17]:

kdif = 4πDTRT (6.4)

whereDT and RT represent the relative translational diffusivity and the center-to-center

distance of the spheres when in contact, i.e. DT = D1 +D2 and RT = R1 + R2. Here,

D1 and R1 and D2 and R2 are the diffusivity and the radii of the two respective spheres.

In our case, sphere 1 is the magnetic capture particle and sphere 2 is the corresponding

target. The units of kdif are m3s−1. Multiplying kdif with Avogadro constant gives us

the corresponding ka, i.e. ka = kdif · NA. The diffusivity of sphere 1 is given by the

following formula:

D1 =
kT

6πηR1

(6.5)

where k is Boltzmann constant, T the absolute temperature and R1 the radius of the

sphere 1.
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6.3 Numerical considerations

The model problem involves ten circular (2D) or spherical (3D) magnetic particles

and Brownian targets suspended in a Newtonian fluid. The magnetic particles are

subjected to a bi-axial rotating homogeneous magnetic field. The initial spatial

configuration of the magnetic particles is an arrangement where the particles form

a chain aligned with the field. The externally applied magnetic field is the only

driving force to actuate the particles. Its strength is constant but its direction varies

with a constant angular velocity. All the simulated parameters, e.g. magnetic particle

dimensional and magnetic properties, magnetic field strength and fluid medium viscosity

are comparable to those used in the experiments reported in chapter 3 [15].

6.3.1 Magnetic Particle Dynamics simulations

As reported in chapter 2 [16], particle dynamics simulations enable us to accurately

describe the rotational dynamics of a magnetic particle chain suspended in an infinite

fluid domain. The numerical scheme uses magnetic dipole moments and extended

forms of the Oseen-Burgers tensor to account for both the magnetic and hydrodynamic

interactions between the magnetic particles. Here, each magnetic particle is modeled as

a hard sphere characterized by its induced magnetic dipole moment:

mp = VpχpH (6.6)

where Vp is the spherical volume of the suspended particles, χp the effective magnetic

particle susceptibility and H the applied magnetic field.

Upon application of a homogenous magnetic field (H), the magnetic particles are

attracted towards each other, forming a chain in the direction of the field. When the

magnetic field starts to rotate, the magnetic particle chain also rotates in order to

remain oriented with the field. At higher rotational frequency of the magnetic field and

due to the increased viscous drag acting upon the rotating magnetic particle chain, the

particle chain becomes increasingly misaligned with the field up to the point when the

magnetic interactions between the particles become repulsive. The particle chain then

starts to breakup and reform periodically. The expression for the magnetic interaction

force Fm
p,i between the ith magnetic particle with the rest (N−1) of the particles forming

the chain equals [18, 19]:

Fm
p,i =

3µ0

4π

N∑
j=1
j ̸=i

mp,imp,j

r4p,ij
[(1− 5(m̂ · r̂p,ij)2)r̂p,ij + 2(m̂ · r̂p,ij)m̂] (6.7)

where µ0 is the magnetic permeability of free space, mp,i the strength of the dipole
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moment of the ith particle, m̂ the unit vector of the magnetic field, rp,ij the distance

between the centers of the ith and jth particles and r̂p,ij the unit vector of the

corresponding two-particle-chain axis.

The counteracting viscous drag force acting on the moving ith magnetic particle

equals the Stokes drag and is defined as:

Fh
p,i = −6πηRp(vp,i − v(rp,i)) (6.8)

where η is the dynamic viscosity of the surrounding (non-magnetic) fluid, Rp the radius

of the magnetic particle, vp,i the ith particle velocity and v(rp,i) the fluid velocity at

the ith particle center.

In our model, v(rp,i) equals the fluid motion driven by the forces exerted by the other

magnetic particles in the system. It represents the hydrodynamic interactions between

the ith magnetic particle with the rest of the particles forming the chain. In view of the

linearity of the Stokes equation, it is natural to assume that the fluid motion caused by

the different magnetic particles can be superimposed [20]:

v(rp,i) =
N∑
j=1
j ̸=i

Ω(rp,ij) · F(rp,j) (6.9)

with Ω(rp,ij) being the Rotne-Prager-Yamakawa tensor [21–23] and F(rp,j) the forces

exerted by the other particles in the system. Utilizing the particle dynamics simulation

scheme, we obtain at the discrete times tn = n∆t, n = 1, ..., with ∆t the time step, the

rotational dynamics of the magnetic particle chain expressed as ith magnetic particle

position (rp,i) and velocity (vp,i) with i = 1, ..., N .

The dynamic behavior of a rotating magnetic particle chain can be characterized

by a dimensionless number RT (Chapter 1, [16]), defined as the ratio between two

counteracting angular torques acting upon the rotating particle chain: a viscous drag

torque and a maximum obtainable driven magnetic torque:

RT = 16
ηω

µ0χ2
pH

2
0

N3

(N − 1)(ln(N
2
) + 2.4

N
)

(6.10)

where ω is the angular velocity of the applied magnetic field and H0 the magnitude of

the magnetic field. If RT < 1, the magnetic torque balances the viscous drag torque,

and the particle chain rotates as a rigid rod following the field. But, if RT grows beyond

unity, chain fragmentation occurs. The different actuation regimes of the magnetic

particle chains are obtain by varying the dimensionless number RT.
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6.3.2 The induced fluid flow simulations

Problem definition

The flow problem considered is that of N circular (2D) or spherical (3D), inertialess,

rigid particles moving in a viscous flow. The surrounding box is denoted by Ω, while

the particles are denoted by Pi(t) where i = 1, ..., N . The fluid domain is denoted by

Ω\P (t) and the particle boundaries and box boundaries by Γp,i and Γ respectively.

Governing equations

It is assumed that inertia plays no role, so the fluid can be described by the Stokes

equations

−∇ · (2ηD) +∇p = 0, ∇ · v = 0 (6.11)

where D =
(
∇v + (∇v)T

)
/2 is the rate-of-strain tensor and p is the pressure.

At the boundaries of the box Γ periodic boundary conditions are assumed. On

the particle boundaries no-slip is assumed. Therefore the boundary conditions for the

velocity are given by:

v = vp,i + ωp,i × (r− rp,i) on Γp,i, (6.12)

where vp,i is the imposed ith particle velocity (obtained from the particle dynamics

simulations), ωp,i is the rate of rotation and rp,i is the center of the ith particle (also

obtained from the particle dynamics simulations).

The rate of rotation of the particles (ωp,i) is an unknown and will assumed to be

such that the particles are torque free, which yields:∫
Γp,i

(r− rp,i)× (σ · n) dΓ = 0 (6.13)

where n is the unit normal vector on the boundary of a particle, which is defined to

point from the surface into the fluid.

Weak form

To derive the weak form of the Stokes equations, the combined equation of motion

approach [24] is used. The hydrodynamic forces and torques are eliminated from the

equations of motion by combining them into a single weak equation of motion. After

removing the rigid ring constraint from the variational spaces and adding the no-slip
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boundary condition (Eq. (6.12)), a Lagrange multiplier field for each particle, λi, is

used. The weak form is given by:

Find v, p, ωp,i and λi such that(
Du, 2ηD

)
−
(
∇ · u, p

)
+ (u− ϕp,i × (r− rp,i),λi)Γp,i

= 0 (6.14)(
q,∇ · v

)
= 0 (6.15)

(µp,i,v − ωp,i × (r− rp,i))Γp,i
= (µp,i,vp,i) (6.16)

for all admissable test functions u, q, ϕp,i and µp,i. Furthermore, Du =(
∇u+ (∇u)T

)
/2 and (·, ·) and (·, ·)Γp,i

are appropriate inner products on the fluid

domain Ω\P (t) and on the particle boundary Γp,i respectively.

Numerical methods

Eqs. (6.14), (6.15) and (6.16) are solved using the finite element method with a

boundary fitted mesh, which uses triangular/tetrahedron Taylor-Hood P2/P1 elements

and is generated using Gmsh [25]. The particles are moving and a new mesh is generated

for each time step based on the location of the particles. Since we use a boundary fitted

mesh, the particle boundary is aligned with the mesh. The particle constraint expressed

by Eq. (6.16) and the transposed tensor in Eq. (6.14) can be implemented directly in

each nodal point using collocation [26], which is exact in each collocation point and is

given by

(µp,i,v − (ωp,i × (r− rp,i)))Γp,i
≈

ncoll∑
k=1

µk
p,i · (v(rk)− (ωp,i × (rk − rp,i))) (6.17)

where ncoll is the number of collocation points, which is equal to the number of nodes

on the particle boundary of the boundary fitted mesh, rk are the coordinates of the kth

collocation point and µk
p,i the corresponding Lagrange multiplier.

Adaptive meshing

Close to the particles, gradients of the velocity and pressure will be higher than far

away from the particles. Furthermore, when particles come close to each other, the

element size in the gap between the particles should be small enough to accurately

describe the flow field. We use Gmsh [25] to generate meshes which are refined around

and between the particles. In order to do so, the maximum sizes of mesh elements

(hcoarse and hfine) are defined at the boundaries of the fluid domain and around the

particles respectively. We also set the minimum amount of mesh elements between the

particles, as is shown in Fig. 6.2.
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(a) 2D mesh for 10 circular particles

(b) 3D mesh for 10 spherical particles

Figure 6.2: 2D and 3D mesh structures are generated to solve the induced fluid flow in 2D
and 3D. The particle size equals 2µm. (a) On the left side, the 2D fluid domain
(80µm×80µm) is shown along with hcoarse = 10µm and hfine = 0.04µm. At the
right side, the area surrounding the particles is enlarged. The minimum amount
of mesh elements between the rigid particles equals 2. (b) The 3D fluid domain
(40µm× 40µm× 40µm) is shown along with hcoarse = 5µm and hfine = 0.1µm.
At the right side, a slice through the center is shown. The minimum amount of
mesh elements between the rigid particles equals 1.
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The size of the gap between the particles can easily be determined by determining

the distance between their centers and their radius. Refinement points are added when

this distance becomes smaller than a given number.

6.3.3 Target-capture simulations

The fluid domain is seeded with Brownian targets in a regular grid structure. The

targets move independently from each other and have no interactions with each other.

The position of a target (rt,n) at time tn is obtained by adding at each time step a

random displacement (Aon) to a deterministic displacement (vs∆t) [27]:

rt,n+1 = rt,n + vs∆t+ Aon (6.18)

Where ∆t is the time step and on is a set of gaussian distributed random numbers with

average 0 and variance of 1. The deterministic displacement is caused by the induced

fluid flow actuated by the rotating magnetic particle chain. The magnitude of the flow

is obtained using a second order Runge-Kutta method:

vs =
1

2
[vn(rt,n) + vn+1(rt,n + vn(rt,n)∆t)] (6.19)

The amplitude of the random displacement A is given by:

A = (2D∆t)
1
2 (6.20)

with the diffusion coefficient D of the target. In the simulations reported in this

paper, we perform two kinds of simulations: (1) simulations in which the random

displacements of the targets are absent, i.e. we visualize the motion of the targets

induced solely by the rotating magnetic particle chain and (2) simulations in which the

random displacements of the targets are present to simulate the target-capture process.

The capture of a target onto a magnetic particle is determined by the distances

between the two, i.e. if the target touches the surface of the magnetic particle, the

target is captured. This process is immediate and irreversible. Moreover, the adsorbing

surfaces of the magnetic particles are assumed to be undepletable. We quantify the

target capture by counting the amount of the targets captured by the magnetic particle

chains in different actuation regimes, i.e. for (1) the regime of rigid chain rotation, (2)

the regime wherein chains periodically fragment and reform and (3) the regime where

the rigid and dynamic chain behaviors alternate.
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6.4 Results and Discussions

The (ten) magnetic particles and Brownian targets considered here, have sizes of

2µm and 20 nm, respectively. Both the particles and the targets are suspended in a

Newtonian fluid with η = 1mPa · s. The corresponding magnetic particle susceptibility

and target diffusivity at room temperature (T = 293K) equal 1 and 21.45µm2s−1 using

Eq. (6.5), respectively. The rotational frequency of the external magnetic field is kept

constant at 30 Hz.

To obtain the different actuation regimes of the rotating magnetic particle chain,

the external field strength is varied between 20 mT (i.e. RT ∼ 0.56) and 15 mT (i.e.

RT ∼ 1.01) using Eq. (6.10). The ‘rigid’ regime of a rigid rotating magnetic particle

chain is obtained at a constant field strength 20 mT. The ‘dynamic’ regime with periodic

chain breakup and chain reformation is obtained at a constant field strength of 15 mT.

The ‘alternating’ regime is obtained by alternating between the ‘rigid’ and ‘dynamic’

regimes, i.e. by alternating between 20 mT and 15 mT at a frequency of 10 Hz.

In addition, we have conducted target capture simulations (reference) in which the

magnetic particle chain does not rotate. This acts as a reference when compared to the

target capture simulations in which the volume transport of the targets is influenced

by the different actuation regimes of the magnetic particle chain (rigid, dynamic and

alternating). For a static magnetic particle chain, the capture of a target is solely

determined by the target random displacement, i.e. rt,n+1 = rt,n+Aon following Eq. 6.18.

As a first step, we investigate the target capture using the 2D numerical model.

The corresponding fluid domain is a 80µm × 80µm square with periodic boundary

conditions. For each of the three actuation regimes of the rotating magnetic particle

chain, we visualize both the induced motion of the targets and the corresponding target

capture process. As a last step, we investigate the target capture using the 3D numerical

model. The corresponding fluid domain is a periodic box with dimensions of 40µm ×
40µm× 40µm. The time step (∆t) used in the numerical models equals 10−4 s.

6.4.1 2D numerical model

In the numerical model, the target capture rate constant is solely determined by the

encounter rate constant. By increasing the volume transport of the targets towards the

magnetic capture particles, the encounter rate and consequently the capture rate can

be increased. Beside the influences from the Browning motion, the volume transport

of the targets is determined by the fluid flow actuated by the rotating magnetic

particle chain. To visualize the influence of the induced fluid flow, we seeded the fluid

domain with tracer targets, i.e. targets without random displacement components, i.e.

rt,n+1 = rt,n + vs∆t, where vs is given by Eq. (6.19).
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In Fig. 6.3, the fluid domain is seeded with red and blue tracer targets. The initial

regular grid structure of the targets has a step size of 0.5µm with size of 80µm×80µm.

Here, we actuate the rotating magnetic particle chains in different actuation regimes

to visualize the induced motion of the tracer targets. Movies of the simulations can be

found in Movie 6.1 (Appendix 6.6.1).

In case of rigid chain rotation Fig. 6.3(a), the induced motion of the tracer targets is

circular around the center of the magnetic particle chain, in accordance with previous

experimental observations (Chapter 3) [12, 15]. The particle chain behaves as a rigid

stirrer and ‘folds’ the red and blue targets in well defined laminae. Moreover, the amount

of encapsuled layers of colored targets corresponds to the number of cycles rotated by

the magnetic particle chain. When the particle chain begins to breakup and reform

periodically (Fig. 6.3(b)), the targets near the particle chain can move in the radial

direction which is also observed experimentally (Chapter 3) [15]. Specifically, at the

center of the particle chain (center of t = 0.203 s), mixing of the two different colored

targets occurs. However, further away from the chain center, two isolated islands of

colored targets appear that seem to be unaffected by the motion of the particle chain.

We attribute the formation of such isolated islands to the lack of a global induced

fluid flow actuated by a rigid rotating magnetic particle chain. For the rigid chain case

(Fig. 6.3(a)), the structure of the tracer targets further away from the chain center

is more ‘developed’ than the dynamic regime. The dynamic chain breakup and chain

reformation is able to effectively manipulate the tracer targets closely to the chain center

but proves to be ineffective for targets that are further away. To combine the influences

of both actuation regimes, we actuate the magnetic particle chain with alternating

rigid and dynamic behaviors with an alternating frequency of 10Hz (Fig. 6.3(c)). At

t = 0.203 s, the laminated structures of the tracer targets close at the chain center are

broken up (when compared to the rigid chain case, Fig. 6.3(a)) due to the dynamic chain

breakup and chain reformation. Moreover, isolated islands of tracer targets (that occur

at the dynamic regime, Fig. 6.3(b)) are less pronounced in the alternating actuation

regime.

Target capture

The fluid domain is seeded with Brownian targets in a regular grid structure

with step size = 0.5µm and size = 40µm × 40µm. For each actuation regime, 3

sets of Brownian targets (corresponding to red, blue and green targets) are applied

independently from each other and we count the amount of captured targets as a

function of time. In Fig. 6.4, we plot the target capture process both qualitatively

(Fig. 6.4(a)) and quantitatively (Fig. 6.4(b)). Movies of the simulations can be found
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(a) Rigid rotating particle chain (RT ∼ 0.56)

(b) Dynamic chain breakup and chain reformation (RT ∼ 1.01)

(c) Alternating between the rigid and dynamic regimes

Figure 6.3: The induced motion of the tracer targets (i.e. targets without random
displacement components), as a function of time, at the different actuation
regimes of a rotating magnetic particle chain. The plotted target size is 20×
enlarged for clear visualization. The black lines in the magnetic particles indicate
their orientation. (a) The figures correspond to the number of rotated particle
chain cycles, i.e. 0×, 1×, 3× and 6×. The induced motion of the targets is
predictable and the red and blue targets are laminated due to ‘folding’. (b) Due
to ‘stretching and folding’, the targets near the particle chain can move in the
radial direction and mixing of the red and blue targets occurs at the particle
chain center (center of t = 0.203 s). However, away from the chain center,
two isolated islands of targets appear that are unaffected by the particle chain
motion. (c) The particle chain is alternated between rigid (t = 0 s till 0.103 s) and
dynamic (t = 0.103 s till 0.203 s) regimes at a frequency of 10Hz. At t = 0.203 s,
the laminated structures of the targets at the particle chain center is broken due
to ‘stretching and folding’. Moreover, the occurrence of isolated islands of the
tracer targets is less pronounced than in (b). Movies of the simulations can be
found in Movie 6.1 (Appendix 6.6.1).
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at Movie 6.2 (Appendix 6.6.1). We calculate the fraction of captured targets by dividing

the total amount of captured targets by the amount of targets that lie initially (t = 0 s)

within the rotational range of the chain, i.e. ∼ 1100.

In Fig. 6.4(a), the target capture process is depicted as a function of time for a

magnetic particle chain that breaks-up and reforms periodically. When comparing t =

0.5 s with t = 1.5 s, we can clearly observe the decrease in the amount of Brownian

targets close to the particle chain, i.e. Brownian targets are being captured. Moreover,

when comparing Fig. 6.4(a) with Fig. 6.3(b), we notice that the tracer targets are not

captured. Brownian motion proves to be an essential component in the target capture

process. Specifically, the fluid flow induced by a rigid rotating magnetic particle chain

is always directed outward with respect to the rotating chain. In contrast, for target

capture, it is essential that targets can come close near the particle chain, which is due

to Brownian motion.

In Fig. 6.4(b), we compare the average amount of captured targets between the

different actuation regimes. The fraction of captured targets exceeds 100% which

indicates that targets outside the rotational range of the chain are captured. A

significant enhancement in target capture is observed for the dynamic regime (chain

breakup and chain reformation) when compared to the rigid regime, despite the

occurrence of ‘isolated islands’. We believe that is due to the periodical topological

changes of the magnetic particle chain. Chain breakup and chain reformation allow

the fluid flow to be directed towards the magnetic particle chain, which is essential to

capture the targets. This is in contrast to a rigid rotating chain in which the induced

fluid flow is always directed outward.

This is further emphasized when comparing the different actuation regimes with the

‘reference’ case in which the magnetic particle chain does not rotate. The target capture

of a static magnetic particle chain closely follows the target capture of a rigid rotating

chain. For both cases, target capture is mostly determined by the target Brownian

motion, since the fluid flow induced by a rigid rotating chain does not contribute to the

target capture process. In case of periodical chain breakup and chain reformation, the

induced fluid flow does contribute to the enhancement of the encounter rate between the

targets and magnetic capture particles. In the alternating regime, we observe that its

target capture closely follows the target capture of the dynamic regime. Although the

alternating regime yields a stronger global fluid flow, the capture of the targets seems

to be mostly determined by the periodical chain breakup and chain reformation.

To check that the target capture process is independent of the numerical time step,

target capture simulations are conducted at a smaller time step with ∆t = 5 · 10−5 s.

The observed differences are negligible, as illustrated in Fig. 6.4(b) for the rigid regime.

In real-life experiments, the adsorbing surfaces of the magnetic particles consist of
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(a) Qualitative depiction of target capture process in the dynamic regime

(b) Quantitative depiction of target capture process

(c) Fraction of targets captured per
magnetic particle

Figure 6.4: 2D numerical model of target capture by rotating magnetic particle chains.
For each actuation regime, 3 sets of Brownian targets (red, blue and green)
are introduced. (a) The target capture process as a function of time for a
magnetic particle chain that breaks-up and reforms periodically, corresponding
to Fig. 6.3(b). Three sets of Brownian targets are superimposed into one figure.
The plotted target size is 20× enlarged for clear visualization. When the targets
are captured, they stay at the particle boundary surface and move with the
corresponding magnetic particle. (b) (left) The average amount of captured
targets at the different actuation regimes. Circles represent the dynamic regime
(Fig. 6.3(b)), triangles represent the alternating regime (Fig. 6.3(c)), squares
represent the rigid regime (Fig. 6.3(a)) and crosses represent a static magnetic
particle chain. The size of the markers corresponds to the standard deviations.
(right) Target capture simulations are conducted at a smaller time step with
∆t = 5 · 10−5 s, corresponding to the rigid regime. (c) Fraction of the targets
captured by the different magnetic particles forming the chain. Chain breakup
and chain reformation lead to an enhanced target capture at the particle chain
center. Movie of the simulations can be found at Movie 6.2 (Appendix 6.6.1).



Chapter 6 115

finite distributed binding sites. Therefore, good particle-based target capture is not only

determined by the absolute amount of captured targets but also by whether the captured

targets are homogeneously distributed among the magnetic particles. In Fig. 6.4(c), the

fraction of captured targets by the different individual magnetic particles making up

the chain, is shown for different actuation regimes. For the rigid regime, the magnetic

particles at the chain center have lowest mobility and particles at the opposite ends

of the particle chain have highest mobility. Correspondingly, the amount of captured

targets near the rigid chain center is low and high at the opposite ends. When compared

to the ‘reference’ case, we can conclude that the rotational motion of the rigid chain

does prevent the depletion of targets near the outer magnetic particles of the chain.

In dynamic and alternating regimes, magnetic particle chains can breakup and reform,

and have particles at chain center that have much more mobility and can cover much

more area within the rotational range of the chain. This also results in an enhanced

target capture at the chain center.

Periodic chain breakup and chain reformation result not only in (1) a higher average

amount of captured targets (Fig. 6.4(b)) but also in (2) a more homogenous distribution

of the captured targets (Fig. 6.4(c)) among the magnetic particles forming the chain.

Higher order chain breakup transitions (Chapter 2) [16] at which a magnetic particle

chain breaks up in multiple pieces should result in an even better homogenization of

the captured targets.

6.4.2 3D numerical model

In the 3D numerical model, the targets are seeded in a regular grid structure with

step size of 1µm and size of 40µm × 40µm × 40µm. We will first investigate the

influence of the induced fluid flow on the motion of the targets, i.e. we seeded the

periodical box with tracer targets. As a next step, we will quantify the capture of the

Brownian targets. We calculate the fraction of captured Brownian targets by dividing

the total amount of captured targets by the amount of targets that lie initially (t = 0 s)

within the rotational range of the chain, i.e. ∼ 800.

Fig. 6.5 shows the results of the 3D model for the tracer targets. Note, that the

top view images integrate all targets present over the domain height. When comparing

the 3D numerical model (Fig. 6.5) with the 2D numerical model (Fig. 6.3), several

observations can be made. Firstly, for both models, the rigid regime of the rotating

magnetic particle chain induces a stronger global fluid flow than the dynamic regime of

the rotating particle chain. This results into a more developed structure of the tracer

targets away from the particle chain.

Secondly, for the 3D numerical model, the differences in the induced motion of the
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(a) Side view of the periodical box in the rigid rotating chain regime

(b) Top view of the periodical box in the rigid rotating chain regime

(c) Top view of the periodical box in the dynamic rotating chain regime

(d) Top view of the periodical box in the alternating rotating chain regime

Figure 6.5: 3D numerical model of the induced motion of the tracer targets (in the absence
of Brownian motion), as a function of time, in different actuation regimes of a
rotating magnetic particle chain. The plotted target size is 20× enlarged for
clear visualization. Note that top view images integrate all targets present over
the domain height. When comparing to the 2D numerical model (Fig. 6.3(b)) the
dynamic regime of the particle chain ((c)) do not seem to induce isolated islands
of targets. Movies of the simulations can be found in Movie 6.3 (Appendix 6.6.1)

.
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tracer targets between the rigid (Fig. 6.5(b)) and the dynamic (Fig. 6.5(c)) regimes,

when observed from a top view, are less obvious than for the 2D model. In the 2D

numerical model, a clear distinction can be made in the induced motion of the tracer

targets between the rigid regime (Fig. 6.3(a)) which is laminar and predictable and

the dynamic regime (Fig. 6.3(b)) which is more chaotic. This difference in the global

induced motion of the tracer targets in the 2D numerical model is also present in the

3D numerical model for the tracer targets positioned exactly at center plane of a 3D

rotating magnetic particle chain. However, when we observed the integrated motion

of the tracer targets along the height of the box, the differences between the different

actuation regimes seem to be diminished.

We believe that this is due to the fact that the rotational motion of the magnetic

particle chain is mostly confined within the x − y plane and, therefore has limited

influence along the z axis direction (taken into account the size of the magnetic particles

(2µm) when compared to the height of the box (40µm)). Away from the chain center,

the influence of the rotational motion of the particle chain decreases both along the

plane of rotation and along the height of the box. We believe that when the magnetic

particle chain is allowed to translate along the height of the box, a clearer distinction

can be made between the different actuation regimes.

As noted before, the dynamic regime of the 3D magnetic particle chain (Fig. 6.5(c))

with periodic chain breakup and chain reformation does not seem to induce isolated

islands of tracer targets (Fig. 6.3(b)). We think that this should be beneficial for the

subsequent target capture processes. Movies corresponding to the 3D simulations of

Fig. 6.5 can be found in Movie 6.3 (Appendix 6.6.1).

Target capture

In Fig. 6.6, the capture of Brownian targets by a rotating magnetic particle chain

in a periodical box is depicted for the different actuation regimes. Specifically, for each

actuation regime, three sets of Brownian targets are introduced and we subsequently

count the average amount of captured targets per actuation regime.

When compared to the 2D numerical model (Fig. 6.4(b)), we observe that the

differences in target capture between the different actuation regimes are substantially

decreased, within a time period of 1 s. This is in accordance with the observation made

in Fig. 6.5, i.e. the differences in the induced motion of the tracer targets between

the different actuation regimes are small. We believe that both observations can

be attributed to the fact that the rotational motion of the magnetic particle chain,

responsible for the induced volume transport of the Brownian targets, is restricted only

within the rotational plane (x − y plane) of the chain. Away from the particle chain,

i.e. along the height of the periodical box, the influence of the rotational dynamics
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(a) Quantitative depiction of the target capture process

(b) Fraction of targets captured per
magnetic particle

Figure 6.6: 3D numerical model of target capture by rotating magnetic particle chains. For
each actuation regime, 3 sets of Brownian targets are introduced. (a) (left) The
average amount of captured targets for the different actuation regimes: circles
represent the dynamic regime (Fig. 6.5(c)), triangles represent the alternating
regime (Fig. 6.5(d)), squares represent the rigid regime (Fig. 6.5(b)) and crosses
represent the regime of a static magnetic particle chain that does not rotate.
(right) The differences in target capture between the different actuation regimes.
A small but significant and steady increase in target capture is seen for the
dynamic regime when compared to the rigid regime. (b) Fraction of the targets
captured by the different magnetic particles forming the chain. Chain breakup
and chain reformation (i.e. the dynamic and the alternating regimes) lead to
an enhanced target capture for particles at the chain center. Movies of the
simulations can be found in Movie 6.4 (Appendix 6.6.1).
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decreases. When the magnetic particle chain is allowed to translate along the height of

the periodical box, larger differences in target capture are expected between the different

actuation regimes.

At the right side of Fig. 6.6(a), the differences in target capture are depicted between

the different actuation regimes. When comparing the dynamic regime with the rigid

regime, we observe that the target capture process initially mainly occurs in the rigid

regime (t = 0 s till t = 0.2 s). However, this process reverses and from t = 0.2 s, a small

but steady and significant increase in target capture is seen for the dynamic regime.

It is also clear that if the trend in Fig. 6.6(a) continues, larger differences in target

capture could be obtained between the rigid and dynamic regimes. In the case of the

alternating regime of the rotating magnetic particle chain, no significant differences can

be observed with respect to the dynamic regime.

When observing the target capture of a static magnetic particle chain that does not

rotate (reference), a significant difference can be found with respect to the target capture

of a rigid rotating chain (Fig. 6.6(a)). A static magnetic particle chain that does not

rotate will cause the depletion of the targets in the surrounding fluid volume. However,

a chain that does rotate, cuts through the surrounding fluid and prevents the depletion

of the nearby targets. This is in contrast to the 2D numerical model (Fig. 6.4(b)), in

which a 2D rotating magnetic particle chain cannot cut through the surrounding fluid,

but can only move along with it, i.e. the depleted target zones surrounding the rigid

rotating chain cannot be refreshed. This explains why in the 2D numerical model, the

reference regime of the magnetic particle chain closely follows the rigid regime but lags

behind in the 3D numerical model.

In Fig. 6.6(b), the fraction of captured targets by the different individual magnetic

particles is shown for the different actuation regimes. In accordance with the 2D

numerical model (Fig. 6.4(c)), target capture is dependent on the mobility of the

magnetic capture particles. For the rigid regime, the magnetic particles at the chain

center have lowest mobility and correspondingly, the amount of captured targets is low.

In contrast, a magnetic particle chain that breaks up and reforms, has particles that

are initially at the chain center that can cover much more area within the rotational

range of the chain. This results in an enhanced target capture by the particles located

initially at the chain center.

The association rate constant

It is interesting to calculate the association rate constants corresponding to the

target capture in the 3D numerical model (Fig. 6.6(a)). The association rate constant

that corresponds to a static magnetic particle chain that does not rotate equals: ka =

(1.0± 0.3) · 1011 M−1s−1 (obtained from Eq. (6.3)). When the magnetic particle chains
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are actuated, the association constant increases to a value of ka = (1.6±0.5)·1011 M−1s−1

for all actuation regimes. This increase in the association rate constant is due to

the continuous refreshment of the surroundings of the magnetic particle chain which

diminishes the occurrence of any target depletion.

As a reference, we also obtain the theoretical association rate constant (Eq. (6.4))

of two uniformly reacting spheres with immediate binding, i.e. a magnetic particle with

a target. The corresponding kdif = 2.7 · 10−16 m3s−1 and ka = 1.6 · 1011 M−1s−1 of

a single magnetic particle is similar to the association rate constant we found for a

rotating magnetic particle chain. As expected, the ka of a static magnetic particle

chain is smaller due to the competition for the targets between the different individual

magnetic particles that leads to target depletion.

The above also agrees with the experimental findings reported in chapter 3, where the

association rate constant of a single magnetic particle corresponds to the association

rate constant of rigid rotating magnetic particle chains. However, in chapter 3, the

association rate constant for the dynamic chain regime is about 4 times higher than

the rigid rotating chain regime. We believe that this is due to three reasons. Firstly, in

the experiments reported in chapter 3, the chains translate lateral along the height

of the fluid cell which is not the case here in the 3D numerical model. Secondly,

the dynamic regime of the experimental magnetic particle chains exhibits higher-order

breakup transitions which enhance the mobility of multiple individual particles forming

the chain. Lastly, the experiments reported in chapter 3 last in minutes whereas the

3D numerical simulations reported here last only 1 second. As mentioned before, if the

trend in Fig. 6.6(a) continues, the differences in the target capture between the different

actuation regimes will become larger.

6.5 Conclusions and Outlook

2D and 3D numerical models have been developed and applied to observe the

kinetics governing the capture of Brownian targets by functionalized magnetic particle

chains. The volume transport responsible for the target-particle encounter is induced

by the fluid flow actuated by the rotating magnetic particle chains. We compare the

effectiveness of target capture in different actuation regimes of the magnetic particle

chains, i.e. for (1) the rigid regime of rigid chain rotation, (2) the dynamic regime in

which chains periodically fragment and reform and (3) the alternating regime where

the rigid and dynamic chain behaviors alternate. As a reference, a non-rotating static

magnetic particle chain is taken.

In the 2D numerical model, significant differences between the different actuation

regimes are observed in the induced fluid flow and the subsequent target capture process.
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For the rigid chain regime, the induced fluid flow is laminar and predictable whereas

for the dynamic chain regime, chaotic mass transport of the targets occurs near the

particle chain center. However, the dynamic chain regime proves to be ineffective for

targets that are further away, due to the lack of a global induced fluid flow. To combine

the influence of both actuation regimes, the magnetic particle chain is also actuated in

the alternating chain regime.

The target capture process is characterized by counting the amount of captured

Brownian targets as a function of time for the different actuation regimes. A significant

enhancement in target capture is observed for the dynamic regime (chain breakup and

chain reformation) and the alternating regime when compared to the rigid regime. We

believe that is due to the periodical topological changes of the magnetic particle chain.

Chain breakup and chain reformation allow the fluid flow to be directed towards the

magnetic particle chain, which is essential to capture the targets. When compared

to the ‘reference’ case of a static and non-rotating magnetic particle chain, its target

capture closely follows the target capture of a rigid rotating magnetic particle chain.

For the ‘reference’ and the rigid cases, target capture is determined mostly by the

target Brownian motion, since the fluid flow induced by a rigid rotating chain does

not contribute to the enhancement of the encounter rate between the target and the

magnetic capture particles.

Moreover, the target capture process is also observed to be dependent on the

mobility of the magnetic capture particles. A magnetic particle chain that can breakup

and reform, has particles at chain center that have much more mobility than a rigid

rotating particle chain. The increased mobility of the magnetic particle at the chain

center results in an enhanced target capture.

When the numerical model is extended to 3D, we observe that both the differences

in the induced fluid flow and the subsequent target capture between the different

actuation regimes are decreased. The observations can be explained with the fact that

the rotational motion of the magnetic particle chain, responsible for the induced volume

transport of the Brownian targets, is restricted within the rotational plane of the particle

chain, i.e. the x − y plane. Away from the particle chain, i.e. along the height of the

periodical box, the influence of the rotational dynamics decreases. We expect that when

the magnetic particle chain is allowed to translate along the height of the periodical box,

larger differences in target capture are expected too be seen. When observing the target

capture of a static and non-rotating magnetic particle chain, significant differences can

be found with respect to the target capture of actuated magnetic particle chains. A

static magnetic particle chain that does not rotate results in the depletion of the targets

in the surrounding fluid volume. A chain that does rotate, cuts through the surrounding

fluid and prevents the depletion of the nearby targets.
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In the current configuration, a small but steady and significant enhancement in

target capture can still be observed between the dynamic and the rigid chain regimes.

We believe that if the simulation time is extended, larger differences in target capture

are expected. Moreover, we obtained the association rate constants of the target

capture process in the 3D numerical model, i.e. ka = (1.6 ± 0.5) · 1011 M−1s−1 for

actuated magnetic particle chains and ka = (1.0 ± 0.3) · 1011 M−1s−1 for a static and

non-rotating magnetic particle chain. As a reference we also obtained the theoretical

association rate constant of a single magnetic particle, ka = 1.6 · 1011 M−1s−1. In

accordance with the experimental findings of chapter 3, the association rate constant

of a single magnetic particle corresponds to those of a rotating magnetic particle chain.

However, in the numerical simulations the additional four times enhancement due

to the periodic chain breakup and chain reform is not present. We believe that the

deviations between the 3D numerical results with the experimental findings of chapter

3 are due to, (i) the magnetic particle chains are not translating along the height of

the box, (ii) the dynamic regime is not exhibiting higher order breakup transitions and

(iii) the simulation time is too short (1 s).

Summarizing, we numerically predict the target capture process of a rotating

magnetic particle chain with Brownian targets in a Newtonian fluid. Periodic chain

breakup and chain reformation is shown not only to yield in (1) a larger average amount

of target capture but also in (2) a more homogenous distribution of the captured targets

over the individual magnetic particles forming the chain. Higher order chain breakup

transitions at which a magnetic particle chain breaks up in multiple pieces should be

investigated since it should result in an even higher homogenization of the captured

targets.

6.6 Appendix

6.6.1 Movies

Movie 6.1 depicts the 2D numerical results of the motion of the (non-Brownian) tracer

targets induced by a rotating magnetic particle chain in different actuation regimes.

Movie 6.2 depicts the 2D numerical results of the capture of the Brownian targets by

a rotating magnetic particle that breaks and reforms periodically. Movie 6.3 depicts

the 3D numerical results of the motion of the (non-Brownian) tracer targets induced

by a rotating magnetic particle chain in different actuation regimes. Movie 6.4 depicts

the 3D numerical results of the capture of the Brownian targets by a rotating magnetic

particle that breaks and reforms periodically.
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[21] W. Zylka and H. C. Öttinger, “A comparison between simulations and various approximations

for hookean dumbbells with hydrodynamic interaction,” Journal of Chemical Physics, vol. 90,

pp. 474–480, 1989.

[22] B. Carrasco and J. G. de la Torre, “Hydrodynamic properties of rigid particles: Comparison of

different modeling and computational procedures,” Biophysical Journal, vol. 76, pp. 3044 – 3057,

1999.

[23] T. Geyer and U. Winter, “An o(n2) approximation for hydrodynamic interactions in brownian

dynamics simulations,” Journal of Chemical Physics, vol. 130, p. 114905, 2009.

[24] R. Glowinksi, T. Pan, T. Hesla, and D. Joseph, “A distributed lagrangian multiplier/fictitious

domain method for particulate flow,” Int. J. Multiphase Flows, vol. 25, 1999.

[25] C. Geuzaine and J.-F. Remacle, “Gmsh: a three-dimensional finite element mesh generator

with built-in pre- and post-processing facilities,” International Journal for Numerical Methods in

Engineering, vol. 79, no. 11, pp. 1309–1331, 2009.

[26] G. d’Avino and M. A. Hulsen, “A comparison between a collocation and weak implementation

of the rigid-body motion constraint on a particle surface,” Int. J. Numer. Meth. Fluids, vol. 64,

pp. 1014–1040, 2010.

[27] P. S. Grassia, E. J. Hinch, and L. C. Nitsche, “Computer simulations of brownian motion of

complex systems,” J. Fluid. Mech., vol. 282, pp. 373–403, 1995.



Chapter seven

Conclusions and Outlook

7.1 Conclusions

Magnetic micro-particles, functionalized with bio-specific surface coatings, are

applied in many biochemical assays for the capture, transport and mixing of the

biological materials/targets. The goal of this study is to obtain enhanced mixing

and enhanced biochemical binding reactions of biological targets through controlled

rotational dynamics of magnetic particle chains. We focus on the dynamic regime of

the rotating magnetic particle chains in which they periodically breakup and reform.

Mixing is defined as the homogeneity at which a fluorescent dye is distributed across

the fluid domain and is quantified through a mixing index parameter (M). We use

the mixing index M to quantify the level of mixing between the different actuation

regimes. The parameter used to characterize the kinetics of target capture by magnetic

capture particles is the association rate constant (ka). At a fixed initial concentration

of assay components, the kinetics of the assay can only be enhanced by an increase

in the association rate constant. Our aim is to enhance the ka when compared to a

properly chosen reference system.

In chapter 2, a fast and easy to implement numerical model has been developed

capable of accurately describing the dynamics of a rotating magnetic particle chain in

an infinite fluid domain. The numerical model, utilizing dipolar magnetic interactions

and hydrodynamic-interaction tensors, has shown to lead to small errors only, when

benchmarked against the direct simulation method. A dimensionless number RT has

been derived capable of characterizing the dynamic behavior of the rotating magnetic

particle chain. Numerically and experimentally, RT = 1 is the boundary between rigid
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and dynamic behaviors, i.e. when RT < 1 the magnetic particle chains rotate rigidly but

when RT > 1 the formed particle chains periodically breakup and reform. We found

that a master curve exists between the experimental chain fragmentation behavior

and the proposed dimensionless number RT. The simulated rotational dynamics of a

magnetic particle chain correspond well with those obtained from video-microscopy

experiments, qualitatively and quantitatively.

In chapter 3, the differences in the induced fluid flow actuated by the rotating

magnetic particle chains in different actuation regimes are shown experimentally. In

case of rigid rotating chains, the patterns of the induced fluid flow are well-defined

circular bands around the center of the magnetic particle chains. In the regime in which

chains breakup and reform periodically, chaotic mass-transport of fluid flow occurs near

the chains. The dynamic regime of the rotating chain, when compared to rigid rotating

chains, yields an enhanced homogenization with M approaching a value around 0.1.

Rigid chains, on the other hand, result in a value of M of only around 0.5. Therefore,

we conclude that the alternating topological changes of the micro-particle chains, when

compared to rigid rotating chains, yield a better homogenization of fluids in the plane

of rotation.

To demonstrate the effects of the different actuation regimes on magnetic particle-

based target capture, rotating (streptavidin-coated) magnetic particle chains are used

to sample a volume, seeded with (biotin-coated) target particles. We find that the

capture kinetics are significantly enhanced by the dynamic regime as compared to

the rigid regime, i.e. in case of periodical chain breakup and chain reformation, ka
equals (57 ± 2) · 109M−1s−1 and in case of rigid rotating particle chains ka equals

(14 ± 2) · 109M−1s−1. When compared to the different reference situations (a single

magnetic capture particle and a collection of sedimented magnetic capture particles),

the enhancement due to dynamic chain rotation is about 5 and 10 times respectively,

which we believe is caused by the inherent particle chain dynamics.

In chapter 4, an experimental method is developed capable of disaggregating chains,

clusters and aggregates of magnetic particles using time-varying applied magnetic fields.

In the presence of an external magnetic field, magnetic particles form multi-particle

clusters due to attractive magnetic forces. The clustering reduces the accessibility of

the magnetic particles and is often not easily reversed, due to non-specific interactions

between the particles. The disaggregation process consists of (1) attracting the particle

clusters to a physical surface by a magnetic field gradient and (2) breaking the clusters

up using an orthogonally oriented magnetic field which induces repulsive dipole-dipole

interactions between the clustered particles. For small particle clusters of less than 10

particles, application of this method once is sufficient. Larger particle clusters up to

60 particles can be almost completely redispersed in less than one minute by repeated
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application of the field configurations.

In chapter 5, strong and global fluid flows (∼ 1mm/s) are generated by a swarm of

magnetic particle chains created by a vertical rotating magnetic field. The swarm of

particles transits to a stable and global vortex flow of fluid and particles stretched along

the entire length of a flat fluid cell (9 mm). The vortex flow is characterized by many

eddy-type substructures that fluctuate continuously in time, resembling turbulent flow.

However, our experiments show that inertial effects do not play a role. The observations

can be explained partially with the presence of rigid micro-stirrers uniformly dispersed

in a closed fluid cell. In such a configuration, the superposition of local rotational flow

induced by the micro-stirrers, adds up to generate a global vortex flow in the same

rotational direction. Reversing the rotational direction of the field results in a reversed

flow of both fluid and particles.

We have applied the phenomenon of swarming particles to a biochemical assay with

magnetic capture particles and fluorescently labelled IgG targets. When compared to

a reference system of sedimented and locally concentrated magnetic capture particles

(no external fields), magnetic actuation leads to both a ∼ 9 times increase in the initial

assay kinetics as well as a ∼ 7 times increase in the signals after 30 minutes. Magnetic

actuation transforms the initial state of sedimented and locally concentrated magnetic

capture particles to a state in which the magnetic particles are uniformly distributed

in the fluid volume with an association rate constant of ka ∼ 3 · 1011M−1s−1 which is in

the order of the ka founded for a single magnetic capture particle.

In chapter 6, 2D and 3D numerical models are developed and applied to observe the

kinetics governing the capture of Brownian targets by functionalized magnetic particle

chains. The volume transport responsible for the target-particle encounter is induced

by the fluid flow actuated by the rotating magnetic particle chains. We compare the

effectiveness of target capture in different actuation regimes. For the 2D numerical

model, significant differences between the different actuation regimes are observed. A

significant enhancement in target capture is observed for the dynamic regime when

compared to the rigid regime, i.e. 30% more targets are captured when the magnetic

particle chain periodically breaks up and reforms (within 1.5 s). We believe that this is

due to the inherent chain dynamics that force the fluid flow to be directed towards the

magnetic particle chain, which is essential to capture the targets. When compared to

a static non-rotating magnetic particle chain, the corresponding target capture closely

follows the target capture of a rigid rotating magnetic particle chain. For both cases,

target capture is determined mostly by the target Brownian motion, since the fluid

flow induced by a rigid rotating chain does not contribute to the enhancement of the

encounter rate between the targets and the magnetic capture particles.



128 Chapter 7

When the numerical model is extended to 3D, the differences in target capture

between the different actuation regimes are decreased. We believe that the observations

can be explained with the fact that the rotational motion of the magnetic particle chain,

responsible for the induced volume transport of the Brownian targets, is restricted only

within the rotational plane of the particle chain, i.e. the x − y plane. In the current

configuration, a small but steady and significant enhancement in target capture can

still be observed between the dynamic and the rigid chain regimes. We believe that if

the simulation time (1 s) is extended, larger differences in target capture are expected.

Moreover, we found the association rate constants of actuated magnetic particle chains

(ka = (1.6±0.5) ·10−11M−1s−1) to be similar to the theoretical association rate constant

of a single magnetic capture particle, in accordance with the experimental findings of

chapter 3. However, in the numerical simulations the additional 4 times enhancement

due to the periodic chain breakup and chain reform is not present. We believe that the

deviations between the 3D numerical results and the experimental findings of chapter

3 are due to, (i) the magnetic particle chains not translating along the height of the

box, (ii) the dynamic regime not exhibiting higher order breakup transitions and (iii)

the simulation time being too short (1 s).

7.2 Outlook

The alternating topological changes of the rotating magnetic particle chain is one

promising way of promoting mixing and biochemical reaction in microfluidic volumes.

However, the simulated and experimental models are still rather artificial mainly due to

the Newtonian fluid. To make it a viable tool for biosensor design, both the numerical

and the experimental models have be extended to non-Newtonian fluids, since fluids used

in biosensor devices are generally complex biological liquids such as blood or saliva. Up

to now, our models have been applied to Newtonian fluids only. Extending the models

to include complex fluids using appropriate non-Newtonian models will improve its

applicability to practical situations.

In Chapter 6, the decreases in the differences of the target capture between the

different actuation regimes are attributed to the fact that the rotational motion of the

magnetic particle chain is restricted only within the rotational plane of the particle

chain. We believe that larger differences in target capture can be obtained if the

magnetic particles chains are allowed to translate lateral along the height of the periodic

box. Moreover, it is interesting to investigate the advantages of higher order breakup

transitions of a rotating magnetic particle chain. Higher breakup transitions allow

the the particle chain to breakup in multiple pieces, which will promote the mobilities

of the magnetic particles and correspondingly the homogenization of captured targets.

Lastly, the 3D numerical simulations reported here last only 1 second and the numerical
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simulations should be conducted for longer times.

In Chapter 4, a method to disaggregate clusters of magnetic particles by time-varying

applied magnetic fields is demonstrated. The disaggregation method can be used to

reduce non-specific adhesion between the magnetic particles. The results presented in

chapter 4 have been obtained with streptavidin functionalized particles dispersed in a

physiological buffer with blocking proteins. In follow-up research, it will be interesting

to further study the biological window of operation of the disaggregation method for

different particle types, and to evaluate which fields and field gradients are needed to

break non-specific binding in fluids of increasing biological complexity. In addition, it

will be interesting to study the case of extremely high particle concentrations, in which

large particle aggregates will be formed that need to be redistributed uniformly over

the surface.

In chapter 5, a strong and global fluid flow is initiated by a swarm of magnetic particle

chains induced by a vertical rotating magnetic field. The observations can be explained

partially with the presence of rigid micro-stirrers uniformly dispersed in a closed fluid

cell, where the local stirring of the fluid (caused by the applied field) is coupled with

the more globally induced vortex flow (influenced by the geometrical dimensions of the

fluid cell). It will be interesting to see whether we indeed can validate this claim by

simulating the observed phenomenon using a 2D numerical model. The numerical model

consists of a rectangular box containing a suspension of circular particles in a Newtonian

fluid. To model the local stirring of the fluid, we seed the fluid domain with uniformly

distributed rotor-like velocity fields that rotate with the same speed and in the same

direction. The superposition of the rotor-like velocity fields will generate a global vortex

flow that will influence the motion of the circular particles. The corresponding motion

of the fluid and the particles should then be monitored.





Samenvatting

Magnetische microdeeltjes kunnen op verschillende manieren worden toegepast in

microsystemen, bijvoorbeeld als actuatoren om vloeistofstromingen te genereren, als

roerstaafjes om laminaire vloeistofstromingen te mengen en, indien gefunctionaliseerd

met biospecifieke oppervlakte coatings, als mobiele bindingsplaatsen voor biochemische

assays. Het doel van deze studie is om op microschaal een betere menging en een

effectievere biochemische reactie te bewerkstelligen door middel van gecontroleerde

bewegingen van de magnetische microdeeltjes.

Om volledige experimentele controle te krijgen over de magnetische microdeeltjes

hebben we een octopolair elektromagnetisch systeem ontworpen en gerealiseerd, dat in

staat is om de magnetische microdeeltjes in een driedimensionale ruimte te manipuleren.

Daarnaast hebben we driedimensionale numerieke modellen ontwikkeld die in staat zijn

om de mechanismen en de dynamica van zowel de magnetische microdeeltjes, als de

vloeistofstroming, als het daarop gebaseerde proces van het vangen van targetdeeltjes

door de magnetische microdeeltjes te beschrijven en begrijpen.

Experimenteel laten we de mogelijkheid zien om (I) de magnetische microdeeltjes

om te vormen tot deeltjesketens, die als dynamische roerstaafjes in staat zijn om

efficiënte menging en efficiënte biochemische assays te bewerkstelligen. We richten ons

op de dynamische bewegingen van de roterende deeltjesketens die, onder goed gekozen

omstandigheden, periodiek uiteenvallen en reformeren. Deze dynamische beweging van

de roterende ketens bijkt, in tegenstelling tot de rigide rotatie van de deeltjesketens,

in een verhoogde homogenisatie (5×) van de vloeistof te resulteren. We meten ook de

effecten van verschillende actuatieregimes op een biochemisch assay gebruik makend

van roterende (streptavidine-gecoate) magnetische deeltjesketens en (biotine-gecoate)

targetdeeltjes. Het blijkt dat de vangstkinetiek aanzienlijk wordt verbeterd (4×) door

de dynamische ketenrotatie. In vergelijking met andere referentiesystemen (een enkel

magnetisch deeltje en een verzameling gesedimenteerde magnetische deeltjes), is de

versnelling van de kinetiek door dynamische ketenrotatie respectievelijk ongeveer vijf
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en tien keer.

We hebben ook driedimensionale deeltjes-dynamica-simulaties uitgevoerd om het

gedrag van roterende magnetische deeltjesketens nauwkeurig in kaart te brengen.

Binnen een bepaald bereik van magnetisch veldgroottes, rotatiefrequenties en

deeltjeseigenschappen, vindt het periodieke breken en reformeren van de deeltjesketen

plaats. We kunnen de rotatiedynamica nauwkeurig beschrijven met een dimensieloos

getal RT gedefinieerd als de verhouding tussen het aangedreven magnetische moment

en het tegenwerkende viskeuze moment. Wanneer RT < 1 vormen de magnetische

deeltjes rigide ketens, maar wanneer RT > 1 breken en reformeren de ketens periodiek.

We laten ook experimenteel (II) zien dat ketens, clusters en aggregaten van

magnetische deeltjes kunnen worden opgebroken in kleinere afzonderlijke entiteiten

door tijdsafhankelijke magnetische velden. We zijn in staat om de deeltjesverdeling

te controleren en te manipuleren. Grote clusters van tientallen (60) deeltjes kunnen

worden gesplitst tot kleinere clusters en individuele deeltjes in ongeveer een minuut. Na

het proces van opbreken, zijn de magnetische deeltjes gelijkmatig over het oppervlak

verspreid en gereed voor verdere lab on chip toepassingen.

Verder tonen we (III) experimenteel aan dat we in staat zijn om zeer sterke

vloeistofstromingen (1 mm/s) te creëren met behulp van een verzameling van

magnetische deeltjesketens die loodrecht op het oppervlak van een vloeistofcel roteren.

Een dergelijke configuratie maakt de vorming van een stabiele en globale vortexstroming

mogelijk. We hebben dit fenomeen toegepast om een biochemisch assay te versnellen

met magnetische vangdeeltjes en fluorescent gelabelde IgG targets. In vergelijking

met een referentiesysteem van gesedimenteerde en lokaal geconcentreerde magnetische

vangdeeltjes, leidt deze magnetische aandrijving tot zowel een negen keer snellere

initiële assay kinetiek als een zeven keer zo hoog eindsignaal na 30 minuten.

Als laatste, hebben we een numeriek (IV) model ontworpen dat in staat is om

de vloeistofstromingen, gëınduceerd door een roterende magnetische deeltjesketen, te

beschrijven. Het numerieke model is een combinatie van een deeltjes-dynamica-model

(voor het berekenen van de dynamica van de magnetische deeltjes) en een eindig

elementen simulatiemodel (voor het berekenen van de resulterende vloeistofstromingen).

We bezaaien het vloeistof domein met Brownse targets en we tellen vervolgens de

fractie van de aanwezige targets die worden gevangen door de roterende magnetische

deeltjesketen. We doen dit voor verschillende regimes: (1) het rigide regime van

rigide keten rotatie, (2) het dynamische regime waarin ketens periodiek opbreken

en reformeren en (3) het afwisselende regime waar rigide en dynamisch ketengedrag

elkaar afwisselen. We constateren dat het dynamische regime leidt tot (1) een hogere
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gemiddelde hoeveelheid targetvangst, en (2) een meer homogene verdeling van de

gevangen targets over de magnetische deeltjes. Dit model kan worden gebruikt om de

rol die wordt gespeeld door volumetransport in het proces van het vangen van targets

door magnetisch deeltjes, te begrijpen en voorspellen.
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