Artificial cilia for microfluidics

exploring the use of a horizontally
micro-structured ferromagnetic PDMS
composite

master’s thesis of
Willem van Engen
2007 - 2008

research carried out at

Eindhoven University of Technology
Department of applied physics
Molecular biosensors for medical diagnostics (MBx)

under supervision of

M.Sc. F. Fahrni and dr. L.J. van IJzendoorn



http://www.tue.nl/
http://www.phys.tue.nl
http://web.phys.tue.nl/en/the_department/research_groups/multidisciplinary_activities/biosensors/




Abstract

Cilia are thin, flexible rods found in nature which induce mixing and pumping on a microscale. This
way of inducing motion in a fluid can be applied to the domain of microfluidics. As a step towards
microfluidic control by artificial cilia, magnetic actuation of artificial cilia was investigated in theory
and tested in practise by feasibility prototypes; both confirmed the possibility of inducing motion in
ferromagnetic artificial cilia using a magnetic field.

The bending of a cilium as a result of a magnetic field was estimated theoretically for a paramagnetic
as well as a ferromagnetic material; the former in the high-gradient field of a current wire, and the
latter in the homogeneous field of a magnet. When combined with an estimation of the parameters
involved, the resulting cilia movement favoured the ferromagnetic cilium, which could achieve a greater
deflection than the paramagnetic cilium and whose behaviour was independent of scaling. Both showed
a p3-dependence on aspect-ratio.

Feasibility prototypes were created for experimental verification. The soft polymer polydimethylsilox-
ane (PDMS) was used as a material for artificial cilia. It was doped with 70nm Fe@C particles to make
it magnetic. Characterisation by a vibrating sample magnetometer (VSM) showed that the magnetic
behaviour was independent of the concentration of magnetic particles in PDMS, with which the sat-
uration magnetisation My, remanent field M, and susceptibility y scaled linearly. Extrapolating the
measurements to a 100vol% Fe@QC-PDMS composite resulted in My = 0.6MA/m, M, = 0.16M; and
X =~ 5. The coercive field was measured to be H. = 17.5mT. Field-curing of the composite did not
substantially enhance its magnetic properties.

To obtain micro-fabricated high-aspect ratio structures, PDMS was structured horizontally using a
sacrificial layer lift-off technique. For this procedure, two photosensitive PDMS formulations were inves-
tigated, of which s-PDMS was selected. This resulted in micro-structured artificial cilia of about 10um
in thickness and 250um in length. Actuation with a 50mT field resulted in a deflection of about 180um,
which was in the same order of magnitude as calculated from theory and VSM measurements. Also
artificial cilia with a size of one order of magnitude larger were found to behave accordingly. Although
the actuating field exceeded the coercive field of the composite, a permanent moment perpendicular to
the field was shown to remain and cause the cilium to deflect.






Preface

Nature is full of wonderful things. Surprising things, living things. In normal life, we see the outside,
and marvel at its beauty. In science, we look at the matter inside. Zooming in (and out) at different
levels, new things are discovered. Interconnections are made between the world we perceive normally,
and the larger and smaller things. And we are led to wonder again, discovering beauty, complexity and
efficiency.

Not only do we venture to describe or understand these worlds, there is also the application of ideas
found to our own problems, the world acting as a sort of idea-pool with proved track records. Human
flight, for example, can be found as early as in the myth of Icarus, who escapes from the island of Crete
by a pair of feather wings. The existence of birds who can fly using wings can be seen as working
prototypes: a convincing argument that the principle of flight using wings is attainable. And indeed,
aeroplanes are all too common nowadays. They are not exact copies of the example set by nature, since
the materials and production methods we use are different from nature’s, and so are our requirements.
But aviation has become a reality because of a founded belief that such is attainable. That is why
nature-inspired design, if treated with some care, is a fruitful endeavour.

And then the nature-inspired idea meets science, the continuous process that refines our description
of nature. Inspiration meets technology, which applies science to create something tangible; a fusion
between the something found in nature, and the technological world we have shaped; something new.

This work begins with an idea present in nature: cilia, small moving tentacles that can be found in
organisms. When combined with scientific theories and technological fabrication methods, something
tangible can emerge; a step towards microfluidic control by means of magnetically actuated artificial
cilia.

This document contains many hyperlinks in its digital form, which are not accessible in the hardcopy version.

If you happen to be in possession of the latter, you can find the digital version on the website mentioned below.

Additional material, like full-page experimental graphs and numerical data, will be available at the same place.
http://willem. engen. nl/uni/ intern-mba/


http://willem.engen.nl/uni/intern-mbx/
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Chapter 1
Introduction

1.1 Cilia in nature

Cilia are tail-like protrusions on a cell, extending
into the surrounding liquid or gas. Discovered in
1898[56] but not well understood until the 1990s,
they are a good example of how an organism inter-
acts with a fluid or gas on a microscale. Cilia can
either probe the environment for sensory informa-
tion, or set the surroundings in motion by bending
to and fro themselves. The former, non-motile cilia,
are sensory organelles found for example in the hu-
man nose, ear and eye; in kidneys, non-motile cilia
send signals to a cell when they bend in response
to a fluid flow.

Motile cilia constantly beat in one direction, in-
ducing movement in the surrounding fluid. Many
of these are often found together to create a sub-
stantial effect. This type of cilium often exists
in mammals, including humans. In the windpipe,
they filter and transport dirt toward the nostrils.
In the brain, they enhance ion transport by induc-
ing mixing [13]. Another notable example of motile
cilia is found in the single-celled organisms called
paramecia (figure 1.1). These rugby-ball shaped
cells are covered completely with cilia, with which
it moves itself through the fluid and draws food into
its cell mouth. Paramecia are 50-350 micrometres
in length, may have five to six thousand cilia, and
reach speeds of 0.4-2 millimetres per second [32, 96].
This shows that cilia have a great potential in fluid
manipulation on a milli- and micrometre scale.

Most cilia are about 5-10 micrometres long and
about 0.2 micrometres in diameter [33, 95]. Be-
cause of the small size, it is not straightforward to
do in wvivo mechanical measurements. The larger
motile cilia found in the common mussel (mytilus
edulis) have been measured, however. They are

Figure 1.1: Paramecium bursaria, a single-celled organ-
ism that is covered with cilia by which it moves through
the surrounding fluid. [61]

up to 100 micrometres long and about 3 microme-
tres in diameter. The Young’s modulus was mea-
sured to be 5-9 GPa for various sizes [9]. In related
work, a Young’s modulus of 0.1 to 1 gigapascal was
found for micrometre-sized cilia-like structures of
haircells in the cochlea [70]. Sperm flagella (the
much longer brothers of cilia) have been measured
to have a Young’s modulus of several gigapascal

8, 14].

Much more can be said on the subject of cilia
and similar organic structures found in nature. But
having touched the surface of this concept, it’s time
to look at an application area that may benefit from
this.
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1.2 Microfluidics

In the past couple of decades, miniaturisation of
electronic devices has changed everything related
to computation, information and communication.
From a technical point of view, downscaling of indi-
vidual components that build up an electronic cir-
cuit have been key to this: transistors, resistors,
and the like. A similar development is taking place
in chemistry and biology. Complex chemical re-
actions happen on a large scale in chemical plants,
and biological tests are being carried out with table-
top analysis systems. When these techniques are
scaled down in size, new possibilities arise. Small-
scale custom synthesis can be done without the
overhead of large-scale methods. And the lesser
amount of input sample needed would convenience,
for example, patients giving blood for medical tests.
The small scale on which the process takes place
can also accelerate research on small phenomena
that is otherwise much more complicated; measure-
ment and manipulation of single cells and DNA
molecules, for example [27, 35, 49, 83].

To achieve miniaturisation of biochemical de-
vices, miniaturised building-blocks are needed:
channels, valves, pumps, mixers, etc. These can be
put together into a single device, much like a digi-
tal microchip consists of minuscule resistors, tran-

Figure 1.2: A microfluidic bioreactor for the monitor-
ing of bacteria with single-cell resolution, which can
dynamically control population density. [59, 72]

CHAPTER 1. INTRODUCTION

sistors, and the like. Such a microfluidic chip has
been named micro total analysis system (W TAS), or
lab-on-a-chip (LoC). When they are commercially
available, it opens up new possibilities in all areas
related to chemistry and biology: molecular anal-
ysis, bio-defence, cell biology, chemical synthesis,
medicine, heat management, and more [65, 74].

Already microfluidic consumer devices have be-
gun to appear. Blood glucose meters for diabetes
patients may be the first and most simple exam-
ple, and they are all too common nowadays. The
Biosite Triage system is a more sophisticated com-
mercial example, which contains a microfluidic net-
work for blood analysis in a disposable cartridge
[44]. More complex devices are being developed,
like a wristwatch that is able to measure multiple
blood parameters [51], or an in vivo wireless drug-
delivery microchip [87]. In laboratories, complex
microfluidic devices are being used [99], as shown
in figure 1.2. Still a lot of work is needed to bring
microfluidics to the masses.

An important technological issue is the availabil-
ity of microfluidic building-blocks that are small,
easy to use, and easy to produce. For disposable
components, low cost is another important issue.
It is here that the idea of cilia can be of use: they
can be put to work as actuators micro-pumps and
micro-mixers.

1.3 Cilia for microfluidics

Motile cilia have been found to induce fluid move-
ment (section 1.1), so artificial cilia would natu-
rally be useful for the creation of micro-pumps and
micro-mixers. Pumping is still mostly done using
macroscopic, external pumps. Although many de-
signs for micro-pumps have been presented [53, 91],
the use of multiple artificial cilia is new. The con-
vincing proof of concept found in nature shows its
potential.

Mixing needs special attention in microfluidic de-
vices. In macroscopic mixers, a stirrer usually in-
duces turbulence to provide efficient mixing. On
a microscopic scale, however, this is much harder
to achieve because of the low Reynolds number!.

IThe ratio of inertial versus viscous forces is given by
the dimensionless Reynolds number Re = vs L , with vs the
mean fluid velocity, v the kinematic viscosity, and L the
characteristic length scale. When the length scale decreases
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In this situation, mixing only happens by diffusion.
To achieve any reasonable mixing speed, chaotic
advection is required to increase the contact area
of the constituents. This mixing can be achieved
by artificial cilia, as has been shown by nature.

The details of how cilia movement exactly in-
duces pumping and mixing is important for such
behaviour in artificial cilia, and has been researched
in theory and practise, e.g. [82, 97]. But this work
confines itself to showing the feasibility of artificial
cilia. First it is to show the possibility of creating
artificial cilia and actuating them; then comes the
application to microfluidic systems, which is out-
side the scope of this work.

1.4 Approach

To use artificial cilia as actuators in microfluidics,
one has to be able to build them and make them
move. One of the methods to induce motion is by
magnetism: a magnetic rod can be made to rotate
or bend in the presence of a magnetic field. Com-
pared with other mechanisms, like electric field,
temperature or pH, magnetism has little influence
on biochemical processes? [73]. The magnetic field
can be created by an external (electro)magnet or
integrated current wire. The latter would enable
local control of the magnetic field, and possibly of
the motion of single artificial cilia.

One can use magnetic actuation with two kinds
of magnetic material: paramagnetic (induced mag-
netisation) and ferromagnetic (permanent magneti-
sation). The former has been investigated before
and has had some success [78, 90]. The use of a
permanent magnetic moment in artificial cilia is a
new idea that may improve performance. In this
project, the use of a permanently magnetic mate-
rial for actuation is investigated.

Since it is still a question if magnetic actuation
is feasible, it is useful to start with a relatively
soft material to require relatively little force to
bend a cilium. The polymer polydimethylsiloxane

considerably as a result of miniaturisation, the Reynolds
number naturally goes with it, so that viscous forces start
to dominate and prevent turbulence. See [94, 80] for quan-
titative examples.

2 Although there are magneto-tactic bacteria that are sen-
sitive to the earth’s low magnetic field, this is exception
rather than rule.
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Figure 1.3: Magnetic valve with bar and magnet. [79]

(PDMS) has a Young’s modulus of about a mega-
pascal. It is widely used in microfluidic systems,
easy to process and bio-compatible (see also sec-
tion 2.3.2). While natural cilia have a much higher
modulus, the lower modulus of PDMS makes it eas-
ier to induce movement. PDMS is not magnetic in
itself, but it can be made so by doping it with mag-
netic particles.

Cilia in nature are cylindrical rods, standing up-
right. Their high aspect-ratio enables them to have
large movements and to penetrate the fluid over
some distance. Both increase the effect they have
on the surrounding fluid. In analogy with this, it is
desirable to have artificial cilia with a high aspect-
ratio. This has not been easy to attain with PDMS,
however, where an aspect-ratio of fifteen is consid-
ered high already [43, 86]. Therefore, another ap-
proach was taken: horizontal instead of vertically
standing. The use of a sacrificial layer lift-off tech-
nique overcomes the difficulty of obtaining a high
aspect-ratio inherent in production processes like
replication-molding and lithography.

1.5 Related work

This section summarises existing publications that
are closely related to artificial cilia and magneti-
cally actuated microfluidic systems.

1.5.1 Magnetic micro-actuators

Magnetism and microfluidics have only been com-
bined at large recently. In the last couple of years,
various micro-valves and micro-pumps have ap-
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Figure 1.4: Artificial cilia that can bend under influence
of a magnetic field [78].

peared where a piece of magnetic material is at-
tracted to a magnet with a micro-channel in be-
tween (figure 1.3). The typical dimensions of this
kind of device are in the order of millimetres.
[66, 79, 92]

Not only have pieces of metal or magnets
been embedded into PDMS, also magnetic pow-
ders have been mixed with PDMS to create a
composite magnetic polymer. Magnetic mem-
branes were used to create micro-valves[40] or
-pumps[57, 67, 69]. Ground rare-earth magnets
were mixed with PDMS to create millimetre-
sized membranes deflected by an external (elec-
tro)magnet, or micrometre-sized iron particles were
used. The rare-earth particles had sizes of tenths of
millimetres and could be mixed with PDMS in con-
centrations of 50wt% (percentage in weight). Iron
particles were < 10um and could be mixed with
PDMS up to concentrations of 75wt% = 11vol%.

Deflection of a copper cantilever with a PDMS
composite magnet has also been demonstrated [29].
In other work, there are efforts to incorporate su-
perparamagnetic particles into PDMS at concen-
trations of 5vol% |78, 90].

1.5.2 Artificial cilia in microfluidics

There has been some previous work on artificial
cilia in microfluidics. Arrays of microposts of plain
PDMS of 30pum wide and 570um high were created,
suitable (for non-motile) flow-sensing cilia by opti-
cal detection [64]. Artificial cilia of down to 200nm
in diameter and up to 25um high, created of su-
perparamagnetic particles in a PDMS matrix, have
been shown to move under influence of a magnetic

CHAPTER 1. INTRODUCTION

field [78] (figure 1.4). Superparamagnetic slabs de-
flected by the magnetic gradient field of current
wires are work in progress [81, 90]. Electrostat-
ically actuated artificial cilia, fabricated horizon-

tally, have been shown to induce mixing [94].

1.6 Thesis overview

This report describes the effort to show the feasi-
bility of creating artificial cilia using a permanently
magnetic PDMS composite in a horizontal fashion,
that can be bent by a magnetic field. First, the
idea is worked out in chapter 2, including a theo-
retical analysis. Then the creation process of the
magnetic PDMS composite and its characterisation
are treated in chapter 3. The fabrication of the
half-suspended beam in PDMS using a sacrificial
layer lift-off technique is described in chapter 4, af-
ter which the resulting feasibility prototype is in-
vestigated in chapter 5. A recapitulation of results
and conclusions, as well as suggestions for future
work is given in the final chapter 6.



Chapter 2

Design

2.1 Introduction

Before moving on to the production of an artifi-
cial cilium, it is worthwhile to have an idea of its
expected behaviour. This results in an understand-
ing of the relevant parameters involved and aids in
choosing materials and design. As a starting point,
we take a ferromagnetic PDMS composite to create
horizontal beams, supported at one side (see figure
2.1). These are made to bend by application of a
magnetic field. For comparison with the existing ef-
fort of a paramagnetic artificial cilium, an induced
magnetic material (paramagnetic) is also analysed
in this chapter.

2.2 An engineer’s theory

To get an idea of the behaviour of a magnetic arti-
ficial cilium under application of a magnetic field,
a basic order-of-magnitude calculation has been
done. Goal is to find out what conditions are re-
quired to induce movement in an artificial cilium,
and for this it suffices to make an approximation.
The result is verified with a finite element simu-
lation (section 2.4). A summary of the resulting
formulae is given in table 2.1 on page 17, which are
derived below.

PDMS composite

Figure 2.1: The proposed design for an artificial cilium:
a horizontal half-suspended beam.
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2.2.1 Force

Consider the interaction of the magnetic moment
of an artificial cilium with a magnetic field. The
cilium is taken as a single, solid block on which a
force and torque may act as a result of an average
field. It has length L, width W and thickness 7', as
shown in figure 2.2. When the cilium has a moment
i1, it experiences a force

F=po (fi-V) Ho, (2.1)
where pg is the permeability of vacuum, and H,
the applied magnetic field'. In words: the force is
proportional to the magnetic moment, and to the
gradient of the field in the direction of the magnetic
moment. This relation applies directly to a perma-
nently magnetic cilium, with g = MV, where M
is the volume magnetisation, and V' the volume of
the magnetic material.

When the cilium’s material is paramagnetic, the
magnetic moment is induced by the externally ap-
plied magnetic field Hy: i = MV = yH,V, with
x the magnetic susceptibility. Subsequently, the
moment is always parallel to the field®. The force

lﬁo is the magnetic field as created by an external source
(magnet). The presence of a magnetic moment alters the
actual field, but ﬁo indicates the field in absence of the
cilium.

2x is a scalar. But when anisotropy is present, there is
a different susceptibility in different directions and it be-
comes a tensor. In case of a long beam, there is a significant
shape anisotropy. However, if the field remains parallel to
the beam, it can be neglected. For an induced moment and
small deflections (as will be explained shortly), this is the
case anyway. See section 2.2.3 for a further treatment of
anisotropy.



14

L

Figure 2.2: A half-suspended beam deflects over a dis-
tance § under the influence of a force F' exerted on its
free end. The beam has a length L, width W, and
thickness T (out of plane). This only holds for small
deflections, so the length of the deflected beam is equal
to the length of the bent beam.

becomes

In words: the force is proportional to the suscepti-

bility of the cilium, to the field, and to the gradient
of the field in the direction of the field.

Since the cilium is fixed at one side, a perpendic-
ular force makes it bend. For small displacements,
this is described by standard beam deflection the-
ory®. The deflection ¢ of a half-suspended beam
with Young’s modulus F that is loaded at its free
end with a force F is [12, 15]

4L3F
= ETE (2.3)
Since § o< L3, the end of the beam contributes most
to the deflection, even though the whole beam ex-
periences a magnetic force*. In analogy with [90],
we take an area of W x W x T at the tip. The force
F is acting in a direction €| perpendicular to the

3The assumptions are that the material is homogeneous,
the radius of curvature > 10W, the force is perpendicular to
the beam’s axis, L > W, and the material behaves as a
Hookean solid.

4In case of a current wire perpendicular to the plane of
paper, the gradient is far from homogeneous over the beam.
Since the end contributes most to the deflection, it is posi-
tioned most favourably close to it. This makes only the end
contribute significantly.

CHAPTER 2. DESIGN

beam”®,
4#0[13 — — N
= (1.5) 1.0

For an induced magnetic moment, this becomes

(2.4)

5= ‘”‘Eoixwﬁ [(HO : v) ﬁo} e (2.5)

2.2.2 Torque

The force is caused by the gradient of the magnetic
field. But there is also a torque, induced by a non-
parallel magnetic moment: 7 = pg i X ﬁo. When
the fixed end of the beam is taken as a rotation
point®, the effect of the torque is the same as that
of a force F' at the free end:

(2.6)

where €| is the unit vector parallel to the beam,
and €, = €| x €. Again, this only holds for small
deflections, when F' is perpendicular to the beam.

Now that the torque is translated into a force
acting on the end of the beam, it can be applied to
the deformation problem:

4,LL0L3 - = -
- 2 (41 x o) - 2.

There is only a deflection if the magnetic moment
and field are not parallel. In case of an induced
moment, [ < Hp, and the torque and deflection
are zero.

0

(2.7)

2.2.3 Anisotropy

As already mentioned in footnote 2 on the previous
page, the induced magnetisation of a beam may not
be completely parallel to the field. This is due to

5The working point of the force in equation 2.3 is at the
end, while it is at the centre of the W x W x T block for
the magnetic force in equations 2.4 and 2.5. But since L >>
W, the difference is negligible in this order-of-magnitude
calculation.

6The beam is far from being a solid block; equation 2.3
explicitly uses the deformability. But to avoid a more com-
plex treatment of the problem, the magnetic torque is taken
as working on an undeformable block; to verify this and
other approximations, the result is tested with a finite ele-
ment simulation in section 2.4.



2.2. AN ENGINEER’S THEORY
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Figure 2.3: The demagnetising field Hq can be thought
of as induced by free magnetic poles at the surface (in-
dicated by + and -). A thin layer exhibits two ex-
treme cases: (a) the field is parallel, leading to N — 0,
whereas (b) for a perpendicular field, N' — 1. The de-
picted material has a susceptibility x slightly smaller
than one, since M = xH;, and H; = Hy + Hg, with
Hy < 0.

anisotropy and the demagnetising field, which will
be explained shortly. For a more thorough treat-
ment, please refer to [42, §3] and standard text-
books on magnetism.

When a material is magnetised, magnetic poles
are formed at the ends, creating a field opposite
to the magnetisation. This is the demagnetising
field Hy, which reduces the internal field H; with
respect to the external field Hy: H; = Hy + Hy.
Since H, is directly a result of the magnetisation
of the material, it is defined as Hy = —N'M, with
N the demagnetisation factor.

For a very thin specimen with a perpendicular
magnetisation, the number of magnetic poles on
the surface is large with respect to the volume of
the sample (figure 2.3b). This results in a large
demagnetisation facﬁz: N, — 1. When the mag-
netisation of the same sample is parallel, the de-
magnetisation factor becomes (almost) zero (figure
2.3a): N — 0. For other shapes than thin layers,
the demagnetisation factor is between zero and one,
and V| + N1 = 1 holds. This generalises in three
dimensions to NV, + N, + N, = 1.

Only for ellipsoids and infinitely long, thin plates

1t is actually not magnetic poles that cause demagnetisa-
tion directly. Magnetic poles cause the magnetic moments at
the surface to orient themselves parallel to the surface, which
causes an amount of flux closure that lowers the stray field.
This is not always explained clearly, though [50] touches
upon it in chapter 3. An important consequence is, that in
a saturated sample even the moments at the surface orient
themselves to the external field, and no demagnetisation is
present.
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Figure 2.4: The long axis demagnetisation factor N
of a two-dimensional rectangular prism as a function of
aspect ratio p = % The short axis demagnetisation
factor naturally is N = 1 — ./\/'”. The solid line is ac-
cording to the formula given by [23], while points are
results of finite element simulations of a box in a homo-
geneous field. The red circles are a result of the demag-
netising field at the centre of the box, while the green
crosses are averaged over the whole body. This shows
that the demagnetising field of a rectangular prism is
indeed not homogeneous. The theory describes the av-
erage demagnetisation field over the whole box, which
is useful for the current analysis that approaches the
cilium as a single, homogeneous body.

the demagnetising field is homogeneous throughout
the shape, resulting in manageable analytic expres-
sions [1]. A sphere is completely symmetric in all
three dimensions, so N' = % The demagnetising
field in cylinders and rectangular prisms varies over
the shape, but it is possible to define an effective
demagnetisation factor [17, 23]. The latter is shown
in figure 2.4 for a two-dimensional prism (N, — 0).

For a paramagnetic material, the magnetisation
is dependent on the external field, and so is the
demagnetising field. Subsequently, the total mag-
netic response of the material is dependent on N.
This results in an effective susceptibility x.g that
depends on the shape, and the “clean” susceptibility
x with no demagnetising field present. To quantify,
the effective susceptibility is derived:
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Figure 2.5: Anisotropy can cause a non-parallel mag-
netisation in a paramagnetic material. The external
magnetic field Hy is at an angle o with the beam’s long
axis €. The susceptibility of the beam is different in
both directions due to shape anisotropy, so its magneti-
sation is not parallel with Ho. The resulting internal
field H; is shown with arrows inside the material.

xH; = x(Ho—NM) (2.8)
X

Hy = Xef = —=—.
0 Xeff 1+NX

_X
1+ Ny

The “clean” susceptibility x can be measured in
a sample with N/ — 0 in the correct direction. In
that case xeg — X.

An asymmetric shape has different demagnetisa-
tion factors in different directions, so the demag-
netisation factor and effective susceptibility Xeg is
different for different directions. This can be the
cause of non-parallelism between the induced mag-
netic moment and the external field. In case of a
two-dimensional beam (T — o0), the demagnetisa-
tion factor ./\/H soon is smaller than 0.1 for aspect
ratios over ten, as can be seen in figure 2.4, so that
there is an order difference between the parallel and
perpendicular demagnetisation factors. This can
create an induced moment that is not parallel to
the external field, so that there is a magnetic torque
in a cilium with a magnetically induced moment.

The magnitude of this effect can be quantified by
considering a paramagnetic block with susceptibil-
ity x in a magnetic field Hy with the unit vector €
pointing along its long axis, and €, perpendicular
to it. The angle between the magnetic field and €,
is a. This is depicted in figure 2.5. The magneti-
sation along these directions is M) = x| Hocosa
and M, = x1 Hpsina. The induced torque then
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becomes

T = ,u()ﬂ: X ﬁo = ILL()VM X ﬁo (29)

= uV (XHHO cosa€) + x1LHo sinaé]_) x Hy
1 = 2 o
= §M0V ’Ho’ sin 2 (x| — xL) €=,

with x| the effective susceptibility in the direction
parallel to the block’s long axis, and y, the ef-
fective susceptibility along its perpendicular axis.
Their difference is a result of demagnetisation, ex-
pressed by equation 2.8. When x < 1, it can be
shown that the torque is limited to

1 L2

§NOV X2 ‘HO‘ |sin 2a| (2N — 1)
1 L2

< §/Lov X2 ‘Ho‘ |sin 2¢| , (2.10)

and, using equations 2.3 and 2.6, the resulting de-
flection

2oL | |2
5ir < ggw x2’H0’ Isin 2a| (2N — 1)
2oL |4 |2
< E“IOW x2’H0’ Isin2a] , (2.11)

When comparing this with the deflection caused
by a parallel induced moment (formula 2.5), it be-

comes clear that in the field of a current wire (see
section 2.3.1.1 and table 2.1)

i = ﬂ, (2.12)
dir  xR|sin2q]

and a large susceptibility is needed if the induced
torque is to be of any significant influence (R is
in the same order as W, as explained in section
2.3.1.1).




induced permanent
paramagnetic ferromagnetic
[ is parallel to Ho fi is parallel to the cilium’s long axis €)
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magnetic field of a current wire homogeneous magnetic field by (electro)magnet

I I
Hy = Hy = Hy = H magnet Hy =
0= 5 VH, 5 17? 0 0,magnet, VHo =10
di L3I 5, 4duoL3MH,
maximum deflection W % Wp _ %

Table 2.1: Comparison of induced (subscript i) and permanently (subscript p) magnetic behaviour. The first part discusses the general relations for
the force F and torque T on a half-suspended beam in a magnetic field, and the resulting deflection § as discussed in section |2.2. The bottom part
treats a specific magnetic field and applies it to the deflection. For the induced moment, a field with a large gradient is useful: that of a current wire
with current I and distance R from the centre of the beam. For the permanently magnetic material, a large field perpendicular to the beam is more
appropriate. The “maximum deflection” discards the vector character and is valid when the angle between field and beam is optimal. Please refer to
the text for an explanation of the other symbols used.
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2.3 Exploring the parameters

Now that the basic theory is known, it is useful
to look at the parameters involved and what can
be expected of them in practise. Upper and lower
bounds are identified, enabling a prediction of the
deflection in section 2.4. The results of this section
are summarised in table 2.3.

2.3.1 Magnetic field

As discussed before, deflection is dependent on the
field magnitude. Only for an induced moment par-
allel to the beam, the field gradient is addition-
ally important. Because of this difference between
the induced and permanent moment, they will be
treated separately.

2.3.1.1 Current wire

To achieve a high gradient for the cilium with an
induced magnetic moment, a current wire has been
used before [90] and will be taken as reference. A
current wire placed at the origin induces a magnetic
field and gradient of

Hyire = ﬁiﬁa VHy = _ﬁgrv
with I the current perpendicular to the 2D-plane
of the beam (going into the paper of the figure “in-
duced” in table 2.1), and R the distance between
the centres of wire and cilium tip.

The upper limit to the magnetic field is deter-
mined by two factors: heat dissipation in the wire
and available power. Heat dissipation is due to the
non-zero resistance of a current wire. The max-
imum current density strongly depends on heat
management details, but an upper limit can be set
by considering electromigration. This phenomenon
destroys the wire within an hour if the current den-
sity j is in the order of 10'* A/m? [10, 90]. Small
wires may suffer from this, larger wires are lim-
ited by a practical upper limit on the current. In
a laboratory, tens of amperes can be achieved; in
a handheld device, this is rather like hundreds of
milliamperes. When a low duty cycle is used, up to
several amperes are possible. A maximum current
of 5A will be used as upper bound.

The distance between current wire and cilium
should be as small as possible, since both field and

(2.13)

CHAPTER 2. DESIGN

gradient decrease with increasing distance. The
distance between the centres of the current wire
and cilium tip is R. There must be some space for
deflection, so a distance of three times the width
W of the cilium is a sensible minimum. This would
give room for a deflection of %W, and a wire radius
of W.

2.3.1.2 Magnet

For a cilium with a permanent moment, a field per-
pendicular to it is needed. This is best achieved us-
ing an external (electro)magnet. Nowadays’ rare-
earth magnets are small (millimetres) and can have
a remanent field of a bit more than a Tesla. At a
working distance of a millimetre from the pole, it
is about half a Tesla.

For a switchable field, an electromagnet is prefer-
able. Though large electromagnets can produce
fields of several Tesla, they are too bulky for use in
microfluidic systems. Smaller electromagnets can
produce fields in the order of 100mT with currents
of amperes. This is possible even on a microscopic
scale [41].

2.3.2 Material

As discussed in section 1.4, polydimethylsiloxane
(PDMS) was chosen as material. It has a low
Young’s modulus F, which makes it easy to de-
form (equation 2.3). This polymer is widely used
in microfluidics and is readily available at low cost®.
It is bio-compatible[39], which is beneficial for use
in biochemical devices’. Also does it seal against
leakage [38].

PDMS consists of long chains of the monomer
SiO(CH,),. It is supplied in a liquid (visco-elastic)
state. After it is cast into the desired shape, links
are created between the chains, and it becomes a
solid'®. Depending on the amount of links, the re-
sulting material can have a Young’s modulus rang-
ing from about 0.5 to 5 megapascal [25]. Since
the deflection is inversely related to the modulus, a
value of 0.5MPa is used for the current discussion.

8Sylgard-184 is available for less than €0.15 per gram.

9In fact, PDMS can also be present in food as anti-
foaming or anti-caking agent. In this area, it is usually
known as E900.

10How this cross-linking is performed will be explained in
section 3.1.
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2.3.3 Dimensions

A typical micro-channel is tenths of millimetres
wide and tens of micrometres high. Components
like valves are often in the millimetre range (see
section 1.5.1 and [71]). For a complex lab-on-a-chip
containing many components, this is still rather
large. One millimetre will be taken as upper limit
for application as a microfluidic element.

A lower limit is set, in a practical way, by the
structuring of PDMS. It is possible to reach a res-
olution of 100nm [36, 60], but most methods are in
the micrometre-range. This sets a limit on the size
of the cilia that can be produced, which must be
at least a couple of times the resolution. The hor-
izontal fabrication of a cilium makes it possible to
create one with a low thickness W down to the sub-
micrometre range. This would enable high aspect-
ratio’s p = L/W for small structures. It may be
useful to note that nanofluidic effects begin to play
a role at dimensions below a micrometre, changing
the interaction between the fluid and cilia.

All in all, the thickness will be taken to be be-
tween 0.1pm and lmm, and the length between
lpm and Imm.

2.3.4 Magnetic composite

Finally, the magnetic response of the cilium is im-
portant. To make PDMS magnetic, it is doped
with magnetic particles. This should be possible
to concentrations of up to 5 or 11 vol% (see section
1.5.1). The exact attainable concentration depends
on the interaction between polymer and particle
material, and details of chemical processes (parti-
cles may pollute parts of the cross-linking process).
It can be tuned by using a surfactant. When as-
suming that doping permanently magnetic particles
into PDMS is similar to previous work, a maximum
concentration of 5vol% is a safe assumption. The
magnetisation M is the magnetic moment per unit

of volume, so the magnetisation of the composite is

vol%
100(7(; . Mparticles~

While small particles are beneficial for disper-
sion, homogeneity, mechanical stability and allow
the fabrication of small structures (the cilium must
be a couple of times bigger than the particles), there
is a lower limit on their size. When permanently
magnetic particles shrink, the magnetic behaviour
changes at some point, and finally they become su-

Mcomposite —

Figure 2.6: Magnetisation curves for (a) paramagnetic
and (b) permanently magnetic materials. It shows how
a magnetic material responds to an applied magnetic
field Hy by changing its magnetisation M. The satu-
ration magnetisation M, (indicated by M. for the in-
duced paramagnetic material, and M? for the perma-
nent ferromagnetic material), susceptibility x, coercive
field H., and remanent magnetisation M, are indicated.
Note that the magnetisation curves are symmetric, and
H. and M, are defined as positive quantities.

perparamagnetic. This is explained in appendix A.
For the current discussion, it is assumed that parti-
cles are large enough to show the same permanently
magnetic behaviour as bulk, and small enough to be
able to approach the composite as a homogeneous
material.

Paramagnetic substances align their moment to
an externally applied magnetic field, thereby con-
tributing to the total field. Permanently magnetic
materials keep their orientation until the external
field exceeds the barrier H., after which their mag-
netic moment is aligned too. Figure 2.6 shows the
magnetisation curves for both situations. The rela-
tion between the material’s magnetisation and the
external field is determined by its susceptibility x;
it is defined by M = xHy. At high fields, however,
the magnetisation is saturated and reaches the sat-
uration magnetisation M.

A paramagnetic material has zero magnetisation
when there is no external field, but a permanently
magnetic material has a remanent magnetisation
M,.. It can be seen in figure 2.6b, that there is hys-
teresis: the remanent magnetisation can be either
positive or negative. This depends on the direc-
tion in which the curve is traversed. Consider a
large field that is applied so that M = MP (top
right in figure 2.6b). Then the external field de-
creases to zero, at which point a remanent mag-
netisation remains: M = M,. When the field be-
comes negative, the magnetisation remains positive
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(units MA/m) M, M, H. ref
Fe 171 111 [6]
Co 142 0.39 [6]
Nd,Fe;,B 1.23  1.02 0.90 [28, 84]
SmCoy 0.76 0.70 0.66 [28, 84]

Table 2.2: Bulk magnetic properties of some perma-
nently magnetic materials. Iron, cobalt and nickel are
generally used as high-permeability materials and are
produced with a very low coercive field. Note that
the coercive field varies greatly across sources, since it
greatly depends on production details.

until Hy = —H.: at the coercive field the perma-
nent magnetisation breaks down and follows the
field to saturation (bottom left). So if the material
should keep its magnetic orientation, an external
field should remain lower than the coercive field.
Ouly the very first time (or after demagnetisation),
the material may have zero magnetisation at zero
field; this is not shown in the magnetisation curve.
In that situation, different magnetic moments in-
side the material may cancel each other. When a
field is applied, these moments align and remain
aligned when the field is removed again. So a per-
manently magnetic material must first be magne-
tised to show remanence.

When a paramagnetic material is used in a cil-
ium, it is desirable to have a high susceptibility.
The material for a permanently magnetic cilium
should have a high remanent field and a coercive
field higher than that of the actuating external
field. In both cases, a high saturation magneti-
sation is beneficial.

As a paramagnetic material, superparamagnetic
magnetite (Fe;O,) nanoparticles have been used
before, which have a saturation magnetisation of
0.49MA /m (see table A.2 on page 63). Its suscep-
tibility depends on the particle size, as it is super-
paramagnetic'’. For particles with a diameter of
10nm, the equivalent bulk susceptibility has been
measured to be around 16 [90].

Permanently magnetic materials can be found in

1 This is touched upon in section A.3. Because a super-
paramagnetic particle is free to take any orientation, every
magnetic moment present will align itself with the field on
average. The particle’s diameter determines its response,
and subsequently its susceptibility.
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ferromagnets. Iron, cobalt and nickel are classi-
cal examples. Of these, iron has the highest sat-
uration magnetisation, which is 1.7MA/m. Since
iron is used as high-permeability material, it usu-
ally has a coercive field in the order of 100A /m'?,
which is 0.1mT!?. Rare-earth magnets have a sim-
ilar saturation magnetisation but much higher co-
ercive fields!?. See table 2.2 for an overview.

Because production details are so important for
the resulting magnetic properties (except satura-
tion magnetisation), it is worthwhile to look at
characteristics of ferromagnetic nanoparticles, since
these will need to be used. Rare-earth magnetic
nanoparticles are not readily available, so metals re-
main. Carbon encapsulated nanoparticles of iron,
cobalt and nickel of about 18nm are reported to
have a remanent magnetisation of % of the satura-
tion magnetisation; the coercive field for iron and
cobalt is about 50kA /m, which amounts to 70mT
[37]. Although this kind of particles is still the sub-
ject of research, they are becoming available com-
mercially.

12[6] mentions an iron sample with a coercive field of
159kA /mm, but such a high H. may be hard to find else-
where.

13Tn the ST system of units, B = uo(H + M), with B the
magnetic induction (which can be called magnetic field too)
and pop = 47 -10~7. When considering a permanent magnet
with no external field, H = 0 and so B = uoM. Though the
unit of B is Tesla (T) and that of H is Ampere per metre
(A/m), it possible to use these units interchangeably with a
conversion factor of 1T = pug A/m. So the magnetisation as
well as the magnetic field (using B = poH) can be expressed
in Tesla.

1 Two types of coercive field may be mentioned in litera-
ture: flux coercivity and intrinsic coercivity. To understand
the difference, consider a magnetised material in an oppos-
ing external field. The strength of the external field needed
to force the magnet’s magnetisation to zero is called the flux
coercivity. When the external field is subsequently removed,
the permanent magnet will have the same magnetisation as
before. But when a larger opposing external field applied,
the magnetisation is reversed and becomes parallel to the
external field. The field needed for this is the intrinsic coer-
civity. This is explained in more detail in [85]. The relevant
coercivity here is the flux coercivity, since at that external
field strength the material’s magnetisation becomes zero.
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min  actual maxr  units
Young’s modulus E 0.5 0.5 5 MPa
Thickness w 0.1 1000 pm
Length L 1 1000 pm
vol% particles in PDMS vol% 0 5 10 vol%
induced paramagnetic moment:
Current 1 0 5 A
Current density j 0 10" A/m? [ =jmr?
Wire radius r =W
Distance wire - cilium R =3W
Susceptibility X 16
Saturation magnetisation M} 615 mT
permanent ferromagnetic moment:
External magnet’s field Hy 0 100 mT
Coercive field H. 70 mT  Hy < H,
Saturation magnetisation MP 1471 mT
Remanent field M, 490 mT = %Ms

Table 2.3: The relevant parameters and their bounds as identified in section 2.3. Minimum (min) and maximum
(max) values are shown. Actual choices made for some parameters (actual)_are shown, with “...” to indicate
that the parameter is varied in the discussion in section 2.4. Magnetic properties that depend on volume (x, Ms
and M, ) are specified for the magnetic particles and need to be multiplied by the particle concentration (vol%)
to obtain the magnetic properties of the composite.
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2.4 Expected order of magni-
tude

Now that both the theory and parameters have
been explored, they can be put together to make an
estimation of the expected behaviour. This order-
of-magnitude calculation serves as a tool for choos-
ing parameter values, and is verified by numerical
simulations. Note that the theory is only an ap-
proximation that is valid for small deflections. As
such it gives insight into the onset of movement,
and helps determining if movement is possible at
all, or not. What happens when the deflection of a
cilium exceeds a couple of its widths, is not possi-
ble to say without modifications to the theory pre-
sented.

The deflection §, caused by a permanent moment
has been derived in equation 2.7. When the field
is perpendicular to the cilium, it can be written in
scalar notation as follows

(Sp o 4/.L0LSMH0

o o (2.14)

w
Note that for a permanently magnetic material that
has been magnetised, M = M,.. The deflection §;
of an induced moment because of a current wire
is obtained by combining equations 2.5 and 2.13.
When assuming that the magnetic field is parallel
to the cilium, the gradient is perpendicular. The
total deflection becomes

o XL (2.15)

W EW?r2R3

This is summarised in table 2.1 on page 17. The
parameter space and its boundaries are summarised
in table 2.3 on the preceding page. Figure 2.8 shows
a graph of the deflection, for a certain choice of
thickness W = 10pm and length L = 120um, as
function of the actuating field. For the induced
magnetic moment, this is a current; while for the
permanently magnetic material, an external homo-
geneous field is used. Both the theoretical relation
and results of simulations are shown.

The result of the simulation with I = 3.5A is
shown in more detail in figure 2.7. The black circle
in the top centre of the plot is the current wire.
The slab is almost touching it, having a deflection
of about % its width. When the current is increased,
the cilium collides with the current wire, which is
not accounted for in theory or simulations.
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Figure 2.7: The result of a finite element simulation
of an artificial cilium with induced magnetic moment
having parameter values as specified in table 2.3 and
W = 10um, L = 120um, I = 3.5A. The magnetic
flux density is shown as surface and arrow plot. The
deformed beam is drawn on top, showing a deflection
of about 3/2 times the width of the beam. Note that
simulations do not take into account the change of field
when it approaches the current wire.

Theory and simulation of the permanently mag-
netic and induced artificial cilium in figure 2.8 agree
well for deflections up to two times the width.
Above that, the cilium is bent considerably and
the assumption that M is perpendicular to Efo no
longer holds, so the deflection is lower than pre-
dicted. Also the deflection formula 2.3 is not valid
anymore.
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Figure 2.8: The deflection of an artificial cilium with (a) a magnetic induced moment actuated by a current wire,
and (b) a permanently magnetic moment actuated by the homogeneous field of an external magnet. The cilium
in question has parameter values as specified in table 2.3 with W = 10um and L = 120um. In graph (a), the
field and field gradient of the current wire at the cilium’s tip are indicated on top, since they scale linearly with
the current.
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Figure 2.9: Deflection in terms of cilium width as a function of scale. At a scale of one, the cilium width is
W = 1lum and L = 12um; at a scale of ten W = 10um and L = 120um (which would correspond to a point
in figure 2.8a and 2.8b); etc. etc. Parameters not mentioned are according to table 2.3. The dashed, green,
horizontal line is the deflection of a permanently magnetic cilium, which is clearly independent of scale. The
other (red) lines are deflections of an induced cilium. For the dashed red lines, either the current is kept constant
while scaling (right), or the current density (left). For these, limits to maximum current, current density, and
magnetisation of the paramagnetic material have not been taken into account. When this is done, the solid red
line is obtained. Note that Ho and the upper current limit are a fraction of their maximum parameter value,
50 to obtain a concise graph. It is clear from figure 2.8 that the permanent deflection is indeed higher than the
induced for Hy and I at maximum parameter values.

2.4.1 Scaling behaviour In reality though, there are limits to current

and current density. There is also a maximum to
When scaling the complete system, the behaviour (1,6 1agnetisation of the paramagnetic material:
of a cilium with a permanent and induced mag- ;; _ YHo < M!, with M! the material’s satura-
netic moment is different. Equations 2.14 and 2.15 onl?. .
show the deflection in terms of cilium width, a  ccount, the solid red line is obtained, so that ei-
scale-invariant measure of performance. The de- t}ar the current is at its maximum (s > 2.52), or
flection for the permanently magnetic cilium scales 1 current density (s < 2.52). Note that in this
with 6,/W oc (L/W)? and is independent of system
size. The deflection of the magnetically induced
cilium scales with &;/W oc L3W 2R3, With s
the amount by which every dimension is scaled,
this can be expressed as 6;/W o s~2 if the cur- 15The current approach effectively models the Langevin
rent I is kept constant. If the current density is curve (figure 2.6a) as a line with slope x (dashed line in

: : . the aforementioned figure), capped by a horizontal line at
k nstant in I incr ith le an - gure),
ept constant instead, creases with scale and " M. Simulations on induced cilia in this report were

3,.4 —2p-3 2 H
5i/W x L°r*W™R o< s=. These relations are done with a magnetisation curve of the actual Fe;O,-PDMS
shown in figure 2.9 and summarised in table 2.4. composite, measured with a VSM by the first author of [90].

tion magnetisation When these are taken into

graph, Hy and I were limited to a fraction of their
maximum value. This gives a deflection in a range
where the theory is still reasonably valid, and shows
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a graph in which the interesting features are visible
all together.

Looking at the deflection of the induced cilium
(solid red line), one can see that the scaling be-
haviour of constant current density (§;/W o s2,
dotted red line) is followed up to s = 1.8. There,
the material’s magnetisation M = xHo = % =
0.6T = M. reaches its saturation. Because of that,
the slope decreases an order in s and remains con-
stant until s = 2.5, at which point the maximum
current I = jmr? = 2A is reached. When the
scale is increased even more, the current density
drops, while the distance between cilium and cur-
rent wire increases, so the deflection decreases too.
At s = 3.5, the magnetisation drops below satu-
ration, and the behaviour of constant current to
infinity (6;/W o s72) is followed.

Besides scaling, there is a geometric dependence
on aspect-ratio p = L/W. Since both the cil-
ium with induced and permanent magnetic mo-
ment have an L3-dependence, they share their p?
behaviour. This can also be recognised in table 2.4.

2.5 Conclusion

In this chapter, a theory has been presented which
gives insight into the parameters affecting perfor-
mance of magnetically actuated artificial cilia. It
has been verified by numerical simulations. Bound-
aries for the relevant parameters have been identi-
fied, so that a reasonable expectation of feasibility
could be made. And indeed, deflection of a mag-
netic artificial cilium is feasible, at least up to sev-
eral times its width.

For a cilium with an induced magnetic moment,
the size of the system has to be chosen carefully.
A cilium with a permanently magnetic moment,
deflected by a torque, however, behaves indepen-
dently of its size. It also has, within the parameter
range that was found reasonable, a deflection that
is, at best, a couple of times larger than that of
the induced cilium. Both issues favour the perma-
nently magnetic cilium, and the remainder of this
report is about creating and characterising exactly
that .1

16Combining the mechanisms of an induced and perma-
nently magnetic cilium would be possible when the scale is
chosen optimally (s = 2.5 in figure 2.9). This is touched
upon in section 6.2. _

25
Permanently magnetic % x p?s? - MPH,
Induced, j fixed % o p?s? - xg?
Induced, j fixed, saturated % x pist ij
Induced, I fixed, saturated % o pPs™t - MIT
Induced, I fixed % x p3s~2 . xI?

Table 2.4: The dependency of the deflection on the scal-
ing s and aspect-ratio p is an important design parame-
ter. The permanently magnetic cilium and the different
regimes of the paramagnetic cilium display different be-
haviour.



26

CHAPTER 2. DESIGN



Chapter 3

A permanently magnetic PDMS

composite

3.1 PDMS

Polydimethylsiloxane (PDMS) is a silicon-based or-
ganic polymer which is transparent, non-flammable
and non-toxic. As mentioned in section 2.3.2,
it is widely used in microfluidics in cross-linked
form and available from various vendors!. This al-
ternating co-polymer is build from the monomer
—Si(CH4),—O—. PDMS is visco-elastic, which
means that it behaves as a liquid at large timescales
(order of a day for uncured PDMS), and as an elas-
tic solid at small timescales (order of a second for
uncured PDMS).

In uncured form, polymer chains are not con-
nected and can slide alongside each other. To cre-
ate more solid structures with PDMS, links need
to be created between the long molecules so their
relative movement is restricted. This process is
termed cross-linking or curing, and makes the poly-
mer more like an elastic solid, a silicone resin.
One way to achieve this is to turn some of the
methyl (-CH;) groups into —H. Combined with
vinyl (-CH,=CH;) groups at the ends, cross-links
are made between different PDMS chains. The
commercially available product Sylgard-184 (Dow
Corning, [77]) employs this technique, and is shown
in figure 3.1. In practise, vinyl-terminated PDMS
(called “base”) is supplied separately from H-group-
containing PDMS (cross-linking agent). Just be-
fore processing, they are mixed. Then the mixture
is cast into the desired shape. After a day it has

IPDMS is produced by Dow Corning, GE Silicones,
Gelest and UnitedChem; it is sold by e.g. ABCR and Sigma
Aldrich.

Ghol  Ghg ghol CHg
s 0—srTR HaC—Si—O—Si o—f—cn3
AH?* ‘LHGn ‘LHa ‘lH _ 2 Ris usually CHy,
sometimes H
n=~60 n=~10
e o
>) \
o H
H—s{—cH, ' b “CHz-S{—CH;
SO CH \
P o
HaC ¢ Heo—s{—cH,  Pt-based HIC—S(—CHo
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+ >
HaC—S{—CHs HsC—S{—CHs
N
e O«__CH
HoC s H—s{—CHs b /s< A CH—S{—CH;
P HsC  CHs
B T
Figure 3.1: The Sylgard-184 formulation of poly-

dimethylsiloxane (PDMS) (top left) and the accompa-
nying cross-linking agent (top right), which are mixed
together and cured to create cross-links and make a
silicone resin (bottom). [26]

become solid, though only after seven days cross-
linking is completely finished. This curing can be
accelerated by increasing temperature; at 100°C it
becomes solid after an hour already [18].

PDMS is given a specific shape by casting it into
a mold during curing. When it is cured, the mold
is removed and the solid PDMS keeps its shape.
How exactly PDMS is put into a cilium-shape will
be treated in chapter 4. The current chapter de-
scribes how PDMS is made magnetic by doping it
with magnetic particles. The initially liquid state
of PDMS helps in dissolving and making a homo-
geneous composite.
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3.2 Particle selection

As discussed in section 2.3.4, permanently mag-
netic particles with high remanent magnetisation
and high coercive field are required. Their size
should be a fraction of the smallest dimension of
the cilium. Although particles of rare-earth mag-
netic materials would be preferable because of their
high coercive field, they have not been found to be
commercially available with diameters of tens of mi-
crometres or below. Therefore, iron was chosen as
an alternative; cobalt is a good second choice, hav-
ing a somewhat lower saturation magnetisation.

There is a problem though, when using nanopar-
ticles because they react when exposed to air [52];
at the very least, an oxide layer is formed with
less favourable magnetic properties. A solution was
found in coated nanoparticles. By having the par-
ticles encapsulated in a protective shell, they are
shielded from air. Mknano sells carbon-coated iron
particles of 70nm in diameter, of which the outer
2 —5nm is carbon shell, according to the manufac-
turer. The chemical notation of such carbon-coated
iron particles is Fe@C. The iron core has a diam-
eter of at least 60nm, which is above the theoret-
ical single-domain limit of 13nm, so that multiple
domains exist in each particle (appendix A). Other
suppliers and products are summarised in appendix
B.

3.3 Fabrication

3.3.1 Dispersion

To get a homogeneous material, magnetic particles
need to be well dispersed in PDMS, which has too
high a viscosity to be able to add particles directly.
Particles were mixed first with a solvent in which
they remained better dispersed. Then the PDMS
base was added, and they were mixed. To be able to
process PDMS in the regular way, the solvent was
allowed to evaporate by putting it on a hotplate for
about 12h just below its boiling point.

A requirement of the solvent is that it mixes well
with PDMS. This was investigated in [48], from
which a selection of compatible solvents was made?.

2Tetrahydrofuran (THF), xylene, chloroform, hexane,
toluene, methanol, dimethylsulfoxide (DMSQO), demi-water
and ethanol were selected; acetone was impractical because
it dissolves most plastics too easily, and glycerol has too high

The solvent with best dispersion for the Fe@QC par-
ticles was determined experimentally as follows. A
fixed amount of 0.005g of Fe@QC powder was added
to 1.2ml of solvent, after which it was put in an
ultrasonic bath for five minutes. After that, FeQC
particles were dissolved in each of the solvents, giv-
ing them a black tint. Subsequently, the disper-
sions were allowed to sediment. After an hour, only
tetrahydrofuran (THF) and chloroform were still
non-transparent. After a day, the THF dispersion
was sedimented completely, which left chloroform
as the more suitable solvent. To almost completely
disperse all particles into chloroform, an amount of
about 240ml is needed for each gram of Fe@QC.

When mixing particles in a solvent, care must
be taken that all particles are dispersed in the sol-
vent and little is sedimented. While the ultrasonic
bath breaks apart clusters of particles, it does not
mix the solution on a large scale. Especially with
large amounts of solvent, it is necessary to mix the
particles through the whole volume by shaking it
by hand before putting it in the ultrasonic bath.
Even then, it may require several cycles of hand-
shaking and ultrasonic bath to mix the particles
well enough.

The imperfect dispersion of these particles may
be improved by the use of a suitable surfactant.
This is quite common in paramagnetic particle sus-
pensions, also called ferro-fluids. A surfactant usu-
ally prevents their clumping together; only when
particle clusters are small enough does the Brow-
nian motion keep them in state of suspension.
While paramagnetic particles have no interacting
magnetic moment in zero external field, perma-
nently magnetic particles always cluster magneti-
cally, which makes it harder to keep them in sus-
pension.

3.3.2 Casting & curing

When the particles are mixed with the PDMS base
and the solvent is evaporated, the PDMS can be
processed regularly (as specified by the manufac-
turer). The curing agent is added in a 10:1 ratio,
and stirred by hand or a vortex shaker. From this
point, cross-linking begins and does not stop until
the PDMS is solid. According to the manufacturer,
its viscosity is doubled within two hours at room

a viscosity to dissolve particles homogeneously.
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Figure 3.2: A thin layer of PDMS can be obtained by
spin-coating it on a disc. The rotation speed w of the
disc pushes the PDMS outward, while a flat layer re-
mains.

temperature. Within that time span, it has to be
put in the desired shape (more on that shortly). To
avoid bubbles being caught in the material that en-
tered during mixing, it is essential to place the sam-
ple a couple of minutes in vacuum, until no bubbles
come out anymore. Finally it is put on a 90°C hot-
plate for two hours, after which it can be peeled off
the substrate if required. Full mechanical strength
will only be attained after longer curing times, up
to seven days at room temperature.

It is often desirable to have a flat layer of PDMS,
for example as part of a multi-layer production pro-
cess. This is commonly obtained by spin-coating
the still liquid PDMS base + agent mixture onto
a substrate, rotating it with a well-defined speed
(see figure 3.2). The centrifugal force pushes the
material to the outer edges until it is equal to the
shearing force, which depends on layer thickness
and viscosity. In this way it is possible to create a
layer of a specific thickness W by setting the rota-
tion speed w. Their relation is described by

W = kngwo‘, (3.1)

with 7y the initial viscosity and «, 8 and k em-
pirically determined constants [63]. Sylgard-184
PDMS thicknesses resulting from different spin-
coating speeds are presented in figure 3.3. A fit
resulted in values of? kng = 0.23mrpm~“ and
a=—1.14. a

There is an upper limit to the layer thickness that
can be obtained by spin-coating. During rotation,
excess polymer is pushed to the outer edge of the
sample. If the force is large enough, it is pushed

3Empirical relations can be a bit sturdy on dimensions.
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Figure 3.3: Sylgard-184 PDMS thickness as a function
of spin speed, just after base and agent were mixed in
a 10:1 ratio. Closed circles are measurements with a
spin time of t = 30s, open circles are data points from
[58] with t = 60s, and the solid line is a theoretical fit
discussed in the text. The inset shows the same plot on
logarithmic scales.

over the edge and released from the sample. But
there is a barrier of surface tension that needs to be
overcome, resulting in a thicker layer of PDMS near
the edge. While the relative amount of extra PDMS
near the edge is negligible for a small thickness,
it becomes a real problem at several hundreds of
micrometres and beyond (for substrate areas in the
order of cubic centimetres and below). When such a
thickness is needed, other processes may be better.
For example, putting a defined amount of polymer
on a sample of known area. Gravity will cause it to
flow and create a flat layer. Again, surface tension
may alter the edges, but the centre is flat if the
sample is large enough.

While spin-coating is a practical method in gen-
eral, it has sometimes proved to be problematic
with magnetic particles inside. During rotation,
there is a lot of polymer movement going on. Mag-
netic particles move with it and interact with each
other. This can, for example, make them cluster
and swirl in the direction of rotation. [31] men-
tions some remedies, or alternatively the method as
described in the previous paragraph can be used.
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(a) 0.05 vol%

(b) 0.7 vol%

(c) 2.7 vol%

R T,

Figure 3.4: Microscope images of FeQC-PDMS composites with different volume percentages of Fe@C in PDMS.
The scale bar in each image is 25um in length. Since the particle-density is so different for these samples, lighting
and post-processing were adapted for each image to make the features better visible. Colour or brightness can not
be compared, but the increasing particle density is recognisable; also clusters and aggregations can be recognised.
Because of the high particle density in (c), it is impossible to look as deeply into the sample as the others, so

larger three-dimensional aggregations are hardly visible.

3.4 Result

Fe@QC-PDMS composites with volume percentages
in the range between zero and ten were created
according to the directions in section 3.3. Sam-
ples with concentrations over 3vol% appeared to
be not fully cured after seven days, sticking to
whatever it touched; the higher the concentration,
the less mechanically stable it was. A Sylgard 184
datasheet mentions explicitly that organo-metallic
compounds can inhibit curing [77]; this apparently
limits the maximum Fe@C concentration to 3vol%
in Sylgard-184.

3.4.1 Optical inspection

Figure 3.4 shows micrographs of a selection of com-
posites at different concentrations. At low concen-

trations, much of the incident light passes through
the sample and gives a deep look into it. One can
see that clusters of up to about 10um in diameter
are formed. While this is not as well visible for
figure 3.4c, it has been observed for higher concen-
trations as well.

When the volume percentage is low, Fe@QC
clusters are relatively homogeneously dispersed
throughout the PDMS. As the concentration in-
creases, the magnetic interaction increases, and
larger-scale structures are formed. This is visible
in figure 3.4b as dark clouds in the background.

While the orientation of these structures is ran-
dom throughout the material, it can be made
anisotropic by applying a magnetic field early in the
curing process. This aligns the magnetic moment
of particles in the direction of the field; and because
the composite is still liquid at that time, particles
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(a) 0.05 vol%

S INRT e 3

Figure 3.5: Microscope images of FeQC-PDMS composites with different volume percentages that were partly
cured in a horizontal magnetic field. The scale bar in each image is 25um in length. Before curing on the
hotplate, the samples were placed in a magnetic field for a day at 4mT (top row) or for a minute at 92mT
(middle and bottom row). Note that lighting conditions and post-processing were different for each image, so
the same comment applies as for figure 3.4.
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Figure 3.6: Magnetic measurements on Fe@C-PDMS composites of different volume percentages Fe@QC in PDMS.
(a) shows hysteresis curves divided by their saturation magnetisation so that M /M, = 1 at saturation. The
different curves overlap quite well, so qualitatively magnetic behaviour is independent of particle concentration.
(b) shows the relation between concentration and saturation magnetisation M, = p/V with p the measured
magnetic moment; the volume measurement is the source of the large error bars. The most right data point at
5.7vol% was not taken into account for fitting, since at this high a concentration not all FeQC' ended up in the

PDMS, and the actual volume percentage is lower.

are free to move and structure themselves along the
field lines. This can be seen in figure 3.5. When
a magnetic field was applied for a day (top row),
particles had much time to rearrange themselves;
the field was kept low to avoid excess movement
towards the pole tips. When a stronger magnetic
field was applied for a minute (middle and bottom
row, 92mT), less regular complexes were formed
with an average direction along the field lines.

Since each Fe@C cluster has more or less the
shape of a sphere, there is a demagnetising field
(section 2.2.3) that reduces the total magnetic mo-
ment. By creating long structures, the demag-
netisation factor can be reduced, which results in
a larger effective magnetisation. The influence of
field-curing has been shown to have a considerable
effect on the susceptibility of paramagnetic compos-
ites [90]. But the influence on magnetic properties
of this material needs to be quantified by magnetic
characterisation.

3.4.2 Magnetic characterisation

The magnetic response of the Fe@QC-PDMS com-
posite has been measured by a vibrating sample
magnetometer (VSM; DMS Magnetics, Model 10
VSM). To cancel the effect of the demagnetising
field caused by shape anisotropy, a thin disc of
5.5mm in diameter and about 0.2mm high was cut
out of the composite. It was measured with a field
parallel to the long axes, so with M| ~ 0.94 and for
both in-plane axes NV} =~ 0.03 it is negligible (see
figure 2.4).

3.4.2.1 Concentration dependence

Figure 3.6a shows the magnetisation curves of com-
posites of different concentrations. Each was scaled
with respect to its saturation magnetisation. The
fact that all of these overlap is an indication that
the interaction between particles is comparable for
the different composites, and independent of the
volume percentage of Fe@QC in PDMS. The rema-
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nent magnetisation is M, = 0.16 M, and the co-
ercive field is H. = 17.5mT. This is considerably
lower than the 70mT for the particles mentioned in
section 2.3.4, but in the same order of magnitude.
Of each sample, the volume was estimated with a
calliper. By dividing the total magnetic moment pu
as measured with the VSM by the volume, the mag-
netisation is obtained. The saturation magnetisa-
tion is shown in figure 3.6b as a function of Fe@QC
concentration. Since magnetic behaviour does not
seem to depend on the concentration, a linear rela-
tion can be expected. Assuming this, a volume per-
centage of 100% Fe@C would result in an equivalent
bulk saturation magnetisation of 0.6 = 0.1 MA /m.
When the volume of the carbon shells is subtracted,
this results in a saturation magnetisation of the iron
particles* of 0.8 +0.2 MA/m (for 2 — 5nm carbon
shells). This is considerably less than bulk iron,
which has® M, = 1.7MA/m. While the error may
be larger than estimated here due to imperfect dis-
persion of Fe@QC in PDMS, this cannot account for
a factor of two. It is possible that, despite the pro-
tective carbon coating, some oxidation has taken
place, turning iron into magnetite (Fe;O,), which
has a saturation magnetisation® of 0.5MA /m.
Since the scaled curves for different concentra-
tions overlap, also the susceptibility x has a lin-
ear relation with the volume percentage. For 100%
Fe@C, this would result in x = 5 (near the origin)

3.4.2.2 Liquid, solid

For comparison, magnetic measurements on Fe@QC
were done in two other ways. First, FeQC powder
was packed in a container and covered with a thin
layer of glue. This resulted in the solid green mag-
netisation curve of figure 3.7, and it can be seen
that the behaviour of the composite is followed.
This shows again that the interaction between clus-
ters is independent of concentration.

Secondly, Fe@C particles were suspended into
chloroform; in this case the vibration of the VSM
measurement kept the particles better suspended
in the solvent. The saturation magnetisation was

4The relation between the average magnetisation of

s,Fe

Fe@QC and the magnetisation of Fe is given by MMi =

Fe@C

—a3 . ) )

u7\//:F<;c = Vl;fF(@c = T? , with 7 the radius of the parti-
e e

cle, and d the thickness of the carbon shell.
5See table 2.2 on page 20 and A.2 on page 63.
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Figure 3.7: Normalised magnetisation curves of FeQC
in different forms. The dashed blue line is a measure-
ment of Fe@QC particles suspended in chloroform, the
solid green line of a pressed powder of Fe@QC particles,
and the red vertical error bars show the smoothly in-
terpolated average of the PDMS-composites of figure
3.6a.

measured to be 0.7 £ 0.2MA/m, which confirms
the composite’s measurement. The magnetisation
curve is shown as the dashed blue line in figure 3.7
and follows the other curves, except near the origin.
This is caused by the mobility of the particles in the
fluid. When an external field is applied, the mag-
netic domains inside the particle rotate to align the
the field. But if the particles are inside a fluid, the
moment can additionaly be aligned by physical ro-
tation of the particles. Because they can relax more
easily, the energy required for rotation of the mag-
netic moment is reduced. Near the origin, where
the external field is smaller than the particles’ co-
ercive field, the nanoparticles can rotate physically
to align their magnetic moment, whereas particles
fixed in a matrix can not. This explains the differ-
ence between the magnetisation curve for the liquid
suspension, and the composite and solid curves.

Another consequence, albeit very small, is that
the liquid curve remains above the others and
reaches saturation a little sooner. The particles in
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Figure 3.8: Normalised magnetisation curves of field-
cured Fe@QC-PDMS composites of 1.0vol% (only part
of the upper right quadrant is shown). The composite
was either cured for a day in a field of 4AmT (long) or
for a minute at 92mT (short); see also image 3.5 on
page 31. Measurements were done with the external
field parallel to the curing-field of the sample as well
as perpendicular. The difference between the solid and
dashed curves shows that field-curing induced magnetic
anisotropy. The smoothly interpolated average of non-
field-cured composites is shown as error bars.

the liquid have an extra mechanism for domain re-
versal, so they can follow the field slightly faster.
Rotation and growth of domains inside particles is
equal for the liquid, solid and composite.

3.4.2.3 Field-curing

Also the composites that have been put in a mag-
netic field early in the curing process have been
measured with the VSM. The result is shown in
figure 3.8. The solid lines were measured with the
external field parallel to the direction of the curing-
field, the dashed lines perpendicularly. There is
a consistent difference between the parallel and
perpendicular measurements, showing that field-
curing has a magnetic effect and causes magnetic
anisotropy. However, the magnitude of this effect is
almost completely within the errors bars of normal
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Figure 3.9: The behaviour of a 2.7vol% Fe@C-PDMS
composite with external fields below the coercive field.
The unmagnetised sample follows the virgin curve in
the centre, showing no remanent magnetisation. Af-
ter magnetising the sample, the solid blue line was
measured, showing that the remanent field decreases
slightly. Subsequent curves with fields below the coer-
cive field are shown as dashed green lines, which are
without hysteresis. The full hysteresis curve is shown
as a dotted red line.

composite measurements. One can conclude that
the effect of field-curing is small and of limited use
to increase the magnetisation in permanently mag-
netic cilia.

The effect of field-curing is small and of limited
use for application in permanently magnetic artifi-
cial cilia.

3.4.2.4 Minor loops

In section 2.3.4 it was explained that a perma-
nently magnetic material only remains magnetised
in a certain direction when the external field Hy
is smaller than the coercive field H.. Therefore
the behaviour of the magnetisation was measured
for a composite in low opposing fields; this would
be comparable to the actual operation of a per-
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manently magnetic artificial cilium®. The result of 2.3.4. The maximum deflection for a permanently

this is shown in figure 3.9. First, the unmagnetised
material was measured at low fields, giving the vir-
gin curve (solid red line). Since the coercive field
was not exceeded, there is hardly any hysteresis.
Only after bringing the sample into magnetic sat-
uration by an external field of 2T and removing it
again, a remanent field remained. Then, magneti-
sation curves were measured, taking care that Hy
was kept below the coercive field. Such a magneti-
sation curve with fields below H., is termed a minor
loop. The first minor curve measured is shown as a
solid blue line. It starts at the red dotted line, since
that’s where the magnetising process left it (com-
ing here from —2T). A field is applied in oppos-
ing direction (a positive field in this case), and the
magnetisation follows the full magnetisation curve.
When the field starts to decrease again at 0.01T,
it is abandoned. Subsequent minor loops (two of
them were measured, shown as dashed green lines)
show no hysteresis and keep a remanent magneti-
sation that is slightly lower than what the full hys-
teresis curve shows.

When a permanently magnetic artificial cilium is
magnetised once and then actuated by application
of a non-parallel magnetic field, it is important that
the remanent magnetisation remains after repeated
traversal of minor loops. These measurements give
an indication that such is the case.

3.5 Conclusion

It is possible to create a permanently magnetic
PDMS using 70nm Fe@C particles up to a concen-
tration of 3vol% in Sylgard-184. Clusters of mag-
netic particles are present of up to 10um in diam-
eter. This composite has a saturation magnetisa-
tion vol% - M, = 18kA/m, remanent magnetisa-
tion vol% - M, = 2.9kA/m= 3.6mT and coercive
field H. = 17.5mT. The use of field-curing has no
substantial effect on the magnetic behaviour. Re-
peated actuation of a magnetised sample has no
significant effect on magnetic properties.

The remanent magnetisation and coercive field
are considerably lower than predicted in section

6 Although a permanently magnetic cilium would be ac-
tuated using a field perpendicular to its magnetisation and
not opposing it, this measurement may give an idea of the
behaviour in non-parallel fields.

magnetic artificial cilium of W = 10um and L =
120pm now becomes ¢, /W = 0.7. This is not very
promising, but could be improved by enlarging the
aspect-ratio, increasing the particle concentration
by use of another PDMS (whose curing is not af-
fected by the presence of nanoparticles; see, for ex-
ample, section 4.1.2), or by using stronger magnetic
particles.”

"Furthermore, it will become clear in section 5.1.2 that
the low coercive field does not prohibit the use of larger
actuation fields.
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Chapter 4

Micro-fabrication of artificial cilia

To create an artificial cilium, the polymer poly-
dimethylsiloxane (PDMS) needs to be put into a
shape with a large aspect-ratio, horizontally hang-
ing over the surface (like figure 4.1, step ®). On the
scale of a millimetre, this can be done byaltting the
PDMS and fixing it on a surface, but smaller struc-
tures need a more sophisticated fabrication proce-
dure.

Because PDMS is liquid in uncured form (see sec-
tion 3.1) and exhibits low shrinkage upon curing, it
can be poured into a mold to give it the desired
shape, after which it is cured and becomes a resin.
A mold is often created using the photoresist SU-8,
which can be structured to sub-micrometre preci-
sion. While this replication-molding works well for
many structures, the shape of a horizontal artifi-
cial cilium cannot be made using this method; the
open space between cilium and substrate would re-
quire the mold to be present there, but removing
the mold would break the PDMS structure just cre-
ated. Hence the choice of horizontal fabrication by
the use of a sacrificial layer to achieve a high aspect-
ratio.

Before deposition of the PDMS,; a sacrificial layer
of polyvinyl alcohol (PVA)! was created at those
places where the cilium should be hanging freely
above the substrate. Then the PDMS was spin-
coated and shaped using photo-lithography. After
the PDMS had cured, the sacrificial layer was dis-
solved, resulting in a half-suspended beam.

The fabrication process is shown in detail in fig-
ure 4.1. The sacrificial layer was not photosensitive

IPVA was chosen as sacrificial layer material, because
it needs to withstand all subsequent fabrication steps, but
still be dissolved at the end without affecting the cilium just
created. PVA does not dissolve into the organic solvents
used, and dissolves into water, which doesn’t affect PDMS.

photoresist N N
photosensitive PDMS 1l
sacrificial layer

Figure 4.1: A schematic overview of the multi-layer
photo-lithographic fabrication procedure of artificial
cilia in PDMS. The left column shows how the sac-
rificial layer is created, the right column depicts how
PDMS is processed.

in itself, so a photoresist was used to structure it
using a lift-off technique. While that is a fairly
standard procedure, photo-lithography of PDMS is
not so widespread. The following sections will first
explore the options for photosensitive PDMS and
then discuss the entire fabrication procedure as ex-
plained here.

4.1 Photosensitive PDMS

Photo-lithography is a way to transfer a pattern
from a photo-mask to a photosensitive material
(photoresist or resist). A light source placed above
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Figure 4.2: The presence of benzophenone in pho-
toPDMS prevents PDMS from curing when exposed to
UV by forming radicals that prevent cross-linking. [76]

the mask passes through its transparent parts, and
projects the image onto the sample. Since UV light
is typically used, the mask must be made from a
UV-transparent material like quartz. Exposure in-
duces a chemical process in the photosensitive ma-
terial, and this is exploited in a succeeding develop-
ment step to remove unexposed and keep exposed
parts (a negative photoresist), or the other way
around (a positive photoresist).

PDMS is not photosensitive in itself, absorbing
only wavelenghts below 250nm. It can be modified
to be UV-sensitive, so that curing is either induced
or prohibited for exposed areas. This is achieved by
modification of the polymer to include photosensi-
tive groups, or by addition of a photo-initiator that
creates free radicals when exposed to UV. The lat-
ter is preferred because the former usually requires
custom polymer synthesis.

While research on making photosensitive PDMS
is an ongoing work [46, 88], there are two formula-
tions with a low Young’s modulus that have actu-
ally been applied to making microfluidic elements.
The first, photoPDMS, makes common PDMS pho-
tosensitive by addition of a photo-initiator that pro-
hibits subsequent curing when exposed to UV-light;
the second, s-PDMS, is a combination of a specific
PDMS combined with a photo-initiator that only
cures when exposed to UV. These will be explained
in more detail in the following sections, including
experimental results.

4.1.1 photoPDMS

Heat-cured Sylgard-184 PDMS as described in sec-
tion 3.1 was made photosensitive by the addition
of benzophenone as described in [75, 76]. When
exposed to UV light below 365nm, the C=0 bond
in benzophenone opens and it becomes a radical,
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Figure 4.3: photoPDMS thickness as a function of spin
speed for different PDMS:xylene ratios (in weight). The
solid black line with no xylene is regular Sylgard-184
PDMS as discussed in section 3.3.2. Values for a ratio
of 1:0.05 were obtained from [75], other data points were
measured. Each curve was fitted separately to equation

3.1.

which prevents cross-linking of PDMS by react-
ing with its vinyl group (the absorption peak of
benzophenone is around 250nm, see [24] for the
absorption spectrum). The reaction is shown in
figure 4.2. After exposure, photoPDMS is cured
regularly, but only unexposed parts can cross-link
with the regular mechanism as described in section

3.1. The exposed, uncured PDMS is subsequently

washed away by toluene (development). Using this
method, it should be possible to obtain a resolu-
tion of 100pm. Since the light absorption of ben-
zophenone is mainly outside the visible spectrum,
photoPDMS is suitable for processing under normal
ambient light conditions.

4.1.1.1 Procedure

PhotoPDMS is created and used as follows. 0.033g
of benzophenone is dissolved into 0.2g xylene. 1g of
Sylgard-184 PDMS is mixed with 0.1g of its curing
agent by stirring manually. Then both mixtures are
put together, and all is mixed with a vortex shaker
for 15 minutes. Bubbles are removed by putting it
into a vacuum chamber for up to 15 minutes. At
this time photoPDMS is ready for use.

Glass slides are used as a substrate and need to
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Figure 4.4: Microscope image of a photoPDMS sam-
ple of 12pm thick. The outline of mask that was used
during UV-exposure is overlaid in white; it can be seen
that the PDMS has swollen a little during the process.
While vertical lines and troughs are distinctly visible,
other shapes are barely formed (holes right), or com-
pletely removed (vertical bars left). The method is very
sensitive to development and rinsing.

be cleaned beforehand to promote adhesion of pho-
toPDMS; if this is left out, the structured PDMS
will too easily get loose from the substrate dur-
ing development and rinsing. The glass substrate
is first cleaned using a detergent® and tap water.
Then it is rinsed with ethanol and blow-dried using
nitrogen gas. It is given a UV-ozone treatment for
10 minutes®, and again blow-dried with nitrogen
just before use.

The photoPDMS mixture is spin-coated onto the
glass slide. Because the presence of xylene makes
the viscosity of the photoPDMS mixture lower than
that of plain PDMS, the resulting layer thickness is
different from Sylgard-184 (section 3.3.2). Figure
4.3 shows the thickness versus spinming speed
for a number of dilutions*; the green line with a
PDMS:xylene ratio of 1:0.05 corresponds to this
procedure.

Then the sample is prepared for UV-exposure
by positioning the photo-mask just above it with
a spacer (< lmm). Since at this point the pho-
toPDMS is still non-cross-linked and sticky, the

2Dubro afwasmiddel, art. nr. 800

3Novascan PSD-UV

4Each curve was fitted separately to formula 3.1. This
relation does not seem to describe these xylene-PDMS mix-
tures very well, since it was impossible to fit the curves with
a shared parameter « and still obtain an acceptable corre-
spondence. The graph should be seen as a starting-point for
selecting a spin-coating speed.
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Figure 4.5: Micro-
scope image of a
photoPDMS sample
of 10pum thick. The
outline of the mask
is overlaid in black.
The downward
bending of the hor-
izontal bars shows
that fluid movement
during  developing
and rinsing affects
the structures.

. 500um

mask should not touch the sample. The sample
is subsequently exposed to UV-light through the
mask for 10 minutes at a distance of 35cm from
the light source®. Immediately after that, it is put
onto a hotplate at 120°C. The post-exposure bake
time depends on PDMS thickness; for a thickness of
10pm (spin-coating speed of 5000rpm), 45s is suit-
able. Then the sample is developed by dipping it
into toluene for 5s, rinsed with TPA and blow-dried
using N, gas. Further curing is required to fully
cross-link the PDMS.

4.1.1.2 Result

Figure 4.4 shows a resulting sample. Vertical fea-
tures are clearly recognisable, but the right holes
are barely developed, and the vertical bars left have
vanished completely. This is due to development
and rinsing; after post-exposure bake, the PDMS
is still far from being completely cross-linked® and
very sensitive to mechanical tension created by
putting it into the developer, removing, and rins-
ing. Still, this is necessary to remove the UV-
exposed parts of PDMS. Probably the direction
of fluid flow determines what features remain, and
what parts are washed away. This is better visible
in figure 4.5, where the ends of the vertical bars are

SEXFO Omnicure $1000 UV spot curing system with a
high pressure 100W mercury short arc lamp and 320—500nm
filter. The light was directed with an 8mm light guide and
adjustable collimating adaptor. At a distance of 35cm from
the light output, the spot size diameter was 13cm, so that
with a recently purchased system and iris set to 100%, the
irradiance was estimated to be 28mW /cm?.

SWhile cross-linking could be increased by baking longer,
benzophenone would fail to inhibit curing so that the sample
can no longer be developed.


http://www.novascan.com/
http://www.novascan.com/products/psd_uv_details.php
http://www.exfo.com/
http://www.exfo-omnicure.com/
http://www.exfo-omnicure.com/products-s1000.php
http://www.exfo-omnicure.com/products-adjustable-collimating.php
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increasingly affected. But features of about 100pum
are attainable if this is only required in one direc-
tion.

4.1.1.3 Process parameters

Process parameters have been explored by varying
UV-exposure dose, post-exposure bake time, and
development time. Doubling the UV-exposure time
did not make much difference, only the resolution
was slightly worse (edges more spread out); this
is probably due to benzophenone radicals having
more time to diffuse in the PDMS. Also the timing
between exposure and baking had to be kept to a
minimum to avoid deteriorated resolution, which is
likely to have the same origin.

The process appeared to be quite sensitive to
post-exposure bake and development time. Too
high a baking time results in curing of UV-exposed
areas, and too low a baking time does not cross-link
unexposed PDMS enough to survive development.
There is just a small difference in cross-linking den-
sity between exposed and unexposed areas. During
development most of the less cross-linked PDMS
is dissolved, while most of the more cross-linked
PDMS remains; but if the sample is left in the de-
veloper longer, eventually all PDMS is dissolved.
This lack of selectivity is a problem for the robust-
ness of this method.

4.1.2 s-PDMS

s-PDMS is a combination of the photo-initiator 2,2-
dimethoxy-2-phenylacetophenone (DMPAP7) and
the PDMS formulation RMS-033%9 (Gelest), both
shown in figure 4.6. In contrast with photoPDMS,
this is a negative photoresist, where UV-exposure
induces cross-linking. Its use is described in [20,
21, 22] and, more recently, in [46, 45]. DMPAP
splits into two radicals when exposed to light (see
[24] for the absorption spectrum). This also hap-
pens in ambient lighting conditions, so it has to be

7Sometimes abbreviated as DMPA or DMAP instead. Tt
is also produced by Ciba under the name of Irgacure 651.

82-4% methacryloxypropylmethylsiloxane - dimethyl-
siloxane copolymer, 1000-2000 cSt. Produced and sold
by Gelest as RMS-033; also sold by ABCR as product
AB113533.

9RMS-033 is commonly used, but DMPAP has also been
used with other materials, including Sylgard-184 [88]. This
was too experimental to pursue here, though.
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Figure 4.6: s-PDMS consists of (a) the PDMS formula-
tion RMS-033 and (b) photo-initiator DMPAP, which
forms radicals when exposed to UV-light. [46, 68]

processed in a yellow room. Since these radicals
strongly react with oxygen[68], exposure needs to
happen in an oxygen-free environment.

4.1.2.1 Procedure

s-PDMS is created and used as follows; all of this
should happen in a yellow room to avoid premature
activation of DMPAP. 0.02g of DMPAP is dissolved
into 0.04g of xylene'®. Then 1g RMS-033 is added
and mixed by hand and vortex shaker. Bubbles are
removed by putting it into a vacuum chamber for
up to 15 minutes.

Glass slides are prepared as mentioned in section
4.1.1.1 to promote adhesion of PDMS to the sur-
face, and the s-PDMS mixture is spin-coated on the
glass substrate; at 5000rpm a PDMS thickness of
about 10um is obtained.

At this point, the sample is ready for UV-
exposure. It is placed in an oxygen-free chamber
with the photo-mask on top''. For best result, the
distance between photo-mask and sample should

101 [21, 22| the use of only 0.02g of xylene is mentioned,
after which it is mixed it for an hour and let to stand
overnight. When using twice this amount of solvent, the
process as mentioned in the text appeared to suffice.

HThis can be achieved, for example, by taking a box that
is open at the top, using the quartz photo-mask as a lid.
By driving nitrogen gas through the box for a while before
exposure, the oxygen is removed. During exposure, a steady
flow of nitrogen gas maintains an over-pressure and keeps
the oxygen out.


http://www.gelest.com/
http://www.ciba.com/
http://www.ciba.com/irgacure_651-2
http://www.gelest.com/
http://www.gelest.com/search/default.asp?formgroup=basenp_form_group&dbname=gelest&dataaction=query_string&field_type=TEXT&full_field_name=MAIN.Catnum&field_value=RMS-033
http://www.abcr.de/
http://shop.abcr.de/product_information.aspx?product_id=58966&second_id=190104
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Figure 4.7: An s-PDMS sample of 6pm thickness that
shows what resolution can be obtained. The speckled
background is the substrate. Features are well defined
down to a width of 40pum; below that, PDMS remained
at unexposed sites. This sample was created with 2wt%
DMPAP and 8wt% xylene by spin-coating at 3000rpm
and developing for 60s.

be small (< 1mm), but since the PDMS is still lig-
uid, it should not touch the photo-mask. Then the
sample is exposed to UV-light through the mask
for about 60s at a distance of 70cm from the light
source’?>. Immediately after that, the unexposed
s-PDMS is removed by developing it in xylene for
30s, and washing in IPA for 30s. After blow-drying
the sample with Ny gas, it is finished.

4.1.2.2 Result

Figure 4.7 shows an s-PDMS sample that was ex-
posed with a photo-mask of converging lines. In
this case, the lines have a height of 6um over all of
the substrate (this low thickness at a spin-coating
speed of 3000rpm is due to 8wt% of xylene used
here, instead of 4wt%). The substrate is clearly vis-
ible (speckled areas) and has no substantial remains
of PDMS!®. A feature size down to 40um results
in clearly defined, separate features; below that,
PDMS remains at unexposed areas. This is caused

123ee footnote 5 on page 39. At a distance of 70cm, the
spot size was 27cm and the intensity was estimated to be
6mW /cm?.

13This was confirmed by scratching the surface and com-
paring the height of the scratched area with unexposed parts
of the sample. No difference was found.
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Figure 4.8: Microscope images of s-PDMS samples with
increasing UV-exposure times. The rectangular mask
outline is shown partially. (a) was exposed for 15s, re-
sulting in a PDMS height of 2um; (b) exposure 30s,
height 4um; (c) exposure 120s, height 8um; (d) expo-
sure 240s, height 8um. The last sample is over-exposed,
since some PDMS remained at unexposed areas. These
samples were spin-coated at 5000rpm; only 1wt% of
DMPAP and 2.5wt% of xylene was used.

by a combination of effects like diffusion of radicals
into unexposed parts, and exposure of supposedly
unexposed areas. The latter can be caused by re-
flections, and by the spacing between photo-mask
and sample combined with a non-perfectly-parallel
light source. Both result in some cross-linking of
unexposed areas, which are not completely washed
away by the developer. This resolution has been
observed too in samples of 10um thickness.

4.1.2.3 Process parameters

It is important to keep away oxygen during UV-
exposure. [21, 22, 45] claim to achieve this by cov-
ering the sample with Mylar foil'* just after spin-
coating. However, attempts to keep away oxygen
using this method were not successful'®. Some-
times it appeared hard to avoid air being trapped
between PDMS and Mylar, preventing curing at
those places. Furthermore, some PDMS remained
stuck to the foil after exposure, and foil removal
would take away also some cured PDMS. Doing
UV-exposure while the sample is in a nitrogen-
environment prevents these problems.

1A thickness of 23um and 1.5um was mentioned.
5Mylar C films with thicknesses between 6um and 23um
were used (Piitz Folien, Germany).


http://www.puetz-folien.com/
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Figure 4.9: Resulting s-PDMS thickness as a function
of UV-exposure time, for different spin-coating speeds.
At 5000rpm and 3000rpm, an exposure of 100s mostly
cures the layer, but thicker layers (lower spin-coating
speeds) need a much longer exposure to fully cross-link.
For these samples, only 1wt% of DMPAP and 2.5wt%
of xylene was used.

The UV-exposure time depends on layer thick-
ness. It must be large enough to cross-link the
layer of its entire thickness, but over-exposure re-
sults in cross-linking of unexposed areas. This can
be seen in figure 4.8, which shows micrographs for
samples with different exposure times. As the ex-
posure time increases, the size of the features in-
creases, including their height. Ideally, the height
of exposed PDMS should be equal to its height after
spin-coating, and unexposed PDMS should dissolve
into the developer. With a graph like figure 4.9 it is
possible to determine the minimal exposure time,
which is where the derivative approaches zero; note
that only 1wt% of DMPAP and 2.5wt% of xylene
was used in these measurements, which is slightly
different from the procedure mentioned before. For
a spin-coating speed of 5000rpm and 3000rpm, the
minimal exposure time is around 100s (and with
2wt% DMPAP, the 60s mentioned in section 4.1.2.1
is reasonable). At lower exposure times, the mate-
rial is not fully cross-linked. At higher exposure
times, supposedly unexposed PDMS cures by the
spacing between photo-mask and sample, light re-
flections and diffusion of radicals (figure 4.8d). Be-
cause thicker layers need more exposure, they have
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a worse photo-lithographic resolution.

Development of the sample removes unexposed
s-PDMS from the surface, because it has not cross-
linked. The development time should be long
enough to fully dissolve uncured PDMS, and longer
development does not dissolve cured s-PDMS (in
contrast with photoPDMS). However, the devel-
oper xylene does swell PDMS [48]. Especially large
structures can swell so much that they detach from
the substrate and start floating in the developer.
For 10pm-thick s-PDMS,; this becomes a problem
after a development time of 30s (for thicker sam-
ples this is even less). When longer development is
needed, it is possible to wash the sample (shortly,
as IPA also swells PDMS to some extend) and blow-
dry it. When the sample has dried completely, the
develop-rinse-dry procedure can be repeated with
a lesser risk of swelling.

4.1.3 Conclusion

Two existing procedures for photo-lithographic pro-
cessing of PDMS have been investigated. pho-
toPDMS was able to obtain a resolution of about
100pum with careful design of the photo-mask. s-
PDMS could attain a resolution of 30um. While
s-PDMS needs a yellow room and UV-exposure in
an oxygen-free environment, its production process
is more robust than that of photoPDMS; especially
the sensitivity to the development time, which is
already short, makes photoPDMS hard to use reli-
ably.

This favours s-PDMS as a photo-lithographic so-
lution. The following section will investigate the
addition of magnetic particles and how it affects
lithography.

4.2 Permanently magnetic
photosensitive PDMS

Photo-structuring magnetically doped PDMS in-
volves combining the procedures for the fabrica-
tion of a magnetic PDMS composite (section 3.3)
and photo-lithographic PDMS (section 4.1). This
is done by first dispersing particles into a sol-
vent, mixing that with the plain PDMS (which
is the PDMS base for photoPDMS, or RMS-033
for s-PDMS), and letting the solvent evaporate as

described in section 3.3.1. Then the procedure



4.3. MICRO-STRUCTURED ARTIFICIAL CILIA

- Eﬁﬁ
5 15’4‘

Figure 4.10: s-PDMS sample prepared with 8wt% of
Fe@C particles with a thickness of 8um. The composite
was structured in lines, which appear grey because of
the particles. Clusters of particles are visible as black
spots. While the substrate is visible in the lower right
corner, a small layer of s-PDMS remained when the
feature size dropped below 130um. Please refer to the
text for more details.

for photo-sensitive PDMS is followed, using the
particle-PDMS mixture instead of plain PDMS.

The photo-lithographic procedure is unmodified,
except for UV-exposure. Magnetic particles are
likely to absorb and scatter UV-light. This would
increase the required exposure dose because of in-
creased absorption, while light scattering into ar-
eas that are covered by the photo-mask would de-
crease the resolution. Also the maximum process-
able thickness can be lower for PDMS with par-
ticles inside. Since the amount of light remaining
throughout the PDMS decreases from top to bot-
tom, so does the amount of scattered light. So there
is a trade-off between the particle concentration,
resolution at the top, and attainable thickness (full
cross-linking is required from top to bottom, since
partly cross-linked PDMS at the bottom would dis-
solve in the developer and release the PDMS from
the substrate).

While these issues are likely to play an impor-
tant role at high particle concentrations, an un-
modified UV-exposure time still yielded acceptable
results for s-PDMS samples doped with 8wt% of
Fe@C particles. An example is shown in figure
4.10. The substrate itself is visible in the lower
right corner. Halfway the image, it can be seen that
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a small layer of PDMS remained at unexposed ar-
eas; here the distance between neighbouring lines is
about 130um, which is the resolution for this sam-
ple. Since the UV-exposure and development time
were not modified from the standard procedure, it
can be expected that optimisation results in a bet-
ter resolution. For demonstration of the feasibility
of a permanently magnetic cilium, this resolution
suffices.

It is interesting to note that 8wt% exceeds the
maximum particle concentration for Sylgard-184 as
found in chapter 3. s-PDMS has a different cross-
linking reaction that is not inhibited by the pres-
ence of Fe@C particles'®. Even higher concentra-
tions may be possible, although UV-exposure sets
a limit on the thickness.

4.3 Micro-structured artificial
cilia

Artificial cilia were fabricated following the pro-
cess shown in figure 4.1 on page 37; encircled num-
bers appearing in the text correspond to produc-
tion steps in this figure. The procedure will be
summarised again shortly, and described in detail
afterwards.

4.3.1 Procedure

A sacrificial layer of polyvinyl alcohol (PVA, see
footnote 1 on page 37) is deposited first to make
sure that part of the cilium remains free from the
surface and can move freely. Because it is not pho-
tosensitive in itself, a photoresist is used to shape it.
First the photoresist is structured ®-®@, and then
the sacrificial layer is put on top @, after which
the photoresist is removed ®. Its removal lifts-off
the sacrificial layer at places where the photoresist
was present. Then the photo-sensitive PDMS is
deposited on top and structured, after which the
sacrificial layer is removed and the artificial cilium
remains.

To successfully structure the sacrificial layer with
the photoresist, some care needs to be taken. When
photoresist covers the desired areas on the sub-
strate @, the sacrificial layer is spin-coated on top

161n contrast to Sylgard-184, there is no platinum-based
catalyst that is affected by the presence of iron/carbon par-
ticles.
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Figure 4.11: Cross-section of a ma-N 1400 (black) edge
of a 2um thick layer developed for 65s, 80s and 120s
from left to right respectively. It can be seen that in-
creasing development time increases under-etching. [93]

of it ®. Now some part of the sacrificial layer lays
directly on the substrate, while another part is sit-
uated on top of the photoresist. The former is
lifted-off the sample when the photoresist is dis-
solved. This can only happen reliably if these two
parts are not in contact with each other. This is
achieved firstly by keeping the distance between
these parts at least twice the thickness of the sacri-
ficial layer. Secondly, the photoresist needs to have
a sharp edge (as depicted in @ and figure 4.11).
Both avoid that the surface-tension of the sacrifi-
cial layer keeps the parts connected.

Now following is the procedure for creating
micro-structured artificial cilia. The numbers re-
late to figure 4.1. Please note that the proce-
dure described here was used to create a proof-of-
concept prototype. While some optimisation was
done on critical steps (like photo-sensitive PDMS),
it is outside the scope of current work to have this
process completely fine-tuned.

@ Spin-coat photoresist - a glass substrate is pre-
pared as described in section 4.1.1.1, on which
the photoresist ma-N 1420'7 is spin-coated at
a speed of 350rpm for 30s, which results in a
layer of about!'® 8um.

17Micro resist technology GmbH, ma-N 1400 series is a
photoresist tailored specifically for lift-off that allows under-
etching. See [55, 62| for more information.

18This is a little higher than what ma-N 1420 was meant
for; spin-coating at such low a speed increases the risk of
thickness inhomogeneity. There are other photoresists in
the ma-N series that are more suitable, but with a sacrificial
layer of less than a micrometer, the photoresist thickness
can easily be reduced by a factor two. Nevertheless, the
procedure as described is suitable and would allow the use
of a thicker sacrificial layer.
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@ FEzpose photoresist - the substrate with pho-
toresist is first baked on a hotplate at 120°C
for 53 minutes, and then UV-exposed through
a mask for about!® 150s at 70cm.

®

Develop photoresist - the sample is developed
in ma-D 5335?° for 5 minutes. Since the pho-
toresist has a red tint, its progress can be mon-
itored visually. The exact development time
controls the amount of under-etching, as de-
picted in figure 4.11. After development, the
sample is rinsed in demi-water for two minutes
and dried.

Spin-coat sacrificial layer - a solution of
8.7wt% polyvinyl alcohol (PVA) in demi-
water?! is spin-coated with a speed of 500rpm
for 60s. It is subsequently baked on a hotplate
for two minutes at 100°C to let the water evap-
orate. The resulting PVA thickness is about a

micrometer.

®

@)

Dissolve photoresist - the sample is then im-
mersed into acetone, and as such put in an ul-
trasound bath for 5 minutes. This dissolves the
photoresist and lifts-off these parts of the sacri-
ficial layer where there underlying photoresist
was exposed to UV.

Spin-coat PDMS - s-PDMS with Fe@QC parti-
cles is created as described earlier in this chap-
ter. It is spin-coated at 5000rpm for 30s on
top of the sacrificial layer, so to obtain a layer
of about 8um thick. Details of steps ®-® are
mentioned in sections 4.1.2.1 and 4.2.

Ezpose PDMS - the sample is exposed to UV
light in an oxygen-free environment.

®

S

@

Develop PDMS - subsequently it is developed
in xylene, washed in IPA, and blow-dried using
nitrogen gas. At this point, the PDMS is fully
structured, with the sacrificial layer between
the motile part of the cilium and the substrate.

@ Dissolve sacrificial layer - finally the sacrificial
layer is dissolved in demi-water by immersion.
The cilia come loose from the surface and the

9Corresponding to an exposure dose of GmW/cmz; see
also footnote 12 on page 41.

20 Also available from Micro resist technology GmbH as
part of its negative photoresist series.

21This happened to be the maximum amount that could
be dissolved, although heating may be able to improve it.


http://www.microresist.de/
http://www.microresist.de/products/negative_photoresists/ma_n_1400_en.htm
http://www.microresist.de/
http://www.microresist.de/products/negative_photoresists/overview_neg_en.htm
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sample is ready.??

Figure 4.12 shows micrographs of some of the
intermediate steps. In subfigure (a) the under-
etching can be recognised as the dark-red border.
In subfigure (b) the resulting border of the sacri-
ficial layer can be recognised. (c) shows a differ-
ent sample with the sacrificial layer near the bot-
tom corners; the vertical rugged lines in the centre
are a scratch on the sacrificial layer, and it can be
recognised in subfigure (d) that a small layer of
PDMS has remained there. The two black squares
of PDMS in (c¢) were in large part on top of the
sacrificial layer, and hence have disappeared in (d).
The only cilium on this sample that was situated to
be freely suspended above the surface, is the most
right one. This one will be analysed in the following
chapter.

Other cilia were created too, and success greatly
depended on the shape of the photo-mask. Large
pieces of PDMS swelled a lot and came loose from
the substrate, for example. Long cilia that were
close together, tended to clump together (an exam-
ple is shown in section 5.2.1) or stuck to the sur-
face. The resolution for structuring FeQC-PDMS
appeared to be limited to some 100um, but this
can be improved by fine-tuning the process, which
has not been done for PDMS with particles inside.
These and other issues would need to be investi-
gated and addressed for application in microfluidic
systems, where it is required to reliably make mul-
tiple artificial cilia. This is outside the scope of the
current work, however; for now, it has been pos-
sible to micro-fabricate artificial cilia, and so their
motile behaviour can be investigated in the follow-
ing chapter.

22 Just after dissolution of the sacrificial layer, the PDMS
cilia are freely suspended above the substrate in water. As
will become apparent in the next chapter, the sample has to
remain inside a liquid to keep the cilia from sticking to the
surface. Capillary forces pull them towards the substrate
upon drying. But it is possible to mechanically release the
cilia again.

45

Figure 4.12: Micrographs of some intermediate steps
in the production process, corresponding to step @, ®,
and @ of figure 4.1. (a) shows the structured pho-
toresist (red) and the PVA sacrificial layer. In (b) the
photoresist is dissolved and only the sacrificial layer re-
mains. (c) shows a different sample with the structured
layer of Fe@C-PDMS on top of the sacrificial layer; in
(d) the sacrificial layer is removed. For the sample of (c)
and (d), only the most right cilium actually succeeded
because of a vertical scratch in the sacrificial layer over
the centre of the image.
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Chapter 5

Feasibility prototypes

Now that a permanently magnetic PDMS compos-
ite has been created and characterised in chapter 3,
and a fabrication method was developed in chapter
4, it is possible to experimentally investigate the
behaviour of artificial cilia. Results will be com-
pared with the theory presented in chapter 2, and
will ultimately show if magnetically induced motion
in permanently magnetic artificial cilia is feasible.

Two feasibility prototypes have been created:
one with lengths in the order of millimetres, and
another with a length in the order of tenths of mil-
limetres. These will be treated in the following sec-
tions.

5.1 Large

Since the relative deflection of a permanently mag-
netic cilium 6, /W is independent of scaling (section
2.4.1), the theory can easily be tested using a pro-
totype with macroscopic dimensions, without hav-
ing to resort to micro-scale fabrication techniques
such as described in the previous chapter. A sam-
ple of a 2.2vol% Fe@QC-PDMS composite was pre-
pared as described in section 3.3. It was casted
by spin-coating on a glass substrate at 1500rpm.
When cured, a beam of T = 3mm wide and about
a centimetre long was cut out. The thickness was
measured by a microscope to be W = 66 + 4um.

The resulting macroscopic artificial cilium was
attached to a piece of polystyrene by adhesion. The
beam was then magnetised along its long axis by
repeated movement of a permanent magnet at a
field of about 0.5T. Subsequently it was placed in
the homogeneous field of an electromagnet and ob-
served from top with a microscope. A micrograph
of one experiment is shown in figure 5.1.

PDMS composite

Figure 5.1: Annotated microscope image of a large per-
manently magnetic artificial cilium in a perpendicular
magnetic field Hy, which is generated by an electromag-
net. The centre black shape is the cilium in the absence
of a magnetic field. The upper red shape shows the de-
flection for a positive field, while the lower blue shape
shows it for a negative field. Note that the cilium is
twisted a little, so that it appears thicker at the tip.

A quantitative analysis was done by measuring
the deflections for different field strengths. This
is shown in figure 5.2 for two different lengths of
cilia, where each line is a linear fit. That the solid
blue line does not go through the origin is due to
a small amount of hysteresis present in the cilium
movement!.

The macroscopic artificial cilia have a deflec-
tion that is linear with field strength, as pre-
dicted by formula 2.7. For the cilium of length
L = 0.92mm, the experiment shows a deflection
of /W = 0.012mT ! gHy. According to equa-
tion 2.7 and the parameters of the experiment?, this
would indicate that the Fe@QC particles inside the

IThis was best visible by the zero position not being equal
every time. There is both a small amount of mechanical hys-
teresis of the cilium and magnetic hysteresis of the magnet.

2L = 920pm, W = 66um, E ~ 0.5MPa, voly, = 2.2%
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Figure 5.2: Deflection as a function of field strength
for two permanently magnetic artificial cilia of different
lengths L, but otherwise equal. The thickness is W =
66pm.

cilium have a magnetisation of M = 25kA /m par-
allel to the cilium, perpendicular to the field. Al-
though a magnetisation corresponding to the max-
imum remanent magnetisation M, = 96kA /m may
have been expected from VSM measurements in
section 3.4.2, it is quite probable that magnetising
beforehand did not completely magnetise the ma-
terial, and so the remanent field is just a fraction.

The artificial cilium of length L = 3.3mm shows
a deflection of §/W = 0.25mT ' pugHy. If the
magnetisation is calculated directly from the model
valid for small deflections (equation 2.7), the FeQC
particles’ magnetisation would be® M = 11kA /m.
This is about half the value for the previous ex-
periment, and can be explained by the much larger
deflection. Figure 2.8 on page 23 shows that for
deflections over five times the width, behaviour be-
comes sub-linear. So the actual magnetisation re-
quired for this deflection would be higher, which is
in agreement with the previous experiment.

3L = 3300um, W = 66um, E ~ 0.5MPa, voly, = 2.2%
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5.1.1 Estimation of induced moment

To rule out the influence of an induced magnetic
moment in this experiment, the deflection because
of a parallel as well as a perpendicular induced mo-
ment will be estimated.

A permanently magnetic material has a rema-
nent field when no external field is present, but it
also has a susceptibility so that its magnetisation
changes when a field is applied. This allows an
induced magnetic moment to play a role in a per-
manently magnetic cilium, of which the component
parallel to the field induces a force in the direc-
tion of the gradient, perpendicular to the cilium;
the resulting deflection §; is described by equation
2.5. The electromagnet was analysed by simula-
tions, and the gradient was determined to be below
0.8T /m within the cilium’s area of movement. Tak-
ing a susceptibility* voly, - x ~ 0.1, this would give
a maximum deflection of §; /W ~ 0.004 mT ™ poHy
for L = 3.3mm and 6;/W ~ 0.0001 mT ! yoH, for
L = 0.92mm. In both cases it is two orders of
magnitude lower than the deflection induced by the
torque of the permanently magnetic moment. This
can be seen for L = 0.92mm in figure 5.3 by noting
that the slope of the line corresponding to the cil-
ium with a permanent moment is higher than that
of one with the induced moment?.

Apart from this quantitative argument, there is
also a qualitative argument that rules out the ef-
fect of an induced magnetic moment parallel to the
field. The relation between the deflection §; of a
cilium with an induced moment and the magnetic
field ﬁo can be written as

. - % L\2

d; X X (Ho - V) Hy EV (HO) , (5.1)
using the product rule for V(A - B). It shows that
the deflection is independent of the sign® of the
magnetic field. The deflection J, of a permanently
magnetic cilium is related to the magnetic field by

8, o< M x H (5.2)

4The effect of shape anisotropy on the susceptibility (sec-
tion 2.2.3) is neglected here; this would only decrease the
resulting deflection by a small amount.

5Note that the susceptibility used in the graph is 40 times
the measured susceptibility, so the slope of the induced mo-
ment is even 40 times lower than the graph shows.

6«direction” may be the better term, but as the theory
assumes that the field is perpendicular to the cilium, “sign”
is more appropriate here.




5.1. LARGE

02 1
---®-- permanent K
—>%— induced .'
1
1
0.1 F !
¢
= /
e /
=) 1
20
3 /
s} 1
O K
a /
®
-0.1 - /
1
1
1
®
1
1
02 \ L/ \ \
-20 -10 0 10 20

Magnetic field poH, [mT]

Figure 5.3: Deflection of an artificial cilium in the field
of an electromagnet for a permanently magnetic and
magnetically induced cilium, obtained by simulations
modelled after the macroscopic experiment discussed
in the text (L = 0.92mm). It is clear that a per-
manently magnetic cilium has a deflection that is de-
pendent on field direction, while the induced cilium
has a deflection independent of field sign. The per-
manently magnetic cilium was given a permanent mag-
netisation of M, = 96kA/m-voly (the value from VSM
measurements), and the induced cilium a susceptibility
X = 196 - voly, (40 times the value from VSM measure-
ments, to enhance readability of the graph). Note that
deflection by an induced moment is caused by a gradi-
ent force (0;, equation 2.5) as well as an induced torque
(63,7, equation 2.11). T

with M in a fixed direction, so it is dependent on
the sign of Hy. This difference in behaviour can also
be recognised in figure 5.3. It shows again that the
deflection in the experiments is not caused by an
induced moment”.

Because of shape anisotropy, a magnetically in-
duced moment can also have a component perpen-
dicular to the magnetic field, creating a magneti-
cally induced torque. The resulting deflection 4; ,

"This has also been verified experimentally by using a
nickel-PDMS composite, which is softly ferromagnetic and
has a negligible remanent field. Using the same setup as
here, the direction of deflection was found to be independent
of field direction and dependent on field gradient.
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has an upper bound as specified by equation 2.11,

L2
discussed in section 2.2.3. Since §; ; ‘Ho‘ sin 2a,

with a the angle between the field and the cilium.
it only becomes relevant at angles close to 45°. For
the experiment with L = 3.3mm at Hy = 50mT,
a = 76° and so with 0;,/W < 4.1 this effect
is present but not dominating (although it would
at higher fields or angles). The experiment with
L = 0.92mm has a ~ 85° so 0; /W < 0.12 at
Hy = 100mT which is negligible.

5.1.2 The coercive field

The field at which the experiments were done ex-
ceeds the coercive field H, = 17.5mT as was mea-
sured by VSM (section 3.4.2.1). This contradicts
the condition put forward in section 2.3.4 that the
actuating field must remain lower. If the exter-
nal field would indeed destroy the remanent mag-
netisation by forcing it into the direction of the
field, the magnetic moment would be completely
induced. However, the previous section has shown
both quantitatively and qualitatively that this can
not be the case, so a permanent moment must have
remained despite the external field exceeding H..
The fact that the angle a between the cilium’s
remanent magnetisation and the external field (fig-
ure 2.5 on page 16) is somewhere between perpen-
dicular and parallel may explain this. At small de-
flections, the cilium is mostly perpendicular to the
field. The coercive field for this perpendicular situ-
ation can be different from the anti-parallel coercive
field; only the latter was measured by VSM as H..
Stoner-Wohlfarth theory (section A.2 on page 60)
may suggest that the coercive field can only become
smaller for non-anti-parallel angles, but ferromag-
netic materials can be bound to other behaviour.
[16, 19, 98] mention that for a ferromagnetic ma-
terial whose magnetic behaviour is determined by
domain-wall pinning, the coercive field can be gov-
erned by a 1/ cos « relationshipi; only the field pro-
jection parallel to the magnetisation contributes to

8This is in the limit that H. < Ha [19], with the
anisotropy field Haq = ﬁ, where K is the anisotropy
constant (see also section A.2 and [30, §1.1.3.4]). As an esti-
mation, H4 can be evaluated using the anisotropy constant
for iron (table A.2) and the measured saturation magnetisa-
tion of iron inside the nanoparticles (section 3.4.2.1), which
results in H4 = 95kA/m= 120mT. Since H. < H 4, this be-
haviour may indeed be present in the Fe@C nanoparticles.
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Figure 5.4: Magnetisation curve of a permanently mag-
netic material. It shows how a permanently magnetic
material responds to an applied magnetic field Hy by
changing its magnetisation M. The saturation mag-
netisation MP, coercive field H., and remanent mag-
netisation M, are indicated. Note that the magnetisa-
tion curves are symmetric, and H. and M, are defined
as positive quantities. See also figure 2.6 on page 19.

rotation of the magnetisation[30, §3.3.5.1]. While
this behaviour is of course a simplification — an
infinite coercivity at a = 90° is highly unlikely —
the perpendicular coercive field can be an order of
magnitude higher than the parallel® coercive field,
as computed in [19], for example. When applied
to the permanently magnetic cilium, a ~ 90° at
small deflections, and the coercive field can be much
higher than measured by parallel> VSM measure-
ments.

When deflection becomes significant, the bend-
ing of the cilium starts to play a role so that the
angle o between the cilium’s permanent magneti-
sation and the external field decreases. This re-
sults in a magnetic field with a component par-
allel to the cilium’s magnetisation. This compo-
nent follows the magnetisation curve as measured
by VSM, shown schematically in figure 5.4. As «
decreases from 90° towards zero, the external field
parallel to the cilium increases. This corresponds
to a movement from point A (field perpendicular
to magnetisation) to point B. When the external
field is removed again, the solid curve is followed
to point A, so the original remanent magnetisation
remains.

Apart from this, there is a small contribution

9¢Anti-parallel’ might be technically more correct, but
possibly somewhat confusing.
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to the coercive field from the demagnetising field.
Since the field experienced by the Fe@C particles
H; = Hy — N'M is smaller than the external field
Hy, the latter can exceed the coercive field while
the magnetisation is retained. Only when H; = H,
do the particles rotate their magnetisation. So the
effective coercive field is H, o = {Ho | H; = H.} =
H.+NM ~ H,+NM,. With N’ =~ 0.9 this be-
comes H e = H. + 0.11T - vol% for Fe@QC, which
would mean an increase of 2.4mT for a 2.2vol%
composite sample; a small contribution indeed.
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5.2 Small

A smaller feasibility prototype was created using
the fabrication method described in chapter 4. It
was created by spin-coating the photoresist ma-N
1420 at 350rpm for 30s on a clean glass substrate.
This was baked on a hotplate at 120°C for 51 min-
utes, UV-exposed for 150s and developed for 5 min-
utes in m-D 533 and finally rinsed with demi-water,
resulting in a layer of about 8um. Then the sample
was covered with PVA (8.7% of weight in demi-
water), spin-coating at 500rpm for 30s and baking
on a hotplate at 100°C for 2 minutes. The pho-
toresist was subsequently dissolved in acetone in
an ultrasound bath for 5 minutes. Thereafter, an
1.6vol% Fe@C-s-PDMS composite was created and
spin-coated on the sample at 3000rpm for 30s. It
was UV-exposed in a nitrogen environment for 30s
to create the beam structures, post-exposure baked
on a hotplate at 120°C for 15 minutes'®, developed
in xylene for 40s, flushed in isopropanol (IPA) and
blow-dried with nitrogen. Finally, the sacrificial
layer was dissolved by putting the sample in demi-
water. From this point on, it was important to keep
the sample in a liquid, to prevent the cilia from
getting stuck to the substrate because of surface
tension forces during drying.

from sticking to the substrate by surface tension
when drying. The demi-water was gradually re-
placed by TPA to make sure that the sample re-
mained inside the liquid; the hydrophobic PDMS
may have popped out of the fluid otherwise. Then
the cilia were observed with a microscope as shown
in figure 5.5a.

The micrograph shows the cilium free from the
surface at the left. Slightly right from the cen-
tre, a vertical line marks the boundary where the
sacrificial layer once was; at its left, the PDMS is
free, while at its right it is fixed to the surface.
The triangular pieces above and below the flap are
residues of PDMS that remained despite not be-
ing UV-exposed. They are so thin, however, that
they have no substantial effect. This can be seen
clearly by a scanning electron micrographs (SEM)

10T his step is not mentioned in chapter 4 but it happens
that this specific sample has had the treatment; skipping the
post-exposure bake should not make any noticeable differ-
ence. Except, possibly, for an increase in resolution because
of the DMPAP radicals have less time to diffuse without the
baking step.
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of figure 5.6. The images also show that the homo-
geneity of Fe@C particles in the cilium is not very
good; large clusters are present, much larger than
found in chapter 3; this is probably the cause of the
irregular thickness, which can be seen very clearly
in the SEM pictures.

To quantify the motile response of this cilium, its
dimensions have been estimated to be L ~ 250um,
T ~ 150pum and W = 10pum; there are no hard
edges, so the error is several micrometres. When
the cilium was put in the magnetic field of a rare-
earth permanent magnet at a distance where the
field is about 50mT, there was a large deflection as
shown in figure 5.5b, estimated'! to be § ~ 183um.
When computing the magnetisation of the Fe@QC
particles that would be needed for such a deflec-
tion by a torque, it gives M = 183kA/m, about
twice the remanent field of the Fe@QC particles as
measured by VSM (M,. = 96kA /m). Note that the
uncertainty is more than 50%, because of the large
error in the measurement of W.

The deflection by an induced moment perpen-
dicular to the cilium can be ruled out because
the deflection is dependent on the magnetic field
direction; turning the magnet by 180° to change
the poles made the cilium bend downwards instead
of upwards. With a magnetic field gradient be-
low 20T/m at the distance of the cilium as de-
termined by simulations on the permanent mag-
net, the maximum deflection for this would be
8;/W = 0.002mT ' jugHy ~ 0.1, which is negli-
gible.

An induced moment parallel to the cilium may
have an impact, though, since the deflection is
so large that |sin2a] — 1. With a &~ 54°, still
di-/W < 0.5 at Hy = 50mT, so this is no substan-
tial effect either.

Conclusion is that a permanently magnetic mo-
ment parallel to the cilium must be the cause of
the deflection. The magnetisation required for de-
flection is higher than expected, although the un-
certainty is more than 50%; if the height would be
W = Tum (instead of 10um), the required mag-
netisation would already be M = 90kA/m. The
difference could also be caused by the Young’s mod-
ulus being a factor of two lower than predicted be-
cause the cilium is drenched in IPA, which swells

1 Assuming that the shape of the deflected cilium is
parabolic, one can obtain the deflection § from the projected
length in figure 5.5b.
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(a)

(b)

100 pm

Figure 5.5: Optical micrograph of a micro-fabricated
artificial cilium in IPA, (a) in rest without an external
field as well as (b) in an external magnetic field of about
50mT, more or less perpendicular to the cilium.

PDMS[48] and may reduce its modulus. Further-
more, there are no measurements of s-PDMS with
magnetic particles inside, so the actual elasticity
may be different from the plain s-PDMS.!?

12While the presence of particles may reduce cross-linking
and decrease the modulus, interaction of the permanently
magnetic particles can also increase it. The amount of DM-
PAP used also affects the amount of cross-links made, so it
is likely to affect the modulus too (just as the amount of
curing agent in Sylgard-184 PDMS determines the resulting
elasticity).
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Figure 5.6: Scanning electron microscope images of a
micro-fabricated artificial cilium (same as figure 5.5).
The cilium has an inhomogeneous distribution of Fe@C

particles inside. (a) is a top view (stitched together
from images with different resolutions), while (b) is
taken under an angle of 70°. The thickness is estimated
to be about W ~ 10um, but has considerable variations
over the surface.
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5.2.1 Very long cilia

While the micro-fabricated cilium just discussed
was long enough to show a considerable deflection,
much longer cilia were created too. Although their
behaviour was not thoroughly investigated, some
general remarks can be made. Microscope images
of such a sample are shown in figure 5.7. Actua-
tion was done by moving a rare-earth permanent
magnet underneath the sample, generating a field
of about 50mT.

The images show that longer cilia do not remain
flat, but have a tendency to be bent in rest as well
as in a magnetic field. Part of this could be a
result of the photo-lithographic procedure, where
particles inside the PDMS interact with UV light
so that the bottom is cross-linked less than the
top'®. When a magnetic field is applied, the cilia
start to twist around their axes. Apparently it is
more favourable to align their magnetic moment
with the second-longest axis by twisting, than to
align it against the length of the cilium by deflect-
ing. The latter would magnetically be favourable
(lower demagnetisation), but cost more mechanical
energy. A small upward movement like with the
shorter cilia has been observed too, though.

In figure 5.7b it can be recognised that the most
right cilium displays little movement. This is one
among others that were stuck to the surface, mostly
at the upper end. By repeated magnetic actuation,
some came lose. This confirms that the fabrication
procedure needs work to reliably create artificial
cilia. This fine-tuning is outside the scope of this
work, however, as the proof of principle has been
demonstrated.

Neighbouring cilia attract each other magneti-
cally when their distance is short. This can be seen
in figure 5.7a by the left four cilia clumping together
at the end. The actuating field was strong enough
to overcome this interaction, however.

5.3 Conclusion
Artificial cilia have been created with a width of

W = 66pum and W =~ 10pum. All cilia show move-
ment when actuated with an external field of about

13This might be solved by UV-exposing the sample again
for a long time after development (flood-exposure). This
must be done before dissolving the sacrificial layer, since at
that moment the cilia come loose and get their bent shape.
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Figure 5.7: Microscope images of micro-fabricated ar-

tificial cilia with a high aspect-ratio. (a) shows the
sample in zero field. The yellow dashed line indicates
the boundary where the sacrificial layer was: the part
of the cilia above it is free, the part below is attached to
the surface. (b) shows several images of the most right
three cilia under application of a mostly perpendicular
magnetic field. By moving the magnet underneath and
varying the angle, cilia could be made to move.

50mT. The relation between the field and deflection
is linear, as predicted by theory. The actuating field
exceeded the coercive field, but it has been argued
that this does not adversely affect the performance.
The cilia’s movement has been shown to be caused
by a permanently magnetic moment, and the mag-
netisation required for the deflection measured has
the same order of magnitude as the remanent field
measured by VSM. Cilia with an aspect-ratio over
50 have been found to twist rather than deflect.
All in all, it appears that magnetic actuation of
artificial cilia with a permanently magnetic mate-
rial is feasible, and their behaviour can be charac-
terised by the theory presented in chapter 2.



Chapter 6

Conclusion & outlook

6.1 Conclusion

Cilia in nature are found to induce mixing and
pumping. The same principle can be used to
achieve such in the domain of microfluidics. By
moving thin, long structures inside a fluid, motion
is induced. Magnetically induced motion of artifi-
cial cilia created from a magnetic PDMS composite
was analysed in theory and practise. Two configu-
rations were considered: a cilium with an induced
magnetic moment in the magnetic field of a cur-
rent wire, and a permanently magnetic cilium in
the homogeneous field of a magnet. An estima-
tion of the resulting cilia movement favoured the
permanently magnetic cilium, which could achieve
a greater deflection than the induced cilium and
whose behaviour was independent of scaling. Both
showed a p3-dependence on aspect-ratio.

A permanently magnetic PDMS composite was
created using Sylgard-184 PDMS and Fe@C par-
ticles with a diameter of 70nm. The maximum
volume concentration that could be achieved was
3vol%, with particle clusters appearing up to a di-
ameter of 10pum. The magnetic behaviour of Fe@QC-
doped-PDMS was measured by VSM and appeared
to be independent of concentration, with which the
saturation magnetisation M,, remanent field M,
and susceptibility x scaled linearly. Extrapolating
the measurements to a 100vol% Fe@C-PDMS com-
posite resulted in M, = 0.6MA/m, M, = 0.16M;
and y ~ 5. The coercive field was measured at
H. =17.5mT. While these values are smaller than
was expected from iron, it was still suitable for use
in a feasibility prototype. Field-curing of the com-
posite did not substantially enhance its magnetic
properties.

To obtain high aspect-ratio micro-structures, ar-
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tificial cilia were created in a horizontal fashion us-
ing a sacrificial layer lift-off technique. To shape
PDMS, it was made photosensitive so it could be
processed by photo-lithography. Two options were
explored: photoPDMS and s-PDMS, of which the
latter was selected because of the better resolu-
tion and selectivity. This resulted in a resolution
of 30um for plain s-PDMS and about 130um for
s-PDMS with 8wt% of Fe@QC particles inside, al-
though the latter may likely be improved by opti-
misation of the fabrication parameters.

Finally feasibility prototypes of permanently
magnetic artificial cilia were created. A macro-
scopic experiment was done by cutting a slab out of
Sylgard-184 Fe@C-PDMS. The deflection was lin-
ear with field strength, as predicted by theory, and
in the same order of magnitude as expected from
order-of-magnitude calculations. Although the ac-
tuating field exceeded the coercive field as mea-
sured by VSM, this didn’t seem to remove the re-
manent magnetisation. Ferromagnetic domain the-
ory was able to give a possible explanation for this.

A micro-fabricated artificial cilium with an as-
pect ratio of 18 was found to show a consider-
able deflection in a 50mT field, in the same order-
of-magnitude as calculated from theory and VSM
measurements. Micro-fabricated cilia with much
larger aspect ratios were found to twist rather than
bend and showed interaction between different cilia.

Concluding, magnetic actuation of permanently
magnetic artificial cilia is feasible, and the order of
magnitude of their behaviour can be described by
the theory presented.
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6.2 Outlook

Now that permanently magnetic artificial cilia have
been shown to bend under application of a mag-
netic field, their use can be applied to the domain
of microfluidics. This requires multiple cilia to be
fabricated in parallel inside a microfluidic channel.
Because of swelling of large patches of PDMS dur-
ing development (section 4.1.2.3), the lay-out of the
photo-mask is important for a reliable fabrication
process. Also the aspect-ratio and spacing between
cilia need to be chosen carefully to avoid interaction
(section 5.2.1).

While the fabrication of magnetic photosensitive
PDMS as discussed in section 4.2 yielded accept-
able results, the influence of magnetic particles with
respect to UV-exposure and development, as well
as the attainable resolution, would need to be inves-
tigated to obtain optimal and better reproducible
results.

The performance of the cilia can be increased
by improvement of magnetic properties, like an in-
crease of the particle concentration. While Sylgard-
184 had a maximum concentration of 3vol% Fe@QC
particles (section 3.4), ssPDMS follows a different
cross-linking mechanism allowing for higher con-
centrations. Homogeneous dispersion of the par-
ticles would still be an issue, though; the use of a
surfactant may be able to improve this.

While iron nanoparticles were used because of
their commercial availability, rare-earth magnetic
materials would be preferable. There are reports of
rare-earth nanoparticles < 1um with superior mag-
netic properties [89], although this usually involves
custom milling or synthesis.

When the details of cilia fabrication are in con-
trol, focus will be shifted to obtaining useful mi-
crofluidic interaction. Multiple cilia need to be ac-
tuated in such a way, that mixing or pumping is
induced, requiring asymmetry [94]. One way would
be to combine the behaviour of the magnetically in-
duced and permanent cilium: while the permanent
moment of artificial cilia makes them deflect in an
external field, the induced moment (also present in
a permanently magnetic cilium) could be exploited
to achieve additional local actuation by a current
wire when positioned correctly. Another way would
be to apply a rotating magnetic field, by which an
asymmetric movement can be induced for pumping,
for example.

CHAPTER 6. CONCLUSION & OUTLOOK
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Appendix A

Critical diameters in nano-magnetism

The permanently magnetic composite used in this
work was created by suspending permanently mag-
netic nanoparticles in a polymer matrix. For the
selection of nanoparticles, it is important to know
the influence of particle size on their magnetic prop-
erties. This is treated in the current appendix.
When (ferro)magnetic particles have a size in the
order of nanometres, magnetic behaviour may be
quite different than from bulk. The apparent satu-
ration magnetisation, for example, can become an
order of magnitude lower. Around 1950, there still
was doubt among physicists about the exact origins
of this effect[5], but since then many experiments
have shaped and confirmed present theory. This
appendix provides an introduction to the physics
at a nanometre scale, and derives some critical di-
ameters. A more thorough treatment of the theory
is given by many textbooks: [11, 30, 47] among
others. One noteworthy article is [3] by Kittel.

A.1 Single- and multi-domain
particles

A permanent magnet creates a magnetic field in
space, which carries energy. This energy can be

(a) (b)

Figure A.1: Magnetisation of (a) a single domain par-
ticle, and (b) the simplest multi-domain particle.
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minimised by creating oppositely facing domains in
the material, so that the external field is decreased.
The boundary between domains carries energy, but
for larger particles this is less than the energy ben-
efit obtained. When the dimensions of a magnetic
particle get close to the domain wall size, it may
be more energetically favourable for the particle to
form a single domain.

The critical size between a single- or multi-
domain particle can be estimated by considering
the two situations depicted in figure A.1. The en-
ergy of single-domain particle (a) has the magneto-
static energy of a spherical particle with radius R,
saturation magnetisation M, and demagnetisation
factor N (section 2.2.3):

1 4
Eu = 5uo/\fj\ﬁ . gﬂRB. (A.1)
The two-domain particle (b) includes the energy
of a domain wall:

1 4
Emd = ’YWRz + Oé§,l£0NM3 . §7TR37 (AQ)

with v the domain wall energy per surface area.
The exact magnetostatic energy of a two-domain
particle is not easily derivable, therefore it is writ-
ten as a fraction a of the single-domain case. Since
the two-domain particle has a lower stray field, the
magnetostatic two-domain energy is less than the
single-domain energy and o < 1. It is obvious that
a > 0. Several textbooks take a to be %, which is
followed here [11, 30, 47].

The critical domain diameter Dy, is found when
the energies of the single- and multi-domain config-
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Figure A.2: A spherical particle in an external field
Hy with one anisotropy axis. The angle between the
particle’s magnetisation and the external field is ¢ and
the angle between the particle’s magnetisation and its
anisotropy axis is 6.

urations are equal, Fyq = Fpq. This results in

18~
po M2

6~
Dgo = 2Ry, = -
d 47 91 — a) poN M2

(A.3)

Spherical particles with a diameter below Dy, con-
sist of a single magnetic domain, larger particles
consist of multiple domains.

A.2 Homogeneous rotation

A typical single domain particle will have all its
spins pointing in the same direction. When an ex-
ternal magnetic field is applied, these spins rotate
in unison to become parallel to the field and min-
imise the Zeeman energy. This behaviour is also
termed coherent or homogeneous rotation.

A particle may, however, have a preferential
direction for its magnetisation. This magnetic
anisotropy creates an energy barrier, which can
prohibit the magnetisation from following the ex-
ternal field perfectly. The anisotropy may be due
to particle shape, crystal structure, or mechanical
tension®.

To rotate the magnetisation, this anisotropy
barrier needs to be overcome. Stoner-Wohlfarth
theory[2] describes this for a particle with a single
anisotropy axis.

Consider a spherical particle with one easy axis
in an external field, as sketched in figure A.2. ¢ is

To be complete, exchange anisotropy (discovered in
1957) should be mentioned here too.
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Figure A.3: Stoner-Wohlfarth energy of a particle as
a function the angle 6 between its magnetisation and
anisotropy axis, for different external field strengths.
The nickel nanoparticle has a diameter of 20nm and its
anisotropy axis parallel to the external magnetic field
Hy (constants used are found in table A.2).

the angle between the particle’s magnetisation and
the magnetic field Hy, while 6 is the angle between
the particle’s easy axis and its magnetisation. The
magnetic energy of this particle is the sum of the
magnetostatic, anisotropy, and Zeeman energy:

1
ESW:V iﬂoNMz“}’KSinQa*,UJOHOMGCOSQb )

(A.4)
with K the anisotropy constant and V' the particle
volume. When the field is (anti-)parallel to the
easy axis, the anisotropy barrier is largest: 6 = ¢.
This situation is plotted for different fields in figure
A.3. The two energy minima at § = 0 and 0 = 7
are along its easy axis. In zero field Hy = OmT,
both situations have the same energy. When an
external field is applied, the Zeeman term increases
the energy of a magnetisation anti-parallel with the
field. When this energy is lower than the barrier at
0= %’/T, there still is a local minimum and particle
in that state retains its magnetisation (Hy = 10mT
in the figure). This minimum disappears at the
anisotropy field Hy = H,w, and the particle aligns
its magnetisation to the external field.

The anisotropy field Hgy, can be determined by
detecting when the second derivative of the Stoner-
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Wohlfarth energy with respect to 6 changes sign,

2
aalggw = 0, resulting in

2K
Hyy = ———. A5
,LLOMS ( )

For the nickel nanoparticle of figure A.3 this re-
sults in Hg,, = 18mT.

A.3 The
limit

superparamagnetic

When the size of a particle is very small, ther-
mal energy kg1 may be enough to overcome the
anisotropy barrier K'V. This results in the mag-
netisation being rotated spontaneously every once
in a while. When many particles are considered and
no external field is present, the random moments
cancel each other and give an average magnetisa-
tion of zero. When an external field is present,
the randomly fluctuating moments have an aver-
age magnetisation parallel to the field>. This phe-
nomenon is called superparamagnetism; Dyy, is the
diameter below which this occurs, the superparam-
agnetic limit. The approach of thermally activated
switching of a single-domain particle is called the
Neel-Brown model.

The average time 7, it takes for the thermal en-
ergy to flip the magnetisation can be expressed us-
ing the Arrhenius-Neel law[4]:

KV
Tm = Toe*BT,

(A.6)

with 7y the resonance relaxation time of the spin
system, which is generally in the order of 10719 [7].
This equation can be understood directly by recog-
nising the Boltzmann-factor, although it is possible
to derive it from a magnetic energy expression like
done in previous paragraphs [30].
For a given time span 7,,, the critical diameter
is
5/ 6kpT Iy Tm
K 7o

a particle of this diameter has a stable magnetisa-
tion for a time span of just 7,,. The value taken

Dy, =

; (A7)

2This holds for an ensemble of many particles, but, ac-
cording to the ergodic hypothesis, also for a single particle
averaged over time.
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Figure A.4: A schematic graph of the coercive field as
a function of diameter. The different size regimes can
be recognised. [47]

for 7, is application dependent. In superparam-
agnetic particles for biomedical applications, one
second is generally appropriate. Hard disks need
permanently magnetic areas for storing data and
should not be disturbed by thermal processes; a
lifetime in the order of tens of years is much more
reasonable there.

A.4 The different regimes

So far, we have seen three regimes: multi-domain
(bulk, D > Dy,), stable single-domain (Dy, < D <
Dy,), and superparamagnetic (D < Dyy). In figure
A 4, the coercive field is shown as a function of size.
This is the external field needed to rotate the mag-
netisation, and a measure for the internal energy.
Multi-domain particles decrease the field by form-
ing domains, while single-domain particles have
a high coercive field, originating from magneto-
crystalline (2K, /M) and shape (N, — N))) - M)
anisotropy. Below the superparamagnetic limit
Dy, the coercive field decreases because thermal
energy is enough to overcome the barrier.

Below the critical domain diameter Dgy,, the en-
ergy of a domain wall is too large to reduce the
stray field. But there are other options for re-
duction, besides creating multiple domains. This
is what happens in the curling and buckling mag-
netisation modes: the magnetisation varies contin-
uously over the geometry. The exchange energy re-
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(a) (c)

Figure A.5: Magnetisation modes of a single domain:
(a) homogeneous rotation, (b) buckling, and (c) curling.
The centre of the curling mode is pointing out of (or
into) the plane.

sulting from slightly nonparallel spins is kept small,
while spins are cancelling each other’s field over
a larger area. Figure A.5 shows the most basic
modes. We have seen homogeneous rotation (a)
before, where all spins are parallel. With buck-
ling (b), the magnetisation is homogeneously vary-
ing along one direction. In the figure, it is varying
upwards; fluctuations to the left and right cancel
each other, thereby decreasing the total stray field.
Buckling often occurs in thin rods. Similarly, the
curling mode reduces the stray field to a minimum
by circular symmetry. It has also small exchange
energy, but for the centre: there opposed spins are
just next to each other, forcing the magnetisation
to rotate out of plane. This mode is found primar-
ily in thin disks; the vortex state depicted has a
centre magnetisation either into the paper, or out
of it.

A.5 Critical diameters for se-
lected materials

For permanently magnetic materials, like nanopar-
ticles in a permanently magnetic cilium, it is de-
sirable to have stable domains with parallel spins.
The superparamagnetic regime is unstable, so D >
Dy, is desired. Individual spins cancel each other in
de curling mode, so that is undesirable too. While
homogeneous rotation would be preferable because
of the high coercive field and magnetisation, it may
be hard to achieve in practise, since the theory pre-
sented here is no more than a basic estimation. So
to be sure of good permanently magnetic proper-
ties, the regime of multiple-domains is be prefer-
able.

For some common ferromagnetic materials, crit-
ical diameters have been computed in table A.1l.

The material properties used there are presented
in table A.2.

Figure A.4 may suggest that critical diameters
have a natural order of succession, but table A.1
shows that this is not necessarily the case. In iron
and nickel, for example, is the limit of homogeneous
rotation larger than the single-domain limit, so that
no curling or buckling mode exists.



symbol expression Iron Cobalt Nickel Magnetite Nd,Fe,,B units

s S
N(1—a)ugM?

2A
Limit of homogeneous rotation Dpwe 3684 ——— 22 32 48 57 17 nm
N o M?

3 6]€BT Tm
In —
7TK1 T0

Single-domain limit Dy, 13 68 30 119 219 nm

19 9 43 32 4 nm

Superparamagnetic limit Dy

Bloch domain wall width (bulk) 0B A\ 65 26 137 104 4 nm
1

Table A.1: Critical diameters for selected materials. For comparison, the domain wall width is mentioned too. Note that the formulae are estimations,
and the material properties used can differ among sources; the numbers presented here should be treated doubly as estimations only.

symbol Iron  Cobalt Nickel Magnetite Nd,Fe ,B units refs
Density p 7.875 8.90 8.912 5.17 7.629 103 kg/m3
Saturation magnetisation M, 1.7 14 0.49 0.49 1.28 MA/m [6,130]
First crystal anisotropy K 48 453 —4.5 —11 4900 kJ/m3 [30, 147, 111]
Exchange stiffness A 21 30 9 12 7.7 pJ/m [30,147,134, 154]
Domain wall energy density ¥ 2.6 9.3 0.5 2.0 25 mJ/m? [30]
Spin lifetime (application dependent) Ten 1 s
Demagnetisation factor (sphere) N 1/3
Two-domain stray field reduction o 1/2

Table A.2: Material properties at room temperature (293K) used for computation of critical diameters. Note that values for crystal anisotropy,
exchange stiffness and domain wall energy density can differ across sources; in these cases a more common value has been taken.
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Appendix B

Commercially available ferromagnetic
micro- and nanoparticles

As discussed in section 2.3.4 and 3.2, permanently magnetic particles were needed for the creation of
artificial cilia. Their size should be below a micrometre, as to create a homogeneous composite. This
appendix summarises commercially available magnetic particles of the basic ferromagnetic elements:
iron, cobalt and nickel. Most available particles are in the range 0 — 100nm. Besides the data shown,
mknano sells 1.2um cobalt particles, and NanoAmor sells 200nm, 400nm and 800nm nickel particles;
Micron Metals has particles in the micrometer-range.

The following data is based on information found on the suppliers’ websites and personal communi-
cation. It does not pretend to be a list of all existing suppliers, nor give the full possibilities of each
supplier; often, a manufacturer is able to create particles on request, which isn’t shown here. Neverthe-
less, it should be a good overview of current commercial offerings.

The particles selected for use in permanently magnetic artificial cilia are 70nm Fe@QC particles from
mknano. As explained in section 3.2, the carbon shell can protect against oxidation, and the diameter
is far above the superparamagnetic limit of 19nm and consists of multiple domains (table A.1) .

B.1 Iron nanoparticles

Supplier Material ~Available diameters [nm]
NanoAmor Fe@C L] 20
NaBond Fe L] 25
Tolitec Fe " L] 25, 100
NanoAmor Fe " ; | 25, 30-60, 60-100
MTI Fe L] 50
mknano Fe@C " 70
Argonide Fe " 100
0 20 40 60 80 100 120



http://www.mknano.com/
http://www.nanoamor.com/
http://www.micronmetals.com/
http://www.mknano.com/
http://www.nanoamor.com/inc/pdetail?v=1&pid=2557
http://nabond.com/Iron_nanopowder.html
http://www.nanomaterials.iolitec.de/prod_me.htm
http://www.nanoamor.com/__nanoparticles
http://www.mtixtl.com/index.asp?PageAction=VIEWCATS&Category=550
http://www.mknano.com/
http://www.argonide.com/nanopowders.html
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B.2 Cobalt nanoparticles

Supplier Material ~ Available diameters [nm]
Strem Co H 10-12
NanoAmor Co@QC L] 20
NanoAmor Co - 20-50, 28
MTI Co u 28
NaBond Co " 28
ITolitec Co = L] 28, 100
0 20 40 60 80 100 120

B.3 Nickel nanoparticles

Supplier Material ~ Available diameters [nm|
MTI Ni m 20
NaBond Ni " 20
NanoAmor Ni LI } | 20, 30-60, 60-100
Argonide Ni " 50, 100
Tolitec Ni u 50, 100
mknano Ni " 80
nGimat Ni : ! 5-120
0 20 40 60 80 100 120

B.4 Alloy nanoparticles
Supplier Material ~ Available diameters [nm]
Strem FeCo Hm 5-8, 10
NaBond FeCo " 30
NaBond FeNi — 10-30
NanoAmor FeNi F f | 30-60, 60-100
nGimat FeNi : 5-120

o R

0 20 40 60 80 100 120



http://www.strem.com/code/template.ghc?direct=nanoparticles
http://www.nanoamor.com/__nanoparticles
http://www.nanoamor.com/__nanoparticles
http://www.mtixtl.com/index.asp?PageAction=VIEWPROD&ProdID=791
http://nabond.com/Cobalt_nanopowder.html
http://www.nanomaterials.iolitec.de/prod_me.htm
http://www.mtixtl.com/index.asp?PageAction=VIEWPROD&ProdID=829
http://nabond.com/Nickel_nanopowder.html
http://www.nanoamor.com/__nanoparticles
http://www.argonide.com/nanopowders.html
http://www.nanomaterials.iolitec.de/prod_me.htm
http://www.mknano.com/
http://ngimat.com/nanotech/productlist.html
http://www.strem.com/code/template.ghc?direct=nanoparticles
http://nabond.com/Fe_Co_nanoalloy.html
http://nabond.com/Fe_Ni_nanoalloy.html
http://www.nanoamor.com/__nanoparticles
http://ngimat.com/nanotech/productlist.html
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