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Magnetic polymer actuators for micro�uidics

Summary

The manipulation of �uids on the sub-millimetre scale � micro�uidics � �nds ap-

plication in the miniaturisation and integration of biological analysis, chemical

synthesis, optics and information technology. In a micro�uidic device, �uids need

to be transported, mixed, separated and directed in and through a micro-scale sys-

tem. The e�cient mixing of �uids � particularly needed for analysis or synthesis �

presents a large challenge in micro�uidics. Mixing cannot occur by turbulence be-

cause of the low Reynolds number that prevails in micro-channels, and molecular

di�usion is rather slow in achieving mixing on the scale of a micro�uidic channel.

A solution for obtaining mixing on e�cient time scales has been to passively or

actively manipulate the �uids to induce chaotic advection and increase the interfa-

cial area of two �uids progressively, thereby decreasing the length scale over which

di�usion has to take place to mix the �uids.

In this thesis we investigate magnetic polymer micro-actuators that can be

incorporated on the walls of micro�uidic channels and can be actuated with mag-

netic �elds. A magnetic stimulus that addresses micro-actuators is very robust,

because of the low interaction between magnetic �elds and (bio)chemical �uids.

The use of polymeric materials for producing micro-actuators potentially allows

for cost-e�ective micro-devices with integrated �uidic actuation. The aim of the

thesis is to provide generic and advanced �uid control inside micro�uidic devices,

e.g . for the purpose of integrated pumping or for the purpose of mixing.

Superparamagnetic and ferromagnetic particles have been dispersed in poly-

mers with a low elastic modulus and the composites have been characterised me-

chanically and magnetically. A low elastic modulus polymer enables large de-

�ections of micro-actuators with practical magnetic �elds. In this thesis, various

types of the elastomer polydimethylsiloxane (PDMS) have been used for construct-

ing the polymeric micro-actuators with a low elastic modulus. The e�ciency of

magnetic actuation on small scales is discussed for two actuator concepts. It is

shown that actuation by magnetic torque scales neutrally with miniaturisation,

allowing for actuation with externally generated magnetic �elds. In contrast, ac-
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tuation by magnetic gradient force scales inversely proportional to the size of the

actuator. Therefore magnetic gradient actuation cannot be induced by an external

electromagnet and requires a localised generation of magnetic �elds. Because vis-

cous e�ects dominate over inertial e�ects at small scales (Reynolds number < 1),

symmetric and in-phase movements of micro-actuators would induce no net �uid

�ow. Therefore the generation of asymmetric or out-of-phase movements of micro-

actuators has been investigated for each actuator concept.

The interaction of magnetic particles embedded in PDMS has been studied

and compared to the interactions in a ferro�uid. The enhancement of magnetic

susceptibility due to the particle interactions was found to be limited because of the

clustering of magnetic particles in the polymer that induces local demagnetisation.

The alignment of clusters of particles in a magnetic �eld was investigated and

the resulting magnetic anisotropy was quanti�ed. Modelling has established that

such an intrinsic magnetic anisotropy for an actuator can provide an increase in

actuation amplitude up to one order of magnitude, for the same stimulus.

The magnetic PDMS composites developed in this thesis have been used to

fabricate high aspect ratio micro-actuators that are standing or lying on a sub-

strate. Standing superparamagnetic PDMS micro-actuators were produced by

mould replication. The standing micro-actuators have been actuated locally with

the high magnetic �eld gradient generated by an integrated current wire (resulting

in actuation by magnetic gradient force). The local stimulus allows for individual

addressing of the micro-actuators and potentially enables out-of-phase movements

of adjacent actuators. Possible geometries for the actuator device have been ex-

plored with models that describe the de�ection of the actuators and the heat

dissipation in the current wire. The fabricated micro-actuators were found to re-

spond to the magnetic stimulus of the current wire but also to the thermal stimulus

associated to the heat dissipation in the current wire, because of temperature de-

pendent swelling of the micro-actuators in a solvent. The di�erent time scales of

magnetic and thermal actuation allowed the creation of an asymmetric movement.

The standing micro-actuators have also been actuated by a homogeneous mag-

netic �eld generated by an external electromagnet (resulting in actuation by mag-

netic torque). A non-constant phase lag was demonstrated between actuators hav-

ing di�erent amplitudes of de�ection, which can potentially provide e�cient mixing

on small scales. The high frequency actuation of the standing micro-actuators was

found to be limited to 5 Hz, which we attribute to the viscous behaviour of the

PDMS.

Lying ferromagnetic PDMS micro-actuators were produced with lithographic

and sacri�cial layer techniques. The lying micro-actuators have been actuated by

a homogeneous magnetic �eld generated by an external electromagnet (resulting
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in actuation by magnetic torque). The permanent magnetisation of the actuators

allowed for much larger de�ections than for the standing superparamagnetic ac-

tuators. For a speci�c initial magnetisation of the actuators and using a rotating

magnetic �eld, the actuators were shown to exhibit selectively either a symmetric

or an asymmetric movement. The actuation at high frequencies of the micro-

actuators was limited by the viscous drag in �uid and, in our experiments, by the

high frequency limitations of the electromagnet. The micro-actuators could oper-

ate up to a frequency of 50 Hz, which is one order of magnitude higher than for the

standing superparamagnetic actuators. The higher actuation frequency indicated

that the type of PDMS used to fabricate the lying ferromagnetic micro-actuators

exhibits less viscous behaviour.

In a micro�uidic cavity, the lying ferromagnetic micro-actuators induced local

vortices or translational net �uid �ows, depending on their initial magnetisation.

Two micro-actuators pointing in opposite directions were actuated fully indepen-

dently with the same external stimulus, depending on the rotation direction of

the magnetic �eld. The di�erent re-magnetisation in each case could explain the

possibility for individual actuation. Provided with this independent actuation,

two sets of vortices can be controlled individually in a micro�uidic device, which

is particularly promising to mix �uids with e.g . a blinking vortex protocol. The

observed translational net �uid �ows can in principle provide integrated pumping

in micro�uidic devices.





Chapter 1

Introduction

1.1 Micro�uidics and its applications

Micro�uidics is the science and technology of handling �uids on the sub-millimetre

scale. The �eld emerged strongly in the 1990's with investigations on the trans-

port, mixing, separation and directing of �uids in microsystems with channels that

have a typical width between 10 and 100 µm. A key advantage of miniaturisation is

that small amounts of material can be controlled in space and in time for complex

processes. Applications range from biological analysis to chemical synthesis, optics

and information technology [1]. The expectations of micro�uidics are analogous

to the expectations of microelectronics at the end of the 1970's, which were that a

large amount of miniaturised electronics integrated on a small chip would reduce

the costs and increase the performance of computing. While microelectronics has

progressed into wide-scale commercialisation, micro�uidics is still in a relatively

early phase with strong emphasis on research and development. Centimetre-sized

devices that incorporate a range of complex micro�uidic functions are commonly

referred to as lab-on-a-chip devices. An early example is the capillary electrophore-

sis chip by Manz et al . [2]. This pioneering work was followed by studies aiming at

the integration of total analysis � i.e. sample pretreatment [3] as well as analysis

� in a single device [4, 5].

An important application �eld for lab-on-a-chip devices is rapid, sensitive, cost-

e�ective and easy-to-use testing of body �uids for point-of-care medical diagnos-

tics. An example of a successful point-of-care medical diagnostic device is the

glucose sensor that is used by diabetes patients. The sensor consists of a cheap

disposable strip that is inserted in a readout device (cf . Fig. 1.1). A tiny drop

of blood is applied on the strip and the glucose level is detected electrochemically

after an enzymatic conversion of glucose. Capillary forces provide the transport of
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Fig. 1.1: Glucose sensor used by diabetes patients as an example of a commercial lab-
on-a-chip. A blood droplet from a �nger prick is placed on the disposable strip. The
strip is shown ampli�ed on the right with three electrodes and the sample application
region at the top [6].

the blood to the enzyme and the electrodes on the strip, so advanced micro�uidic

functions are not needed. This technology is suited for the detection of relatively

high analyte concentrations (mmol/L). The detection in lab-on-a-chip devices of

molecules at low concentrations (e.g . pmol/L and lower) in complex biological

samples remains scienti�cally and technologically very challenging. Controlled ac-

tuation is a key ingredient to tackle this challenge, because actuation accelerates

biochemical reactions and allows a careful control of the reaction conditions. Two

state-of-the-art examples are the actuation of �uids by electrokinetic �ow [7] and

actuation of biological materials by magnetic nanoparticles [8].

1.2 Integrated �uid actuation

Integrated �uid actuation refers to �uid actuation principles by which materi-

als can be locally manipulated in a lab-on-a-chip device. Ideally integrated �uid

actuation allows the use of minimal amounts of �uid, simpli�es external connec-

tions, and increases the reliability and ease of use of the system. Many integrated

micro-pumping principles have been described in literature [9], but most princi-

ples have a limited applicability, are costly to fabricate, or are relatively large.

Interesting are the in-situ methods based on electric or magnetic �elds, such

as electro-osmosis [10], electrocapillary pressure [11], dielectrophoresis [12] and

magnetophoresis [13]. Other methods to generate �ow are for example acoustic



Introduction 3

streaming [14] and magnetohydrodynamic pumping [15], while valves for direct-

ing the �ow have been demonstrated using capillary forces [16] and pneumatic

pressure [17,18].

The aim of this thesis is to explore a novel �uid actuation principle based on

micro-actuators that are integrated onto the walls of a micro-channel, as sketched

in Fig. 1.2. In particular, we investigate the fabrication of micro-actuators from

magnetic polymer material and their actuation by magnetic �elds. The concept

of integrated magnetic micro-actuators has several advantages: (i) the micro-

actuators can be seamlessly integrated into micro-channels with very low volume

requirements, (ii) biological �uids are hardly magnetic, so magnetic �elds can be

applied with high accuracy and reliability, and (iii) polymer materials are suited

for low-cost fabrication. We envisage that such micro-actuators can be used to

perform �uid pumping as well as active mixing (cf . next section), depending on

the applied stimulus. A key challenge for �uidic micro-actuators is that an asym-

metric movement is needed to generate a net �uid �ow under the low Reynolds

number conditions that prevail in a micro-channel [19]. Because of the absence

of inertia, a symmetric movement drags the �uid back and forth without a net

displacement, even if temporal asymmetry is used for the movement. Asymmetric

micro-actuator movements can be found in natural cilia and �agella [20]. Cilia and

�agella are made from microtubule sca�olds and dynein motor proteins. Flagella

(e.g . on sperm cells) show an undulating movement while cilia (e.g . on protozoa)

beat with a whip-like motion. The whip-like motion has an e�ective stroke and

a recovery stroke, as is illustrated in Fig. 1.3a [20]. Natural cilia typically have a

length of 10 µm and a diameter of 200 nm, and the coherent movement of many

Fig. 1.2: Micro-actuators covering the wall of a micro�uidic channel. By moving back
and forth in the �uid following an adequate stimulus, they potentially provide active
integrated micro-mixers or integrated micro-pumps.
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Fig. 1.3: (a) Illustration of a natural cilium that moves with an e�ective and a recovery
stroke. This asymmetric movement induces here a net �uid �ow to the left. (b) Micro-
scope image of a paramecium, a unicellular protozoa covered with cilia and ∼300 µm in
size. The cilia are blurred because of their fast movement, typically with a frequency of
50 Hz.

cilia provides e�ective �uid actuation. Fig. 1.3b shows a protozoa that is able to

move in �uid due to the cilia on its surface. Cilia are able to bring highly viscous

substances into motion, e.g . cilia generate the transport of mucus along the human

respiratory tract.

Zhou et al. provide a review of research work on biomimetic cilia [21]. An

example is the work by Evans et al . [22] who produced arti�cial cilia from a mag-

netic elastomer composite and actuated them with a moving permanent magnet.

These arti�cial cilia do not show the characteristic whip-like motion of natural

cilia but simulations by Khaderi et al. of a similar arti�cial cilium predict that an

asymmetric movement can be generated [23]. Dreyfus et al. [24] constructed an

arti�cial �agellum with superparamagnetic beads and attached a red blood cell to

it. This arti�cial �agellum behaves with an undulating movement in a rotating

magnetic �eld, much like natural �agella. Active mixing was demonstrated by den

Toonder et al. [25], in a device based on the electrostatic actuation of arti�cial

cilia covering the wall of a micro�uidic channel. A disadvantage of the electro-

static concept is that electric �elds strongly interact with (bio)chemical �uids and

that the fabrication method is complicated.

1.3 Mixing in micro�uidics

Mixing at small scales is di�cult and represents a challenge in micro�uidics. The

Reynolds number, de�ned as the ratio of inertial forces to viscous forces in a �uid,

is bound to be small in micro-channels (typically < 1) which prohibits mixing to

occur by turbulence. Therefore only molecular di�usion remains to achieve mixing.

The time required for particular species in solution to di�use can be estimated by
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the square of the dimension of a micro-channel divided by the di�usion constant

of the species to be mixed (t = L2

D ). The di�usion constant of particles (or large

molecules, viruses and cells) can be approximated by the Stokes-Einstein relation

and is de�ned as the thermal energy divided by the Stokes drag coe�cient (D =
kBT
6πηr ). Consequently, with η the dynamic viscosity of water, it can be estimated

that particles with a radius r larger than 10 nm need more than 500 s to di�use in a

channel with a size L = 100 µm, which is prohibitively long. Therefore, the �uids

in micro-channels have to be actuated in order to enhance molecular di�usion.

This can for example be realised by inducing chaotic advection [26, 27], which

increases the interface between two �uids exponentially with time by repeatedly

stretching and folding the �uid. Chaotic advection cannot occur in steady two

dimensional �ows and the alternation of stretching and folding is crucial [28]. As an

illustration, a single vortex induced by a rotor does not provide chaotic advection

as opposed to two vortices being alternatively turned on and o� (the blinking

vortex model [26, 29]). In order to induce chaotic advection, passive and active

actuation of the �uids can be envisaged and Nguyen et al. provide a review of such

micro-mixer designs [30]. Passive mixers rely on speci�c channel geometries (with

grooves, meanders or three-dimensional topologies) to achieve mixing and do not

need any external stimulus, other than a pump to transport the �uids through the

channel. Many passive micro-mixers are very e�ective and simple to implement,

see for example the work of Stroock et al. [31]. The drawbacks of passive mixers

are that they can only be used to perform mixing � not other micro�uidic functions

such as pumping � and cannot be quantitatively controlled. Active mixers make use

of an external or local stimulus to induce mixing in the �uids, hence the possibility

to actively control the process. As stated earlier, asymmetrically moving micro-

actuators are well suited for micro-�uidic actuation. Such micro-actuators can

therefore perform active mixing, provided with an actuation scheme that induces

chaotic advection. In addition, multiple actuators with symmetric movements

may also provide mixing if they have an out-of-phase movement. A simulation

by Khatavkar et al. [32] shows an exponential stretching of the interface between

two �uids when the phase lag between two adjacent micro-actuators is 90°, and

no mixing with a phase lag of 0° or 180°.

1.4 Magnetic actuation

In this thesis we make use of magnetic actuation to actively control integrated

micro-actuators for micro�uidic functions. Magnetic actuation is highly suited for

application in lab-on-a-chip devices, because of the lack of interactions of mag-

netic �elds with (bio)chemical �uids and with the materials used to produce the
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devices (mainly polymers). This lack of interactions has two advantages. First,

well de�ned magnetic stimuli can be applied to actuators without being disturbed,

absorbed or biased by the device itself or by the �uids being handled. And second,

the magnetic stimuli used for actuation do not perturb the handled �uids. Such

properties are not provided by other actuation principles, e.g . thermal, optical, or

electrostatic actuation.

Many groups have made use of magnetic actuation in a micro�uidic environ-

ment and Pamme [33] provides an extensive review. The magnetic actuation con-

cepts for micro�uidics can be separated in two categories, one where the actuator

is a �xed element of the micro�uidic device (as in this thesis) and another where

the actuator is a magnetic particle or bead present in the �uid. The latter concept

of magnetic beads in a �uid is the most widely exploited one and permits either

�uidic actuation by moving the beads adequately or, more importantly, allows

to manipulate, sort, separate and/or detect biological molecules conveniently by

labelling them with the magnetic beads [34,35].

1.5 Polymer micro-actuators

The magnetic micro-actuators investigated in this thesis consist of polymeric ma-

terials as principal component. Magnetic particles are dispersed in these materials

to create magnetic polymer composites. Magnetic actuation is key to e�cient in-

tegration in lab-on-a-chip devices and likewise, polymeric materials are key to a

cost-e�ective integration. Cost is however not the only advantage gained in us-

ing polymers over other inorganic materials for actuators in lab-on-a-chip devices.

Other advantages are: (i) polymers o�er a broad range of processing conditions,

(ii) they can be modi�ed chemically to provide new functionalities and (iii) they

generally have a lower elastic modulus than inorganic materials, providing facili-

tated de�ection of micro-actuators. These advantages are discussed below.

Microsystems of actuators and sensors have traditionally been made of inor-

ganic materials, making use of processing technologies from the microelectronics

industry or derived from it. Such microsystems often make use of electrostatic

e�ects and are therefore referred to as micro-electromechanical systems (MEMS).

The term MEMS has however become a generic one, designating a larger range of

microsystems. In the last two decades, polymers have been increasingly used in

MEMS and Liu [36] reviews some recent developments in polymer MEMS. Besides

their lower cost of acquisition, specially when compared to silicon, polymers can

be processed with a wider toolbox. Novel fabrication processes such as molding,

nano-imprinting, ink-jet printing, (photo-)embossing or stereo-lithography can po-

tentially further reduce the cost of microsystems [36].
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Polymers can be modi�ed chemically with endless variation, o�ering a broad

range of possibilities for mechanical or chemical characteristics. But polymers can

also be functionalised to o�er speci�c biological compatibility. For example, dif-

ferent degrees of oxidation of polystyrene provide lower non-speci�c adsorption of

biological target molecules [37], therefore increasing the selectivity of a biosensor.

If a micro-actuator is used to mix biological �uids in a lab-on-a-chip, it would in-

deed be desirable that the biological molecules do not stick or bind to the actuator

itself.

Most polymers, and mainly elastomers, have a lower elastic modulus than

inorganic materials like silicon or metals. In conjunction with actuators, this

can be exploited to provide a relatively larger de�ection for an identical applied

stimulus. As will be made clear in Chap. 2, this advantage is crucial to create

magnetic micro-actuators without resorting to extremely thin and long actuators,

fragile hinges, or unpractically high magnetic �elds or magnetic �eld gradients. In

this view, the elastic modulus of a micro-actuator should be as low as possible,

providing the desired large de�ection. A low elastic modulus also brings along

the advantage of low power consumption for actuation, which might be useful for

some applications. There is however a limit to the usefulness of decreasing the

elastic modulus of a micro-actuator, should it be to either obtain large de�ections

or to reach low power consumption. This limit is set by the viscous drag that

a micro-actuator has to overcome in a �uidic environment to be able to actually

actuate the �uid. The ideal low elastic modulus case is the one of an actuator

�oating free in the �uid and whose operation is only dictated by the viscous drag

force it has to overcome. In the following paragraph, we compare the viscous drag

force at a desired frequency of operation and de�ection of an actuator to the static

force needed to reach this de�ection. Using a rough estimate, we show that for

aspect ratios of actuators of 20 (ratio L/T in Fig. 1.4) and a desired operation

frequency of 100 Hz, the elastic modulus should not be much lower than 1 MPa.

The de�ection δ of a cantilever-like actuator requests a uniformly applied force

given by [38]:

Fmech =
δ EW T 3

4L3
(1.1)

with E the elastic modulus of the cantilever and W , T and L its dimensions

according to Fig. 1.4. In turn, this force is counteracted by the viscous drag of

the actuator in the surrounding �uid. Because of its small dimensions, a micro-

actuator operates without turbulence (Reynolds number < 1) and experiences

Stokes' drag, which depends on the velocity U of the actuator in the �uid. For



8 Chapter 1

Fig. 1.4: Geometry of a micro-actuator attached to the wall of a micro�uidic channel.
The tip of the actuator is de�ected over a distance δ at a velocity U .

the sake of simplicity, the drag of the cantilever-like actuator is approximated by

the drag in bulk �uid of a sphere with a diameter equal to the length L of the

cantilever, and with W = L. The viscous drag force is thus:

Fd = 3π η LU (1.2)

with η the dynamic viscosity of the �uid (10-3 Pa·s for water). The aspect ratio of
the cantilever is de�ned as p = L/T and its frequency of operation can be de�ned

as ν = U
2 δ . Combining Eqs. 1.1 and 1.2, the frequency of operation at which the

drag force would be equal to the force needed for static actuation is given by:

ν =
E

24π η p3
. (1.3)

For operation in water and a reasonable aspect ratio of 20, this frequency is plotted
in Fig. 1.5 as function of the elastic modulus of the actuator (solid line). This line

separates the plot in a region where the actuation is dominated by viscous drag (for

high frequencies and low moduli) and a region where the actuation is dominated

by the sti�ness of the actuator (for low frequencies and high moduli). Note that

the viscous drag experienced by an actuator will be higher than approximated by

Eq. 1.2, in particular because of the proximity of the wall where it is attached.

Therefore the dashed line indicates a safety region for the design of a proof-of-

concept actuator not being dominated by viscous drag. In this view, the dashed

line sets a limit to the frequency of operation for a given elastic modulus and

allows us to design a micro-actuator without having to take into account viscous

drag. But from the strict point of view of low power consumption, the actuation
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operation of an actuator the viscous drag force is equal to the force of static actuation.
The dashed line indicates a safety region to design a proof-of-concept actuator that will
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regime should eventually be dominated by viscous drag, in order to transfer the

maximum power to the �uid. An interesting point to note is that the limitation

on the frequency of operation due to the constant viscous drag that needs to be

overcome is not dependent on the scale of the actuator (cf . Eq. 1.3).

The desired frequency of actuation of a micro-actuator will depend on the e�-

ciency of net �uid actuation per cycle of an asymmetric or out-of-phase movement,

but for now it is assumed that an actuation of at least 10 or 100 Hz is required.

Such a value is actually in the range of beating frequencies of natural cilia [39].

For an aspect ratio of 20, this would mean that the elastic modulus of actuators

should not be much lower than 1 MPa (cf. Fig. 1.5). Note that this lower limit

for the elastic modulus increases with the cube of the aspect ratio. Elastic moduli

lower than 1 MPa are of course possible, but are not bene�cial for increasing the

de�ection of an actuator with a same available stimulus, nor for lowering the power

consumption of a device, because the viscous drag force that needs to be overcome

stays constant. A too low elastic modulus would also decrease the structural in-

tegrity of the actuator and not only elastic but also viscous e�ects could start to

play a role in the deformation of the actuator. Note however that, in principle, the

viscous e�ects of polymers are not directly correlated to the value of their elastic

modulus.
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1.6 Device concepts

In this thesis, several device concepts of magnetic polymer micro-actuators are in-

vestigated. As mentioned previously (cf . Fig. 1.2), the micro-actuators are meant

to cover the wall of micro�uidic channels to eventually provide integrated micro-

mixers or integrated micro-pumps. The aims are therefore to develop magnetic

polymers, investigate suitable micro-structuring techniques and integrate them

into a proof-of-concept micro-device. In this section we introduce and discuss the

possible device concepts and motivate the choice of three concepts that will be

developed further in Chap. 4, 5 and 6.

The geometry of surface-attached micro-actuators can be divided into two main

categories, namely standing and lying actuators. Standing actuators are long and

thin structures extending perpendicularly from the wall into the micro�uidic chan-

nel at their resting position, hence standing on the wall (Fig. 1.6, insets c, d, g and

h). They can be produced by replication of a mould and in that respect the wall

is made of the same material as the actuator. Lying actuators are long and thin

structures resting parallel to the wall of the micro�uidic channel, hence lying on the

wall (Fig. 1.6, insets a, b, e and f). They can be produced with planar structuring

techniques such as photo-lithography or printing. Magnetic micro-actuators can

Fig. 1.6: Possible device concepts with actuation either by the high magnetic �eld
gradient of a local current wire (top row) or the homogeneous magnetic �eld of an external
electromagnet (bottom row). Lying micro-actuators (two �rst columns) or standing
micro-actuators (two last columns) can be attached to the wall of a micro�uidic channel.
The large dots in the micro-actuators represent a ferromagnetic material whereas the
small dots represent a superparamagnetic material. The concepts of insets (d), (e) and
(h) are investigated in this thesis, the motivations therefore are described in the text and
more extensively in Sec. 2.6.
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be made from two kinds of materials, ferromagnetic or superparamagnetic, o�ering

two types of devices for each geometry. Ferromagnetic materials are permanently

magnetic and superparamagnetic materials are magnetic only in the presence of

a magnetic �eld. Additionally, a distinction in device type can be made, which

addresses the way the magnetic stimulus for actuation is generated. The two

most viable options in the view of a cost-e�ective integration with lab-on-a-chip

devices are the generation of a homogeneous magnetic �eld with a macroscopic

electromagnet and the generation of a high magnetic �eld gradient with an inte-

grated current wire (see Sec. 2.6 for a detailed argumentation). Combining all the

aforementioned possibilities, there are eight di�erent device concepts that can be

envisaged, sketched in Fig. 1.6.

The actuation with a current wire (Fig. 1.6, top row) requires it to be located

very close to the tip of the actuator, favouring the standing structures (cf . Sec.

2.6 and 4.2.1). In Sec. 4.2.3 it will be shown that for the speci�c materials de-

veloped and geometry of actuators, neither ferromagnetic nor superparamagnetic

materials are favoured with this type of actuation. The choice is made for the

superparamagnetic material because this magnetic polymer composite presents

particle clusters that are small enough to �t in the mould created with ion beam

lithography1, as opposed to the ferromagnetic material (cf . Sec. 4.3.1). Chap. 4

will therefore investigate the concept of Fig. 1.6d and leave aside the concepts of

Fig. 1.6a, b and c. Note that with this concept, the micro-actuators can be locally

and individually addressed, enabling out-of-phase actuation of adjacent actuators

which could be crucial to induce a net �uid �ow with a symmetric movement

of actuators (as noted in Sec. 1.2). In a lab-on-a-chip device, it might also be

advantageous to have spatial selectivity provided by local actuation.

The actuation with an external electromagnet generating a homogeneous mag-

netic �eld (Fig. 1.6, bottom row) is most e�cient with a ferromagnetic actuator

material (cf . Sec. 2.6). Because of the large clusters in our ferromagnetic polymer

composite, the manufacturing is facilitated with lying structures. Chap. 6 will

therefore investigate the concept of Fig. 1.6e and leave aside the concepts of Fig.

1.6f and g. Even if the actuation of a superparamagnetic material with a homoge-

neous magnetic �eld is less e�cient (cf . Sec. 2.6), the concept of Fig. 1.6h will be

investigated in Chap. 5, making use of the micro-actuators fabricated for Chap.

4. This latter concept can provide advantages if applied in a lab-on-a-chip device

that uses magnetic labels in the �uid, because the actuators are only magnetic

when the actuation stimulus is applied and are not permanently magnetic like

ferromagnetic actuators.

1Ion beam lithography is required for creating the high aspect ratio of the mould for standing
structures.
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1.7 Outline

The objectives of this thesis are to provide magnetic polymer actuators that can

be integrated in a proof-of-concept micro-device and to investigate their use for

micro-�uidic actuation. For this purpose, Chap. 2 introduces the issues related

to miniaturising magnetic actuation and presents the development of magnetic

polymer composites. These new composites are then characterised magnetically

and mechanically. The scaling behaviour of magnetic actuation by force and torque

is derived and quanti�ed based on the material characteristics previously obtained.

The chapter concludes with a discussion on the e�ects of absolute size on the

relative e�ciency of a magnetic actuator for di�erent concepts.

The magnetisation behaviour of magnetic nanoparticles dispersed in a polymer

are studied, measured and modelled thoroughly in Chap. 3. Magnetic polymers

with intrinsic magnetic anisotropy are then created by aligning clusters of magnetic

particles and the previous model enables to understand their magnetic character-

istic. Such a new material with intrinsic magnetic anisotropy can be useful to

obtain increased actuation and a model quanti�es this advantage.

Chap. 4 demonstrates and discusses the local actuation of standing super-

paramagnetic micro-actuators with a current wire. Possible device geometries are

analysed with a model and several manufacturing techniques are presented and

compared. The limitation due to the heat dissipation in the current wire is mod-

elled and discussed, and adequate current wires are manufactured. The device is

assembled and the de�ection of micro-actuators in a �uidic environment is quan-

ti�ed. The same micro-actuators are used in Chap. 5, but actuation is realised

with an external magnetic �eld. In that respect a compact electromagnet capable

of generating rotating magnetic �elds is constructed and characterised.

The actuation of ferromagnetic lying micro-actuators is the topic of Chap. 6.

A fabrication process is presented and actuation is realised with the same external

electromagnet as used in Chap. 5. The actuation with symmetric and asymmetric

movements is demonstrated in a micro�uidic chamber up to frequencies of 50 Hz.

Finally, the consequence of a symmetric versus an asymmetric movement for �uid

actuation is analysed in a proof-of-concept experiment.



Chapter 2

Magnetic micro-actuation

2.1 Introduction

This chapter provides an overview of the issues and opportunities for magnetic

actuation at small scales. First a short review of magnetic micro-actuators found

in literature over the past 20 years is presented. Magnetism is then introduced

and the choice of di�erent types of magnetic particles for dispersion in polymers is

made and discussed. The dispersion of the chosen magnetic particles in a polymer

and the related e�ect on its elastic modulus are investigated, providing a quan-

titative characterisation of the properties of the materials that will be available

throughout this thesis to build micro-actuators. Finally, the magnetic force and

torque e�ects that can be used for actuation are presented and their scaling rela-

tions are derived for several con�gurations. By considering the material properties

that are investigated in this chapter, the relative de�ections of micro-actuators for

di�erent device concepts are quanti�ed with respect to the scale of the actuator.

This points out the feasible device concepts on small scales.

2.2 Miniaturising magnetic actuation

In our daily macroscopic world the engines of machines are usually driven either

by combustion reactions or by magnetic �elds. Combustion engines are mainly

used in the automotive industry and actuation by magnetic �elds is found in all

(domestic) electrical appliances. An example of an engine driven by magnetic

�elds is sketched in Fig. 2.1 and the broad range of applications of (macroscopic)

magnetic actuators is re�ected by ongoing research in Ref. [40]. Various con�gura-

tions other than the one illustrated in Fig. 2.1 exist to create an electrical engine,
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Fig. 2.1: Electric engine driven by electromagnetic forces generated with magnetic �elds,
as an example of a macroscopic magnetic actuator. The rotor (light grey) is magnetised
by coils with a DC current and attracted or repelled by the stator (dark grey) which is
magnetised permanently by a magnet (N/S). The continuous rotation is possible because
the DC current is alternatively �owing in one and the other direction in the coils when
the rotor turns (electrical contact is made with �brushes� close to the rotation point).

but the principle is always based on an electromagnetic force that results from the

magnetic interaction between currents, magnets and magnetic materials. On the

micro-scale, the complexity of a combustion engine gives a rather obvious reason as

to why its miniaturising has not been successful. More surprising is that magnetic

actuation has not been very successfully miniaturised. In fact, the �rst actuation

principle that has been successfully applied and integrated on the micro-scale is

not based on magnetic �elds but on electric �elds. The application of an elec-

tric �eld over a gap between two electrodes enables electrostatic micro-actuation,

which is widely used in a �eld that has developed rapidly since the end of the

1980s, namely the �eld of micro-electromechanical systems or MEMS [41�43].

Three general arguments can explain the early success of electrostatic actua-

tion over magnetostatic actuation for applications on the micro-scale. The �rst

argument is related to the available manufacturing technologies and materials

for microsystems. Most of these technologies and materials are derived from the

microelectronics industry and therefore silicon wafers, their etching and doping

techniques, and deposition techniques of metals and oxides are readily available.

It is therefore rather easy to manufacture electrostatic silicon micro-actuators with

integrated electrodes. Permanent magnetic layers were only routinely applied in

magnetic sensors during the last decade and therefore magnetic microsystems have

not been widely explored [44, 45]. Apart from this, the micro-fabrication of three

dimensional coils is technologically challenging and one is limited to planar coils

in practice. The second argument that speaks in favour of electrostatic actuation

for small scales is related to the maximum energy density that can be stored in
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the gap between a rotor and a stator. Since the derivative of this energy density

gives the force density applied on the actuator, it provides a �gure of merit for

actuation [41]. For the magnetic case, the energy density is given by:

Umagn =
B2

2µ
, (2.1)

with B the magnetic �ux density and µ the magnetic permeability. The maximal

�ux density is essentially limited by the saturation �ux density of ferromagnetic

materials, in the order of 1 T, and for a gap in air this maximum energy density

is 4 · 105 J/m3. For the electric case, the energy density is given by:

Uelectr =
εE2

2
, (2.2)

with E the electric �eld and ε the electrical permittivity. The maximum electric

�eld for macroscopic dimensions (before electrical breakdown is reached in air)

is approximately 3 · 106 V/m. For this �eld, the electrostatic energy density is

merely 40 J/m3 [41]. This value is four orders of magnitude lower than for the

magnetostatic case, which explains why engines based on magnetic �elds domi-

nate the macroscopic world. However, when miniaturising, the maximum applied

voltage over an air gap reduces less than linearly with the scale. This is an ef-

fect of fewer ionisation collisions occurring in smaller gaps and the Paschen curve

gives the maximum voltage for a given gap dimension (Fig. 2.2, solid line). Con-

sequently, if allowing for large voltages, electrostatic actuation is more e�cient

than magnetostatic actuation for gaps below the micrometre (cf . dashed line of

Fig. 2.2 for the electric �eld and Eq. 2.2). The third and last general argument

that speaks in favour of electrostatic actuation on small scales is the lower resis-

tive power loss. An electrostatic actuator needs an applied voltage to create an

electric �eld � which is often a high voltage � but there is no power dissipation in

the microsystem related to that and the power consumption of the actuator can

be low. On the contrary, a fully integrated magnetic actuator needs an applied

current inside the microsystem and the power dissipation related to Joule losses in

the microsystem as well as the power consumption of the actuator might become

an issue. However, there is usually no need for high voltages to establish these

currents and this actually speaks in favour of integration of magnetic actuation

with microelectronic circuitry, as compared to electrostatic actuation.

As noted by several authors in the past 10 years [45�47], the previous argu-

mentation that favours electrostatic actuation does not re�ect the great oppor-

tunities of miniaturising magnetic actuators. Two key advantages of magnetic

actuation over electrostatic actuation can be mentioned. The �rst argument is
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Fig. 2.2: Paschen curve indicating the breakdown voltage (solid line) over a gap between
two electrodes. The electric �eld for an air gap is given by the dashed line. In practice,
however, the breakdown voltage (solid line) stays around its minimum for air gaps below
5 micrometres [48].

robustness, because magnetic actuation can operate in conductive �uids and does

not interact with any (bio)chemical �uid. And the second argument is that forces

can operate over large gaps, which enables larger de�ections for micro-actuators.

The magnetic �eld generator can even be macroscopic and act from outside the

microsystem, therefore even the main criticism towards magnetic actuation can

be partly addressed, namely the complex and non-conventional micro-fabrication.

Additionally, the aforementioned scaling behaviour for magnetic actuation, based

on the constant magnetic energy density, is oversimpli�ed. In the last section of

this chapter we will discuss the scaling behaviour of magnetic actuation applied

to our device concepts, and it will become clear that very di�erent behaviours are

expected depending on the actuation con�guration. A di�erent view of the scaling

behaviours of magnetic systems is also given in a paper by Cugat et al. [45].

The designs for magnetic micro-actuators presented and demonstrated in liter-

ature are not abundant. They can be classi�ed in seven groups and references are

summarised with their principal characteristics in Table 2.1. For groups 1-4, the

fabrication of the actuators is based on MEMS technologies and electroplating of

ferromagnetic materials. The shape of these micro-actuators almost always con-

sists of a �at plate that is suspended on narrow and/or thin hinges. Two common

type of hinges found throughout literature are �exure and torsion hinges, which

are sketched in Fig. 2.3. These micro-actuators are set into motion by an applied

torque from an external (group 1) or integrated (group 2) magnetic �eld generator,

or by an applied gradient force from an external (group 3) or integrated (group 4)
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Fig. 2.3: Two types of hinges commonly found in literature to enable the de�ection
of magnetic MEMS-actuators. Flexure hinges (a) and torsion hinges (b) are principally
fabricated using silicon micromachining techniques. Suspended structures are created
with electroplated ferromagnetic materials (dark grey) to enable actuation around the
hinges.

magnetic �eld generator. For group 5, it is an integrated coil on a �exible sub-

strate that is attracted or repelled by an external permanent magnet by a gradient

force. Groups 6 and 7 make use of polymeric materials and therefore most of these

concepts can potentially be produced with cost-e�ective methods, as opposed to

groups 1-5. For group 6, a permanent magnet is embedded in the polymer and

actuation occurs with an external (electro)magnet. Note that most of the concepts

in group 6 are not truly microscopic, nor monolithic, because of the integration of

a millimetre sized permanent magnet into the actuator. For group 7, the material

of the actuators is a magnetic polymer composite � allowing the microfabrication

of a cost-e�ective monolithic device � and the actuation is done either with an

external (electro)magnet or with integrated current wires.

This thesis is devoted to exploring polymer composite actuators. Compared to

traditional MEMS materials like silicon or metals used for groups 1-5, polymers

bene�t from a broad range of processing methods (cf . Sec. 1.5) and they can be

made magnetic by dispersion of magnetic particles. Because virtually any polymer

can be made magnetic by dispersing magnetic particles, the actuators can be made

from materials with very di�erent chemical and/or mechanical characteristics, as

already noted in Sec. 1.5. The magnetic character of such a magnetic polymer

will however always be weaker than the original material of the particles, because

the volume percentage of magnetic material will never reach 100 %, which is a

drawback compared to the actuators of groups 1-5. Typically, the percentage of

magnetic particles does not exceed 5 vol% (cf. Sec. 2.4 and Ref. [22]). But polymers

can also be much less sti� (i.e. lower elastic modulus) than silicon or metals, which

will enable the creation of large de�ection actuators without the need to fabricate

1Here external magnetic actuation is combined with local electrostatic actuation, hence pro-
viding addressable actuators. (This footnote is refered to on the next page in Table 2.1.)
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Table 2.1: Di�erent magnetic micro-actuators demonstrated in literature.
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fragile and/or complex hinges like for actuators of groups 1-4. Low elastic moduli

polymers will also be able to compensate for the weaker magnetic characteristics

compared to bulk ferromagnetic materials, and still deliver a large amplitude of

motion with a reasonable magnetic stimulus.

2.3 Magnetism and magnetic particles

Magnetic phenomena are tightly linked to electrical phenomena in that an elec-

trical current induces a magnetic �eld and a magnetic �eld has an e�ect on an

electrical current. Magnetic phenomena can be understood as originating from ei-

ther free currents or microscopic currents inside matter. Free currents are currents

running in wires, coils, solenoids, etc. The microscopic currents inside matter arise

because of electrons spinning and revolving around a nucleus and magnetism is

therefore present in all materials at the atomic scale. These microscopic currents

are the origin of magnetic dipoles according to the Ampère model, as sketched

in Fig. 2.4. Historically, magnetic dipoles where �rst understood as originating

from magnetic north and south poles, in analogy to the electric case, but so far

there has been no experimental evidence of magnetic monopoles [65]. In matter,

the orientation of magnetic dipoles is usually randomised and magnetism is only

occurring when they align. This alignment takes place when magnetic dipoles are

subject to a magnetic �eld and such an alignment process is called magnetisation.

It can have several origins, accounting for the three main classes of magnetism,

which are diamagnetism, paramagnetism and ferromagnetism.

Diamagnetism is the weakest e�ect but it is a universal phenomenon a�ecting

all atoms. It tends to align the magnetic dipoles opposite to the magnetic �eld.

Paramagnetism is a slightly stronger e�ect and it tends to align the magnetic

dipoles of free electrons parallel to the magnetic �eld.

Ferromagnetism [66] is a much stronger e�ect than both diamagnetism and

paramagnetism and is therefore dominant. It occurs in materials where there is

a strong exchange interaction between nearby magnetic dipoles that makes them

Fig. 2.4: Magnetic dipole according to the Ampère model. A revolving current I induces
a dipole moment m.
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align with each other. This alignment occurs in microscopic domains such that

macroscopically there is no net alignment and hence no magnetisation. A magnetic

�eld is however able to move the domain boundaries and make the domains grow

where the magnetic dipoles are already aligned parallel with the �eld. Eventually,

for a magnetic �eld that is strong enough, all magnetic dipoles are aligned with the

�eld and form one large (macroscopic) domain. Magnetic anisotropy causes this

process of magnetisation to not be fully reversible and a permanent magnetisation

is left after the magnetic �eld has been removed.

The total magnetisation of a material is denoted M and is de�ned as the mag-

netic dipole moment per unit volume, expressed in [A/m]. The relation between

magnetisation, magnetic �eld and magnetic �ux density is given by the constitutive

relation for magnetism:

~B = µ0

(
~H + ~M

)
(2.3)

with µ0 the permeability of vacuum. B is the magnetic �ux density or magnetic

induction, expressed in [T], whereas H is the magnetic �eld, expressed in [A/m].

Note that there is no complete agreement between modern authors for the names

of B and H as illustrated by Table 2.2. David J. Gri�ths even states in Ref. [68]:

�H has no sensible name: just call it H.�. In this thesis, we use the terms magnetic

induction or magnetic �ux density for the B-�eld and the term magnetic �eld for

the H-�eld. Our reasons for calling H the magnetic �eld are that in the laboratory

the H-�eld produced by an electromagnet is directly related to the current used to

operate it, whereas the B-�eld depends on the speci�c material used in the gap of

Table 2.2: Example of di�erent names for B and H found in modern literature.

name for B name for H authors

magnetic �ux density,
magnetic induction

magnetic �eld,
(magnetic �eld strength)

this thesis,
[65, 67]

magnetic �eld (auxiliary �eld) H,
auxiliary magnetic �eld,

magnetising �eld

[68]

magnetic �eld,
B-�eld

magnetic �eld,
H-�eld

[69]
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the electromagnet. Moreover, the magnetisation induced in a material is directly

proportional to the H-�eld (for low enough �elds):

M = χH, (2.4)

with χ being the susceptibility, a dimensionless material parameter. Note that

even though the magnetic �eld H has units [A/m], we sometimes express the

magnetic �eld generated by an electromagnet by the magnetic induction it creates

in air, expressed in [T]. This value is often more meaningful in the daily language

than a value in [A/m].

2.3.1 Ferromagnetism and superparamagnetism

In the case of paramagnetism or diamagnetism, the magnetisation is sustained by

an external magnetic �eld and is lost if the �eld is removed, as mentioned previ-

ously. The magnetisation is in that case proportional to the applied magnetic �eld

according to Eq. 2.4. Ferromagnetic materials are non-linear in the sense that this

relation does not apply and a magnetisation remains, to a certain extent, when

the magnetic �eld is removed. Additionally, the magnetisation is also history de-

pendent and typically follows a curve as indicated in Fig. 2.5a. The magnetisation

Mr that remains after the magnetic �eld has been removed is called the remanent

magnetisation. Once a ferromagnetic material is magnetised in one direction until

its saturation magnetisation Msat has been reached, an opposite magnetic �eld

Hc is required to reduce the magnetisation to zero. This quantity is called the

coercive �eld. For pure materials like Fe and Ni, the hysteresis is very small and

both Mr and Hc are very low such that these materials do not form permanent

magnets. Such materials are considered to be soft ferromagnetic materials. On

the contrary, hard ferromagnetic materials retain a high Mr under a large range

of applied magnetic �elds. This is the property of a permanent magnet and the

best materials to create them are alloys of Nd-Fe-B.

Above a certain temperature, called the Curie temperature, ferromagnetic ma-

terials cease to show hysteresis in their magnetisation curve. This phenomenon

is associated to a phase transition and the magnetisation curve of ferromagnetic

materials above their Curie temperature resembles the one for paramagnetism

(Fig. 2.5b). For iron and magnetite, the Curie temperature is 770°C and 575°C

respectively.

Another mechanism can remove the hysteresis in the magnetisation curve of a

ferromagnetic material, and it arises when the ferromagnetic material is composed

of individual grains that are small enough for the thermal energy kBT to be able

to overcome the barrier of magnetic anisotropy of the grains. The magnetisation
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Fig. 2.5: Magnetisation curves for (a) ferromagnetism and (b) superparamagnetism.

of individual grains can then �ip randomly along the anisotropy axes of the grains.

This e�ect is present at room temperature and is called superparamagnetism, in

analogy to paramagnetism, since the hysteresis is removed by thermal relaxation

(Fig. 2.5b). The time scale on which the �ipping of the magnetisation occurs is

given by:

τ = τ0 exp
(
K V

kBT

)
(2.5)

with K the magnetic anisotropy constant, V the volume of the grain and τ0 on

the order of 10−9 s. Usually a time τ = 1 s is considered to de�ne the super-

paramagnetic size limit of grains. Note that since τ depends on the exponential

of the cube of the particle diameter (cf . Eq. 2.5), the choice of 1 s for τ is not

a very critical one. The grain size at which superparamagnetism occurs is below

the single-domain limit, such that all magnetic dipoles of one grain are pointing in

the same direction � each grain is thus always magnetised to saturation. However,

there is no net magnetisation when considering the average magnetisation over an

assembly of grains with random orientations. Only in the presence of a magnetic

�eld, the assembly acquires a net magnetisation parallel to the �eld (as will be

calculated in Sec. 3.2). Because of the thermal relaxation (or �ipping) of the mag-

netisation, one single grain averaged over time has no net magnetisation either in

the absence of an applied magnetic �eld. Strictly speaking it is not possible to talk

about a superparamagnetic material, since each grain is a ferromagnet, but only

about an assembly of superparamagnetic grains or particles. When such particles

are for example dispersed in a polymer, it is reasonable to call the composite a

superparamagnetic material.

Both ferromagnetic and superparamagnetic particles will be used in this thesis

for the magnetic actuation of polymeric microstructures.
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2.3.2 Selection of magnetic particles

Ferromagnetic and superparamagnetic particles can be obtained from many di�er-

ent manufacturers and in various sizes. The sizes range from a couple of nanome-

tres for superparamagnetic particles to several hundreds of micrometres for ferro-

magnetic particles. The criteria for selecting particles in this thesis were mainly

their size and their surfactant. A surfactant is by de�nition a surface active

agent and in the case of a dispersion of particles in a polymer or in a �uid it

serves to stabilise the mixture.

Superparamagnetic particles are by de�nition small in size, usually around 10

nm in diameter. Iron oxide nanoparticles were obtained from Ferrotec as a dry

powder (EMG1400) with a �hydrophobic� surfactant. The nature of the surfactant

is not disclosed by the manufacturer. These particles were chosen because of their

ability to disperse in the chosen polymer (cf. Sec. 2.4). The measurement of

their magnetisation behaviour when dispersed in a polymer is shown in Fig. 2.6.

The details about the measurement method are presented in Sec. 3.4. Note that

the magnetisation curve depends on the exact con�guration of the dispersion of

particles in the polymer, as will be investigated in Chap. 3.

Ferromagnetic particles are available in the range of hundred nanometres to

several hundreds of micrometres. They are used mainly in the bonding process to

create permanent magnets and in the printing industry. Particles larger than sev-

eral micrometres can be engineered with both a high remanent magnetisation Mr

and a high coercive �eld Hc, as de�ned in Fig. 2.5a. Usually the alloy Nd-Fe-B is

used for that purpose and values forMr and Hc can typically reach 600 kA/m and

800 kA/m respectively [70]. Because of production processes, such good properties
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Fig. 2.6: Magnetisation for superparamagnetic iron oxide nanoparticles (Fe3O4) and
ferromagnetic iron nanoparticles (Fe-C) measured with a Vibrating Sample Magnetome-
ter. Magnetisation curves for the two types of particles for a large (left) and a small
(right) sweep of the magnetic �eld.
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are much harder to obtain for particles smaller than a micrometre. Ferromagnetic

particles were obtained from MK Impex Canada and are 70 nm multi-domain iron

particles including a carbon shell of 2-5 nm thickness, hereafter denoted as Fe-C

particles (MKN-Fe/C-070, 99.8% purity). The carbon shell is intended to pro-

tect the particles from oxidation which would alter their magnetic characteristics.

These Fe-C particles were chosen because they are small enough to ensure the

ability to fabricate micro-actuators with sizes down to the micrometre. The mea-

surement of their magnetisation behaviour when dispersed in a polymer is shown

in Fig. 2.6. The measured values for Mr and Hc are 88 kA/m and 15 kA/m re-

spectively, which re�ects the fact that the particles are large enough for not being

in�uenced by the superparamagnetic e�ect. As expected, the remanent magneti-

sation and coercive �eld are lower (about one order of magnitude) than mentioned

previously for bigger particles, but note that there is no fundamental reason that

prohibits the production of high coercivity and high remanence nanoparticles. An

example thereof are the FePt nanoparticles produced by Sun et al. [71] with a size

of 6 nm and a coercive �eld of 500 kA/m after annealing at 600◦C.

2.3.3 Limitations of magnetic particles

The interesting parameters for ferromagnetic particles are their remanent magneti-

sation and their coercive �eld. The remanent magnetisation of the particles sets

the amplitude of the permanent magnetisation for an actuator. A magnetic �eld

will be applied and the actuator will tend to align its permanent magnetisation

with the direction of the �eld. The coercive �eld will set a limit to the operating

range for that applied magnetic �eld, beyond which the permanent magnetisation

of the actuator would be lost. The chosen Fe-C particles have both a relatively

low remanent magnetisation and coercive �eld. A gain of one order of magnitude

for both values is in principle possible, but not more.

For superparamagnetic particles, the interesting parameter is their susceptibil-

ity, as de�ned in Eq. 2.4. For low �elds, the measured susceptibility of the chosen

iron oxide particles is 10 per particle when dispersed in a polymer (Fig. 2.6). The

susceptibility is proportional to the volume of the particles and might be increased

almost one order of magnitude if considering particles that are 20 nm in diameter,

instead of 10 nm like the ones we chose (cf. Eq. 3.2 where the susceptibility is

indeed dependent on the volume of the particle). But the diameter of the particles

cannot be increased further than 20 nm since the limit for superparamagnetism

is then reached for iron oxide. Note that particles bigger than 10 nm in diameter

would also be more di�cult to synthesise and stabilise.
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2.4 Elastomers with magnetic particles

This section �rst introduces the elastomers used in this thesis. Then the dispersion

of magnetic particles in those elastomers is investigated, the magnetic particles

being the ones chosen in the previous section. Finally, the elastic moduli of the

materials are measured and the mechanical properties with and without particles

are compared and discussed.

2.4.1 PDMS as elastomer for micro-actuators

The micro-actuators in this thesis are produced with the elastomer polydimethyl-

siloxane (PDMS). The primary reason for this choice is the low elastic modulus

of PDMS that is in the MPa range. According to the discussion in Sec. 1.5, a

value of around 1 MPa (and not much lower) was also ideal for the manufactur-

ing of a proof-of-concept micro-actuator that is not limited by viscous drag in

�uid. A low elastic modulus is needed to obtain a large amplitude of de�ection

of micro-actuators with practical magnetic �elds, as calculated for the device con-

cepts presented in Chap. 4, 5 and 6 (Sec. 4.2.1 and 5.2). In that sense, a large

amplitude of de�ection of micro-actuators is possible without the need to create

ultra-high aspect ratio (> 100) actuators or use very compliant hinges, which

both are a priori complicated to produce and not mechanically robust to work

with. The secondary reasons that motivate the choice of PDMS as a material for

micro-actuators are its good chemical resistance and its ease of processing (namely

by mould replication, cf. Chap. 4).

PDMS is based on a repeating unit of dimethylsiloxane as indicated in Fig. 2.7.

Long chains of this repeating unit are cross-linked and form a functional elastomer.

Several principles exist to cross-link PDMS and commercial products are widely

available. The most commonly used PDMS in the �eld of micro�uidics is Sylgard

184 (Dow Corning). It is supplied in two parts, a base and a curing agent, that

have to be mixed in a weight ratio of 10:1. The base consists of dimethylvinyl-

terminated PDMS and the curing agent is PDMS with some of the methyl side

Si O

CH3

CH3

n

Fig. 2.7: Chemical structure of polydimethylsiloxane (PDMS).
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O Si

CH3

C
H

CH2

O

Si

Si

H CH3

CH3H3C

+

n

CH3

Fig. 2.8: Sylgard 184 PDMS that consists of a dimethylvinyl-terminated base (left)
and a curing agent with some hydrogen side groups replacing the methyl groups (right).
The vinyl and the hydrogen groups cross-link via a platinum catalysed addition reaction
(opening of the double bond).

groups replaced by a hydrogen atom (cf . Fig. 2.8). The curing agent also comprises

a platinum catalyst that promotes the cross-linking reaction between the end vinyl

groups and the hydrogen side groups. The curing starts upon mixing of the base

with the curing agent. At room temperature, the cure is fully accomplished in 7

days but it can be accelerated by curing typically 4h at 65°C, as mentioned in the

datasheet of Sylgard 184. The cross-linked network has a highly three dimensional

nature which provides remarkable elastic properties, e.g. a strain of 160% upon

rupture [72].

A second type of PDMS, similar to the previous one, will also be used in

this thesis. It is obtained from Dow Corning as Silastic 3481 with Silastic 81

curing agent. The main di�erence with Sylgard 184 is that the base of Silastic

O Si OH

CH3

CH3 n O

Si

Si

H CH3

CH3H3C

+

Fig. 2.9: Silastic 3481 PDMS that consists of a dimethylhydroxyl-terminated base (left)
and a curing agent with some hydrogen side groups replacing the methyl groups (right).
The hydroxyl and the hydrogen groups cross-link via a tin catalysed condensation reaction
(formation of a water molecule).
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H3C Si O Si O Si CH3

CH3

CH3 CH3

CH3

CH3

O

O

n m

n=~3395; m=~105

O O

O

CH3

CH3

Fig. 2.10: RMS-033 PDMS (left) and DMPAP photo-initiator (right).

3481 is dimethylhydroxyl-terminated (cf . Fig. 2.9) and hence the cross-linking

is performed with a tin catalysed condensation reaction (instead of a platinum

catalysed addition reaction like previously mentioned for Sylgard-PDMS). The

base and curing agent are mixed in a weight ratio of 20:1 and the cure is complete

after approximately one week (depending on environmental humidity). The cure

cannot be accelerated by heat, which is the major drawback when compared to

Sylgard-PDMS. Other di�erences are that Silastic-PDMS is less heat resistant

and experiences more shrinkage upon curing. We use Silastic-PDMS in this thesis

because its cross-linking condensation reaction is not sensitive to inhibition by

additives, as opposed to the cross-linking addition reaction of Sylgard-PDMS.

This property will be exploited in the next section.

Both Sylgard-PDMS and Silastic-PDMS are commonly processed by replica-

tion of a mould. This is usually a strong point of the fabrication process because

of its simplicity, but not all desired sample geometries can be released from a

mold. For the purpose of fabricating micro-actuators with sacri�cial layer etching

(cf. Chap. 6), we use photolithography and a PDMS that has been made photo-

sensitive by addition of a photo-initiator. RMS-033-PDMS (Gelest, supplied by

ABCR as (2-4% methacryloxypropyl - methylsiloxane) - dimethylsiloxane copoly-

mer) has been made photosensitive according to Ref. [73] by addition of 1% by

weight of 2,2 - dimethoxy -2- phenylacetophenone (DMPAP, 98% purity, ABCR).

DMPAP was �rst dissolved in a weight ratio of 1:2 in xylene. RMS-033-PDMS is

methyl terminated but has a certain amount of acrylate side groups (cf. Fig. 2.10)

that cross-link with each other with the help of the photo-initiator DMPAP. The

network formed this way is less three-dimensional than for Sylgard-PDMS and

Silastic-PDMS, which is re�ected by the more brittle nature of RMS-033-PDMS

(strain of 70% upon rupture [72]).
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2.4.2 Dispersion of magnetic particles in PDMS

The superparamagnetic and ferromagnetic particles chosen in Sec. 2.3.2 have been

dispersed in di�erent PDMS. First the dispersion of the particles themselves is

investigated and, in the next section, the elastic moduli of the di�erent types of

PDMS with dispersed particles are measured. Because of the choice made in device

concepts and their related fabrication (cf . Sec. 1.6), the superparamagnetic par-

ticles are dispersed in Sylgard-PDMS and Silastic-PDMS, and the ferromagnetic

particles are dispersed in RMS-033-PDMS.

The concentrations of particles in PDMS throughout this thesis are always

given in volume percentage of the magnetic content (i.e. without a possible sur-

factant of the particles), because this value can be directly related to the magnetic

characteristics of the composite. For the superparamagnetic particles, the mag-

netic core is 80% by weight according to the manufacturer. Considering a density

of 5.2 g/cm3 for the magnetite/maghemite mixture and a density of 1 g/cm3 for the

surfactant, the superparamagnetic particle powder has a density of 2.83 g/cm3and

a volume of magnetic content of 43.5%. For the ferromagnetic particle powder, we

consider that they are made of bulk iron and have a density of 7.87 g/cm3. Be-

cause the manufacturer indicates that the 2-5 nm outer layer is a protective carbon

shell (in order to avoid oxidation), the magnetic volume concentration of dispersed

ferromagnetic particles can be overestimated up to 15% with the assumption that

the particles are made of bulk iron.

Superparamagnetic particles in Sylgard-PDMS

The dispersion of the superparamagnetic nanoparticles in Sylgard-PDMS is facili-

tated by their �hydrophobic� surfactant. We observed that the dry powder of the

�hydrophobic� particles dispersed better than the dry powder of particles with a

�fatty acid�, �polymeric� or �polar� surfactant from the same manufacturer. The

(hydrophobic) superparamagnetic particles were �rst dispersed in a solvent to fur-

ther improve their microscopic dispersion in Sylgard-PDMS. Several solvents were

selected for being able to dissolve the particles (i.e. make a ferro�uid, cf. Chap.

3) and being able to swell PDMS (according to Ref. [74]). Optical microscopy

images of samples processed without solvent and with xylene, toluene, chloroform

or tetrahydrofuran (THF) are presented in Fig. 2.11. For a low particle volume

concentration of 0.02%, THF dissolves clusters of particles down to a single mi-

crometre or less (Fig. 2.11 inset d) and provides better results than with other

solvents (Fig. 2.11 insets b-c) or without solvent (Fig. 2.11 inset a). THF was

therefore chosen to process samples and we observed that clusters of particles stay

below 5 micrometres in size up to a concentration of 7 vol% (Fig. 2.11, inset f).
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Fig. 2.11: Optical microscopy images reveal clusters of superparamagnetic nanoparticles
dispersed in Sylgard-PDMS. The scale bars indicate 10 micrometres. Particle volume
concentration is 0.02% for inset (a)-(d), 2.5% for inset (e) and 7% for inset (f). (a) The
dry powder of the particles was directly dispersed in PDMS. (b-f) The dry powder of
the particles was �rst dissolved in a solvent: xylene (b), chloroform (c), tetrahydrofuran
(d)-(f). Results for toluene are similar to those for chloroform.

The processing of all further magnetic Sylgard-PDMS samples in this thesis are

done as follows. The superparamagnetic particles are dissolved in a weight ratio

of 1:2 in THF and the correct amount of this ferro�uid is mixed with the Sylgard-

PDMS base. After manual stirring, shaking and sonicating, the THF is allowed

to evaporate overnight on a hotplate at 100°C. Subsequently the curing agent of

Sylgard is added in a weight ratio of 1:10 (curing agent to base) and the mixture

is stirred vigorously. The complete mixture is allowed to degas in a vacuum before

being poured over the appropriate mould and degassed again. The cure of this

magnetic Sylgard-PDMS is usually performed in an oven at 65°C for 4 h. For

particle volume concentrations above 8%, macroscopic chunks of particles could

be noticed and we assume therefore that this value is the maximum loading of the

superparamagnetic nanoparticles in Sylgard-PDMS. Evans et al . reported a similar

superparamagnetic PDMS composite with a magnetic loading of 4 vol% [22] and

Wilson et al . reported a magnetite-PDMS �uid with a loading around 7 vol% [75].

Superparamagnetic Sylgard-PDMS is used to produce the samples in Chap. 3.

Superparamagnetic particles in Silastic-PDMS

Silastic-PDMS has a chemical structure almost identical to Sylgard-PDMS. It is

therefore no surprise that the superparamagnetic particles disperse in it in a very

similar fashion. The only di�erence is that the particles do not interfere with

the cross-linking mechanism. This has an in�uence on the elastic modulus of the
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composite as will be presented in Sec. 2.4.3. The samples of Silastic-PDMS in

this thesis are prepared similarly to the samples of Sylgard-PDMS, with the only

di�erence that the cure cannot be accelerated by heat. Typically one week is

necessary to reach a full cure. The curing agent of Silastic is added in a weight

ratio of 1:20 (curing agent to base). Superparamagnetic Silastic-PDMS is used to

produce the actuators presented in Chap. 4 and 5.

Ferromagnetic particles in RMS-033-PDMS

The ferromagnetic particles, denoted Fe-C particles, have a carbon shell of 2-5 nm

for a total diameter of 70 nm. The carbon shell is likely to be a good surfactant

for dispersion in PDMS. The Fe-C particles are �rst dispersed in a solvent, and a

similar optimisation as for the superparamagnetic nanoparticles in Sylgard-PDMS

indicated that chloroform was the best suited solvent. The cluster size of Fe-C

particles in RMS-033-PDMS is however somewhat larger, as can be seen from Fig.

2.12, and the maximum volume concentration that could be reached before noticing

macroscopic chunks was 3%. Both the cluster size and the maximum concentration

that we obtained are comparable to ferromagnetic polymer composites presented

in literature [76, 77]. Note that the elastic moduli of those composites are two or

three orders of magnitude higher than for PDMS.

The processing of all further magnetic RMS-033-PDMS samples in this thesis

was done as follows. The ferromagnetic Fe-C particles are dissolved in a weight

ratio of 1:100 in chloroform and the correct amount of this mixture is added to the

RMS-033-PDMS. After manual stirring, shaking and sonicating, the chloroform

is allowed to evaporate overnight on a hotplate at 90°C. Subsequently DMPAP is

mixed with xylene in a ratio of 1:2 and added to the Fe-C-PDMS composite at

1% of DMPAP by weight. The complete mixture is stirred vigorously and allowed

to degas in a vacuum before spincoating. The composite is cured with UV-light

Fig. 2.12: Optical microscopy images reveal clusters of ferromagnetic Fe-C nanoparticles
dispersed in RMS-033-PDMS. The scale bars indicate 10 micrometres. Particle volume
concentration is 0.05% for inset (a), 0.5% for inset (b) and 3% for inset (c). The dry
powder of particles was �rst dissolved in chloroform.
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under a nitrogen atmosphere, the cross-linking reaction being inhibited by oxy-

gen. Ferromagnetic RMS-033-PDMS is used to produce the actuators presented

in Chap. 6.

2.4.3 Elastic modulus of PDMS with magnetic particles

The elastic moduli of the magnetic PDMS composites described in the previous

section are measured with a Thermal Mechanical Analyser (TMA, Diamond TMA,

Perkin Elmer). Magnetic and plain PDMS are prepared by curing a homogeneous

layer of thickness ∼0.5 mm on a glass substrate. Samples are cut out of this layer

with a scalpel to a size of roughly 5 by 20 mm. The stress-strain curves of these

samples are measured with the TMA. The curves do not deviate more than ∼5%
from a linear relation up to a strain of 0.05. For a higher strain, the elastic moduli

decrease. The elastic moduli are derived from the stress at a strain of 0.05 in order

to avoid both initial and large strain measurement artifacts. The elastic moduli of

the three di�erent PDMS without any additional magnetic particles are reported

in Table 2.3.

Superparamagnetic particles in PDMS

Superparamagnetic nanoparticles could be dispersed up to a volume concentration

of 8% in Silastic-PDMS and the measured elastic modulus is 0.45 MPa, indepen-

dent of the particle loading fraction, as shown in Fig. 2.13. This value is 10%

lower than for for plain Silastic-PDMS (cf. Table 2.3). The slight drop might be

explained by the fact that the net cross-link density is somewhat lower because of

the presence of particles in the matrix.

When the superparamagnetic particles are dispersed in Sylgard-PDMS, the

elastic modulus dramatically drops down to one order of magnitude lower than for

plain Sylgard-PDMS, at 5 vol% of magnetic content (Fig. 2.13). Above 5 vol%,

and even after prolonged curing or excess of curing agent, the composite does not

cure into a functional elastomer and stays a viscous �uid. The platinum catalyst

Table 2.3: Elastic modulus measured for several PDMS without any additional particles.
The error is mainly determined by the imprecision in the measurement of the dimensions
of the test sample.

PDMS Type Elastic modulus [MPa]

Sylgard 184 1.45 ± 0.08
Silastic 3481 0.5± 0.08
RMS-033 0.93± 0.08
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Fig. 2.13: Elastic modulus measured for several PDMS as function of the volume concen-
tration of dispersed superparamagnetic nanoparticles. For Sylgard-PDMS, the nanopar-
ticles inhibit the normal cross-linking and the modulus drops with increasing particle
concentration. For Silastic-PDMS and RMS-033-PDMS the cross-linking is not a�ected
and there is no apparent reinforcement due to the dispersed particles.

in the curing agent, which promotes cross-linking of the PDMS pre-polymer, is

probably polluted by the magnetic particles. This is supported by information

in the datasheet of Sylgard 184 (Dow Corning) which states that curing can be

severely inhibited by additives. Consequently, the density of cross-links decreases

as a result of the pollution, which explains the drop in elastic modulus that we

observe with increasing magnetic content.

For the purpose of comparison, the superparamagnetic particles have also been

dispersed in RMS-033-PDMS. The elastic modulus does not seam a�ected and

was measured to be 0.98 MPa at 4 vol% of magnetic content. As in the case of

dispersion in Silastic-PDMS, the superparamagnetic particles apparently do not

interact with the a PDMS matrix in a way that they would reinforce it.

Ferromagnetic particles in PDMS

Ferromagnetic Fe-C nanoparticles could be dispersed up to a volume concentration

of 3% in RMS-033-PDMS and the measured elastic modulus increases slightly from

0.93 MPa without particles to 1.36 MPa with 2 vol% of magnetic particles. Table

2.4 presents a summary of the modulus measurement results. RMS-033-PDMS is

in this thesis intended to be cross-linked by UV-light. For a macroscopic sample

this is however only possible for plain (transparent) PDMS and the presence of

particles will only allow a thin external layer to cross-link, because the particles

absorb the UV-light in depth. For the microfabrication of actuators, the layer

thickness is below 20 µm and the optical penetration is not an issue (cf. Chap.
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Table 2.4: Elastic modulus for RMS-033-PDMS cured in several ways, without and
with ferromagnetic Fe-C particles. The number between brackets indicates the amount
of samples that were averaged.

PDMS sample Elastic modulus [MPa]

RMS-033, 1% DMPAP, UV-cure (5) 0.93 ± 0.08
RMS-033, 1% DMPAP, UV and thermal cure (2) 1.09 ± 0.08
RMS-033, 1% AIBN, thermal cure (3) 0.86 ± 0.08
RMS-033, 1% AIBN, 2 vol% Fe-C particles (1) 1.36 ± 0.08
RMS-033, 1% AIBN, 2 vol% Fe-C particles,
immersed in isopropanol (1)

1.16 ± 0.08

6). In order to measure the elastic modulus of a macroscopic sample of RMS-033-

PDMS with ferromagnetic particles, the material is cross-linked with the thermal

initiator 2,2'-azobisisobutyronitrile (AIBN, Akzo). The cure is performed on a

hotplate at 100°C for 1h in a nitrogen atmosphere, and with 1% of AIBN previously

dissolved in xylene at a ratio of 1:2. Neither the temperature nor the thermal

initiated cross-linking themselves have a signi�cant e�ect on the elastic modulus

of RMS-033-PDMS as can be seen from the three �rst measurements in Table 2.4.

The elastic modulus was also measured for a sample with 2% of magnetic volume

content immersed in isopropanol and, due to swelling of the PDMS matrix, the

elastic modulus drops from 1.36 MPa to 1.16 MPa. This means that even if

isopropanol was able to swell considerably the matrix (up to 10% in length) the

e�ect on the elastic modulus is a minor e�ect.

2.4.4 Discussion

Superparamagnetic particles could be dispersed up to 8 vol% in PDMS, with a

maximum cluster size of 5 µm. Ferromagnetic particles could be dispersed up to

3 vol% in PDMS, with a maximum cluster size around 20 µm. In contrary to the

superparamagnetic particles, the ferromagnetic Fe-C particles appear to reinforce

the PDMS network to a certain degree. As can be seen from comparison between

Fig. 2.11 and 2.12, the superparamagnetic particles are dispersed more homoge-

neously than the ferromagnetic ones. This homogeneous dispersion is probably

the main reason why the superparamagnetic particles do not reinforce a PDMS

network. We hypothesise that the superparamagnetic particle clusters are not in-

terconnected and that the mechanical properties of the composite are therefore

determined mainly by the PDMS network, as opposed to the case of the ferromag-

netic particles where the clusters have some degree of interconnection in�uencing

the mechanical properties. A schematic representation of this hypothesis is given

in Fig. 2.14.
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Fig. 2.14: Schematic representation of clusters of magnetic particles (black areas) dis-
persed in a polymer (white areas). Homogeneous dispersion of regular clusters with
the mechanical properties dominated by the polymer (left) and heterogeneous dispersion
of irregular clusters with the mechanical properties in�uenced by the particles as well
(right).

2.5 Scaling behaviours of magnetic actuation

In this section we �rst introduce the magnetic force and torque that a magnetic

�eld applies on matter. Thereafter, the scaling behaviours of magnetic actuation

by force and torque are derived for possible device con�gurations. In the next

section, these scaling behaviours are compared and discussed for the di�erent

con�gurations and for the material properties investigated earlier.

2.5.1 Expressions for magnetic force and torque

In most physics books the magnetic forces on matter are introduced by the mag-

netic force and torque on an ideal magnetic dipole m in a magnetic �ux density

B [65,68]. The magnetic dipole is said to be ideal because it is a point dipole that

does not in�uence the �eld and is not altered by it. In this case the force is given

by:
~F = ~∇

(
~m · ~B

)
(2.6)

and the torque by:

~τ = ~m× ~B. (2.7)

The magnetic force is sometimes also given by:

~F =
(
~m · ~∇

)
~B. (2.8)

It is clear that if m is not space constant (i.e. m is not ideal), the expressions of

Eqs. 2.6 and 2.8 for the magnetic force yield a di�erent result. Other di�erences

between Eq. 2.6 and 2.8 and not settled issues are discussed e.g . in Ref. [78]. The

equations above are a good starting point to calculate a force on an ideal magnetic

dipole but care must be taken if one wishes to use them to compute a magnetic

force on a macroscopic object.
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For macroscopic materials, the magnetisation (magnetic moment per unit vol-

ume) cannot always be considered to be constant over space and the magnetic

�eld is altered by the presence of the macroscopic (magnetic) material. For a (su-

per)paramagnetic or soft ferromagnetic material, its magnetisation is proportional

to the magnetic �eld according to Eq. 2.4, the proportionality constant being called

the susceptibility and noted χ. The magnetic �eld that has to be considered in this

equation is however not the applied magnetic �eld H0 (�eld in the absence of the

material) but the magnetic �eld H inside the material. These magnetic �elds H

and H0 are not the same, as illustrated in Fig. 2.15 for a magnetic rectangle in the

magnetic �eld generated by a straight current wire. Note that the misalignment of

H (hence alsoM) andH0 allows for a torque to be exerted on a superparamagnetic

material, as will be derived in Sec. 2.5.4. In this view it is useful to understand

the origin of the di�erence between H and H0. This di�erence can be understood

as originating from free surface poles, which induce a demagnetising �eld opposed

to the applied magnetic �eld as sketched in Fig. 2.16. The �eld H inside matter is

the di�erence of the applied �eld H0 and the demagnetising �eld Hd, or in vector

format:
~H = ~H0 + ~Hd (2.9)

with the demagnetising �eld de�ned as:

~Hd = −N ~M (2.10)

with N the demagnetisation factor. For an object being magnetised in its long

direction, the free surface poles are very few andN is close to 0. For an object being

magnetised perpendicular to its long direction, the free surface poles are abundant

Fig. 2.15: Magnetic �eld generated by a straight current wire in the absence of a
magnetic body (H0, on the left) and in the presence of the magnetic body (H, on the
right).
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Fig. 2.16: Demagnetisation. When a material is magnetised by an external �eld H0,
free surface poles appear that induce a demagnetising �eld Hd opposed to H0 and pro-
portional to the magnetisation M . If the �eld is in the long direction of the body the
demagnetisation is low (left), as opposed to a �eld perpendicular to the long direction in
which case the demagnetisation is strong (right).

and N is close to 1. For the case of a sphere N is 1/3 in all three directions of space.

Note that for an arbitrary object, N is given by a tensor. A general condition for

homogeneously magnetised objects (ellipsoids) is that Nx+Ny+Nz = 1. Knowing
the demagnetisation factor of an object in a given direction, one can write the

following relation for its magnetisation, given its susceptibility and the applied

magnetic �eld:

~M = χ ~H = χ
(
~H0 + ~Hd

)
= χ

(
~H0 −N ~M

)
(2.11)

and hence (for a simple case where M and H0 are parallel):

M =
χ

1 + χN
H0. (2.12)

The proportionality constant between the magnetisation M and the applied mag-

netic �eld H0 for the given direction can be called e�ective susceptibility:

χeff =
χ

1 + χN
. (2.13)

For a �at object magnetised in its plane or a long rod magnetised in its length, N

is close to 0 and the e�ective susceptibility χeff is equal to the (bulk) susceptibility

χ. For a �at object magnetised perpendicular to its plane N is close to 1, and

for a long rod magnetised perpendicular to its axis N is close to 0.5. Note that

the demagnetisation factor is only constant over a whole body in the case of

ellipsoids and not other shapes. But thin or long enough objects are usually well

approximated by ellipsoids.

The applied magnetic �eld H0 (i.e. in the absence of the magnetic object on

which the force or torque are considered) is usually the known quantity in a micro-
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actuator device and the magnetisation M can be calculated from the relations

above. These quantities, M and H0, are less ambiguous to use in the expressions

of the force and torque on a macroscopic body than those used in Eqs. 2.6 - 2.8.

The magnetic force is then given by the following integral over the volume V of

the body [79]:

~F = µ0

∫ (
~M · ~∇

)
~H0 dV (2.14)

and the magnetic torque similarly by:

~τ = µ0

∫ (
~M × ~H0

)
dV. (2.15)

The magnetic force reads as the gradient of the applied magnetic �eld multiplied

by the magnetisation and integrated over the volume of the body. It is therefore

called a gradient force and attracts a magnetic body towards regions of higher

�eld intensities if the magnetisation of the body is in the same direction as the

magnetic �eld. This is always the case for (super)paramagnetic materials. If the

magnetisation is in a direction opposed to the magnetic �eld, then the body is

repelled by regions of high �eld intensities. Note that a ferromagnetic material is

needed for such a situation to occur, and there is generally also a large magnetic

torque involved. The magnetic torque reads as the cross product of the magnetisa-

tion with the applied magnetic �eld, integrated over the volume of the body. This

torque aligns the (remanent) magnetisation of a ferromagnetic material with the

direction of the applied magnetic �eld, and is maximal when the magnetisation is

perpendicular to the applied magnetic �eld. For (super)paramagnetic materials,

the torque aligns the long direction of the body with the direction of the applied

magnetic �eld, which is a result of shape anisotropy inducing a larger magnetisa-

tion in the long direction than in the direction perpendicular to it (and therefore

the cross-product of Eq. 2.15 is not zero). The total e�ect on a magnetic body in

an applied magnetic �eld is the sum of the gradient force and the torque. In most

cases, however, either the gradient force or the torque can be neglected.

So far it was assumed that the materials on which a magnetic force or torque

is applied are homogeneous. The next section will brie�y discuss the case of

the magnetic force or torque on an assembly of magnetic particles dispersed in a

polymer.

2.5.2 Magnetic forces for dispersed particles

The magnetic forces on magnetic particles dispersed in a polymer can be calculated

by considering a dilute magnetic material wherein the properties of a magnetic

particle (susceptibility, saturation magnetisation or remanent magnetisation) are
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multiplied by the volume concentration of the magnetic particles in the polymer.

These properties are the ones of the particles (i.e. considering their shape) and not

the ones of the bulk material of the particles. If the particles are small enough, the

magnetic polymer composite can be considered as a homogeneous (dilute) mag-

netic material and the magnetic forces are calculated with these dilute properties.

For concentrated magnetic polymer composites, this dilution does not apply any-

more and magnetic particle interactions have to be considered, which is the topic

of Chap. 3.

A pitfall might be to start the calculation of the magnetic forces by considering

the forces on a single particle in the presence of the applied magnetic �eld, and

then multiply the obtained forces by the amount of particles present in the polymer

composite. By doing this one omits to consider the additional �eld resulting from

the surrounding particles, which also induces a force component. As a result, one

does not take account of the shape of the magnetic polymer composite body and

the correct result would be obtained only in the absence of demagnetising e�ects.

Therefore it is more straightforward to consider the magnetic polymer composite

body as a continuum and calculate its dilute magnetisation in the presence of the

applied magnetic �eld including demagnetising e�ects. Such a dilute magnetisation

describes a polymer composite correctly as long a the magnetic dipoles can be

considered to be dispersed homogeneously in the polymer.

2.5.3 Scaling behaviour of the magnetic gradient force

A cantilever with a uniformly applied load F acting perpendicularly to the can-

tilever will experience a de�ection [38]:

δ =
3F L3

2EW T 3
(2.16)

at its tip, with E the elastic modulus of the cantilever and W , T and L the

dimensions of the cantilever according to Fig. 2.17. For a same load F applied

only at the tip of the cantilever, the de�ection at the tip is given by [38]:

δ =
4F L3

EW T 3
. (2.17)

These formulas are valid when the de�ection δ is small (typically on the order of the

thickness T of the cantilever). The de�ection is intended to be large for a micro-

actuator device, but the equations are useful to compare the scaling behaviours for

di�erent device concepts. The scaling behaviour of the magnetic gradient force will

�rst be considered for the (locally) constant magnetic �eld gradient produced by
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Fig. 2.17: Cantilever with a de�ection δ under an applied load. This cantilever serves
for deriving the scaling relations for the di�erent cases. The cantilever has a width W ,
perpendicular to the drawing (not shown).

an (electro)magnet and, later, for the magnetic �eld gradient close to an integrated

current wire.

Magnetic �eld gradient of an (electro)magnet

We consider here the de�ection of a cantilever with volume V = LT W in the mag-

netic �eld gradient produced by a magnet or an electromagnet. The magnetisation

and magnetic �eld gradient are considered to be constant over the cantilever. A

distinction has to be made between the magnetic gradient force on a ferromagnetic

and a (super)paramagnetic cantilever. According to Eq. 2.14, the ferromagnetic

gradient force is given by2:

~Fferro,magnet = µ0

(
~Mr · ~∇

)
~H0 V. (2.18)

The e�ect of this force on the de�ection of a cantilever is maximised, for exam-

ple, when the remanent magnetisation, the magnetic �eld and the magnetic �eld

gradient are all three perpendicular to the cantilever. The ferromagnetic gradient

force then becomes:

Fferro,magnet = µ0Mr V
∂H0

∂x
(2.19)

with x the coordinate perpendicular to the cantilever.

The (super)paramagnetic gradient force is given by:

~Fparam,magnet = µ0 χ
(
~H0 · ~∇

)
~H0 V. (2.20)

2In general, this expression for the force applies only if the applied magnetic �eld does not
exceed the coercive �eld of the actuator material. However, for an actuator concept, the remanent
magnetisation can be chosen such that the applied �eld is sustaining it. Therefore the force
expression has a general applicability in practice, provided however that the magnetisation is
not signi�cantly increased by the �eld (i.e. if the remanent magnetisation is in the order of the
saturation magnetisation).
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Note that, for the sake of simplicity, we have assumed that the induced mag-

netisation is given by ~M = χ ~H0, which is strictly only valid in the absence of

demagnetising �eld. In other words, the induced magnetisation M is in general

not parallel to the applied magnetic �eld H0 (see for example Fig. 2.15 in conjunc-

tion with Eq. 2.4). Because ~H0 is curl-free over the cantilever, it can be shown

with the vector identity:

~∇
(
~A · ~B

)
= ~A×

(
~∇× ~B

)
+ ~B ×

(
~∇× ~A

)
+
(
~A · ~∇

)
~B +

(
~B · ~∇

)
~A (2.21)

that the force is equal to:

Fparam,magnet =
1
2
µ0 χV

∂
(
H2

0

)
∂x

. (2.22)

This force has a maximum e�ect on the de�ection of a cantilever when x is the

coordinate perpendicular to the cantilever. Note that if M and H0 are parallel, χ

is the e�ective susceptibility of the cantilever as de�ned by Eq. 2.13.

The ferromagnetic and (super)paramagnetic gradient forces are uniform over

the cantilever, under the assumption that the magnetic �eld gradient is homo-

geneous at the scale of the cantilever. The maximum relative de�ections of the

cantilever are obtained by using these forces in Eq. 2.16. The ferromagnetic case

gives:
δ

L

∣∣∣∣
ferro,magnet

=
3µ0Mr

2E
L3

T 2

∂H0

∂x
(2.23)

and the (super)paramagnetic case gives:

δ

L

∣∣∣∣
param,magnet

=
3µ0 χ

4E
L3

T 2

∂
(
H2

0

)
∂x

. (2.24)

The susceptibility χ, the remanent magnetisation Mr and the elastic modulus E

are all materials parameters and are not scale dependent. If the size of the (elec-

tro)magnet is not being scaled with the cantilever (i.e. �eld gradients remain con-

stant), the relative de�ection scales with the size to the �rst power for both cases.

This unfavourable scaling makes it almost impossible to have micro-actuators ad-

dressed with a common macroscopic (electro)magnet, as will be concluded in Sec.

2.6 by considering practical values.

An (electro)magnet is limited by the saturation magnetisation of its mate-

rial/core and therefore the magnetic �eld generated by the (electro)magnet re-

mains constant if the (electro)magnet is scaled with the system. However, the

magnetic �eld gradient generated by an (electro)magnet scales inversely to the

�rst power with the size when the (electro)magnet is scaled with the system. This
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can be understood because the magnetic �eld gradient is de�ned as the variation of

magnetic �eld per unit length. Consequently, in a case where the (electro)magnet

is scaled together with the system, the relative de�ection scales neutrally and al-

lows for micro-actuation. In practice it is however non-trivial to manufacture a

micro-(electro)magnet and reasons for that were already discussed on p. 14.

Magnetic �eld gradient of an integrated current wire

In the previous section it was concluded that micro-actuation with a magnetic �eld

gradient generated by an (electro)magnet is only possible if the (electro)magnet

is being scaled with the system, and that this does not lead to feasible devices.

The necessary high magnetic �eld gradients for micro-actuation can however be

obtained with currents running in integrated micro-wires located in the vicinity

of a micro-actuator. In contrast with micro-(electro)magnets, microscopic current

wires are relatively easy to manufacture, with lithographic techniques for example.

Because of the proximity of the current wire to the micro-actuator or cantilever, a

uniform force is no longer a good approximation. Calculations in Sec. 4.2.1 show

that a current wire located close to the tip of the micro-actuator is the only feasible

con�guration, for our material parameters and aspect ratios of the actuator below

20. The calculations also show that the magnetic gradient force will predominantly

act at the tip of the cantilever. Therefore we make the approximation that the

force acts only at the tip, over the whole thickness and over a length equal to the

thickness, as sketched in Fig. 2.183. The speci�c location of the wire with respect

to the cantilever is also shown in Fig. 2.18. Consequently, the de�ection is given by

Eq. 2.17 by taking the magnetic force component perpendicular to the cantilever.

The magnetic �eld around a straight current I is radial with an amplitude:

H0 =
I

2π r
(2.25)

at a distance r. Here also, a distinction has to be made between the force on a

ferromagnetic cantilever and the force on a (super)paramagnetic cantilever.

The force on a ferromagnetic cantilever is obtained by using Eq. 2.25 in Eq.

2.19:

Fferro,wire = µ0Mr V
I

2π r2
. (2.26)

The volume is here V = W T 2. This force is divided by
√

2 to obtain the com-

ponent perpendicular to the cantilever. The force on the cantilever is changing

3For aspect ratios of the cantilever (i.e. ratio L/T ) smaller than∼20, �nite element simulations
with the software COMSOL Multiphysics® show that the de�ection is overestimated. The
de�ection is underestimated for aspect ratios higher than ∼20. The error is however smaller
than ∼30% for aspect ratios between 10 and 50.
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Fig. 2.18: A current wire is placed close to the tip of the cantilever, at a distance r.
The magnetic force is only considered over the darker area indicated at the tip (i.e. the
rest of the cantilever is not magnetic). The cantilever has a width W , perpendicular to
the drawing (not shown).

as soon as the de�ection begins, as a result of the cantilever moving closer to the

wire. However, an estimate of the �nal de�ection can be made by considering only

the initial force (this simpli�cation is discussed in detail in Sec. 4.2.3). Using Eq.

2.17, the maximum relative de�ection is therefore given by:

δ

L

∣∣∣∣
ferro,wire

=
√

2µ0Mr

π E

L2

T r2
I. (2.27)

This quantity scales inversely with size to the �rst power and will therefore favour

actuation on small scales, provided that the current I can be maintained constant

during scaling. For small devices, the current will eventually have to be decreased

to avoid excessive heating by Joule losses and for even smaller devices the current

density will have to be maintained constant to avoid electromigration. Maximum

values for the current and the current density depending on the scale will be set

in Sec. 2.6 and 4.2.2.

The force on a (super)paramagnetic cantilever is obtained by using Eq. 2.25 in

Eq. 2.22:

Fparam,wire =
1
4
µ0 χV

I2

π2 r3
. (2.28)

Similarly, the relative de�ection is therefore given by:

δ

L

∣∣∣∣
param,wire

=
√

2µ0 χ

2π2E

L2

T r3
I2. (2.29)

This quantity scales inversely with size to the second power and hence favours

actuation on small scales even further. The same conditions as mentioned above

on the current and the current density apply here.
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The actuation of a (super)paramagnetic cantilever with a current wire can

be enhanced by combining an external (homogeneous) magnetic �eld with the

magnetic �eld generated by the current wire. In that sense, the external �eld

is used to magnetise the cantilever to saturation, while the high �eld gradient

necessary for actuation is still provided by the current wire. The rendered situation

is hence similar to the actuation of a ferromagnetic cantilever with a current wire.

Note only that the topology of the �eld gradient around the current wire is altered

by the superposition of the external (homogeneous) magnetic �eld. As will be

noted in Sec. 4.2.3, the actuation with a combined external �eld is not enhanced

much for the devices fabricated in this thesis, since the current wire is already

almost saturating our (super)paramagnetic cantilevers.

2.5.4 Scaling behaviour of the magnetic torque

The magnetic torque exerted on a cantilever is given by Eq. 2.15. For the sake

of simplicity, the magnetisation and the applied magnetic �eld are assumed to be

constant over the cantilever, which is often the case for a device concept based on

magnetic torque. If a constant (magnetic) torque τ is integrated over the length L

of a cantilever, its e�ect on it is equal to the e�ect of a force F = τ/L acting upon

its end. The de�ection δ induced by a force acting upon the end of a cantilever

is given by Eq. 2.17. A distinction has to be made between the magnetic torque

on a ferromagnetic material, whose remanent magnetisation will be assumed to

be constant (i.e. not a�ected by the applied magnetic �eld), and the magnetic

torque on a (super)paramagnetic material, whose susceptibility will be assumed

to be constant (i.e. no saturation). These two cases are discussed in the following

two sub-sections.

Ferromagnetic torque

In the case of a ferromagnetic torque, the maximum magnetic torque is reached

when the applied magnetic �eld H0 and the remanent magnetisation Mr are per-

pendicular (i.e. cross-product of Eq. 2.15 is maximal). Hence the maximum mag-

netic torque is:

τferro = µ0MrH0 V (2.30)

that is equivalent to the force:

Fferro,torque =
µ0MrH0 V

L
(2.31)
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acting upon the end of the cantilever. The maximum relative de�ection is obtained

by using this force in Eq. 2.17:

δ

L

∣∣∣∣
ferro,torque

=
4µ0MrH0

E

L2

T 2
. (2.32)

This quantity is not scale dependent, since the remanent magnetisationMr and the

elastic modulus E are material properties. The applied magnetic �eld necessary

for a given relative de�ection is therefore not dependent on the scale of the actua-

tor, which enables the use of an external (electro)magnet that is not being scaled

with the system. In other words, however small the micro-actuator, its actuation

can be done with the same macroscopic (electro)magnet. Note that if the magnetic

�eld exceeds the coercive �eld of the actuator material, the magnetisation will not

remain constant and might also change its orientation. This change in amplitude

or orientation of the magnetisation has di�erent consequences, depending on the

device con�guration, and only a remanent component of the magnetisation should

be used in Eq. 2.32. An induced component of the magnetisation should be consid-

ered as exerting an additional torque acting in a similar way as the paramagnetic

torque discussed below.

Paramagnetic torque

In the case of a (super)paramagnetic torque, the magnetic torque will be non-zero

only if the body on which it is acting has a shape anisotropy that causes the mag-

netisation M not to be aligned with the applied magnetic �eld H0. This is the

case for a cantilever with a parallel demagnetisation factor N‖ di�erent from its

Fig. 2.19: Magnetisation of a (super)paramagnetic cantilever in a homogeneous applied
magnetic �eld H0. Due to shape anisotropy, the magnetisation M tends to align with
the long direction, giving rise to a magnetic torque.
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perpendicular demagnetisation factor N⊥. To calculate this magnetic torque, we

consider that the applied magnetic �eld H0 makes an angle α with the orientation

of the cantilever (see Fig. 2.19). The magnetisation of the cantilever can be de-

composed in a component in the parallel direction and one in the perpendicular

direction following the relations previously discussed in Sec. 2.5.1:

M‖ =
χ

1 + χN‖
H0 cosα (2.33)

M⊥ =
χ

1 + χN⊥
H0 sinα. (2.34)

The magnetic torque then becomes:

~τparam = µ0

[(
~M‖ + ~M⊥

)
× ~H0

]
V = µ0

[(
~M‖ × ~H0

)
+
(
~M⊥ × ~H0

)]
V (2.35)

which turns into:

τparam = µ0

[(
M‖H0 sinα

)
− (M⊥H0 cosα)

]
V. (2.36)

Substituting the parallel and the perpendicular magnetisations gives:

τparam = µ0

[(
χ

1 + χN‖
H2

0 cosα sinα
)
−
(

χ

1 + χN⊥
H2

0 sinα cosα
)]

V

(2.37)

which can conveniently be simpli�ed into:

τparam =
1
2
µ0H

2
0

(
χ

1 + χN‖
− χ

1 + χN⊥

)
sin (2α)V. (2.38)

It can be seen that this torque is maximal for an angle α = 45°. The maximal

magnetic torque, for the simple case of ideal anisotropy with N‖ = 0 and N⊥ = 1,
is given by:

τparam =
1
2
µ0H

2
0

χ2

1 + χ
V. (2.39)

The force acting upon the end of the cantilever that is equivalent to this torque is

given by:

Fparam,torque =
µ0H

2
0 χ

2 V

2L (1 + χ)
(2.40)

and the maximum relative de�ection is obtained by using this force in Eq. 2.17:

δ

L

∣∣∣∣
param,torque

=
2µ0 χ

2H2
0

E (1 + χ)
L2

T 2
. (2.41)
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Again this quantity is not scale dependent, since the susceptibility χ and the

elastic modulus E are material parameters. Consequently, the applied magnetic

�eld necessary for a given relative de�ection is not dependent on the scale of the

actuator, as was the case for the ferromagnetic torque described above. Here also,

the actuation can therefore be performed with an external (electro)magnet that is

not being scaled with the system. Note that the formulas derived above can only

be used if the paramagnetic material is used in the linear regime. At saturation,

the expressions of Eqs. 2.33 and 2.34 would have to be reconsidered, and the torque

would decrease as shown in Sec. 5.2.

2.6 Discussion

In this section we summarise and discuss the scaling behaviours derived in the

previous section. Table 2.5 shows on overview of the scaling relations. The dif-

ferent device concepts are the actuation by magnetic gradient force with an (elec-

tro)magnet, the actuation by magnetic gradient force with a current wire and the

Table 2.5: Summary of the maximum relative de�ections for actuators with di�erent
device concepts and their scaling behaviours. *Concepts studied in this thesis.

Concept δ/L Scaling

Ferromagnetic gradient force
from electromagnet

3µ0Mr

2E
L3

T 2

∂H0

∂x
s or 1

Paramagnetic gradient force
from electromagnet

3µ0 χ

4E
L3

T 2

∂
(
H2

0

)
∂x

s or 1

Ferromagnetic gradient force
from wire

√
2µ0Mr

π E

L2

T r2
I s−1

Paramagnetic gradient force
from wire *

√
2µ0 χ

2π2E

L2

T r3
I2 s−2

Ferromagnetic torque from
electromagnet *

4µ0MrH0

E

L2

T 2
1

Paramagnetic torque from
electromagnet *

2µ0 χ
2H2

0

E (1 + χ)
L2

T 2
1
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actuation by magnetic torque. All three concepts are presented for a ferromag-

netic actuator and for a (super)paramagnetic actuator. The relative de�ections for

the di�erent actuator concepts can also be estimated for the polymer composites

introduced in Sec. 2.3 and 2.4 and for the device parameters that will be discussed

in the next paragraph. The resulting relative de�ections are presented in Fig. 2.20

as function of the scale s (unit metres) of the actuator.

As seen in Sec. 2.4.3, the elastic modulus E is in the order of 1 MPa for our

magnetic polymer composites. The maximum magnetic loading is around 5 vol%

for a well chosen system, as presented in Sec. 2.4.2. The susceptibility of super-

paramagnetic particles is taken to be 10 per particle as indicated in Sec. 2.3.2 and

2.3.3. This relates to a susceptibility χ = 0.5 for the actuator material (assuming

the loading of 5 vol%). The remanent magnetisation of ferromagnetic particles is

taken to be 6·105 A/m, which is the saturation magnetisation of iron, even if our

ferromagnetic particles could so far only reach 15% of this value. At a concen-

tration of 5 vol% this relates to Mr = 3·104 A/m for the actuator material. The

magnetic �elds and �eld gradients are approximated by the values at a distance of

5 mm on the axis of a permanent Nd-Fe-B rod magnet (length = 2 cm, diameter

= 5 mm). Hence µ0H0 = 50 mT, µ0
∂H0
∂x = 10 T/m and µ2

0
∂H2

0
∂x = 1 T2/m. Con-

cerning the magnetic �elds generated with a current wire, a maximum current of

10 A is assumed which is the maximum current that a common source can supply.

When scaling down the wire, a current of 10 A cannot be maintained when electro-

migration occurs, limiting the current density to a maximum of 1012 A/m2 [80].

The scale of the actuator is taken according to Fig. 2.17 and 2.18 with L = s,

T = s/20, r = s/5 and a = s/10. The aspect ratio of the actuator (ratio L/T )

was taken to be 20 since this was the upper limit for samples we could fabricate,

as will be presented in Chap. 4 and 6. First the scaling behaviour is described for

ferromagnetic actuators and then for (super)paramagnetic actuators.

The actuation by magnetic torque is scale independent (horizontal dashed line

in Fig. 2.20, top graph). This neutral scaling behaviour is also not depending on

whether the (electro)magnet used for actuation is scaled with the system or not.

The reason is that the magnetic torque depends on the magnetic �eld strength,

which is constant upon scaling (as opposed to the gradient of the �eld strength

that depends on the scale).

The actuation by magnetic gradient force with an (electro)magnet scales down

linearly, under the assumption that the (electro)magnet is centimetre sized and

does not scale with the system (slope +1 of the dash-dotted line in Fig. 2.20, top

graph). For sizes bigger than the centimetre, the (electro)magnet would have to be

scaled up and then the actuation by magnetic gradient force does not scale anymore

(horizontal dash-dotted line in Fig. 2.20, top graph). Note that this horizontal
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line would extend to sizes smaller than the centimetre if the (electro)magnet was

allowed to scale down with the system.

The actuation by magnetic gradient force with a current wire scales inversely

with the size to the �rst power (slope -1 of the solid line in Fig. 2.20, top graph). For

a certain scale, this advantageous scaling behaviour is limited by the Joule losses

in the current wire (horizontal thermal limit in Fig. 2.20, top graph). The thermal

limit for actuation by magnetic gradient force with a current wire is derived in

Sec. 4.2.2 and is indeed found to impose a neutral scaling. For very small scales,

the actuation by magnetic gradient force with a current wire is limited to the

maximum allowed current density J (J = I/a2, with a the size of the current wire

according to Fig. 2.18) and therefore scales down linearly (slope +1 of the solid

line in Fig. 2.20, top graph).

The relative de�ection of a superparamagnetic actuator will always be lower

than for a ferromagnetic actuator. The scaling behaviour is however the same,

except for actuation with a current wire for which the scaling is one order higher,

respectively lower (slope ±2 in Fig. 2.20, bottom graph). The relative e�ciency of

a superparamagnetic versus a ferromagnetic actuator depends on the amount of

magnetisation of the superparamagnetic actuator during operation. Ultimately, if

a superparamagnetic actuator is saturated, the actuation is limited by the ferro-

magnetic law. A consequence is that the relative de�ections plotted for ferromag-

netic and superparamagnetic actuation in Fig. 2.20 depend on the values chosen

at the beginning of this section. A quantitative comparison between ferromagnetic

and superparamagnetic actuation should therefore be done carefully. The same is

valid when comparing the di�erent actuation concepts, whose relative de�ections

also depend on the values chosen to establish Fig. 2.20.

The con�gurations discussed above are not an exhaustive list of possibilities.

For example, a magnetic torque might also be exerted on an actuator with the

magnetic �eld generated by a current wire. The main asset of a current wire is

however that it can generated locally very high �eld gradients but not high �elds,

or very inhomogeneous ones. Therefore this option does not seem very promising,

even if it might lead to a feasible device on small scales (similarly to the case of

actuation by magnetic gradient force with a current wire). Furthermore, integrated

actuation might also be done with integrated coils. An integrated planar coil

can generate higher magnetic �elds and might be better suited for generating a

magnetic torque than an integrated current wire. However, planar coils are more

complicated to fabricate than simple current wires.

Based on the scaling behaviours discussed above, the device concepts that will

be investigated in this thesis are the actuation by magnetic gradient force of a su-

perparamagnetic actuator with a current wire (Chap. 4), the actuation by magnetic
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torque of the same superparamagnetic actuator with an external electromagnet

(Chap. 5) and the actuation by magnetic torque of a ferromagnetic actuator with

an external electromagnet (Chap. 6). The di�erent geometries of micro-actuators

for these three device concepts have already been discussed in Sec. 1.6.

Fig. 2.20: Scaling behaviour for di�erent device concepts. The scale of the actuator is
here given by its length (s=L). The top �gure is for ferromagnetic actuators. Ferromag-
netic and (super)paramagnetic actuators are compared in the bottom �gure. The dots
indicate the device concepts studied in this thesis. The di�erent curves are discussed in
the text.





Chapter 3

Magnetic particle interactions

in ferro�uids and polymers

3.1 Introduction

Ferro�uids [81] are stable colloidal suspensions of magnetic particles in a carrier

�uid. This means that the magnetic particles of such a suspension stay evenly

dispersed in the �uid and do neither agglomerate nor settle or sediment over time.

The carrier �uid is often an organic solvent or an aqueous solution. In order for a

ferro�uid to be stable, particles need to be small so that their thermal energy is

high enough to prevent sedimentation. The particles also need to be small enough

to be superparamagnetic (cf. Sec. 2.3.1) and prevent agglomeration by permanent

magnetic attractive forces between particles. Furthermore, particles are coated

with a surfactant to provide steric repulsion between particles that overcome the

attractive van der Waals forces. Ferro�uids are of interest because of their high

magnetic susceptibility that enables their manipulation or con�nement with ap-

plied magnetic �elds. Nowadays, ferro�uids have a wide range of applications in

audio speakers, rotary seal solutions, and bio-medical applications such as hyper-

thermia treatments or contrast agents for MRI [82].

In this chapter, ferro�uids are of interest because they can be mixed with

liquid-phase polymers or monomers. The process to create a superparamagnetic

polymer has been described in the previous chapter (Sec. 2.4.2). The magneti-

sation behaviour of superparamagnetic polymer composites will be studied and

A condensed version of this chapter has been published as: F. Fahrni, M.W.J. Prins, and
L. J. van IJzendoorn. Magnetization and actuation of polymeric microstructures with magnetic
nanoparticles for application in micro�uidics. Journal of Magnetism and Magnetic Materials,
321(12):1843�1850, 2009.
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compared to the magnetisation behaviour of ferro�uids. First the models to de-

scribe the magnetisation of ferro�uids are presented. These models study the

magnetic dipolar particle interactions that enhance the susceptibility per parti-

cle at higher particle concentration (0.1 - 20 vol%). Then, in combination with

spherical cluster demagnetisation e�ects, the particle interaction models are ap-

plied to the magnetic polymer composite. In the last part of this chapter, the

e�ect of a magnetic �eld applied during the processing of the magnetic polymer is

investigated and the created magnetic anisotropy is presented and discussed.

3.2 The Langevin model

The magnetisation behaviour of superparamagnetic nanoparticles can be described

with the Langevin equation for paramagnetism that describes the polarisation

of spins in materials. The superparamagnetic particles used in this thesis (cf .

Sec. 2.3.2) are single-domain iron oxide (magnetite and maghemite) grains with

a size distribution around 10 nm. Because the particles are single-domain, all

atomic spins of one particle are aligned and the particles are magnetised at their

saturation magnetisation. Due to the small size of the particles, the thermal energy

can overcome the energy barrier of magnetic anisotropy such that the magnetic

moment of the particles can freely �ip in absence of an applied �eld. Averaged

over several particles, or over time, the particles have no net magnetisation when

no magnetic �eld is applied (see de�nition of superparamagnetism in Sec. 2.3.1).

In the presence of a magnetic �eld, the magnetisation per particle Mpart can be

described by a balance between the magnetic energy and the thermal relaxation of

the particles, with the help of the Langevin equation1. In the case of particles that

are polydisperse in size, like most commercially available batches, the equilibrium

magnetisation is obtained by summation of the Langevin equation for each particle

size [81]:

Mpart =
∑

riMsat

[
coth

(
µ0Msat ViH

kB T

)
− kB T

µ0Msat ViH

]
(3.1)

with ri being the volume concentration of particles with volume Vi, Msat the

saturation magnetisation of bulk magnetite, µ0 the permeability of vacuum, H

the applied magnetic �eld, kB the Boltzmann constant and T the temperature.

For low magnetic �elds, the Langevin equation has a linear asymptote and the

1This magnetisation per particle has to be interpreted as the net contribution of one particle in
an assembly of particles, or as the net magnetisation of one particle averaged over time. Clearly,
each particle is constantly magnetised to saturation, but the magnetisation continuously �ips
and it is the equilibrium that is described by the Langevin equation.
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magnetisation can be expressed as:

Mpart =
∑

ri
µ0M

2
sat Vi

3 kB T
H = χLH, (3.2)

χL being called the initial magnetic susceptibility. Eqs. 3.1 and 3.2 are drawn in

Fig. 3.1 for a monodisperse particle assembly with respect to the applied magnetic

�eld. The addition of bigger particles to the assembly has the e�ect to make the

curve steeper for low magnetic �elds, whereas the addition of smaller particles has

the e�ect of lowering the curve in the saturation region.

The Langevin equation describes the magnetisation behaviour of a (polydis-

perse) ferro�uid correctly only under the assumption of non-interacting particles.

In this case the susceptibility of the ferro�uid is:

χ = χL Cv, (3.3)

with Cv the particle volume concentration in the �uid. The assumption of non-

interacting spins is virtually always true for describing paramagnetic materials.

For a very dilute assembly of superparamagnetic particles this assumption is also

correct, but it fails to apply for denser assemblies. The modelling of dipolar inter-

particle interactions that arise in denser ferro�uids is the topic of the next section.
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Fig. 3.1: Langevin magnetisation curve for an assembly of superparamagnetic particles
with respect to the reduced magnetic �eld, given as the ratio to the saturation magnetisa-
tion. The parameter φ is given for a monodisperse particle assembly and is proportional
to the volume of the particles. For low magnetic �elds the curve is well approximated
with a linear susceptibility. The e�ects of a polydisperse particle assembly on the mag-
netisation curve is indicated with arrows. The big particles in a polydisperse assembly
increase the initial slope whereas the small particles decrease the saturation plateau.
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3.3 Inter-particle interactions in ferro�uids

For concentrated ferro�uids, inter-particle dipolar interactions play a signi�cant

role and enhance the susceptibility per particle. This problem has been widely

investigated over the past 25 years [83�88]. Several models, originally developed

for electric dipoles, account for these interactions among which the Weiss (also

called Lorentz) or Onsager mean �eld theories and the Mean Spherical Model

(MSM). These mean �eld theories consider a reaction �eld from the surrounding

particles in addition to the applied magnetic �eld on each particle. This can be

understood from Fig. 3.2 that sketches the magnetic �elds involved in magnetising

an assembly of interacting particles. The magnetic �eld Happ is applied on the

assembly of particles that has an arbitrary shape. Because this �eld induces free

surface poles, it is counteracted by a demagnetising �eld Hd in a direction opposed

to Happ (as de�ned in Eq. 2.10). Both �elds add up such that the internal �eld

acting upon a cavity comprising a single particle is given by:

~Hint = ~Happ + ~Hd. (3.4)

The cavity is considered such that the particle volume concentration of the as-

sembly is equal to the ratio of the volume of the particle and the volume of the

cavity. Free surface poles can again be considered on this cavity and give rise to

a mean reaction �eld Hm pointing in the same direction as the applied magnetic

�eld. The total e�ective magnetic �eld experienced by a particle in an assembly

is thus [89,90]:
~Heff = ~Hint + ~Hm = ~Happ + ~Hd + ~Hm. (3.5)

The reaction �eldHm can be calculated considering a homogeneous non-polarisable

(Weiss) or polarisable (Onsager) medium around the cavity where a single particle

Fig. 3.2: Representation of the magnetic �elds involved in mean �eld theories. The
theories account for an increase in susceptibility of a dense particle assembly compared
to a dilute assembly. A particle in a cavity (grey) experiences an internal �eld Hint and
an additional �eld Hm that is a reaction from the medium around the cavity.
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is located [91]. The Weiss model leads to the following expression for the mean

�eld:

Hm,Weiss = Hint
χ

3
, (3.6)

with χ the susceptibility of the homogeneous medium surrounding the cavity (ac-

cording to Eq. 3.3 in our case). The Onsager mean reaction �eld is given by:

Hm,Onsager = Hint
χ

2χ+ 3
. (3.7)

Both theories can explain an increase in the susceptibility of particles in an as-

sembly but they are only valid for moderate concentrations (up to a maximum of

5 vol% according to Ref. [84]). This limitation appears because the assumption

of a homogeneous medium around the cavity does not re�ect reality. The Weiss

model even predicts a spontaneous magnetisation for χ > 3, which clearly is not

con�rmed in experiments [86]. A better approximation for the reaction �eld is

given by the Mean Spherical Model (MSM), which gives an analytical solution to

the reaction �eld considering homogeneously dispersed particles around the cavity

comprising the particle [92]. This model gives a value of the initial susceptibility

for ferro�uids (slope of the magnetisation curve for low �elds) expressed in series

of the Langevin initial susceptibility χL (cf. Eq. 3.2). Huke and Lücke [86,87] in-

troduced a correction factor I1 on the quadratic term of this expansion to account

for particle aggregation and the initial susceptibility is thus expressed as:

χini =
1
Cv

[
Cv χL + I1

(χL
8

) (Cv χL)2

3
+

(Cv χL)3

144

]
(3.8)

with Huke's factor de�ned as I1(λ) = 1 +
(
λ2/25

)
+
(
λ4/1225

)
+
(
λ6/6615

)
+(

λ8/8004150
)

+ . . . , Cv the magnetic volume concentration in the ferro�uid, and

χL =
(
µ0M

2
sat Vi/3 kB T

)
as de�ned in Eq. 3.2. The remaining limitations for

Eq. 3.8 are that particles are assumed to be homogeneously dispersed and monodis-

perse in size.

The magnetisation of the superparamagnetic nanoparticles used in this the-

sis (cf . Sec. 2.3.2) was measured with a Vibrating Sample Magnetometer (VSM

10, DMS Magnetics). The supplied powder of particles was dissolved in xylene

with a magnetic volume concentrations between 0.003 and 0.6%, and inserted in

a small polystyrene cylindrical container with an interior diameter of 4.45 mm

and a height of 2.75 mm. The applied magnetic �eld of the VSM was perpen-

dicular to the axis of the cylinder. The dependence of the demagnetisation of

this �uid volume on its susceptibility has been simulated with the �nite element

software COMSOL Multiphysics® and the measured values were corrected ac-
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Fig. 3.3: Magnetisation curve of superparamagnetic nanoparticles (EMG1400, Ferrotec)
dispersed in p-xylene with 0.012% magnetic volume (�). The histogram represents the
particle size distribution given by the manufacturer (revealed by electron microscopy, i.e.
including the surfactant). (−−) Fit of the size distribution from the manufacturer (two-
parametric Γ-distribution [83]) and magnetisation curve according to Eq. 3.1 with this
size distribution. (− · −) Fit of the size distribution from the manufacturer diminished
by 4 nm and magnetisation curve according to Eq. 3.1 with this size distribution. The
thick solid line is a two-parametric Γ-distribution that matches the magnetisation curve
of the measurement (�) when used in Eq. 3.1.

cordingly2. The saturation magnetisation of the particles is 60 Am2/kg according

to the manufacturer, and the content of iron oxide is about 80% . Assuming that

the surfactant has a density close to 1, the volume content of iron oxide is 43.5%

and the saturation magnetisation of the iron oxide core is 4·105 A/m. This value

agrees well with our measurements at a saturating �eld strength of 1.59·106 A/m.

Subsequently, all magnetisation curves are expressed as magnetisation of the iron

oxide cores of the particles and thus normalised to a value of 4·105 A/m. Also,

in the following sections, the iron oxide core of a particle without its surfactant is

always denominated simply by particle.

The measured magnetisation curve for the most dilute ferro�uid (0.003 vol%)

is presented in Fig. 3.3. For this low concentration the particle interactions can

be neglected and hence the curve can be reproduced by Eq. 3.1. Note that chain

formation, which might in�uence the magnetisation curve, does not occur for par-

ticles smaller than 10 nm in diameter. Such particles do not form chains because

they have a maximum dipolar interaction energy (when the particles are satu-

rated and touch each other) that remains smaller than the thermal energy. The

2This correction is dependent on the (non-linear) susceptibility of the ferro�uid inside the
container. The largest correction is for the most concentrated ferro�uid (0.6 vol%) and results
in a magnetic �eld inside the container being only up to 3% less than the �eld applied by the
VSM.
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Fig. 3.4: The nanoparticles have been dispersed in a �uid (xylene) with several vol-
ume concentrations. (�) Measured initial magnetic susceptibility per particle for several
concentrations (measured for a magnetic �eld of 3.9 kA/m). Most of the increase in
susceptibility can be explained by the magnetic particle interaction model using Eq. 3.8.

�tting parameters for the magnetisation of the most dilute ferro�uid are the sat-

uration magnetisation of the particles and the particle size distribution which is

taken accordingly to formula 3 in Ref. [83] (a two-parametric Γ-distribution). The
matching size distribution is broader than the one given by the manufacturer and

has a lower mean particle size (inset Fig. 3.3). We attribute the lower mean particle

size in our model to the fact that the size distribution from the manufacturer was

determined by transmission electron microscopy inspection, which includes both

the surfactant and the magnetically inactive layer in the particle diameter [83].

Here we determine the mean size of the magnetically active core that can result

in a di�erence up to 4 nm in diameter. Regarding the exact shape of the size

distribution, it should be realised that the manufacturer only gives a typical size

distribution for particles in di�erent products.

The magnetisation curve of the ferro�uid has also been measured with higher

volume concentrations where the dipolar interactions are noticeable. The mea-

sured initial susceptibilities for these measurements are shown in Fig. 3.4. The

e�ective initial susceptibility per particle (measured for a magnetic �eld of 3.9

kA/m) increases from 15.8 for an ideally dilute �uid to 16.6 when the concentra-

tion reaches 0.6 vol% and is in accordance with Eq. 3.8. According to Ref. [84],

this model is valid for volume concentrations up to 20% where the susceptibility

per particle would then reach 37 (cf . inset Fig. 3.4). Note that this model is

strictly only valid for particles that are monodisperse in size and that a polydis-

perse batch will show higher interactions [87]. This can explain that we measure

a slightly higher susceptibility than predicted by the model (cf . Fig. 3.4).
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We were able to model the increase in susceptibility per particle in a particle

assembly due to magnetic dipolar interactions. Even though the ferro�uid is poly-

disperse in particle size, the model only slightly underestimates the experimental

data. This model will be used in the next section to explain the magnetisation

behaviour of the same superparamagnetic nanoparticles dispersed in a polymer.

In the present section, the susceptibility was modelled only for the linear part

of the magnetisation curve of superparamagnetic particles. The modelling of the

non-linear part of the magnetisation curve of dense ferro�uids would require to

numerically solve Eq. 3.1 and the MSM model, which lies beyond the scope of this

work.

3.4 Inter-particle interactions in polymers

The superparamagnetic nanoparticles have been dispersed in polydimethylsiloxane

(PDMS) according to the procedure described in Sec. 2.4.2 for superparamagnetic

Sylgard-PDMS. Magnetic PDMS samples with di�erent particle concentrations

have been produced by spincoating the uncured PDMS on small glass wafers and

then curing and pealing o�. The resulting PDMS disks had a diameter of 5 mm

and a thickness of ∼300 µm. This shape does not induce any measurable demag-
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Fig. 3.5: Magnetisation behaviour for superparamagnetic nanoparticles in �uid and in
PDMS. Particles dispersed in p-xylene with a volume concentration of magnetic mate-
rial of 0.003% (H) and 0.6% (N). Particles dispersed in PDMS (•). The curves have
been normalised to a saturation magnetisation of 4 · 105 A/m at the maximum applied
magnetic �eld of 1.59·106 A/m . The error bars on the measurements for particles in
PDMS are representative of the spread observed in several samples with magnetic vol-
ume concentrations ranging from 0.1 to 5% (this spread was however not related to the
concentration).
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Fig. 3.6: Illustration of clusters of superparamagnetic nanoparticles in a polymer. The
particles are depicted with their magnetic core and their surfactant layer. The magnetic
volume concentration is low in the polymer (< 5 %) but high for the cluster (20 % or
more).

netisation when the applied magnetic �eld is in the plane of the disk. Fig. 3.5

shows the measurements for magnetic PDMS compared to the measurements in

�uid. The magnetisation behaviour of the particles in PDMS was not found to be

correlated to the particle concentration for values ranging from 0.1 to 5 vol%. The

magnetic PDMS has a lower susceptibility than a ferro�uid with the same particle

concentration. Possible reasons might be that (i) the big particles are locked in

PDMS (they can no more relax their magnetisation by Brownian relaxation) and

do not contribute to the magnetisation curve � however, this would give rise to

a measurable hysteresis in the magnetisation curve which is not the case; (ii) the

outer atomic layer of the iron oxide particles is modi�ed due to chemical modi�-

cation of their surface after contact with PDMS, which is unlikely but might be

supported by Ref. [93]. The most likely reason for a lower magnetisation in PDMS

is (iii) that clusters of particles experience local demagnetisation. As indicated in

Sec. 2.4.2, the clusters are micrometre sized which implies millions of particles per

cluster. In such a cluster, we expect the particles to be very closely packed with

little or no polymer between them, as sketched in Fig. 3.6. The magnetic dipolar

inter-particle interactions will therefore be strong locally in a cluster, and give a

large increase in magnetisation on the one hand. But demagnetisation occurs over

every spherical cluster, independently of the external shape of the sample, and

this e�ect will decrease the magnetisation on the other hand. The combination of

both the increase and the decrease is quanti�ed in the following paragraph3.

3Note that the clusters are assumed here to be spherical. The demagnetisation of clusters with
other shapes (e.g. elliptical) would further decrease the sample magnetisation. The anisotropy
axes of these other cluster shapes would be randomly distributed and thus the magnetisation
would preferably be directed towards these anisotropy axes rather than along the applied mag-
netic �eld, resulting in a lower net magnetisation in the direction of the �eld. However, this
additional e�ect of demagnetisation of clusters with other shapes is negligible compared to the
primary spherical demagnetisation of clusters, as indicated by calculations similar to Eq. 2.33
with the parameters of a cluster with aspect ratio ∼2.
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The measured initial susceptibility of particles in PDMS is χini,PDMS = 10.0

versus χL = 15.8 in a dilute �uid (cf . Fig. 3.5, measured for a �eld of 3.9 kA/m).

Considering that Cv,cluster is the volume concentration of magnetic material inside

a cluster, the bulk susceptibility of a cluster can be expressed as:

χbulk,cluster = χini(Cv,cluster, χL) · Cv,cluster (3.9)

with χini according to Eq. 3.8 and χL the initial susceptibility of non-interacting

particles (measured in a dilute �uid). The e�ective susceptibility of a cluster

considering its spherical demagnetisation can be expressed as follows from its bulk

susceptibility (considering it is homogeneously magnetised):

χeff,cluster =
χbulk,cluster

1 +N · χbulk,cluster
=

χini · Cv,cluster
1 +N · χini · Cv,cluster

(3.10)

with N = 1/3 being the demagnetisation factor of a sphere. We can now relate

the e�ective susceptibility of a cluster to the measured initial susceptibility per

particle in PDMS:

χeff,cluster = χini,PDMS · Cv,cluster (3.11)

with Cv,cluster the volume concentration of magnetic material in a cluster. Com-

bining Eq. 3.8, 3.10 and 3.11 and solving for Cv,cluster, one �nds a value of 22.3%.

According to the manufacturer, the weight percentage of magnetic material in

particles is 80% which is equivalent to 43.5% in volume (assuming the surfactant

has a density of 1). For monodisperse particles in a typical close packing volume

fraction of 0.60 this would result in an iron oxide volume density of 26%, and for

a polydisperse size distribution even somewhat higher. These values can be con-

sidered as upper limits and the value of 22.3% we found indeed indicates a high

packing density. In Sec. 2.4.2 clusters were observed with optical microscopy such

that it is not possible to exclude the presence of a fraction of particles that is fully

dispersed, but the previous result con�rms that the majority of particles are part

of a cluster.

The combined e�ect of particle interaction and cluster demagnetisation on the

initial susceptibility of clustered particles in a polymer is presented in Fig. 3.7, as

function of the cluster density. If the particles were non-interacting, the demag-

netisation would still occur but with χini = χL = 15.8 in Eq. 3.10. The calculated

cluster density would then be 11.0% (cf. Fig. 3.7), which is much less likely than
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Fig. 3.7: Magnetic susceptibility per particle for clustered particles dispersed in PDMS,
as function of the magnetic volume concentration in the clusters. Model with particle
interactions (Eq. 3.8 - 3.11) and for a hypothetical case without interactions.

the value of 22.3% found above for interacting particles. This con�rms that the

particle interactions cannot be neglected. Note �nally that the model and Fig. 3.7

hold only for the case in which the clusters do not interact with each other. This

applies for our experiments where the volume concentration of magnetic material

in PDMS ranges from 0.1 to 5%. It is interesting to note that the maximum ini-

tial susceptibility for a magnetic polymer occurs for uniformly dispersed particles

and that the susceptibility decreases monotonically as the clusters get denser (cf.

Fig. 3.7). When clusters get denser, both the interaction strengthening and the

demagnetisation weakening increase but it is the latter one that is stronger.

3.5 Induced magnetic anisotropy in polymers

The magnetic character of PDMS with particles can be tuned by applying a ho-

mogeneous magnetic �eld (µ0H = 100 mT) in a given direction before curing the

PDMS, which aligns the clusters of particles by forming chains of clusters. If the

magnetic �eld is removed after 1 min, the very high viscosity of uncured PDMS

(3.9 Pa·s) prevents the clusters from re-dispersing and they stay as chains. The

PDMS can be subsequently cured. By doing this we remove, or at least attenuate,

the demagnetisation of the clusters of particles (cf. previous section) in one given

direction whereas we increase it in the perpendicular direction. The situation is

sketched in Fig. 3.8 and the magnetisation curves for this PDMS are shown in Fig.

3.9. Note that aligning magnetic particles in polymers can also have an e�ect on

the mechanical properties of the composite, as investigated e.g . in Ref. [94].
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Fig. 3.8: Illustration of clusters of superparamagnetic nanoparticles in a polymer cured
after application of a (horizontal) magnetic �eld. Most of the original spherical clusters
align in strings. Here the shape anisotropy of the former clusters is reduced in the
horizontal direction and increased in the vertical direction. The particles are depicted
with their magnetic core and their surfactant layer.

The measured initial susceptibility (at 3.9 kA/m) of the PDMS with aligned

clusters is 17.8 per particle for the parallel case and 7.95 for the perpendicular

case, in a sample with 1 vol% of magnetic material. This corresponds to an

increase of 80% and a decrease of 20% compared to the magnetic PDMS without

cluster alignment. Note that if the shape anisotropy of clusters could be removed

completely in one direction � by forming long regular chains with all clusters of

particles � we would expect an increase of 270% to meet the initial susceptibility

per particle at the volume concentration of Cv,cluster = 22.3% of magnetic material

(initial susceptibility of ∼35 as can be seen in the inset of Fig. 3.4). For higher

particle concentrations, the clusters in PDMS are usually getting bigger (due to

the processing) and therefore experience a higher magnetic force and align more

easily in a magnetic �eld applied before curing. This can be seen in Fig. 3.10 and

explains why a sample with a higher concentration of particles has the tendency to

show a bigger di�erence in magnetisation between the parallel and perpendicular

directions. This di�erence in our measurements can reach 20% between samples

with a volume concentration of magnetic material of 0.1 and 5%.

The processing of magnetic PDMS with a magnetic �eld aligning the clusters

provides the opportunity to create a magnetic body with an internal magnetic

anisotropy without having a shape anisotropy, or to increase as well as decrease

the anisotropy of a magnetic body with shape anisotropy. Increasing the magnetic

anisotropy of a long actuator will facilitate its aligning with a homogeneous applied

magnetic �eld. This type of actuators are investigated in Chap. 5. The maximum

torque on a superparamagnetic actuator in a homogeneous magnetic �eld is given

by Eq. 2.38, derived in Chap. 2. For an actuator that has an intrinsic magnetic
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Fig. 3.9: Measurements for superparamagnetic nanoparticles dispersed in PDMS with
and without alignment of the particle clusters prior to curing the PDMS. (•) Particles dis-
persed in PDMS with a magnetic volume concentration of 1%. (+,−) Particles dispersed
in PDMS with a magnetic volume concentration of 1% and exposed to a homogeneous
magnetic induction of 100 mT for 1 min prior to curing, with the �eld parallel (+) and
perpendicular (=) to the measurement direction. The curves have been normalised to a
saturation magnetisation of 4·105 A/m at the maximum applied magnetic �eld 1.59·106

A/m.

anisotropy the relation would have to be rewritten as follows:

τparam =
1
2
µ0H

2
0

(
χ‖

1 + χ‖N‖
− χ⊥

1 + χ⊥N⊥

)
sin (2α)V (3.12)

with two di�erent susceptibilities, for the parallel and the perpendicular direction.

For an actuator with an aspect ratio of 20 (ratio L/T according to Fig. 2.17) and

a width W equal to its length L, it is reasonable to assume N‖ = 0 and N⊥ =

0.5. The experimental values found previously for the parallel and perpendicu-

lar susceptibilities per particle are 17.8 and 7.95 respectively. Without intrinsic

Fig. 3.10: Optical microscopy images reveal that the size of cluster chains increases with
the concentration. Particle volume concentration is 0.5% for inset (a), 2.5% for inset (b)
and 5% for inset (c). The scale bars indicate 20 micrometres.
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anisotropy the susceptibility per particle was 10.0. These susceptibilities have to

be multiplied by the particle volume concentration Cv in the actuator. The relative

gain in de�ection from the additional intrinsic anisotropy (obtained by aligning

clusters) can be calculated by the ratio of the torque with and without intrinsic

anisotropy. This ratio, as function of the particle volume concentration, becomes:

δaligned clusters
δnormal

=
17.8Cv − 7.95Cv

1+1/2(7.95Cv)

10.0Cv − 10.0Cv

1+1/2(10.0Cv)

. (3.13)

This gain in de�ection of an actuator for the same applied magnetic �eld is plotted

in Fig. 3.11. For low concentrations of magnetic particles, this gain is considerable.

But for low concentrations, the amplitude of de�ection itself is small and the large

gain is of limited interest in practice. However, for the maximal loading of our

superparamagnetic particles (5 vol%), the gain is still around 5.5. The actuation

experiments in Chap. 5, where such a micro-actuator was created with and without

aligned clusters, could not demonstrate this important gain. Three reasons can

explain that we could not observe it. First, the variation in de�ection of several

actuators on the same sample was usually large (up to a factor 5) which can

be explained by the di�erence in magnetic content of the individual actuators.

Second, the thickness of the actuators was 5 µm which might be too small for the

aligned clusters to be present inside the actuator itself. And third, the magnetic

induction needed to obtain measurable de�ections was 50 mT, which is beyond

the linear regime of the magnetisation of the particles, and Eq. 3.13 indeed only

holds for the linear regime. It can be seen from Fig. 3.9 that the di�erence between
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Fig. 3.11: Gain in de�ection of an actuator with aligned clusters compared to an actu-
ator without alignment of clusters, for the same applied magnetic �eld.
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parallel and perpendicular susceptibility decreases for higher magnetic �elds. For

an induction of 50 mT (µ0·39.8 kA/m) the gain would however still be of 3 �

instead of 5.5 � for 5 vol% of particles in the actuator.

3.6 Conclusions

In this chapter, the magnetisation behaviour of superparamagnetic particles form-

ing clusters in a solid (polymer) matrix has been measured and explained with a

combination of a dipolar particle interaction model and cluster demagnetisation

e�ects. The interaction model was also veri�ed for the particles dispersed in a

�uid. The low-�eld susceptibility per particle was 10.0 in a solid matrix, and did

not depend on the particle volume concentration, whereas it was 15.8 (for low

concentrations) when dispersed uniformly in a �uid. At the maximum volume

concentration of 5%, this represents a low-�eld susceptibility of 0.5 for the mag-

netic polymer. The susceptibility of particles in a solid matrix could be tuned by

aligning the clusters of particles prior to locking them in the (polymer) matrix. In

this way, the low-�eld susceptibility could be increased by ∼80% in the direction

of the alignment and decreased by ∼20% in the perpendicular direction. In other

words, an intrinsic magnetic anisotropy of a factor ∼2 could be created between

two perpendicular directions. This anisotropy has been shown in theory to be ad-

vantageous for aligning superparamagnetic actuators in a homogeneous magnetic

�eld, specially if low magnetic �elds are used (µ0H < 50 mT).





Chapter 4

Local actuation of

superparamagnetic actuators

4.1 Introduction

A magnetic micro-actuator can be set in motion either by a magnetic gradient

force or by a magnetic torque. Because of the scaling behaviours presented in

Sec. 2.5, actuation on small scales with a magnetic gradient force requires means

of generating magnetic �elds locally � a current wire is most appropriate � while

actuation on small scales with a magnetic torque can be performed with an external

homogeneous magnetic �eld generated by a macroscopic (electro)magnet. Both

types of actuation can be used for micro-actuators that are standing or lying on

a surface, and which are made of ferromagnetic or superparamagnetic materials,

allowing for the di�erent device concepts that were discussed in Sec. 1.6.

In this chapter we investigate the device concept of a superparamagnetic stand-

ing micro-actuator that is de�ected by the magnetic �eld gradient of a current wire

located close to the tip of the actuator. The scaling behaviour of this concept has

been extensively discussed in Chap. 2 (Sec. 2.5 and 2.6). Relative de�ections were

approximated in Fig. 2.20 for an actuator with an aspect ratio of 20 (ratio L/T

in Fig. 2.17), and with the properties of materials developed in Sec. 2.3 and 2.4.

Given that the concept is limited either by a constant current (for large scales) or

by a constant current density (for small scales), an optimal actuator length was

found to be around tens of micrometres (cf . Fig. 2.20).

A condensed version of this chapter is in preparation for publication: F. Fahrni, M.W.J.
Prins, and L. J. van IJzendoorn. Addressable magnetic polymer actuators for micro�uidics.
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The micro-actuators presented in this chapter are actuated locally, which o�ers

several advantages in the view of micro-�uidic actuation. Local actuation enables

actuators to be selectively and individually addressed in a micro-device. Apart

from being a general advantage, individual addressing can be used to create out-

of-phase actuation of adjacent micro-actuators, being useful for mixing in a cavity

as shown by Khatavkar et al . [32]1. But local actuation in principle also enables

the creation of an asymmetric movement, by combining sequentially two or more

actuation stimuli for each actuator. Either two adjacent current wires can be used,

or one current wire in combination with an external electromagnet.

The aim of this chapter is to model the device concept, derive device geometries

and parameters that allow for a feasible micro-device, and demonstrate actuation

in a proof-of-concept experiment. First the dependence of the location of the

current wire with respect to the actuator on the e�ciency of actuation is modelled,

which indicates the possible geometries for a device. Then the heat dissipation in a

current wire and its scaling behaviour is derived, which leads to maximum values

for the current that can be used in practice. These values are then used in a

�nite element model simulation that validates the analytical approximation for

de�ections derived in Sec. 2.5.3 (Eq. 2.29). The manufacturing of moulds and

two mould replication techniques to create micro-actuators are investigated and

compared. The production of micro-wires is presented and the device assembly is

discussed. Finally, the measurements of maximum current in the produced wires

are used to validate the model that describes the heat dissipation and the actuation

of individual micro-actuators is investigated. Because a current wire produces a

signi�cant amount of heat, both magnetic and thermal actuation are observed and

discussed.

4.2 Modelling of the device concept

4.2.1 Geometry of the device

The de�ection of a micro-actuator due to the high magnetic �eld gradient gener-

ated by a current wire is highly dependent on the location of the wire with respect

to the actuator. We investigate the possible device geometries of an actuator

made of the superparamagnetic PDMS developed in Sec. 2.4. The de�ection is

calculated depending on the location of the current wire in the half plane next

to the actuator. The magnetic �eld generated by the current wire, and thus the

force applied on the micro-actuator, are highly inhomogeneous and an analytical

solution is not trivial. A �nite element model simulation is performed with the

1Out-of-phase actuation was introduced and discussed in Sec. 1.3.
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Fig. 4.1: Contour lines representing locations for a current wire that induce the same
relative de�ection of the micro-actuator. The micro-actuator is depicted on scale by the
black rectangle and has an aspect ratio of 20. Its elastic modulus is assumed to be 1 MPa
and its susceptibility 0.5. Each line indicates a relative de�ection given by Eq. 4.1, where
f is the label next to each line. For a size L = 100 µm and a current I = 5 A, the factor
f directly indicates the relative de�ection. As explained in the text, the simulation is
only valid for small relative de�ections (typically δ/L ≤ 0.1).

software COMSOL Multiphysics®. The aspect ratio of the micro-actuator (ratio

L/T according to Fig. 4.5) is chosen to be 20, as this value represents the upper

range that can be achieved with the fabrication procedures investigated in this

thesis (cf . Sec. 4.3). The elastic modulus of the micro-actuator is taken to be 1

MPa and its susceptibility 0.5 (according to the material properties investigated in

Sec. 2.4). The de�ection of the micro-actuator is calculated in a two-dimensional

mechanical plane strain domain, with an input force on the actuator boundaries

integrated with Maxwell's stress tensor method in a two-dimensional electromag-

netic domain. The simulation is only valid for small de�ections, both because of

the assumption of small de�ections in the mechanical domain, and because the

force is not recursively calculated for consecutive steps of the de�ection. The force

should be calculated recursively because it depends on the de�ection, since it de-

pends on the location of the actuator in the non-homogeneous magnetic �eld and

magnetic �eld gradient generated by the current wire. Also, the simulation was

performed for a constant susceptibility and saturation e�ects in the superpara-

magnetic material would play a role if the magnetic induction generated by the

current wire exceeds 50 mT at any location in the actuator (cf . magnetisation

curve of the particles in Fig. 2.6). For a length L = 100 µm and a current I = 5 A
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Fig. 4.2: Side view and top view of the device concept for standing superparamagnetic
polymer micro-actuators. A current wire is placed close to the tip of the micro-actuator
by integrating it in the wall opposite to the wall were the micro-actuator is attached.
Provided a current in the micro-wire, the micro-actuator is de�ected towards the wire.
Micro-actuators can be placed transversely or longitudinally in a micro�uidic channel
(as depicted in the top view) to enable pumping, respectively mixing, or other �uidic
functions.

(or a product L · I = 5 ·10−4), a value of 50 mT is reached at a distance r = 0.2 ·L
from the wire.

The results of the simulation are presented in Fig. 4.1 with contour lines rep-

resenting the locations for the current wire that induce an equal de�ection of the

micro-actuator. Note that the contour lines are only meaningful if the relative

de�ection associated to them is small and if the actuator material has not reached

saturation. The lines are labelled with a factor such that the relative de�ection is

given by:
δ

L
= 4 · 10−10 f

I2

L2
(4.1)

with f the label next to each line, I the current in the wire (expressed in [A]) and

L the length of the actuator (expressed in [m]). The ratio I2/L2 re�ects that the

relative de�ection changes with length to the inverse second power for constant

currents, as was derived in Chap. 2 (Eq. 2.29). For the same relative de�ection,

the current reduces linearly with the length. In Fig. 4.1, the micro-actuator is

depicted by a black rectangle and is attached to a wall at the bottom, the wall

being indicated by the dashed line. The black points indicate a current wire either

buried in the wall or located in an opposite wall, at a vertical distance L
10 from the

bottom, respectively the tip of the actuator. It can be seen from these points that

the relative de�ection increases at least one order of magnitude for a wire situated

close to the tip of the actuator, hence in the opposite wall. The obvious advantage

of placing a wire in an opposite wall however only holds for wires placed relatively

close to the actuator in the horizontal direction. To be able to conclude where the

current wire could or should be placed, a maximum value for the current in the

wire has to be considered. This is the topic of the next section where the thermal
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e�ects of a current in a micro-wire are investigated, relative to the size of the wire.

It will be concluded that the current wire needs to be placed close to the tip of

the actuator in order to obtain a reasonable de�ection with a practical current.

The device concept is thus a micro-actuator standing on a wall and a current wire

integrated in an opposing wall. The concept is sketched in Fig. 4.2. The micro-

actuators can be placed transversely or longitudinally in a micro-channel, allowing

for pumping or mixing respectively, without fully obstructing the �ow.

4.2.2 Heat dissipation in a current wire and related scaling

A local current wire is used to generate the high magnetic �eld gradients for

actuation. In this section we derive an analytical model to predict the Joule losses

and the heat dissipation in the current wire, in order to estimate the maximum

allowed current in the micro-wire and the scaling behaviour of this maximum.

If the Joule losses in the wire are too high, the temperature will eventually rise

above the melting point of the material of the wire, leading to its failure. The

heat generated by Joule losses in the current wire can be given o� in several ways,

namely by conduction through the wire itself, by conduction through the substrate,

by conduction and convection through the �uid in the adjacent micro-channel, and

by radiation. We neglect radiation and convection processes, as well as conduction

through the �uid and the substrate. Radiation would only induce losses at very

high temperatures and conduction through the �uid is negligible because the ther-

mal conductivity of (biochemical) �uids is low (kth < 1 Wm−1K−1), whereas it is

high for the metal used for the wire (kth = 401 W m−1K−1 for copper). Note that

comparing the di�erent values for kth is only acceptable for a short wire. But a

short wire is also optimal for heat evacuation in our proof-of-concept device. For a

longer wire, the increase in contact area with the �uid (compared to the constant

cross section of the wire) will enable signi�cant losses by conduction through the

�uid. The substrate in our proof-of-concept device is glass (kth = 1 W m−1K−1),

since it should be optically transparent to monitor actuation2, and conduction to

the substrate is also negligible. To improve the heat dissipation, a substrate with

high thermal conductivity may eventually be chosen.

The heat generated by Joule losses in the current wire is thus assumed to be

given o� only by conduction through the electrical contacts, which are considered

to be large enough to stay at room temperature. For a straight wire having

electrical contacts at both ends as sketched in Fig. 4.3, the following di�erential

2Due to the mould processing of the actuators (cf . Sec. 4.3.1), the wall to which they are
attached is made from the same material as the actuator (i.e. magnetic polymer). The wall,
or channel, is therefore not optically transparent on the actuator side and the proof-of-concept
device requires the lid (substrate for the wires) to be transparent.
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Fig. 4.3: Current wire (light grey) with electrical contacts on both sides (dark grey).
The electrical contacts extend to the macroscopic bond-pads (not shown). The wire is
micro-fabricated on a glass substrate and the electrical contacts (dark grey) are assumed
to remain at room temperature in the analytical heat dissipation model.

equation for the transient temperature T along the wire can be written:

ρ c
∂T

∂t
= kth

∂2T

∂x2
+ qin (4.2)

with ρ the density of the wire material, c its speci�c heat capacity, kth its thermal

conductivity, t the time, x the distance along the wire, and qin a uniform internal

heating rate density. Inside the current wire, the heat is generated by Joule losses

such that:

qin =
RI2

w d l
=
ρel I

2

w2 d2
(4.3)

with R the electric resistance of the wire, I the current running through it and ρel

the electric resistivity of the wire material. The wire dimensions w, d and l are

according to Fig. 4.3. The boundary conditions to the heat equation (Eq. 4.2) for

a current wire of length l are:

T (
l

2
, t) = T (− l

2
, t) = T0 (4.4)

with T0 being room temperature (deviations from these ideal boundary conditions

will be studied with a �nite element simulation in Sec. 4.4.1). With those boundary

conditions, an analytical solution of the heat equation can be given [95]:

T (x, t) = T0 +
∞∑
n=0

[
ρel l

2 I2

kth w2 d2 π3 k3

(
1− exp

[
−4 kth π2 k t

ρ c l2

])
sin

2 k π x
l

]
(4.5)

with k = 2n + 1. Along the wire, and at steady state, the temperature pro�le is

a parabola (Eq. 4.5 with t→∞):

T (x) = T0 +
ρel I

2

kth w2 d2

(
l2

4
− x2

)
. (4.6)
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This steady state pro�le and the transient temperature pro�les are plotted in

Fig. 4.4.

The scaling behaviour of two quantities in Eq. 4.5 are interesting to consider,

namely the maximum temperature reached in the current wire at steady state and

the time constant of the exponential rise to reach that maximum. As indicated in

Eq. 4.6, the maximum temperature rise is proportional to:

∆Tmax =
ρel l

2 I2

4 kth w2 d2
∝ I2

s2
(4.7)

with s being a length scale of the system. Since the maximum allowed temperature

before failure of a wire is a �xed material property and is not scale dependent, the

current has to be decreased at the same rate as the size of the system when the

device concept is scaled down. The scale dependence of the maximum current that

can be used is therefore exactly the same as the scale dependence of the current

that is needed to obtain a given relative de�ection, as derived in the previous

section (Eq. 4.1). Therefore, if considering only thermal e�ects, micro-actuation

by a current wire is favoured neither by small nor by bigger actuators. This is the

reason for the thermal plateau plotted in Fig. 2.20 for this type of actuation. The

scale of the system remains limited by a maximum value of the current for large

scales and a maximum value of the current density for very small scales, which are

not related to thermal e�ects (cf . Sec. 2.6).
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Fig. 4.4: Temperature pro�le along the current wire for several times after switching on
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Low duty cycle current pulses could be used to achieve currents higher than

the maximum current that a wire can stand at steady state. The power dissipated

in the wire was indeed previously (Eq. 4.3) assumed to be:

PDC = RI2, (4.8)

whereas for short current pulses the power would be:

PAC = RI2
rms = R

[
1
T

∫ T

0

i (t)2 dt

]2

= RI2 ν∆t (4.9)

with ν = 1
T the frequency of the repeating pulses and ∆t the duration of a single

pulse. The current can thus be increased with the inverse square root of the duty

cycle, which is here given by the product ν · ∆t. This however only holds if the

time scale of heating to a steady state is smaller than ∆t. The time constant for
heating to a steady state is proportional to the square of the length scale (cf . Eq.

4.5), which means that the time for heating to a steady state will become very

short for a micro-wire. For a given cross-section of the wire (i.e. a given size of the

actuator device) the maximum allowed current scales inversely with the length of

the wire (cf . Eq. 4.7), and the wire should therefore be as short as possible to allow

for a large current. Fig. 4.4 indicates that 80% of the steady state temperature of

the wire is reached within a time:

t80% =
4 · 10−6 ρ c l2

8.6 · 10−5 kth
. (4.10)

For a wire made of copper (kth = 401 W m−1K−1, ρ = 8960 kg m−3 and c = 385 J

kg−1 K−1) and a length l below 100 µm, this time is shorter than 4 µs. If one wishes

to make use of low duty cycle current pulses to increase the current as suggested

above, each pulse should then be in the micro-second or nano-second range. Such

a pulse is feasible but will not induce any de�ection of our micro-actuator in a

�uidic environment. Consulting Fig. 1.5 reveals that our micro-actuator (aspect

ratio of 20 and elastic modulus of 1 MPa) can only function up to ∼100 Hz as a

result of viscous drag in the �uid, which is four orders of magnitude too slow to be

able to react to a pulse of 1 µs. In other words, the force on the actuator should

be increased at least ten thousand times to be able to react to a low duty cycle

high current pulse. Since such an increase in force is clearly not feasible, the wires

used for micro-actuation in this chapter have to be able to withstand the current

in a steady state situation.
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From Eq. 4.6, the maximum current for a given steady state temperature

di�erence ∆T in the middle of the wire is:

Imax =
s

50

√
∆T kth
ρel

(4.11)

assuming that s is the scale of the system with the dimensions of the wire being

l = s and w = d = s/10. It is reasonable to allow for a maximum temperature

di�erence of 500°C (copper is melting at 1083°C) and with kth = 401 W m−1K−1

and ρel = 1.72 · 10−8 Ω m for copper, the maximum current is:

Imax = 6.8 · 104 · s [A]. (4.12)

For a typical scale of the system of 100 µm, the maximum current is therefore 5 A

and this value scales with size to the �rst power. The last equation sets a limit to

the current relative to the scale of the system and enables us to discuss the possible

locations for a current wire that are plotted in Fig. 4.1. With the length of the

actuator equal to the length scale (L = s), Eq. 4.1 and 4.12 imply that the relative

de�ection is given by δ
L = 1.85 f . In order to obtain a useful de�ection in the

view of �uid actuation, the relative de�ection should preferably be larger than 0.1,

such that only locations with f > 0.06 are possible. Therefore the wire used for

actuation cannot be buried in the wall where the micro-actuator is attached, but

has to be placed in an opposite wall, close to the tip of the actuator. With a current

wire at the bottom of the micro-actuator, a useful de�ection in the view of �uid

actuation would only be possible for a higher aspect ratio of the actuator. For a

given length L, the de�ection is proportional to the inverse square of the thickness

T , as can be seen from Eq. 2.17 and 2.14 (with dV = LW T ), and consequently

aspect ratios above 40 would allow for the wire to be buried in the same wall as the

micro-actuator is attached. Note that for standing micro-actuators, only aspect

ratios up to 20 can be realised with the the manufacturing techniques investigated

in this thesis (cf . Sec. 4.3).

4.2.3 De�ection induced by a current wire

The conclusion of calculations in the two previous sections (Sec. 4.2.1 and 4.2.2) is

that the current wire needs to be placed close to the tip of the micro-actuator. An

analytical approximation was already given in Sec. 2.5.3 and here we establish a

full �nite element simulation to explore the range of validity of this approximation.
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Fig. 4.5: Geometry of the device concept. A micro-actuator is attached perpendicularly
to a wall and actuated by a current wire situated close to its tip. The analytical model of
Eq. 4.13 considers only the magnetic force over the darker area at the tip of the actuator.

Analytical approximation

The analytical approximation for the de�ection of a micro-actuator induced by

a current wire located close to its tip has been derived in Sec. 2.5.3, Eq. 2.29.

The approximation was that the force only acts on the tip, over a length equal

to the thickness (darker area in Fig. 4.5). With E the elastic modulus of the

actuator, χ its susceptibility, I the current in the wire and the geometrical dimen-

sions according to Fig. 4.5, the de�ection by considering only the force component

perpendicular to the length of the actuator is given by:

δ =
µ0 χ

π2E

rx L
3

T
(
r2x + r2y

)2 I2. (4.13)

Finite element model solution

A full �nite element simulation with the software COMSOL Multiphysics® is

performed for an actuator length L = 100 µm, a thickness T = 10 µm, a wire

dimension a = 10 µm, a distance ry = 20 µm and a varying distance rx. For a

complete simulation, the de�ection needs to be calculated recursively, since the

magnetic �eld experienced by the actuator changes as the actuator is attracted

towards the current wire. For this purpose, the simulation sequentially calcu-
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lates the de�ection and new magnetisation of the actuator for increasing values

of the current. The de�ection is �rst calculated in a mechanical domain with the

force computed in an electromagnetic domain. Then, the de�ection is reported

in the electromagnetic domain by the means of a movable mesh and a new force

is computed. This interaction between the two domains enables to correctly and

recursively calculate the de�ection for steadily increasing currents. The elastic

modulus is taken to be 0.1 MPa, which is the value for Sylgard-PDMS with a

magnetic loading of 5 vol% (according to Fig. 2.13). Note that the actuators in

the present chapter are manufactured with Silastic-PDMS and hence will have an

elastic modulus of 0.5 MPa. The susceptibility is numerically approximated from

the magnetisation curve of the particles (cf . Fig. 2.6) for a particle volume concen-

tration of 5%. A B-�eld dependent permeability (µr (B)) is manually implemented
in COMSOL Multiphysics® in order to consider the non-constant susceptibility.

The results of the de�ection for a distance rx varying from 10 to 60 µm is plotted

in Fig. 4.6 with respect to the current. One can see that for several currents, the

maximal de�ection is reached for di�erent distances rx. It can also be seen in Fig.

4.7a that the �rst part of the curves is quadratic, re�ecting the dependence on the

square of the current, as predicted by Eq. 4.13. Apart from the approximation

that the force only acts at the tip of the actuator, the analytical formula devi-

ates from the simulation because of the non-recursive calculation, which has two

consequences. First, the de�ection is underestimated because the magnetic �eld
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Fig. 4.6: De�ection of a micro-actuator according to a recursive �nite element model
simulation. The actuator is according to Fig. 4.5 with L = 100 µm, T = 10 µm, a
= 10 µm and ry = 20 µm. The de�ection is calculated for several initial distances
rx and for increasing currents. The �rst part of the curves is quadratic, re�ecting the
quadratic dependence on the current as in the analytical model (Eq. 4.13). The curves
saturate mainly because the de�ection is approaching the initial distance that separates
the actuator and the wire. Other deviations from the analytical model are presented in
Fig. 4.7.
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Fig. 4.7: Comparison between the de�ection of a micro-actuator as calculated with
the recursive �nite element model simulation of Fig. 4.6 and other models. (a) The
analytical model (N) is a good approximation for de�ections that are smaller than half of
the initial distance rx between the actuator and the wire. (b) The one-step �nite element
simulation (�) does not take into account the recursive calculation of the magnetic force
and is compared to the recursive �nite element simulation. The increase in de�ection by
considering the magnetic force recursively is only very small (see curve for rx = 40 µm).
The main limitation is, as with the analytical model, for de�ections that are more than
half of the initial distance rx between the actuator and the wire.

gradient is taken at the initial position of the actuator and not recursively. And

second, the de�ection is overestimated when it approaches the initial distance rx

between the current wire and the tip of the actuator, because the actuator has

reached the region of highest �eld intensity which is just below the wire. Both ef-

fects are underlined in Fig. 4.7. In Fig. 4.7b, the recursive simulation is compared

to a simulation where the de�ection is computed in one step from the initial force

calculated in the electromagnetic domain. It can be concluded that the increase

in de�ection that results from considering the magnetic force recursively is very

small and is not a major limitation of the analytical model or the one-step simula-

tion. Mainly the fact that the actuator cannot be de�ected further than the initial

distance to the wire is a limitation. Consequently, recursive calculations should

be performed if the de�ection exceeds approximately half of the initial distance rx

between the actuator and the wire.

Ferromagnetic instead of superparamagnetic particles

The advantage of obtaining increased de�ections (for relatively lower currents) by

using ferromagnetic instead of superparamagnetic particles was discussed in Sec.

2.6 and is re�ected in Fig. 2.20 (lower inset), for the device concept investigated

in this chapter. It was noticed that this advantage for ferromagnetic particles only

holds if the superparamagnetic particles are used well below saturation. From cal-

culations presented in Fig. 4.6 and 4.1, it appears that the minimum magnetic �eld



Local actuation of superparamagnetic actuators 79

at the tip of the actuator that induces a reasonable de�ection is ∼25 kA/m. For

such a value of the magnetic �eld, the superparamagnetic particles almost reach

half of their saturation magnetisation (cf. Fig. 2.6) and therefore no large gain

in de�ection is expected with the use of ferromagnetic particles. Also, an external

magnetic �eld used in combination with a current wire � where the external �eld

is used to saturate the superparamagnetic particles � will not be bene�cial for

the actuation amplitude. The choice in favour of the superparamagnetic particles

comes therefore without the drawback of smaller de�ections. Note that super-

paramagnetic particles were mainly chosen because they are easier to disperse in

polymers (cf . Sec. 2.4.2) and thus present particle clusters that are small enough

to �t in the moulds created with ion beam lithography (cf . Sec. 4.3).

Ferromagnetic particles, or the use of superparamagnetic particles and an ex-

ternal magnetic �eld combined with a current wire, would only o�er an advan-

tage in the case of more compliant micro-actuators (i.e. higher aspect ratio or

lower elastic modulus). If one wishes to remain in an actuation regime that is

not dominated by viscous drag forces in �uid (as presented in Fig. 1.5), a more

compliant micro-actuator also implies that the maximal frequency of operation is

reduced. Note �nally that a micro-actuator made of superparamagnetic particles

is not magnetic in the absence of an actuation stimulus. In the case of a biosensor

handling magnetic labels, the labels will only be disturbed during the actuation

phase for superparamagnetic actuators, whereas ferromagnetic actuators would be

a continuous disturbance for the labels.

4.3 Fabrication and experimental methods

The realisation of the device concept proposed in the previous section requires the

micro-fabrication of actuators and current wires. The superparamagnetic polymer

developed in Sec. 2.4 will be structured by mould replication to create standing

actuators. The polymer is made from iron-oxide nanoparticles dispersed in Silastic-

PDMS with a volume concentration of 5% and has a susceptibility of 0.5 and

an elastic modulus of 0.5 MPa. Two options will be investigated, namely single

and double mould replication. Moulds are commonly made of a relatively hard

material and the release of a soft material from a high aspect ratio mould is

di�cult, because the adhesion forces of the structure to the mould can be higher

than the force needed to rupture the structure. Therefore, either the mould has to

be dissolved to release the structures (single mould replication), or a soft mould

has to be created from a positive hard mould to facilitate the unmoulding and

avoid rupture (double mould replication [96]). Both options are illustrated in

Fig. 4.8. First the manufacturing of high aspect ratio moulds is discussed and
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Fig. 4.8: Double mould replication (left column) and single mould replication (right
column) to obtain soft high aspect ratio microstructures. (a) Spin-coating of a photoresist
and exposure. (b) Development of the photoresist in a solvent. (c) Pouring and curing of
plain PDMS on the left and magnetic PDMS on the right. (d) Release of the structure
by peeling of on the left and by dissolving the mould on the right. (e) Pouring and curing
of magnetic PDMS. (f) Release of the structure by peeling o�.

demonstrated. Magnetic actuators are then replicated from the moulds and we

were able to obtain a maximum aspect ratio of ∼ 20. In practice, higher aspect

ratios would presumably require a sti�er material. Finally, the manufacturing of

current wires is presented and the assembly of the experimental device is shown.

4.3.1 Lithographic structuring of a high aspect ratio mould

High aspect ratio moulds will enable the fabrication of high aspect ratio standing

PDMS micro-actuators by mould replication. In this thesis, the creation of such

moulds is investigated with two di�erent techniques, namely near ultra-violet (UV)

photolithography in the epoxy based photoresist SU-8 and high energy focused

ion-beam lithography in poly-methylmethacrylate (PMMA). Both techniques and

their advantages and inconveniences are discussed below.

UV photolithography in SU-8 photoresist

SU-8 (SU-8 2000 series, MicroChem) is a chemically ampli�ed negative tone pho-

toresist based on an epoxy polymer (EPON SU8 from Shell). This polymer has 8

epoxy rings that are able to cross-link by cationic polymerisation to create a three-

dimensional network structure [97]. SU-8 photoresist contains a photo-initiator

with an absorption peak at 365 nm and epoxy rings are opened as a result of
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exposure (by formation of Lewis acids). Usually upon activation by heat, the

opened epoxy rings cross-link with each other and regenerate Lewis acids in the

process, providing chemical ampli�cation of the cross-linking that was initiated by

UV-light. The areas that did not cross-link can be washed away in a developer.

SU-8 is often used in the manufacturing of micro-systems, because it can be

processed by spin-coating up to very thick layers (1 mm and more) and structured

with contact mask lithography [98]. Straight walls, and therefore high aspect ratio

structures, can be produced by tuning the exposure dose, the baking temperature

and time, and the development time. Through a slit in a mask, the di�raction

and scattering of UV-light creates features that are wider at the bottom. How-

ever, absorption of the UV-light through the depth of the layer creates features

narrower at the bottom and, for adequate processing parameters, compensates

for the widening by di�raction and scattering. A vertical wall can therefore be

created.

One disadvantage of SU-8 is that the resulting size and shape of the structures

depend on development time and agitation of the bath3. It is also di�cult to

develop deep and narrow trenches, because the developer cannot easily be refreshed

in the trench. Therefore, the mould for single replication (cf . Fig. 4.8 right column)

cannot easily be produced with SU-8. Furthermore, the mould would have to

be dissolved, but cross-linked SU-8 can only be swollen with di�culty in strong

oxidisers and cannot be conveniently dissolved [99]. Therefore we will use SU-8

for the positive mould of the double mould replication (cf . Fig. 4.8 left column).

The processing of SU-8 for that positive mould is described below.

First a glass substrate (Thermo Scienti�c microscope glass slide, Menzel) is

cleaned with an alkaline solution (EXTRAN® MA 01, sodium hydroxide solution,

Merck) and rinsed with ethanol. Then it is exposed to a UV-ozone treatment for 10

min (PSD-UV, Novascan Technologies Inc.). A layer of SU-8 2005 is spin-coated at

3000 rpm for 30 s, and baked for 60 min on a hotplate at 90°C. A �ood exposure

is performed with a UV-lamp (Omnicure series 1000, �lter 320-500 nm, EXFO

Canada) for 2 min, with an irradiance estimated at 10 mW/cm2. Subsequently

the sample is given a post-exposure bake at 90°C for 20 min, and the sample is left

to cool down on the plate. The layer obtained in this way serves as adhesion layer

for the following layer, in which the mould will be created. After a second UV-

ozone treatment, SU-8 2100 is spread on the �rst layer with a 160 µm doctor blade.

This second layer is baked on a hotplate with a 15 min ramp to 65°C, followed by

40 min at 95°C and cooling down on the plate. The gentle temperature treatment

ensures low stress in the SU-8, which improves adhesion. Exposure is performed

through a contact mask with the UV-lamp for 100 s. A post-exposure bake is done

3Strictly speaking, this depends on the quality of the UV-light source used for exposure.
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at 95°C for 1h. The sample is then developed under mild agitation during 7 min

in a developer (mr-Dev 600, micro resist technology) and rinsed with isopropanol.

At this point the positive mould for double mould replication is ready. The doctor

blade of 160 µm used here yields a mould height of 70 µm.

Focused ion-beam lithography in PMMA

Poly-methylmethacrylate (PMMA, 12% in anisole, MW = 950,000, MicroChem) is

a high contrast and high resolution photoresist that can be exposed with deep-UV

(220 - 250 nm), X-rays, an electron beam (e-beam) and also an ion beam [100].

Ion beam lithography is similar to e-beam lithography, but instead of scanning a

beam of lower energy electrons over a sample, high energy ions are used. Both

techniques do not make use of masks. The advantage of an ion beam over an

e-beam is that the penetration depth in polymers is much higher and high aspect

ratio structures can be created. We make use of 3 MeV H+ ions generated by a

SingletronTM [101]. The central part of the ion beam is selected with a diaphragm,

and four magnetic quadrupoles image the beam onto the sample by de-magnifying

the diaphragm. Note that diaphragms are also used to limit the aberrations that

distort the image. The quadrupole imaging creates a square beam with a size

down to 500 nm [102]. An electromagnet then enables to scan the focused beam

over the sample. The frequency with which the di�erent beam spots are written

on the sample determines the exposure of the PMMA photoresist. For practical

reasons, and to still obtain a square beam pro�le advantageous for lithographic

writing of sharp edges, the size of the beam is kept at ∼2.5 µm and not decreased

to its minimum of 500 nm.

Ions with an energy of 3 MeV have a penetration depth of up to 125 µm in

PMMA, and the lateral straggling is a minor e�ect for depths up to 100 µm [103].

The interaction of the ions with the PMMA layer results in a lower molecular

weight of the PMMA in the exposed regions, which can subsequently be dissolved

in a developer mixture of methylisobutylketone (MIBK) and isopropanol (ratio 1:3

by volume) [104]. A too low irradiation dose will not decrease the molecular weight

su�ciently to allow full development, and a too high dose will damage the material

and induce cross-linking. An adequate irradiation dose lies anywhere between

3·106 and 5·107 3 MeV H+ ions per µm2 [104]. The high contrast achieved with

ion-beam lithography makes the exposed PMMA very selective to the developer,

which is advantageous to create deep trenches like required for the moulds of single

replication (cf . Fig. 4.8 right column). In other words, a high contrast does not

require the exposure and development parameters to be �ne-tuned in order to

obtain vertical walls. Ion beam lithography is thus very robust in contrast to UV-
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lithography in SU-8. Experimentally it was found that the dissolution of PMMA

in a narrow trench (∼5 µm) in the still developer occurs at a rate of ∼30 µm/min
in depth. Note that no agitation is needed, in contrast to SU-8 development. The

PMMA moulds can easily be dissolved in a solvent, since the remaining PMMA

is not cross-linked (unlike an SU-8 mould). The PMMA moulds can therefore be

used for single mould replication. The processing of a negative PMMA mould is

described below.

First a silicon substrate is cleaned with an alkaline solution (EXTRAN® MA

01, sodium hydroxide solution, Merck), sonicated in acetone and rinsed with iso-

propanol. Then it is exposed to a UV-ozone treatment for 10 min (PSD-UV,

Novascan Technologies Inc.). A PMMA solution at 12% in anisole is disposed on

the silicon substrate and left to dry on a level plate overnight. The resulting layer

height was found to be ∼1.3 µm per mg of PMMA and per cm2 of substrate.

Smooth layers up to a height of 100 µm could be obtained. The samples are sub-

sequently baked on a hotplate at 180°C for 5 min, to ensure complete removal of

the solvent, and left to cool down gently. The ion beam is set to an approximate

square size of 2.5 µm and scanned repetitively over the sample, creating the de-

sired pattern of trenches for micro-actuators. A repetitive scanning of at least 10

times ensures that possible �uctuations due to beam instabilities are averaged. A

continuous spatial writing is provided by overlapping 50% of the individual beam

spots. The exposure dose can be calculated from the measured beam current and

the beam size. An exposure of 1·107 3 MeV H+ions/µm2 is optimal, however the

Fig. 4.9: Optical microscopy images of ion beam lithography in a PMMA layer. The
scale bars indicate 10 µm. (a) Ten individual beam spots written with decreasing writing
frequencies in a 2 µm layer (top row from left to right). Ten beam spots written hori-
zontally and vertically, with respectively 0%, 50% and 75% of overlap. (b) Deep trench
written in a 70 µm layer. The trench is extended on both sides by cracks that are induced
by stress in the layer prior to development.
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dose can be varied over almost one order of magnitude with still good results, as

noted previously. Optical microscopy images of developed beam spots and of a

trench are shown in Fig. 4.9. During the development of a deep trench in a thick

layer of PMMA (typically 50-100 µm), internal stress induces the cracks than can

be seen in Fig. 4.9b. Such cracks increase slightly the width of the trenches but

were not found to be of importance for the rest of the moulding process. The

width of trenches varies typically from 3.5 to 6.5 µm, depending on the size of the

focused ion beam and the orientation of writing (the beam is commonly broader

in the horizontal direction due to the nature of the magnetic quadrupoles focusing

the beam). The exact exposure dose also has a slight in�uence on the �nal width

of a trench (±0.5 µm).

4.3.2 High aspect ratio actuators by mould replication

Double mould replication

Double mould replication relies on the extraction of a soft high aspect ratio struc-

ture out of an equally soft negative mould, made itself from a positive harder

mould (cf . Fig. 4.8 left column and Ref. [96]). In order to decrease the adhesion

of the structures to both moulds (the positive and the negative one), they are

�rst treated with a �uorine compound before the PDMS is poured over them. In

that respect, �rst a UV-ozone treatment is performed for 10 min (PSD-UV, No-

vascan Technologies Inc.) and then an anti-adhesive layer is applied to the mould

by leaving it overnight next to a drop of per�uorooctyltrichlorosilane (ABCR) in

a vacuum desiccator.

Moulds made with UV-lithography in SU-8 are used (see previous section).

Directly after the application of the �uorine coating, the uncured PDMS is poured

over the mould and allowed to degas in a vacuum. For creating the negative mould,

plain Sylgard-PDMS is used and processed as described in Sec. 2.4.2. Magnetic

Sylgard-PDMS with 5 vol% of superparamagnetic particles is used for the �nal

structures (cf . Sec. 2.4.2). Scanning electron microscopy images of the soft nega-

tive mould and the �nal structures are shown in Fig. 4.10. Note that PDMS had

to be covered by a layer of sputtered gold (< 20 nm) to provide su�cient contrast

in the electron microscope, which generates the wrinkles and cracks that can be

seen. The length of the obtained micro-actuators is 70 µm, for a thickness of 11

µm. The thickness of the actuators cannot be decreased much due to the limited

resolution of UV-lithography. The length of the actuators (i.e. height of the initial

SU-8 layer and mould) could in practice not be increased because of two reasons.

First, the adhesion of the SU-8 positive mould to the substrate is not su�cient

and structures with a higher aspect ratio stay stuck in the negative mould, as can
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Fig. 4.10: Scanning electron microscopy images of the negative mould and �nal struc-
tures. (a) Soft negative mould made of plain PDMS. Some structures of the original
positive SU-8 mould are already stuck in the trenches for an aspect ratio of 7. (b) Final
structures made of magnetic PDMS. Actuators being placed too close to the walls of the
micro�uidic channel stick to it. The aspect ratio of the micro-actuators is ∼7.

already be seen for some structures in Fig. 4.10a. Second, the deep trenches of the

soft mould tend to collapse on themselves, which is about to occur already for the

trenches seen in Fig. 4.10a. Therefore, the aspect ratio of the structures obtained

by double mould replication is limited in practice to ∼7. An aspect ratio of 7 is

approximately twice higher than reported in literature [62], but is not su�cient to

provide actuation with feasible currents, as modelled in Sec. 4.2. The structures

can unfortunately not be used in our proof-of-concept experiment.

Single mould replication

Single mould replication relies on the dissolution of a mould to release high as-

pect ratio structures, the mould thus being sacri�ced. Moulds produced with ion

beam lithography in PMMA are used here (cf . Sec. 4.3.1). As an alternative

mould, Evans et al . [22] have used commercially available polycarbonate track-

etched membranes to replicate high aspect ratio magnetic PDMS structures. Note

that only randomly placed rods can be obtained from track-etched membranes, as

compared to ion beam lithography were fully customised structures can be writ-

ten. After applying the same �uorine coating on the mould as described for the

double mould processing, magnetic Silastic-PDMS (cf . Sec. 2.4.2) is poured over

the mould and allowed to degas in a vacuum. The cure is �nalised after approx-

imately one week. The mould is then dissolved in still acetone overnight, after

which the PDMS is loose from the silicon substrate and mould. From this point

on, the free-standing structures, or micro-actuators, should not be dried. During

a drying process, even in a low surface tension liquid like isopropanol, capillary

forces make the structures collapse and stick irreversibly to the bottom of the sam-

ple. The sample with micro-actuators, while still in acetone, is �ushed with fresh
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acetone to remove the dissolved PMMA, after which the acetone is replaced by

�ushing with isopropanol. Once in isopropanol, the sample can be quickly trans-

ferred from a storing container to another container for experiments, because the

low surface tension of isopropanol keeps the sample wet for a couple of seconds

at least. Note that due to the hydrophobicity of PDMS, the sample cannot be

transferred between two water containers and it even has the tendency to expel

itself from water. Even though the samples were kept in �uid, structures above

a certain aspect ratio collapsed, despite care being taken not to agitate the sam-

ples manually. The moulds used for creating the micro-actuators always contained

trenches with several widths, between 3.5 and 6.5 µm as explained in Sec. 4.3.1.

For an actuator length of 70 µm (i.e. mould height), the minimal thickness of

actuators that remained standing in �uid was found to be ∼5 µm. The maximal
aspect ratio of our superparamagnetic PDMS actuators is therefore ∼15, which is

su�cient to allow actuation with a feasible current according to Sec. 4.2. For an

actuator length of 100 µm and above, all structures on the samples consistently

collapsed, even in �uid, since all actuators have an aspect ratio higher than 15.

Note that Silastic-PDMS was used to produce the samples, which has an elastic

modulus of 0.5 MPa independent of magnetic particle concentration (as investi-

gated in Sec. 2.4.3). For samples produced with Sylgard-PDMS, and hence having

an elastic modulus of 0.1 MPa at 5 vol% of magnetic particles, micro-actuators

collapsed also for aspect ratios below 15. This indicates that the material is not

sti� enough to resist the �uidic and/or surface interaction forces present at small

scales. The observations are in agreement with the argument in Sec. 1.5 that the

elastic modulus should not be much below 1 MPa to preserve the structural in-

tegrity of the actuators. Similar integrity issues are reported in literature for high

aspect ratio PDMS microstructures [72,105,106].

4.3.3 Integrated current wires

Integrated current wires are manufactured on a glass substrate. A transparent

substrate for the wires will enable the monitoring with optical microscopy of the

de�ection of micro-actuators. Thick wires are needed, with a typical cross-section

of 10x10 µm2, to allow for the high currents needed for actuation (cf . Sec. 4.2).

Such thicknesses require the use of electroplating processes. Sputtering and litho-

graphic structuring are much easier in practice but are only suitable for thicknesses

up to ∼1µm. A simple isotropic electroplating process is illustrated in Fig. 4.11,

starting from a thin sputtered wire produced by lift-o� lithography. The lift-o�

process is presented in the next paragraph and the electroplating is described

thereafter.
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Lift-o� lithography

Lift-o� lithography is a convenient way to structure sputtered metals on a �at

substrate. The main process steps are illustrated in Fig. 4.11a-d. A photoresist

is structured and a thin metal layer is sputtered on top of it, after which the

photoresist is dissolved in a solvent, thus lifting o� the undesired metal.

A glass substrate (Thermo Scienti�c microscope glass slide, Menzel) is cleaned

with an alkaline solution (EXTRAN® MA 01, sodium hydroxide solution, Merck)

and rinsed with ethanol. Then it is exposed to a UV-ozone treatment for 10 min

(PSD-UV, Novascan Technologies Inc.). A layer of photoresist (ma-N 1420, micro

resist technology) is spin-coated at 3000 rpm for 30 s, and baked for 5 min on a

hotplate at 120°C. The photoresist is exposed through a mask with a UV-lamp

(Omnicure series 1000, �lter 320-500 nm, EXFO Canada). Contact lithography is

used and the sample is exposed 45 s with an irradiance estimated at 10 mW/cm2.

Subsequently the sample is developed with mild manual agitation during 90 s

in the appropriate developer (ma-D 533 S, micro resist technology), rinsed in

demineralised water and blow-dried with nitrogen. All the parameters, i.e. the

baking time and temperature, the exposure dose, and the developing conditions

are of crucial importance to reach a good undercut [107] which will ensure a clean

lift-o� in the following steps. A sputtered layer of 20 nm of chromium is deposited

on the sample and serves as an adhesion layer for the next layer of 200 nm sputtered

copper. These two sputtering steps are performed at 100 mA for 1 min and 80

mA for 8 min respectively, in a 0.2 bar argon atmosphere with a sputter-coater

(EMITECH K575X). The lift-o� is performed in an N-methylpyrrolidone based

stripper (Remover PG, MicroChem) at 100°C with vigorous stirring for 20 min.

The sample is rinsed with acetone and then isopropanol.

Fig. 4.11: Lift-o� lithography to structure a thin current wire on a substrate and
isotropic electroplating to grow a thick wire from it. (a) Spin-coating, baking and expo-
sure of a photoresist. (b) Development yielding and adequate undercut. (c) Sputtering of
a metallic thin layer. (d) Lift-o� of the photoresist and the undesired metal in a solvent.
(e) Electroplating of a thick wire from the thin sputtered wire.
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Copper electroplating

A home-made copper plating solution is prepared by mixing 70 ml of demineralised

water, 16 ml of sulphuric acid (62%) and 14 µl of hydrochloric acid (32%). The

solution is left for 24 h with a potential of 1V between a copper slab and a cathode

to create copper sulfate in the solution, after which the solution is blueish and ready

for plating. The copper electroplating is applied on the sample with sputtered

wires structured by lift-o� lithography. The plating is performed at 75°C, with

a current of 3 mA for 280 min and while stirring. A very low current has to be

used to ensure a uniform growth, because our plating solution does not contain the

required additives to shield areas with high current densities and prevent irregular

growth. A scanning electron microscopy image of the resulting wires with a width

of 30 µm and a thickness of 12 µm, grown from a sputtered wire with a width of 5

µm, is shown in Fig. 4.12. Note that despite the irregular appearance of the wire,

its resistivity was found to be comparable to the resistivity of bulk copper. Before

using the micro-wires in the proof-of-concept experiment, SU-8 photoresist (cf .

Sec. 4.3.1 for details) is spin-coated at 3000 rpm for 30 s on the glass substrate

with the electroplated wires to provide an insulating and protective layer. The

sample is baked at 95°C for 5 min on a hotplate, exposed with UV-light for 160

s (except at the electrical contacts), post-exposure baked at 95°C for 8 min and

developed for 4 min.

4.3.4 Device assembly

The micro-wires produced in the previous section need to be placed close to the tip

of the micro-actuators, while leaving the micro-actuators in a �uidic environment.

Two layers of tape (Scotch® Magic
TM

art. 11257, 3M) with a 5 mm perforated

hole are pasted on the glass substrate with wires and serve as a 110 µm spacer

Fig. 4.12: Scanning electron microscope images of an electroplated copper wire. (a)
Large electrical contacts that converge to the small and short wire. (b) Closer view of
the wire with a width of 30 µm and a thickness of 12 µm.
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Fig. 4.13: Proof-of-concept device assembly of a superparamagnetic polymer micro-
actuator. Actuation in a �uidic environment is provided by an integrated current wire.
The magnetic PDMS sample with the micro-actuators is kept submerged in isopropanol
to prevent drying. The de�ection is visualised with an inverted optical microscope and
illumination in dark �eld mode is provided by an external lamp. Note that for clarity
the dimensions of the actuator are exaggerated with respect to other dimensions.

between this substrate and the sample with micro-actuators. In order to enable

inspection by optical microscopy, the glass substrate is placed on the stage of an

inverted microscope. A drop of isopropanol is placed in the hole provided by the

spacer, and �nally the sample with micro-actuators (usually 1 cm in diameter and

1 mm thick) is placed upside down on the spacer. The �nal device assembly is

illustrated in Fig. 4.13. The micro-actuators are thus hanging in a micro�uidic

cavity, at a vertical distance of tens of micrometres from current wires. Because

the refraction index of PDMS is close to the one of isopropanol and because the

PDMS micro-actuators have no sharp edges, the micro-actuators can only be seen

clearly in dark �eld mode. To provide su�cient light, a powerful external lamp

is used to illuminate the device assembly from the side. Isopropanol is regularly

added on top of the sample to prevent it from drying out. The micro-actuators

can be brought in close (horizontal) proximity with the current wires by sliding

manually the actuator sample on top of the spacer (the low surface tension of

isopropanol facilitates this task).

4.4 Results and discussion

4.4.1 Maximum current pulse in micro-fabricated wires

In order to validate the heat dissipation model derived in Sec. 4.2.2, the maximum

pulse duration was measured for several currents in micro-fabricated wires with

di�erent lengths. The wires are made of sputtered gold and have a width of 5
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µm and a thickness of 300 nm. They are manufactured with the lift-o� technique

presented in Sec. 4.3.3. Current wires with a length of 25, 50 and 500 µm were

measured. For current amplitudes between 50 and 500 mA, the duration of a

single pulse was slowly increased until failure of the current wire. Pulses were

applied every 10 s approximately, which allows for the wire to cool down to room

temperature after each pulse. The results of maximum measured pulse duration,

for the three lengths of wires and several currents, are plotted with dots in Fig.

4.14. The analytical model of Eqs. 4.2 and 4.3 is solved numerically with the

boundary conditions given by Eq. 4.4 and with kth,Au = 318 W m−1K−1, cAu =
129.1 J kg−1 K−1, ρAu = 1.93 · 104 kg m−3 and ρel, Au = 2.44 · 10−8 Ω m. The

pulse duration after which the maximum temperature in the wire exceeds 500°C

is plotted with dashed lines in Fig. 4.14. The value of 500°C corresponds to

roughly half of the temperature increase necessary to melt gold and was chosen

because it describes well the measurements at 0.5 A. It can clearly be seen that

the measurements deviate from the analytical model, specially for short wires.

This can be explained by the choice of the room temperature boundaries at both

extremities of the wires, which does not re�ect reality. A �nite element simulation

with the software COMSOL Multiphysics® is performed with room temperature

boundaries (r.t.b.) at a distance of 300 µm from the extremities of the narrow
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Fig. 4.14: Maximum pulse duration in a micro-wire with respect to the current, for
di�erent length L of the wire. The dots indicate measurements for a sputtered gold wire
that has a cross-section of 5 × 0.3 µm2. The dashed lines represent the analytical model
that considers room temperature boundaries at the narrow part of the wire (close r.t.b.).
The solid lines represent the �nite element simulation considering room temperature
boundaries 300 µm from the extremities of the narrow wire (further r.t.b.). The dotted
lines are plotted considering far room temperature boundaries (∼1 cm).



Local actuation of superparamagnetic actuators 91

wire (further r.t.b. as indicated in Fig. 4.14). The results of this simulation are

plotted with a continuous line in Fig. 4.14 and are a good �t of the experimental

data. A room temperature boundary placed even further away from the micro-

wire (at 1 cm) yields the dotted curve, which does not �t the experimental data

anymore, because conduction to the substrate and convection processes over a

centimetre sized area cannot be neglected. The solid lines are therefore the best

approximations of the measurements. We attribute the deviation of the measured

black points (wire length L = 500 µm) from the solid line to losses by convection

or losses by conduction through the substrate, which are reasonable to expect for

a long wire. Convection losses in our model would indeed lower the maximum

temperature in the middle of the wire and allow for a higher current or a longer

pulse.

From the good agreement between measurements and theory in Fig. 4.14, one

can conclude that the time scale of heating to 80% of the steady state temperature

derived in Eq. 4.10 is indeed a good approximation for the maximum pulse duration

in the case of low duty cycle high currents. The conclusion in Sec. 4.2.2 that the

wire has to be able to withstand the current in a steady state situation therefore

holds in practice. From Eq. 4.7 it is clear that the current can be increased linearly

with the cross-section of the wire. The cross-section in the experiment of Fig. 4.14

was 1.5 µm2 for a maximum steady state current of 0.2 A, provided the length of

the wire was kept short (L < 50 µm). According to Sec. 4.2, the current necessary

to de�ect a micro-actuator with a length of 100 µm is 5 A and can be expected

to be reached for a cross-section above 40 µm2. The current wires fabricated by

electroplating and shown in Fig. 4.12 have an estimated cross-section of 250 µm2

and are the smallest manufactured wire that could resist a current of 5 A without

failure, which is in the expected range.

In Sec. 4.2.2 it was argued that the heat dissipation by conduction through the

�uid surrounding the current wire is negligible (i.e. most of the heat generated

in the micro-wire is evacuated from the narrow section of the wire through the

electrical contacts). While it remains true that the heat dissipation by conduction

through the �uid can be neglected when calculating the temperature increase of

the wire (in order to compare it to the melting temperature of the wire material),

it cannot be neglected when considering the temperature of the �uid itself. The

relatively large contact area of the current wire with the �uid will allow non-

negligible heating of the �uid. Therefore, the next section investigates the swelling

of PDMS micro-actuators depending on the temperature of the �uid in which they

are immersed.
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4.4.2 Temperature dependent swelling of PDMS in solvents

Cross-linked PDMS does not dissolve in common organic solvents, but it does swell.

The amount of swelling can vary from unnoticeable to above a factor 2 in length,

as reported by Lee et al . for more than 30 di�erent solvents [74]. The amount of

swelling does not only depend on the solvent but also on its temperature. This

section quanti�es the swelling of macroscopic Silastic-PDMS (cf . Sec. 2.4) slabs

in isopropanol, depending on the solvent temperature. The linear swelling of a

macroscopic sample was measured manually to be 5% at room temperature and

19% in boiling isopropanol (82°C). An additional measurement was performed

at 32°C with a thermal mechanical analyser (TMA, measurement methods are

presented in Sec. 2.4.3). The three measurements are presented in Fig. 4.15a and

can be �tted with a linear relation. The elastic modulus of Silastic-PDMS is also

a�ected by its swelling. It can be seen from the measurement shown in Fig. 4.15b

that the elastic modulus drops with increasing swelling (i.e. high temperatures).

The variation in elastic modulus does not exceed a factor 2 however if one assumes

that the elastic modulus varies linearly with swelling (cf . Fig. 4.15b). Note �nally

that PDMS has a linear thermal expansion coe�cient of 3% per 100°C (according

to the datasheet of Sylgard 184 PDMS, Dow Corning). This value is almost an

order of magnitude lower than the expansion due to the temperature dependent

swelling, the latter mechanism is hence dominating.
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Fig. 4.15: (a) Measurement of the linear swelling of a macroscopic PDMS slab in
isopropanol with respect to the temperature, and linear �t. The measured values at
19°C and 82°C are performed manually and the measured value at 32°C is realised with
a thermal mechanical analyser. (b) Elastic modulus of Silastic-PDMS measured with a
thermal mechanical analyser with respect to its linear swelling. Swelling was induced by
varying the temperature of the �uid (isopropanol). The measured value without swelling
was obtained in air.
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4.4.3 De�ection of micro-actuators close to current wires

PDMS standing micro-actuators were produced according to the single mould

replication process described in Sec. 4.3.2. The actuators were made with both

magnetic and non-magnetic (i.e. plain) Silastic-PDMS (cf . Sec. 2.4). The elastic

modulus of the actuators is 0.5 MPa, independent of magnetic particle loading,

as investigated in Sec. 2.4.3. The length of the magnetic actuators is 81 µm,

whereas the length of the non-magnetic actuators is 91 µm (as measured on the

depths of the moulds). After setting up the experiment according to the device

assembly presented in Sec. 4.3.4, the micro-actuators are in a �uidic environment

(isopropanol) and can be moved closer or further away from a current wire by

manually sliding the sample on top of the spacer (see device assembly in Fig. 4.13).

The vertical distance between the actuator and the current wire is however �xed,

and depends on the length of the actuator. Actuation is observed with an inverted

optical microscope, with the �eld of view centred above a single current wire.

Images are recorded with a camera at a frequency of 5 Hz. The current wire has a

cross-section of 30 x 12 µm2 and runs a current of 5 A. As soon as the current wire

is switched on, all magnetic micro-actuators in the �eld of view of the microscope

(∼1 mm diameter) move coherently, by increasing their length. The major part

of the actuation is not in�uenced by the horizontal distance from the actuator to

the current wire and can therefore not be magnetic, which is con�rmed by the

observation of the same movements for the non-magnetic micro-actuators. The

actuation by increase in length occurs on the time scale of several seconds and the

micro-actuators eventually come in contact with the protective SU-8 layer that is

present on the substrate containing the wires. The non-magnetic actuation can be

explained with the swelling that is induced by the heat generated with the current

wire, as investigated in the previous section. The temperature and temperature

gradient of isopropanol close to the current wire is di�cult to measure. Because

micro-actuators as far as 500 µm from the current wire visually undergo the same

swelling as micro-actuators close to the current wire, we can conclude that there

is no large temperature gradient over such a distance. The initial vertical distance

between the end of the actuator and the wire substrate can be measured by focusing

the optical microscope image at both locations and measuring the displacement

of the microscope stage (after correction for the refractive index of isopropanol).

Doing so indicates that the micro-actuators typically have to swell 20% or more in

order to be able to touch the wire substrate. Such extensive linear swelling requires

high temperatures according to the swelling measured in the previous section. It

is therefore probable that the isopropanol is close to its boiling point (82°C). The

steady state temperature of the isopropanol will be reached very quickly due to
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Fig. 4.16: Illustration of the actuation by temperature dependent swelling of a (non-
magnetic or magnetic) PDMS micro-actuator. The micro-actuator is standing on a bot-
tom substrate. An opposite substrate contains a current wire, covered by SU-8 photore-
sist (top). (a) The micro-actuator is at its resting position before the current is switched
on. (b) The current in the wire is heating the �uid (isopropanol) and inducing swelling
(stretching) of the micro-actuator. (c) When the micro-actuator comes into contact with
the wire substrate, it is slightly de�ected to one side (as described in the text). (d) As
the swelling continues, the micro-actuator bends and slides on the wire substrate.

the small scales being considered4, whereas the swelling by thermal actuation that

we observed is occurring on the time scale of several seconds. The swelling kinetics

is therefore much slower than the thermal kinetics.

Swelling of the micro-actuators starts immediately after the current being

switched on. Once the micro-actuators have come into contact with the wire

substrate, their swelling continues and they are de�ected sideways by the wire

substrate as illustrated in Fig. 4.16 (the wire substrate is covered with a �at layer

of SU-8 photoresist approximately 1-2 µm thicker than the current wires). For a

non-magnetic sample, the horizontal de�ection due to contact with the wire sub-

strate consistently occurs in the direction away from the wire. We hypothesise

that the side of the micro-actuator that faces the current wire is exposed to more

heat (due to shielding of the heat transfer by the actuator itself) and consequently

swells more. A larger swelling on one side of the actuator then induces a slight

bias that is decisive to create a de�ection away from the wire once the actuator

starts to slide on the wire substrate. The horizontal de�ection of two non-magnetic

micro-actuators is plotted in Fig. 4.17 (actuator 1 and 2) as function of the time

after turning on the current. The current wire had a width of 30 µm and is rep-

resented in the centre. Both actuators, and independent of their initial distances

to the current wire, are immediately de�ected away from the wire. The de�ec-

tion is immediate because the actuators are almost touching the wire substrate

at their resting position, which was con�rmed by optical microscopy inspection.

4A linear conduction in water over a distance of 500 µm implies a time scale of heating below
100 ms, according to Eq. 4.10.
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Magnetic micro-actuators behave in a similar fashion when they are far away from

the current wire, but as can be seen from Fig. 4.17 (actuator 3) they are de�ected

towards the wire when the initial horizontal distance to the wire is below ∼50 µm.
We conclude that the slight bias created by thermal swelling is overcome by the

magnetic actuation that attracts the actuator towards the wire, creating a bias in

the opposite direction. Eventually, the actuator slides on the wire substrate in the

direction towards the wire. The magnetic micro-actuator (actuator 3) is not de-

�ected immediately after the current is switched on, because it is shorter than the

non-magnetic micro-actuators and �rst needs to swell and extend for ∼1 s before

coming into contact with the substrate, after which the lateral de�ection can occur

(cf . Fig. 4.17 actuator 3). The experiments show that large lateral de�ections (up

to 50 µm) are possible and are induced by the temperature dependent swelling

and the sliding of the actuators on the opposite substrate. The direction of the

de�ection is in�uenced by the magnetic force exerted on the actuators, but the

major part of the de�ection is due to the temperature dependent swelling and the

mechanical con�nement of the micro-actuators with a substrate.

A more detailed measurement of the de�ection of a magnetic micro-actuator

close to a current wire indicates that the magnetic de�ection can reach up to 5

µm in our device concept, as can be seen in Fig. 4.18. In that experiment the

wire had a cross-section of 25 x 17 µm2 and was running a current of 4.1 A. The

micro-actuator was initially located at a horizontal distance of 33 µm from the

centre of the current wire and was actuated for three consecutive cycles, separated

by ∼10 s to allow its deswelling to the resting position. During the �rst 1.4 s of the
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Fig. 4.17: Horizontal de�ection of non-magnetic micro-actuators (actuator 1 and 2) and
a magnetic micro-actuator (actuator 3). The location of the current wire is indicated by
the grey strip. The actuators were placed at several initial horizontal distances from the
current wire and the de�ections were recorded as function of the time after switching
on the current wire. Non-magnetic actuators bend away from the current wire, whereas
magnetic actuators bend towards the current wire if their initial distance to it is below
∼50 µm.
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Fig. 4.18: On the left, horizontal de�ection of a magnetic micro-actuator located initially
(i) at 33 µm from the centre of a current wire. In the �rst actuation cycle, the actuator
swells vertically (perpendicular to the plane of the images) and is de�ected horizontally
by the magnetic force as it comes closer to the current wire (ii). After removing the
applied current, the actuator quickly comes back to its initial horizontal position before
deswelling. In the second and third cycle, the actuators are eventually de�ected by
sliding over the wire substrate (iii). In the small inset, the horizontal de�ection of a non-
magnetic micro-actuator shows that the rate of swelling and deswelling are approximately
the same. On the right, optical microscopy images provide a top view visualisation of
the position of the micro-actuator next to the current wire for the situations (i)-(iii).

�rst cycle, the actuator stretches; as it stretches it is gradually de�ected towards

the current wire, as a result of an increasing magnetic gradient force. After 1.4

s, the actuator is not de�ected any further and this moment coincides with the

moment at which the actuator touches the wire substrate. After turning o� the

current between 1.8 and 2.0 s, the actuator quickly returns almost to its initial

horizontal position and then deswells an retracts vertically on a slower time scale.

We attribute the quick returning to the initial horizontal position to the fact that

the magnetic force that created the horizontal de�ection has stopped acting, which

is a process only limited by viscous drag in �uid. The deswelling is limited by the

slower swelling kinetics and cannot explain such a quick process. In the small inset

of Fig. 4.18, it appears clearly that the de�ection of a non-magnetic actuator due

to swelling is a process that is equally fast in the swelling and deswelling regime.

The fact that the de�ection of the �rst cycle in Fig. 4.18 is towards the current wire

(and not away from it) and the fact that the de�ection is quicker when returning

to the resting position are both evidences that the movement is indeed induced by

a magnetic force. The second and third cycles of actuation reported in Fig. 4.18

show that if the current is maintained for a longer period of time, the actuator

is eventually mechanically guided by the wire substrate and undergoes a large

horizontal de�ection. The amplitude of that large de�ection is also in the range of

de�ections observed previously for actuators that could not have been in�uenced
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Fig. 4.19: Schematic illustration of the asymmetric movement of a magnetic micro-
actuator resulting from the combined magnetic and thermal actuation. A current wire
is situated to the right of the tip of the micro-actuator (not drawn). (a) Initial position
of the micro-actuator. (b) The current is switched on and the micro-actuator swells
and is gradually de�ected horizontally by a magnetic force. (c) The magnetic de�ection
increases as the swelling brings the micro-actuator closer to the current wire. (d) The
current is switched of and the micro-actuator quickly returns to its original horizontal
position before slowly deswelling to the resting position.

by magnetic forces (cf . Fig. 4.17 either for non-magnetic actuators or for magnetic

actuators far away form the current wire).

A very interesting point to note, in the view of micro-�uidic actuation, is that

the movement of a magnetic actuator described above is asymmetric5. The key

to this asymmetric movement (sketched in Fig. 4.19) is the uncoupling of the

bending movement and the stretching movement, because of the di�erent time

scales of deformation by swelling and by magnetic forces. The asymmetry is small

and one can expect that its e�ect on net �uid �ow would only get signi�cant for

a high frequency of actuation. The swelling kinetics that were reported above

however do not allow frequencies above ∼1 Hz. Whereas the magnetic stimulus is

a very robust one, the temperature dependent swelling is highly dependent on the

nature of the �uid around the actuator. A water based �uid would for example

not allow any noticeable actuation by swelling. The polymer used to create the

micro-actuators might however be engineered chemically such that it does swell in

a speci�c �uid. Hydrogels are a class of polymers that would swell in water. An

actuator material with a high thermal expansion coe�cient would also be suitable

to create an asymmetric movement, provided that the thermal expansion also

occurs on a slower time scale than the magnetic actuation.

The amplitude of de�ection induced by magnetic actuation and observed in Fig.

4.18 can be considered for two situations: when the actuator is not yet stretched

because of thermal swelling and once the actuator has extended until the wire

5The motivations for the need of an asymmetric movement to provide e�ective �uid �ow are
discussed in Sec. 1.2.
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Table 4.1: Parameters used to model the de�ection of a magnetic micro-actuator with
a �nite element simulation. Parameters are given according to Fig. 4.5. Other �xed
parameters are the current equal to 4.1 A, the volume concentration of superparamagnetic
particles equal to 6%, a = 18 µm and rx = 33 µm. The �rst row models the magnetic
horizontal de�ection before swelling occurred and the second row models the magnetic
actuation once the actuator is swollen and touches the wire substrate. The last column
shows the measured de�ection of the micro-actuator.

E [MPa] L [µm] Tbase [µm] Ttop [µm] ry [µm] δmod [µm] δmeas [µm]

0.45 85 6 8.5 14 2.6 < 2
0.3 97 7 9.5 2 15.2 8

substrate. The de�ection due to magnetic forces before swelling is smaller than

the �rst de�ection that is measured (at 0.2 s). In this situation, the actuator is

swollen 5% (room temperature isopropanol) and has an elastic modulus of 0.45

MPa, as found in the previous section. After 1.4 s, the actuator touches the wire

substrate and we assume for now that full swelling has occurred. In that case

the actuator is swollen 19% (82°C isopropanol) and has an elastic modulus of 0.3

MPa. The exact temperature of isopropanol is not known. But the initial distance

between the micro-actuator and the wire substrate was measured around 10 µm

by focusing and measuring the microscope stage displacement. A swelling of 19%

is therefore reasonable since the mould to produce the actuator was 81 µm deep.

A recursive �nite element simulation similar to the one in Sec. 4.2.3 is performed

with the aforementioned values, and Table 4.1 compares the results of the simu-

lation to the measurements. The �nite element model predicts a de�ection that

is approximately twice the measured value. There are numerous reasons that can

explain this discrepancy, among which the errors in measuring L, Tbase or Ttop (the

thickness at the top and bottom of the micro-actuator6), or the magnetic particle

volume concentration that is not homogeneous at the scale of the micro-actuator

(clusters of particles range up to 5 µm, cf . Sec. 2.4). The straight section of the

current wire that produces the required magnetic �eld gradient is also very short

and, consequently, part of the micro-actuator might experience a lower magnetic

force.

6The thickness at the bottom of the actuator is determined by measuring the width of the
trench in the PMMA mould during the processing of the sample, and considering swelling ac-
cording to Fig. 4.15. The thickness at the top of the actuator is determined in �uid by optical
microscopy. Both measurements are subject to the limited resolution of the optical microscopy
image with an error of ± 0.3 µm (± one pixel of the image). The lateral straggling of ions during
the exposure of the PMMA mould explains the shape of the actuators with a thickness smaller
at the base.
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4.5 Conclusions

The superparamagnetic PDMS developed in Sec. 2.4 was used to create stand-

ing micro-actuators. The material has an elastic modulus of 0.5 MPa, and a

susceptibility of 0.5 for a particle volume concentration of 5% (close to the max-

imum concentration). Micro-actuators were produced by mould replication and

two techniques for structuring a high aspect ratio mould were investigated. Ion

beam lithography in PMMA was found to be more suitable than UV-lithography

in SU-8 to create the mould for a proof-of-concept device, because the process is

more robust. The PMMA mould was dissolved in order to release the magnetic

PDMS micro-actuators, and aspect ratios up to 15 have been created. Experiments

showed that PDMS was too soft to provide structural integrity for higher aspect

ratios. The actuators had to be kept in �uid and, for convenience, isopropanol was

used for experiments and storage of the samples with micro-actuators.

The micro-actuators were actuated with the magnetic �eld gradient generated

by a local current wire, which o�ers the advantage of local and individual ad-

dressing and possibly the creation of an asymmetric movement by using several

stimuli. The heat dissipation of a local current wire was derived and found not

to induce any scale dependent limitations on the system. The scaling behaviour

of the device is thus still limited by a maximum current for large scales and by a

maximum current density for small scales (as concluded in Chap. 2), and the opti-

mal actuator length is tens of micrometres. Experiments and models showed that

high current pulses are only possible for tens of micro-seconds, which is a result

of the small scale of the system. Consequently, current wires that can withstand

continuous currents had to be used. Considering the maximum current allowed

in a micro-wire as derived previously, a simulation showed that for the available

material and aspect ratio of micro-actuators, only a current wire located close to

the tip of the actuator was feasible. This led to a device concept with current

wires buried in the wall opposite to where the micro-actuators are attached. Elec-

troplated current wires were produced and were able to run a current of 5 A for

a cross-section of ∼250 µm2. A micro�uidic chamber was assembled in order to

realise a proof-of-concept experiment of micro-actuation in a �uid (isopropanol).

Actuation of the standing structures in isopropanol with a current wire showed

that large de�ections are possible (up to 50 µm). It was found that the largest

contribution to the de�ection is provided by the temperature dependent swelling

of PDMS in isopropanol, hence by thermal actuation with the heat generated

locally by the current wire. The micro-actuators swell and extend until touching

the opposite wall, where they are guided and hence de�ected laterally. Lateral

de�ection by magnetic actuation was also observed (up to 5 µm). Because of the
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di�erent kinetics of magnetic and thermal actuation, an asymmetric movement is

possible and was evidenced. The asymmetry is small and one can expect that its

e�ect on �uid actuation would only get signi�cant for a high actuation frequency.

Unfortunately, the time scale of the thermal actuation by swelling is slow (∼2 s).

Swelling can be controlled by modifying the polymer actuator material or by using

di�erent �uids.

The superparamagnetic PDMS micro-actuators that were demonstrated in this

chapter can in principle provide local and complex �uid actuation in micro�uidic

systems. The e�ciency of �uidic actuation however still remains to be demon-

strated and high currents are required. For lab-on-a-chip devices, the fabrication

by mould replication is an advantage because of its simplicity and the micro-

actuators can be widely applied, provided that moulds can be produced with

cost-e�ective methods. Whereas local actuation can be bene�cial for some ap-

plications or to provide complex functions, it remains complicated to integrate

in a cost-e�ective device. In that respect, the next chapter will investigate the

actuation of standing micro-actuators with externally applied magnetic �elds.



Chapter 5

External actuation of

superparamagnetic actuators

5.1 Introduction

A magnetic micro-actuator can be set in motion either by a magnetic gradient

force or by a magnetic torque. Because of the scaling behaviours presented in

Sec. 2.5, actuation on small scales with a magnetic gradient force requires means

of generating magnetic �elds locally � a current wire is most appropriate � while

actuation on small scales with a magnetic torque can be performed with an external

homogeneous magnetic �eld generated by a macroscopic (electro)magnet. Both

types of actuation can be used for micro-actuators that are standing or lying on

a surface, and which are made of ferromagnetic or superparamagnetic materials,

allowing for the di�erent device concepts that were discussed in Sec. 1.6.

In the previous chapter, standing superparamagnetic micro-actuators have

been fabricated and actuated with a magnetic gradient force. In this chapter,

the same micro-actuators are de�ected with a magnetic torque. The scaling be-

haviour of a magnetic torque has been extensively discussed in Chap. 2 (Sec. 2.5

and 2.6) and was derived to be neutral, which is the reason that allows for ac-

tuation with a macroscopic external (electro)magnet, as opposed to the case of a

magnetic gradient force. The main advantage of actuation by torque is therefore

the straightforward implementation in a micro�uidic device, because no integrated

�eld-generating means are required. This advantage is also a drawback because

A condensed version of this chapter is in preparation for publication: F. Fahrni, M.W.J.
Prins, and L. J. van IJzendoorn. Scaling behaviour and actuation of magnetic polymer actuators
for application in micro�uidics.
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the actuation cannot be performed locally nor selectively for individual micro-

actuators.

As stated in Sec. 2.5, the torque on a ferromagnetic material is larger than the

torque on a superparamagnetic material. However, one issue with ferromagnetic

materials is that they are permanently magnetic, which complicates the manufac-

turing since particles tend to agglomerate because of magnetic attractive forces.

Furthermore, a low magnetic background might be desirable, for example in de-

vices handling magnetic particles. Superparamagnetic actuators are therefore of

interest, despite their lower e�ciency.

The aim of this chapter is (i) to develop a compact quadrupole electromagnet

that is capable of generating homogeneous (rotating) magnetic �elds with an in-

duction up to 100 mT and (ii) to demonstrate the actuation in �uid by magnetic

torque of superparamagnetic standing micro-actuators. A quadrupole electromag-

net will allow us to vary the angle of a constant magnetic �eld with respect to

the orientation of the micro-actuators, as well as to investigate the e�ect of rotat-

ing magnetic �elds. First, the actuation by magnetic torque of a superparamag-

netic actuator is compared quantitatively to the case of a ferromagnetic actuator.

The e�ciency of both types of actuators is discussed, with respect to the induc-

tion of the homogeneous magnetic �eld exerting the magnetic torque. Then the

quadrupole electromagnet is characterised and its limitations in �eld amplitude

and at higher frequencies are measured. Finally, the results for the actuation by

torque of superparamagnetic standing micro-actuators in a �uidic environment are

presented and discussed.

5.2 Superparamagnetic and ferromagnetic torque

A magnetic torque can be exerted on a ferromagnetic material or on a super-

paramagnetic material (both types of materials are de�ned in Sec. 2.3.1). The

magnetic torque was given in Eq. 2.15 and is proportional to the cross product of

the magnetisation with the applied magnetic �eld. In the ferromagnetic case, the

remanent magnetisation of an actuator will tend to align with the direction of the

magnetic �eld and the torque is maximal when the angle between magnetisation

and �eld is 90°, as already introduced in Sec. 2.5. The maximum relative de�ection

of a ferromagnetic actuator was derived in Sec. 2.5.4 for an applied magnetic �eld

perpendicular to its remanent magnetisation Mr:

δ

L

∣∣∣∣
ferro

=
4µ0MrH0

E

L2

T 2
. (5.1)
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with µ0 the permeability of free space, H0 the applied magnetic �eld, E the elastic

modulus of the actuator, and L and T its dimensions according to Fig. 5.3. A fer-

romagnetic torque is in general large because a large angle is possible between the

magnetisation and the �eld. The magnetisation itself is also large, independently

of the amplitude of the magnetic �eld. In the superparamagnetic case, the mag-

netisation is induced entirely by the applied magnetic �eld and a torque is only

possible if the shape anisotropy of the actuator aligns the magnetisation slightly

towards its long axis. The torque is maximal for an angle of 45° between the �eld

and the long orientation of the actuator, as already discussed in Sec. 2.5. The

maximum relative de�ection of a superparamagnetic actuator was derived in Sec.

2.5.4 for ideal anisotropy (with demagnetisation factors N‖ = 0 and N⊥ = 1):

δ

L

∣∣∣∣
param

=
2µ0 χ

2H2
0

E (1 + χ)
L2

T 2
(5.2)

with χ the susceptibility of the actuator. A superparamagnetic torque is weaker

than a ferromagnetic torque, because the angle between magnetisation and �eld

is always smaller than in the ferromagnetic case. The angle can be chosen to be

90° for the ferromagnetic case and the torque is then maximal. In the case of the

maximum superparamagnetic torque the angle between magnetisation and �eld

will only at most approach 45°, for the situation where the shape anisotropy is

inducing a magnetisation completely along the long axis of the actuator. For low

�elds, the magnetisation is also much smaller for the superparamagnetic compared

to the ferromagnetic case because it is induced and not permanent.

The maximum relative de�ections for both cases are plotted in Fig. 5.1 with

respect to the magnetic induction, considering actuators with an aspect ratio of 20,

an elastic modulus of 0.5 MPa and with magnetic properties of materials developed

in Sec. 2.4. The ferromagnetic material is considered to have either a remanent

magnetisation Mr = 30 kA/m or Mr = 1.8 kA/m. The �rst value corresponds to

a polymer with 5 vol% of ideal high remanent magnetic particles (Mr = Msat,Fe),

which is close to the physical limit. The second value corresponds to our PDMS

with 2 vol% of iron particles (Fe-C particles, cf . 2.3.2) and is the practical limit in

this thesis. The superparamagnetic material is considered to have a susceptibility

χ = 0.5, corresponding to our PDMS with 5% of iron-oxide particles.

The de�ection obtained with a superparamagnetic torque increases quadrati-

cally with the induction of the applied magnetic �eld and useful de�ections are

reached above 20 mT (dashed lines in Fig. 5.1). Around that value, the quadratic

increase is attenuated by the saturation of the superparamagnetic particles. The
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Fig. 5.1: Maximum relative de�ection of a micro-actuator with respect to the induction
of the homogeneous magnetic �eld inducing a torque. The micro-actuator is considered
to have an aspect ratio of 20 and an elastic modulus of 0.5 MPa. A ferromagnetic torque
is considered for a polymer having an ideal remanent magnetisation Mr = 30 kA/m
(thin solid line) and for our ferromagnetic PDMS with Mr = 4.5 kA/m (fat solid line).
A superparamagnetic torque is considered for a polymer with a susceptibility χ = 0.5
(tin dashed line) and saturation e�ects should be considered above 20 mT (fat dashed
line). Logarithmic (a) and linear (b) representations.

curve taking into account this saturation (fat dashed line in Fig. 5.1) is calculated

with a �eld dependent susceptibility de�ned as the ratio M/H in the measured

magnetisation curve of the iron-oxide particles (Fig. 2.6). As can be seen in the

graph, the superparamagnetic torque does not bene�t much from magnetic induc-

tions above 100 mT.

The de�ection obtained with a ferromagnetic torque increases only linearly with

the induction of the applied magnetic �eld, but saturation e�ects are not present.

Useful de�ections are reached above 20 mT for the lower remanent magnetisation

(fat line in Fig. 5.1), whereas for the ideal remanent magnetisation (thin line in

Fig. 5.1) useful de�ections would be reached with inductions as low as 1 mT. Both

of these curves keep increasing linearly (no saturation) and the only limiting factor

is the coercivity of the ferromagnetic material (see Sec. 2.3.1 for a de�nition of the

coercive �eld). Actuation can also be performed with an applied magnetic �eld

above the coercive �eld of the material, but in that case the orientation of the

magnetic �eld with respect to the remanent magnetisation, as well as the actuator

shape, should be considered to calculate the e�ective coercive �eld above which the

original remanent magnetisation would be lost1. Chap. 6 will allow us to address

this point.

1The coercive �eld is usually measured for an applied magnetic �eld anti-parallel to the
remanent magnetisation, which is not representative of an actuation situation where the applied
�eld might even help to sustain the magnetisation by being almost parallel to the remanent
magnetisation.
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Fig. 5.2: Illustration of the de�ection of an actuator due to a superparamagnetic torque.
The actuator aligns its long direction with the axis of the applied magnetic �eld H0.
The de�ection is not dependent on the sign of the magnetic �eld along a same vector
orientation, as would be the case for a ferromagnetic torque.

As can bee seen from Fig. 5.1b, the superparamagnetic torque is not depending

on the sign of the magnetic �eld, in contrast to the ferromagnetic torque. This

can be understood as the remanent magnetisation aligns with the direction of

the magnetic �eld for a ferromagnetic torque, while only the long orientation of

the actuator aligns with the axis of the magnetic �eld for a superparamagnetic

torque. A superparamagnetic actuator experiences the same de�ection for oppos-

ing magnetic �elds, as illustrated in Fig. 5.2, and thus undergoes two strokes upon

a rotation of the magnetic �eld over 360°.

5.3 Experimental methods

5.3.1 Quadrupole setup for rotating magnetic �elds

A macroscopic quadrupole electromagnet is designed, constructed and charac-

terised in this section. The aim is to be able to apply homogeneous magnetic

�elds to micro-actuators, while being able to observe their de�ection with an op-

tical microscope. The orientations of the magnetic �elds generating a magnetic

torque should be in the same plane as the de�ection of the micro-actuators, which

is in a plane perpendicular to the substrate on which the micro-actuators are man-

ufactured. This implies that the quadrupole needs to generate �elds in a vertical

plane during optical microscopy inspection. The quadrupole is designed very �at

in the vertical direction to allow for microscopy inspection (as depicted in Fig.

5.3). The magnetic core is made of soft iron (ARMCO pure iron, AK Steel) and

the four pole tips are aligned under an angle of 45° with the vertical to allow mi-

croscopy inspection with a long range working distance (11 mm) objective (20x).

The four coils of the quadrupole electromagnet consist each of 800 windings of

insulated copper wire with a diameter of 0.25 mm. Each coil has a resistance of

10 Ω. Power transistors in a push-pull con�guration enable high currents in the
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Fig. 5.3: Cross sectional view of the quadrupole electromagnet with soft iron core (grey)
and 4 coils (black) that create a rotating magnetic �eld in the centre region where the
micro-actuators are placed. A core is connecting the left coils to the right coils in the
plane behind the drawing in order to increase the �ux guiding; for clarity this is not
drawn in the schematic. The dimension of the quadrupole in the plane perpendicular
to the plane of the sketch is 1 cm. Microscopy inspection with a long range working
distance lens (20x) is possible from above the quadrupole.

coils to be switched e�ciently by addressing the gate of the transistors with pro-

grammable function generators. In this way, function generators are only used to

supply a precise voltage (which they are suited for) and not used to supply high

currents. The high currents are �owing from a power supply (System DC Power

Supply 6622A, Agilent) through the transistor and to the coils. The amplitude

of the current is directly proportional to the voltage on the gate of the transis-

tor. Note that the power supply itself would not be able to switch currents as

e�ciently as the transistors, even for programmable power sources. Because the

push-pull con�guration is regulating the current through the coils, as opposed to

the applied voltage, the temperature dependent resistance of the coils is automati-

cally compensated for. A homogeneous magnetic �eld is created if the coils of two

opposed pole tips are provided with the same current (see Fig. 5.5, right inset).

In practice, it is most convenient if the coils are rolled up in a direction such that

the two currents have an opposite sign and draw their power from both sides of

the symmetric power supply.

In order to obtain a rotating magnetic �eld, each coil is addressed with a

sinusoidal current that has a phase lag of 90° with the current in the adjacent coil.

For low �elds, the magnetic quadrupole has a linear current-�eld characteristic in

all orientations. For higher �elds, the di�erent behaviour due to the non-linearity

in the magnetic characteristic of the core is plotted in Fig. 5.4a (static situation).

As can be seen from that plot, a magnetic induction of 100 mT is possible only

in the horizontal direction. For a rotating magnetic �eld, the amplitude of the
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Fig. 5.4: (a) Static magnetic induction measured with a Hall probe in the centre of the
quadrupole electromagnet with respect to the amplitude of the sinusoidal current that
is �owing in each coil. The quadrupole responds linearly up to a magnetic induction of
50 mT. For higher inductions, a rotating magnetic �eld with a constant induction is not
possible anymore with a simple sinusoidal current in the coils. In the horizontal direction,
a magnetic induction of 100 mT can still be reached with practical currents in the coils.
(b) Measurement of the magnetic induction at the centre of the quadrupole with respect
to the frequency of the rotating magnetic �eld. (�) Measurement obtained with an AC
Hall probe. The same probe indicates a static induction of 50 mT. (©) Measurement
obtained with a pick up coil. The voltage on the pick up coil was numerically integrated
to obtain the magnetic �eld. Below 10 Hz, the signal on the pick up coil was increasingly
noisy and the local maximum that is observed at 10 Hz is probably caused by a mea-
surement artifact. The measurement with the pick up coil was normalised to the value
obtained at 20 Hz with the Hall probe.

magnetic �eld vector remains constant for all orientations only up to an induction

of 50 mT. The quadrupole experiences a small hysteresis, which was experimentally

determined to deviate from the ideal curve at most 5% of the maximum �eld

value that has been previously used (for values between 0 and 50 mT). Typically,

after generating a magnetic induction of 50 mT, a remanent induction of ∼2 mT

remains.

The non-homogeneity of the magnetic �eld in the centre region of the quadru-

pole electromagnet is simulated with the �nite element software COMSOL Multi-

physics®. For an induction of 50 mT at the centre point, the simulated amplitude

and direction of the magnetic �eld is shown in Fig. 5.5. Only two coils are pow-

ered and the magnetic �eld is thus generated by only two pole tips, and has a

diagonal orientation (the dashed pole tips are not magnetised). Field lines indi-

cate the direction of the magnetic �eld (right inset), whereas the amplitude of the

magnetic induction is plotted for cross-section A and B (the plot extends between

the surfaces of the pole tips). At a distance of 0.5 or 2.5 mm from the centre,

the variation in �eld intensity and the maximum �eld gradients are indicated in

Table 5.1. Note that a magnetic �eld gradient of 4.5 T/m, which is the maximum
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Fig. 5.5: Left: Results of �nite element simulations showing the magnetic induction
along the cross section A and B indicated in the right inset, for an induction of 50 mT at
the centre of the quadrupole and a magnetic �eld generated diagonally. Right: Magnetic
�eld lines between two opposed pole tips (see Fig. 5.3 for the full illustration of the
quadrupole). The dashed pole tips are not magnetised and only the ones with solid lines
are used to generate a diagonal �eld.

Table 5.1: Variation in magnetic �eld amplitude for two distances from the centre of
the quadrupole and maximum magnetic �eld gradient at those distances.

Distance from centre [mm] Field variation Field gradient [T/m]

0.5 ±0.5 % 0.79
2.5 ±11.5 % 4.5

gradient at 2.5 mm from the centre of the quadrupole, is still at least one order

of magnitude too low to allow actuation by a gradient force2. The dimension of

the pole tips perpendicular to the plane of the sketch in Fig. 5.3 is 1 cm. Be-

cause this dimension is twice the width of the pole tips (width in the plane of the

sketch), one can conclude that the magnetic �eld is only more homogeneous in the

perpendicular direction than in the plane of the sketch.

The current in the coils can follow the desired sinusoidal shape and amplitude

up to ∼100 Hz. For higher frequencies, the push-pull current regulator is not able
to provide the desired current due to the inductance of the coils. The amplitude of

the magnetic �eld is however attenuated for frequencies lower than 100 Hz already,

as a result of eddy currents induced in the core of the quadrupole. Note that a

laminated core would reduce such losses. The remaining magnetic �eld amplitude

2The relative de�ection of a ferromagnetic actuator by gradient force is given by Eq. 2.23.
With extreme values of Mr = 30 kA/m, L = 100 µm, E = 0.5 MPa and T = 5 µm, the relative
de�ection is still less than 0.02 (i.e. a de�ection angle smaller than ∼1°). Because of magnetic
saturation, the de�ection of a superparamagnetic actuator will always be smaller than for the
ferromagnetic case (as discussed in Sec. 2.6).
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for frequencies between 1 and 1000 Hz was measured with an AC Hall probe and

a pick up coil. The measurements are presented in Fig. 5.4b for a current in the

coils that induces a static induction of 50 mT. The magnetic �eld is only slightly

attenuated up to 20 Hz. At 100 Hz, the amplitude of the magnetic �eld is reduced

to half of the value for the static case.

5.3.2 Setup for actuation in �uid and image analysis

As already discussed in Chap. 4, the superparamagnetic micro-actuators have to

be kept in �uid and the experiments are carried out in isopropanol. The sample

with micro-actuators is �tted inside a small open �uidic container and held in place

with clamps and screws. The container is placed at the centre of the quadrupole

and inspection of the de�ection is provided by optical microscopy, as illustrated in

Fig. 5.3. Because the refractive index of PDMS is close to the one of isopropanol

and because the PDMS micro-actuators have no sharp edges, the micro-actuators

can only be seen clearly in dark �eld mode. To provide su�cient light, a powerful

external lamp is used to illuminate the sample from the side. Images are recorded

with a high speed camera (MotionPro RO HS-3, Redlake).

The de�ection of the micro-actuators in each image is determined by software

image analysis. In the �rst image, an area around the location of the micro-

actuator is selected as reference. In subsequent images, the image of the selected

area is cross-correlated in two dimensions with the current image. The maximum

cross-correlation indicates the de�ection of the micro-actuator. Because the clus-

ters of superparamagnetic particles in the micro-actuators scatter a lot of light,

the images o�er a high contrast and precise cross-correlation is possible. For each

set of images, a threshold value is manually chosen to set all pixels either to black

or to white. A good value for the threshold is considered when the background

is fully black while the actuator still contains enough white areas (high intensity

of the light scattered by clusters of particles, see Fig. 5.6). During actuation, the

macroscopic sample also deforms slightly which causes background movement for

the micro-actuators. By focusing the microscope on the bottom substrate of the

Fig. 5.6: Left: Optical microscopy images of a micro-actuator in the resting and de-
�ected position. Right: Black and white image created from the original images by
manually setting a threshold value. These images are used as an input for the software
cross-correlation that determines the de�ection.



110 Chapter 5

actuators, this background movement can be recorded and de�ections are always

compensated for it. Such a correction was never found to be larger than 10% of

the apparent de�ection of the micro-actuators.

5.4 Results and discussion

5.4.1 Micro-actuators in a rotating magnetic �eld

The actuation in �uid of superparamagnetic micro-actuators (fabrication described

in Sec. 4.3.2) is presented here. The actuators are immersed in isopropanol and

actuated with the quadrupole electromagnet, as explained in the experimental sec-

tion. The amplitude of de�ection of several micro-actuators on the same sample

was found to vary considerably, typically from single micrometres up to ∼16 µm,
for an actuator length L ≈ 70 µm (de�ection δ according to Fig. 5.7). Several

parameters can account for such a behaviour. First, due to the size of magnetic

particle clusters being up to 5 µm (cf . Sec. 2.4.2 for superparamagnetic particles

in Sylgard-PDMS), the dispersion of particles within the micro-actuators is not

homogeneous and variations in the concentration of magnetic material is there-

fore expected to occur between di�erent micro-actuators on the same sample. A

variation in concentration is con�rmed by the fact that we consistently observed

that the micro-actuators comprising more clusters of particles (visible because

they scatter light) were the ones that experienced a larger de�ection. The exact

nature of the dispersion of particle clusters inside the micro-actuators might also

have an in�uence on their magnetic anisotropy, which is an important parameter

for actuation (see for example the e�ect of aligned clusters of particles in Sec.

3.5). Second, the thickness T of individual micro-actuators also varies slightly on

a same sample (typically 6 ± 0.5 µm) because of the manufacturing3. Mechanical

defects at the base of the actuators would not be visible with optical microscopy

and might also yield more compliant micro-actuators. A small change in all the

aforementioned parameters is able to explain the variation of one order of magni-

tude in the observed de�ection of micro-actuators (see Eq. 5.2). Only actuators

with a signi�cant de�ection (δ > 5 µm) will be investigated here.

The micro-actuator used to obtain the results in this section is representative of

an actuator with a signi�cant de�ection. It was replicated from a trench in a mould

with a measured depth of 71 µm. Because the actuator swells in isopropanol, its

expected length is L = 75 µm (linear swelling of 5% as investigated in Sec. 4.4.2).

3The micro-actuators are replicated from a mould (cf . Sec. 4.3). The trenches in the mould
are written with a range of ion beam exposure doses, to ensure that the adequate dose is used for
a least some trenches. The width of each trench, and thus the thickness T of micro-actuators, is
therefore not constant.
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Fig. 5.7: Standing micro-actuator in the resting and de�ected positions. The orientation
of the magnetic �eld angle with respect to the actuator is indicated.

The trench in the mould had a measured width of 6.2 µm, hence the actuator has

a thickness T = 6.5 µm when swollen in isopropanol. This value represents the

thickness at the bottom of the actuator. The thickness at the top of the actuator is

measured by optical microscopy in isopropanol and was found to be 7.5 µm. Such

a shape of actuators (wider at the top than at the bottom) is expected because

of the lateral straggling of ions in the PMMA layer used to create the mould (cf .

ion beam lithography in Sec. 4.3). We approximate the shape of the actuator by

a constant thickness T = 7 µm. The width of the actuator is W = 65 µm, but

note that actuation does not depend on this parameter. Magnetic Silastic-PDMS

was used to produce the micro-actuator and its elastic modulus in isopropanol is

therefore 0.45 MPa (as investigated in Sec. 4.4.2). The magnetic particle volume

concentration is 6%, hence a susceptibility of 0.6 for the actuator is adopted (cf.

Chap. 3 and Sec. 2.3.2). Note that, as stated at the end of Sec. 3.5, no increased

actuation amplitude could be observed in practice for micro-actuators without and

with aligned clusters of particles.

The micro-actuator is de�ected with a rotating magnetic �eld (�eld orientation

and angles are indicated in Fig. 5.7). As expected for a superparamagnetic actua-

tor (cf . illustration of Fig. 5.2), a movement is observed with twice the frequency

of the rotating magnetic �eld. For increasing magnetic inductions, the de�ection

of the micro-actuator is shown in Fig. 5.8 as a function of the orientation of the

applied magnetic �eld. Note that these de�ections were measured with a rotat-

ing �eld frequency of 0.02 Hz, which relates to a quasi-static situation (i.e. the

same measurement is performed with a magnetic �eld rotating clockwise or anti-

clockwise). The de�ection in the positive direction is larger than in the negative

direction, which we attribute to an asymmetry in the shape of the actuator. Op-

tical microscopy inspection clearly indicates that the actuators are not standing

perfectly straight and some seem to be a bit curved at rest. This can be expected
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Fig. 5.8: Quasi-static de�ection of a micro-actuator depending on the angle of the
applied magnetic �eld and for several magnetic inductions. An induction of 10 mT
corresponds to the smallest de�ection and an induction of 50 mT to the largest. The
de�ection δ and angle of the �eld are de�ned in Fig. 5.7. The black dots indicate the
maximum de�ection.

for a material with an elastic modulus below 1 MPa and possibly some internal

stress due to shrinking of the PDMS matrix around particle clusters upon curing.

We also attribute the di�erent shape of the peaks in Fig. 5.8 for positive and neg-

ative de�ections to a possible asymmetric or curved actuator. Consequently, the

de�ection is calculated as the average of the de�ection in the positive and negative

direction.

For small amplitudes of de�ection, the maximum de�ection is reached for a

magnetic �eld oriented at 45° (respectively 135°, 225° or 315°) which is expected

from Eq. 2.38 in Sec. 2.5.4. For larger amplitudes however, the maximum de�ection

is reached for magnetic �eld angles larger than 45°, as indicated with the black dots

in Fig. 5.8. Such a behaviour can be understood by the fact that it is the angle

between the magnetic �eld and the de�ected actuator that has to be considered for

calculating the maximum torque and de�ection. The angle between the de�ected

actuator and its original orientation can be approximated by:

β = arctan
(
δ

L

)
(5.3)

and the maximum torque will thus occur for an angle β + 45°. The di�erence to
45° (respectively 135°, 225° and 315°) of the angle at which maximum de�ection

occurs is averaged for the four maxima and for each magnetic induction in Fig.

5.8. The obtained values are compared in Fig. 5.9 to the values measured for β

from the maximum de�ection at a given magnetic induction. The slope of both
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Fig. 5.9: Comparison between the measured angular de�ection of the micro-actuator
(Eq. 5.3, solid line) and the di�erence to 45° (respectively 135°, 225° and 315°) of the
measured angle of the magnetic �eld at which maximum de�ection occurs. A linear �t
(dashed line) is given and the error bars are determined by calculating a mean square
error on the values related to the four maxima in Fig. 5.8.

curves in Fig. 5.9 is almost identical. The o�set of ∼3° can be attributed to a

curved shape of the actuator in the de�ected state, whereas Eq. 5.3 assumes an

actuator that remains straight during de�ection.

An important consequence of the shift in �eld angle for which maximum de-

�ection occurs is that actuators with di�erent amplitudes of de�ection have a

non-constant phase lag (i.e. the actuators are in phase at zero de�ection and al-

ternatively have a positive or negative phase lag at maximum de�ections). As

already discussed at the end of Sec. 1.3, a phase lag between adjacent actua-

tors can be advantageous to obtain e�cient mixing at low Reynolds numbers.

The slight (non-constant) phase lag that we observed for the same micro-actuator

addressed with di�erent magnetic inductions only depends on the de�ection am-

plitude and not directly on the magnetic induction, as can be concluded from the

good agreement of the curves in Fig. 5.9. Therefore, one can envisage adjacent

micro-actuators with di�erent thicknesses that experience di�erent de�ections in

the same rotating magnetic �eld. Both actuators will move with a non-constant

phase lag with respect to each other, because they experience di�erent de�ection

amplitudes. Even if such a phase lag might be a key to obtain the asymmetry that

is necessary to obtain a net �ow on small scales, the phase lag however always

remains small and a large amount of repetitive cycles would be needed to reach

the same net e�ect as an ideal phase lag. For mixing purposes in a closed cavity,

Khatavkar et al . [32] have demonstrated in a simulation that the mixing e�ciency

is optimal for a phase lag of 90° between two adjacent standing micro-actuators.
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5.4.2 Amplitude of de�ection of micro-actuators

The amplitude of de�ection of the micro-actuators can be modelled with the help

of Eq. 5.2 or with a �nite element model (FEM) simulation. For both models,

the non-linearity in susceptibility has to be considered for magnetic inductions

above ∼20 mT. The calculated de�ection is shown in Fig. 5.10a with respect to

the magnetic induction of the rotating magnetic �eld. For small �elds, the de-

�ection increases quadratically with the magnetic induction. For higher �elds, the

increase is �attened by the saturation in susceptibility. The di�erence between the

FEM simulation and the model of Eq. 5.2 arises because the latter approximates

the magnetisation in the actuator by considering ideal magnetic anisotropy (i.e. a

demagnetisation factor of 1 in the direction perpendicular to the long axis of the

actuator). Under the assumption of a homogeneous magnetisation, the FEM sim-

ulation considers the magnetisation correctly and consistently predicts a smaller

de�ection (weaker magnetic anisotropy), both for the linear and the saturating

case. In Fig. 5.10b, the measured de�ection of the micro-actuator (cf . Fig. 5.8)

is compared to the FEM model. The measured de�ection is de�ned as the aver-

age of the de�ection obtained in Fig. 5.8 for a positive and a negative direction,

for reasons mentioned previously. As predicted by the models, the �rst part of

the measured de�ection curve has a quadratic behaviour, which is attenuated for

higher magnetic inductions. The fact that the measured curve increases less than
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Fig. 5.10: (a) Analytical model and FEM simulation for the de�ection of a micro-
actuator with a superparamagnetic torque. The results are plotted for a linear suscepti-
bility and a saturating susceptibility (according to the measured magnetisation curve of
the particles). The actuator is modelled with L = 75 µm, T = 7 µm, an elastic modulus
of 0.45 MPa and a linear susceptibility χ = 0.6. (b) Measured de�ection of the micro-
actuator compared to the FEM simulation. The measured de�ection is determined as the
average of the de�ection in the positive and negative direction, as seen in Fig. 5.8. (•)
Saturating susceptibility considering 6 vol% of magnetic particles (experimental value).
(�) Saturating susceptibility considering a double concentration of particles (12 vol%).
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linearly for high inductions (whereas the models increase slightly more than lin-

early) can be explained by the fact that both models (FEM and analytical) do not

account for the deformation behaviour at large de�ections. The measured de�ec-

tion is larger than predicted by the FEM simulation, even for a simulation that

accounts for a susceptibility considering that the magnetic particle concentration

in the actuator is twice the experimental value, which might be possible because

of the non-homogeneous character of the magnetic PDMS (cf . Sec. 2.4.2). But

because the micro-actuator investigated here is the one that moved the most of all

actuators present on the sample, its de�ection is indeed expected to be larger than

average. Other reasons for the FEM simulation underestimating the measured val-

ues are that the substrate on which the micro-actuators are standing is the same

bulk material as the actuator, which enhances the de�ection of the actuator, and

that the micro-actuators have a smaller thickness at the base than at the tip (cf.

Table 4.1 and footnote 6 on page 98). Errors in the determination of L, T and the

elastic modulus can also account for discrepancies between the FEM model and

the measurement.

5.4.3 De�ection of micro-actuators at higher frequencies

The actuation so far was observed in a quasi static situation. Micro-actuators

have a limited range of motion at higher frequencies that can originate from (i)

the viscous drag in a �uidic environment or from (ii) the viscous behaviour of

the polymeric actuator itself. The viscous drag on a cantilever was introduced in

Sec. 1.5 (Eq. 1.1 - 1.3) and implies a maximum frequency of operation that is not

dependent on the scale of the actuator. A viscous behaviour of the polymer would

also be scale independent. A limited range of motion at higher frequencies implies

that the actuators have a limited range of possible actuation frequencies. The

maximum actuation frequency can be estimated from the time constant needed to

reach a static de�ection from the rest position. Several actuators, all with a length

L = 75 µm and a width W = 65 µm, have been observed after switching on the

magnetic �eld in a given direction at the time t = 0. The de�ections with respect

to the time are presented for 3 situations in Fig. 5.11. For all curves, the time

constant to reach 70% of the �nal de�ection is around t = 0.2 s. As an estimation

of the drag force that would induce a time constant of 0.2 s, we calculate the drag

force experienced by a sphere in bulk �uid with a diameter deq. Using Eq. 1.2 and

1.1 with the velocity of the actuator approximated by its de�ection divided by the

time constant, the diameter of the equivalent sphere is given by:

deq =
EW T 3 t

12π η L3
. (5.4)
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Fig. 5.11: Reaction of three micro-actuators in �uid (isopropanol) to a constant mag-
netic �eld switched on at the time t = 0. The magnetic �eld is switched o� at t = 1 s.
The time constant to reach 70% of the �nal de�ection is approximately 0.2 s.

Considering η = 2 mPa·s (dynamic viscosity of isopropanol [108]), the equivalent

sphere diameter would be ∼60 mm, which is three orders of magnitude larger

than the size L or W of the micro-actuators. While the proximity of the wall

(no slip boundary condition) and the non-spherical shape of the actuators can

account for an increase in drag, they cannot explain an increase of three orders

of magnitude. Simulations by Khatavkar et al . [32] of similar micro-actuators

attached to a wall con�rm that the viscous drag would be between two and three

orders of magnitude too high (see Fig. 6a in Ref. [32]). Note that inertial e�ects

cannot account for the slow behaviour because of the small scale. Note also that

Fig. 5.4b implies a cut-o� frequency for the quadrupole above 100 Hz (loss of 3

dB) and that therefore the static magnetic �eld is established with a time constant

below 10 ms. We conclude that the slow time constant of 0.2 s is most probably an

e�ect of the viscous behaviour of the polymeric micro-actuators. The consequence

for our micro-actuators is that their actuation will be limited to ∼5 Hz.

5.5 Conclusions

Micro-actuation with a magnetic torque, as opposed to a magnetic gradient force,

can be achieved with an external macroscopic electromagnet. It is therefore easier

to implement but does not allow for individual addressing of actuators, as was

demonstrated in the previous chapter. The actuation by torque was compared

for a ferromagnetic and a superparamagnetic material. Whereas a ferromagnetic

torque is e�ective at small magnetic inductions already, it increases only linearly

with the induction. A superparamagnetic torque increases quadratically with the

magnetic induction and is therefore becoming e�cient for higher inductions. The
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quadratic increase is however limited by magnetic saturation and we showed that

with the materials and structures developed in this thesis, the superparamagnetic

torque remains less e�cient than the ferromagnetic torque, even for high magnetic

inductions. Superparamagnetic actuators remain advantageous because they are

not magnetic in the absence of a magnetic stimulus, which is also an advantage for

their fabrication because particles are not subject to magnetic interactions that

would increase their clustering.

In the previous chapter, the fabrication and actuation with a local high gra-

dient magnetic �eld of superparamagnetic standing micro-actuators have been

investigated. The same micro-actuators have been actuated here with an external

homogeneous magnetic �eld. A magnetic quadrupole electromagnet was devel-

oped for that purpose, capable of generating (rotating) magnetic �elds with an

induction up to 50 mT in all orientations. The quadrupole was designed in such a

way that optical microscopy inspection was still possible, in order to observe the

actuation. The amplitude of the magnetic induction was measured to decrease

with increasing rotation frequencies of the magnetic �eld, but stayed above 25 mT

for frequencies up to 100 Hz.

A de�ection up to 16 µm was demonstrated for a 75 µm long micro-actuator.

The non-constant phase lag of the de�ection between two adjacent micro-actuators

was modelled. A phase lag up to ∼20° was measured, which can be bene�cial for

obtaining e�cient mixing at low Reynolds numbers. Because the phase lag is

small, a large amount of repetitive cycles is however expected to be necessary.

The de�ection of the micro-actuators was modelled with an analytical formula

and a �nite element model simulation, which qualitatively agree well with the

measurements. Individual actuators were found to be likely to have a very high

magnetic particle concentration, above 10 vol%. The limitation in frequency of

operation of the micro-actuators was approximated by measuring the time constant

needed to respond to a static magnetic �eld. A time constant of 0.2 s was measured

and it was concluded that the main limitation comes from the viscous behaviour of

the polymeric micro-actuators. Therefore, the actuation of the superparamagnetic

standing micro-actuators with the quadrupole electromagnet is limited to ∼5 Hz.
The superparamagnetic PDMS micro-actuators that were demonstrated in this

chapter can potentially provide �uid actuation in micro�uidic systems. The e�-

ciency of �uidic actuation however still remains to be demonstrated. The actuation

with an external magnetic stimulus will enable a simple and cost-e�ective integra-

tion with lab-on-a-chip devices. As noted above, the amplitude of de�ection would

be enhanced with ferromagnetic actuators. In the next chapter we will develop

ferromagnetic micro-actuators and investigate their actuation with the quadrupole

electromagnet that was designed in the present chapter.





Chapter 6

Ferromagnetic actuators and

induced �uid manipulations

6.1 Introduction

A magnetic micro-actuator can be set in motion either by a magnetic gradient

force or by a magnetic torque. Because of the scaling behaviours presented in

Sec. 2.5, actuation on small scales with a magnetic gradient force requires means

of generating magnetic �elds locally � a current wire is most appropriate � while

actuation on small scales with a magnetic torque can be performed with an external

homogeneous magnetic �eld generated by a macroscopic (electro)magnet. Both

types of actuation can be used for micro-actuators that are standing or lying on

a surface, and which are made of ferromagnetic or superparamagnetic materials,

allowing for the di�erent device concepts that were discussed in Sec. 1.6.

In this chapter we investigate the device concept of a ferromagnetic lying micro-

actuator (i.e. co-planar with the substrate) that is de�ected by a magnetic torque

induced with a homogeneous magnetic �eld. The scaling behaviour of a magnetic

torque has been extensively discussed in Chap. 2 (Sec. 2.5 and 2.6) and was derived

to be neutral, which is the reason that allows for actuation with a macroscopic

external (electro)magnet. The large de�ection at low magnetic �elds that can be

obtained with a ferromagnetic torque, as discussed in Sec. 5.2 (cf . Fig. 5.1), is

the motivation for using ferromagnetic particles in the actuators. Because our

ferromagnetic particles create large clusters in PDMS (cf . Sec. 2.4.2), the moulds

used in the two previous chapters to produce standing micro-actuators are too

A condensed version of this chapter has been published as: F. Fahrni, M.W.J. Prins, and
L. J. van IJzendoorn. Micro-�uidic actuation using magnetic arti�cial cilia. Lab on a Chip,
doi:10.1039/b908578e, 2009.
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narrow. An alternative fabrication process is investigated in order to produce

lying micro-actuators with an aspect ratio around 20 (ratio L/T in Fig. 6.2).

The magnetic �elds applied externally for actuation will be generated with the

quadrupole electromagnet described in the previous chapter.

In Sec. 1.2 we discussed the need of an asymmetric movement to induce a net

�uid �ow under low Reynolds number conditions. Provided with a speci�c initial

magnetisation, the micro-actuators in the present chapter show an asymmetric

movement involving torsion. Hereafter, the micro-actuators are called arti�cial

cilia, since they aim at manipulating �uids in a similar way as natural cilia (i.e.

with an asymmetric motion, see Fig. 1.3).

The aim of this chapter is to demonstrate ferromagnetic arti�cial cilia with

large amplitudes of motion, and to investigate a possibility for creating asymmetric

movements. A relatively simple lithographic process is presented to produce arti�-

cial cilia, based on the ferromagnetic PDMS developed in Sec. 2.4. The actuation

of arti�cial cilia in �uid with homogeneous rotating magnetic �elds is described

qualitatively and quantitatively, and the conditions to obtain the asymmetric tor-

sional movement are analysed. The actuation of arti�cial cilia is demonstrated up

to frequencies of 50 Hz and the limitations are discussed. The arti�cial cilia are

tested in a micro�uidic chamber and are found to induce vortices as well as linear

�uid transport on the scale of hundreds of micrometres.

6.2 Fabrication and experimental methods

The ferromagnetic polymer developed in Sec. 2.4 will be structured with common

lithographic techniques and sacri�cial layer etching, enabling the creation of high

aspect ratio lying arti�cial cilia. The polymer is made from Fe-C iron nanopar-

ticles dispersed in RMS-PDMS with a volume concentration of 2% and has a

remanent magnetisation of 1.76 kA/m and an elastic modulus of 1 MPa. The

fabrication process is relatively simple and the polymeric nature of the materials

in principle makes them suited for cost-e�ective mass-patterning methods such as

micro-imprinting or ink-jet printing. After presenting the fabrication process for

arti�cial cilia, the assembly of a closed micro�uidic channel is presented. The �ow

induced by the arti�cial cilia is observed in a particle tracking experiment.

6.2.1 Fabrication of high aspect ratio lying arti�cial cilia

Polyvinyl alcohol (PVA, 87-89% hydrolysed, Mw 31k-50k, Aldrich) was chosen as

a sacri�cial layer because it can be dissolved in water and will not be a�ected

by common organic solvents used in the processing of the ferromagnetic PDMS
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composite. Because PVA is not photo-sensitive in itself, a lift-o� photoresist is

used to structure it. The process steps for lift-o�, sacri�cial layer and PDMS

lithography are illustrated in Fig. 6.1.

First a glass substrate (Thermo Scienti�c microscope glass slide, Menzel) is

cleaned with an alkaline solution (EXTRAN® MA 01, sodium hydroxide solution,

Merck) and rinsed with ethanol. Then it is exposed to a UV-ozone treatment for

10 min (PSD-UV, Novascan Technologies Inc.). A layer of photoresist (ma-N 1420,

micro resist technology) is spin-coated at 3000 rpm for 30 s, and baked for 5 min on

a hotplate at 120°C. The photoresist is exposed through a mask with a UV-lamp

(Omnicure series 1000, �lter 320-500 nm, EXFO Canada). Contact lithography is

used and the sample is exposed 45 s with an irradiance estimated at 10 mW/cm2.

Subsequently the sample is developed with mild manual agitation during 90 s

in the appropriate developer (ma-D 533 S, micro resist technology), rinsed in

demineralised water and blow-dried with nitrogen. All the parameters, i.e. the

baking time and temperature, the exposure dose, and the developing conditions

are of crucial importance to reach a good undercut [107] which will ensure clean

lift-o� in the following steps. A 5% solution of PVA in water is spin-coated at 1000

rpm for 30 s on the lift-o� photoresist, baked for 2 min on a hotplate at 90 °C, and

lifted o� by immersing 4 min in an ultrasonic bath of acetone. The sample is then

rinsed with isopropanol and blow-dried with nitrogen. The resulting thickness of

the PVA layer is less than 1 micrometre.

The ferromagnetic PDMS composite is prepared as indicated in Sec. 2.4.2

(RMS-033, 1% DMPAP and 2 vol% of Fe-C particles) and spin-coated at 5000

rpm for 30 s. The resulting layer was ∼16 µm thick. For longer spin-coating

times, the layer thickness converged to ∼11 µm but the amount of Fe-C parti-

cle clusters remaining in the PDMS layer kept decreasing after reaching terminal

thickness. This is most probably due to the fact that the Fe-C particle clusters are

only loosely �xed in the (not yet cross-linked) PDMS matrix and the centrifugal

Fig. 6.1: Schematic view of the processing steps for arti�cial ferromagnetic cilia. (a) Spin
coating of a lift-o� photoresist and UV-exposure through a mask. (b) Development of
lift-o� photoresist and spin coating of a PVA sacri�cial layer. (c) Lift-o� of the sacri�cial
layer, spin coating of the ferromagnetic PDMS composite and exposure through a mask.
(d) Development of the ferromagnetic PDMS and dissolution of the PVA sacri�cial layer
in water.
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force continues to exert on the clusters. Thus, to ensure that the initial amount

of Fe-C particles would remain in the arti�cial cilia, the spin-coating time is kept

short (30 s). The ferromagnetic PDMS layer is then exposed through a mask

with a spacing of a couple hundred micrometres to avoid the layer sticking to the

mask. Manual alignment of the mask with the sacri�cial layer is performed under

a microscope, after removing part of the ferromagnetic PDMS with a rubber blade

to reveal the sacri�cial layer. Note that the presence of the Fe-C particles in the

PDMS was not found to change signi�cantly the required exposure dose due to

the absorption of the UV-light by the particles. First an exposure of 20 s with

an irradiance of 10 mW/cm2 is performed in air, then, in a second step, an expo-

sure of 80 s with the same irradiance is performed in a nitrogen atmosphere. We

found that the �rst exposure would ensure a good adhesion of the ferromagnetic

PDMS composite on the glass substrate whereas the second exposure would actu-

ally cross-link the layer, since the cross-linking reaction is inhibited in presence of

oxygen during the �rst step. The ferromagnetic PDMS layer was then developed

in xylene for 15 s without agitation and dipped for 15 s in isopropanol without

agitation. Thereafter, the sample was very gently blow-dried with nitrogen. It is

to be noted that during development, the layer is swelling because xylene is not

only dissolving the unexposed PDMS but also swelling the exposed PDMS, and

some structures might shift due to the swelling (if the �rst exposure step is omit-

ted, most structures would actually swell o� the substrate). As a last processing

step, the PVA sacri�cial layer can be dissolved in water and the arti�cial cilia are

released. The cilia do not stick to the glass substrate as long as the sample is kept

in �uid (if dried, the arti�cial cilia stick irreversibly to the substrate). In the case

Fig. 6.2: The same quadrupole electromagnet as presented in Fig. 5.3, and used to
actuate the superparamagnetic standing micro-actuators in the previous chapter, is used
to actuate the ferromagnetic lying arti�cial cilia. Microscopy inspection with a long range
working distance lens (5x) is possible from above the quadrupole. The reference angles
for rotation of the magnetic �eld and orientation of the arti�cial cilia are indicated.
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of a lab-on-a-chip device, one can easily envisage that this last processing step is

performed as the �rst step when using the device. When a micro�uidic channel is

�lled with an aqueous solution, the PVA sacri�cial layer will dissolve and release

the cilia.

Typical dimensions of our manufactured ferromagnetic lying arti�cial cilia are

W ≈ 100 µm, L ≈ 300 µm and T ≈ 15 µm which corresponds to structures with

an aspect ratio of 20 (dimensions according to Fig. 6.2). The same quadrupole

electromagnet that was developed in the previous chapter will be used to actuate

the arti�cial cilia, by applying homogeneous rotating magnetic �elds with induc-

tions up to 50 mT. Note that the approximation made in Sec. 5.3.1 shows that

the small magnetic �eld gradient of the quadrupole does not induce a measurable

de�ection of the cilia.

6.2.2 Actuation experiments in �uid

In order to analyse in detail the movement of the arti�cial cilia manufactured on a

glass substrate, they are placed in isopropanol in an open container that �ts in the

centre region of the quadrupole. Isopropanol was chosen because of its very low

surface tension, which allows us to move the samples between di�erent containers

without the cilia drying and getting stuck onto the substrate. The movement of the

arti�cial cilia is visualised with a high speed camera (MotionPro RO HS-3, Redlake)

and the angle of de�ection of the arti�cial cilia is determined by projecting the tip

of the cilia in the horizontal plane and observing the apparent rotation point of

the cilia for large de�ections. Dark �eld microscopy was used in order to obtain a

good contrast for the moving PDMS cilia in �uid.

6.2.3 Closed micro�uidic channel and particle tracking ex-

periments

In order to visualise the �uid movement induced by the arti�cial cilia, a closed

micro�uidic channel is assembled. A PDMS cover with a micro�uidic channel of

length 2 cm, width 2 mm and height 400 µm is placed on the glass substrate

with the arti�cial cilia and sealed by clamping mechanically. The PDMS cover

is fabricated by pouring Sylgard 184 (Dow Corning) and its curing agent over a

mould, degassing it under vacuum, and curing it at 60 °C for at least 4 hours. A

drop of water containing 3.15 µm polystyrene particles (PGP-30-5, Spherotec) is

spread in the open channel on the PDMS cover, before closing the device with the

glass substrate containing the arti�cial cilia. As soon as the sacri�cial PVA layer

was put in contact with this drop, the cilia were released and could operate. To
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visualise the �uid movement induced by the arti�cial cilia, the device is placed at

the centre of the quadrupole. Bright �eld microscopy enables the visualisation of

the movement of the cilia, whereas dark �eld view with a powerful external lamp

enables the visualisation of the �uid movement through the tracer particles. Im-

ages are recorded with the high speed camera at a frequency equal to the actuation

frequency of the cilia.

6.3 Results and discussion

6.3.1 Magnetisation of ferromagnetic PDMS composite

A magnetisation curve for the Fe-C particles dispersed in PDMS has already been

given in Fig. 2.6. The measured magnetisation curve is here discussed in detail.

Samples were prepared similarly to the samples in Sec. 3.4 and their magnetisation

behaviour was measured with a vibrating sample magnetometer (VSM 10, DMS

Magnetics). The hysteresis loops for a small and a large sweep of the magnetic

�eld are plotted in Fig. 6.3. The data are normalised to the measured saturation

magnetisation of the Fe-C particles at 2T. The magnetisation behaviour was found

to be the same for volume concentrations of particles with a range between 0.05%

and 3% (i.e. the normalised magnetisation curve has the same shape). As indicated

in Sec. 2.4.2, a value of 3 vol% is the maximum concentration of ferromagnetic

particles that can be dispersed in PDMS. The saturation magnetisationMsat of the

Fe-C particles was measured to be equal to 6·105 A/m, such that the remanent
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Fig. 6.3: Magnetisation curve of Fe-C 70 nm iron particles dispersed in PDMS with a
concentration of 3 vol%. The magnetisation is normalised to the saturated magnetisation
measured for Fe-C particles at 2 T. (�) Hysteresis loop for a sweep of ± 2 T. The full
curve is shown in the inset. (©) Hysteresis loop for a sweep of ± 100 mT.
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magnetisation was 8.8·104 A/m (14.7% of Msat) for a 2 T hysteresis loop and

6.8·104 A/m (11.3% of Msat) for a 100 mT hysteresis loop. Note that to obtain

the net magnetisation of the ferromagnetic PDMS composite, the values have to

be multiplied by the particle volume concentration. The coercive �eld µ0Hc was

measured to be 18.9 mT for a 2 T hysteresis loop and 14.6 mT for a 100 mT

hysteresis loop. These coercive �elds are rather low (and certainly lower than the

�elds we use for actuation) but as the next results will indicate, this situation turns

out to be favourable for creating asymmetry in the movement of the arti�cial cilia.

6.3.2 Actuation of arti�cial cilia

The micro-fabricated arti�cial cilia were immersed in isopropanol and placed in the

centre region of the quadrupole electromagnet as depicted in Fig. 6.2. Isopropanol

is used for its low surface tension that keeps the sample wetted and prevents

quick drying and sticking of the cilia to the substrate. Isopropanol swells the cilia

but since the elastic modulus is only slightly a�ected (-15% as measured in Sec.

2.4.3), the e�ect on actuation will be minor. Due to the fabrication process, the

geometrical dimensions and magnetic content of adjacent cilia on a same sample

vary somewhat, which is illustrated by the rough edges of the cilium shown in Fig.

6.4. The consequence is that cilia have slightly di�erent behaviours, particularly

in their compliance to the magnetic torque. The variations in de�ection between

di�erent samples are however comparable and the actuation for each cilium is

reproducible over time.

The microscopy images of Fig. 6.4 reveal that the resolution of the fabrication

process for arti�cial cilia is mainly limited by the large size of magnetic particle

Fig. 6.4: Optical microscopy image of a typical arti�cial cilium. The scale bar indicates
100 µm. Images (a) and (b) are taken with the sample immersed in �uid, with respectively
bright and dark �eld microscopy. Images (c) and (d) are taken after the sample dried,
with respectively bright and dark �eld microscopy.
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clusters. Fig. 6.4c reveals that particle clusters are not only in the bulk of the

cilia, because additional particle clusters have come to stick to the side of the cilia

during the development process. Magnetic attractions are probably responsible for

the presence of particles stuck to the side of the cilia. When immersed in �uid, the

cilia are observed with the most contrast with dark �eld optical microscopy (Fig.

6.4b). It should be realised that the impression that particles are only located at

the surface of the cilium is an artifact of the dark �eld microscopy in �uid. Because

the refractive index of PDMS, water, or isopropanol are close to each other, the

PDMS cannot be seen clearly. Only the particles are revealed with high contrast,

due to their �ne structure and the dark �eld illumination. Fig. 6.4c shows the

cilium observed in a dry environment and reveals that large clusters are sticking

out of the cilia, while smaller clusters are completely within the bulk. A dark �eld

view in a dry environment (Fig. 6.4d) reveals the di�erence between particles on

the surface of the cilia (bright) and particles in the bulk (dark).

Magnetic �eld rotating anti-clockwise

In this experiment the cilia were magnetised in their long direction with an in-

duction of 100 mT, in order to create a remanent magnetisation that tends to

align the cilia with the magnetic �eld during the actuation phase. Actuation ex-

periments were performed with a magnetic �eld rotating anti-clockwise (i.e. from

0° to 360°, cf. Fig. 6.2) for increasing �eld strengths. Results are shown in Fig.

6.5 for two individual cilia that are representative of cilia with a small (cilium

C1) and large (cilium C2) de�ection. The experiments were done with a rota-

tion frequency of 0.1 Hz, which is a quasi-static situation. Initially, a cilium has

a de�ection angle of 0°. As the magnetic �eld is rotated to positive angles, the

cilium follows the orientation of the magnetic �eld. Due to a �nite elasticity of

the cilium, its de�ection is always less than the angle of the magnetic �eld. As

the angle between the cilium and the �eld increases, so does the torque on the

cilium. A maximum torque is reached when the angle between �eld and cilium

reaches 90° (cross-product of remanent magnetisation and applied magnetic �eld

in Eq. 2.15 is maximum). The expected maximum de�ection angle of the cilium

is indicated in Fig. 6.5 by the dashed line1. As the �eld continues to rotate, the

torque collapses and the cilium comes back to its resting position. For magnetic

inductions lower than the coercive �eld of the Fe-C particles, the cilium stays in

its resting position because the torque it experiences as the magnetic �eld rotates

from 180° to 360° induces a movement towards the glass substrate. The situation

1An exception can be seen in Fig. 6.5 panel C2 for a magnetic induction of 50 mT. In this
situation the cilium has already reached the maximum mechanical de�ection at around 140° and
thus cannot move further.
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Fig. 6.5: Angular de�ections of a sti� (C1) and a more compliant (C2) cilium depending
on the angle of rotation of the magnetic �eld, measured for increasing magnetic induc-
tions. The magnetic �eld is rotated anti-clockwise (i.e. from 0° to 360°), except for one
series (�) where it is rotated in the clockwise direction. The plain line indicates the angle
of the magnetic �eld itself and the dashed line indicates the position of maximum torque
for the cilium (i.e. �eld angle minus 90°).

is di�erent for magnetic �elds that exceed the coercive �eld of the Fe-C particles.

After the torque has collapsed and the cilium has come back to its resting position,

the remanent magnetisation reverses by the applied �eld and, as the magnetic �eld

continues to rotate anti-clockwise from 180° to 360°, the cilium again experiences

a torque that induces a de�ection to positive angles of the cilium2. This second

stroke of the cilium in the same revolution of the magnetic �eld can be observed

in Fig. 6.5 for magnetic inductions of 40 and 50 mT. The amplitude of the second

stroke is somewhat smaller than the �rst stroke, due to the fact that the cilium

was initially magnetised with a higher magnetic induction (100 mT) than the in-

duction used in the actuation experiments (up to 50 mT). Due to the hysteresis

of the Fe-C particles the remanent magnetisation is lower in the reversed direc-

tion than in the original direction (cf. Fig. 6.3). For a more compliant cilium (cf.

Fig. 6.5 panel C2), the �rst stroke is much longer such that when the movement

collapses, the magnetic �eld is already oriented towards angles of ∼270°. In this

case the cilium does not return to its resting position but experiences the second

stroke already and eventually returns to the rest position after the second stroke

(cf. Fig. 6.5 panel C2). Note that for an ideally compliant cilium, or for higher

magnetic �elds, the torque would be high enough for the cilium to stay constantly

2We assume here that the magnetisation is either aligned with the long axis of the cilium,
pointing to its tip, or that it is anti-parallel to that direction. Indeed the hysteresis curve of Fig.
6.3 was recorded for a re-magnetisation in the anti-parallel direction. It is reasonable to assume
that the magnetisation is mostly in the longitudinal plane of the cilium because an out-of-plane
magnetisation requires much higher �elds than an in-plane magnetisation [109].
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in its most de�ected position (de�ection of 180°), analogously to the situation of a

cilium in a magnetic �eld rotating clockwise (cf. section on magnetic �eld rotating

clockwise below). In such a situation there would not be any more actuation.

Amplitude of movement of arti�cial cilia

The amplitude of movement of the arti�cial cilia can be quanti�ed with a model

for de�ection and magnetic torque. The maximum de�ection of cilia increases

approximately linearly with increasing magnetic �elds (cf. Fig. 6.5). As a conse-

quence, we assume that the linear beam de�ection formulas used to establish the

de�ection in Eq. 5.1 apply as a �rst approximation for the arti�cial cilia. We ver-

ify the consistency of this model description by comparing the apparent thickness

determined by optical microscopy inspection (vertical distance between two focal

planes) to the value obtained with the model. The de�ection is maximal when

the maximal torque is applied on the cilia, i.e. when the angle between �eld and

remanent magnetisation is 90°. At maximum de�ection Eq. 5.1 yields the following

expression for the equivalent thickness of the cilia:

T =

√
4µ0MrH L3

E δ
(6.1)

with µ0 the permeability of vacuum,Mr = 1.36 kA/m the remanent magnetisation

of the cilia, H the magnetic �eld, L = 300 µm the length of the cilia, E = 1 MPa

the elastic modulus of the cilium and δ its de�ection. The de�ection is here

assumed to be the distance covered by the tip of the cilium on a circular path.

In a magnetic induction of 30 mT, cilia C1 and C2 have a maximum de�ection

of 47.5° and 103.8° respectively which implies an equivalent thickness of 4.2 and

2.8 µm. The apparent thickness of cilia C1 and C2 found by optical microscopy is

16 ± 2 µm. Several factors, related to the inhomogeneous character of the cilia,

can explain the observed di�erence. The Fe-C particle concentration is likely to

be higher than 2 vol%, because of the clusters of particles attached to the cilia

(cf . Fig. 6.4), and will e�ectively increase the value of Mr. Also, the model does

not describe defects in the geometry of a single cilium and does not account for

an increased de�ection provided by the attachment of the cilia to a soft strip.

Magnetic �eld rotating clockwise

When the magnetic �eld is rotating in a clockwise direction (i.e. from 360° to

0°) and for magnetic �elds below the coercive �eld of the Fe-C particles, the cilia

respond to the �eld identically as the case of anti-clockwise rotation. This is
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expected because the movement is quasi-static and the remanent magnetisation is

locked. For magnetic �elds above the coercive �eld of the particles, the situation

is dramatically di�erent. For increasing magnetic inductions up to 50 mT, the

movement of the cilia is progressively diminished and almost completely reduces

to zero as shown in Fig. 6.6 for cilium C3. This can be understood from the

direction of the remanent magnetisation. In the initial position of the magnetic

�eld and the cilium, the remanent magnetisation is oriented in the 0° direction.

When the magnetic �eld is rotated clockwise, the torque exerted on the cilium

pulls it towards the substrate. Once the �eld has reached an angle of 180°, the

remanent magnetisation reverses and as the �eld continues to rotate clockwise

from 180° to 0° the cilium again experiences a torque that moves it towards the

substrate. Only for very compliant cilia we do see a little stroke when the magnetic

�eld approaches 0° in a clockwise direction, since in that situation the remanent

magnetisation has already partially been reversed to the original direction and the

angle between �eld and cilium is still big enough to create a small torque (cf. Fig.

6.6 for 50 mT). Note that cilium C3 is one of the most compliant on the sample.

For cilia like C1 and C2, the movement for clockwise rotation of the magnetic �eld

at 50 mT is almost non-existent (series � in Fig. 6.5 for cilia C1 and C2). The

actuation of cilia with high magnetic inductions (50 mT) is therefore sensitive to

the rotation direction of the magnetic �eld. Cilia pointing in opposite directions

can be actuated fully independently, since the external magnetic �eld is rotating

e�ectively in an opposed direction for opposite cilia.
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Fig. 6.6: Angular de�ections of cilium C3 depending on the angle of rotation of the
magnetic �eld, measured for increasing magnetic inductions. The magnetic �eld is rotated
clockwise (i.e. from 360° to 0°). The plain line indicates the angle of the magnetic �eld
itself.
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Asymmetric movement of arti�cial cilia

The movements of arti�cial cilia described so far do not a priori contain asymmetry.

But provided with adequate initial conditions, we were able to induce a large

asymmetry in the movement of our arti�cial cilia by superposition of a torsion to

the bending movement. We �rst magnetised the arti�cial cilia in the transverse

direction (rather than in the longitudinal direction) with a magnetic induction of

100 mT. By transverse direction we mean the direction along the width W of the

arti�cial cilia as depicted in Fig. 6.2. When the magnetic �eld is rotated as in

previous experiments, the movement of the cilia is not constrained to the plane of

rotation of the �eld anymore. A torsion movement occurs due to the angle between

the transverse remanent magnetisation and the �eld. The movement can clearly

be seen in Fig. 6.7 for cilium C1 and C2 whose initial remanent magnetisations are

induced either (a) longitudinally, (b) transversely or (c) in the opposite transverse

direction. When the remanent magnetisation is longitudinal in the cilia, their

movement is constrained to the plane of rotation of the magnetic �eld (Fig. 6.7,

insets C1a and C2a). When the initial remanent magnetisation is transverse, it

induces a torsion movement of the cilia to one or the other side (Fig. 6.7, insets

C1b-c and C2b-c). The torsion of the cilia for angles of the magnetic �eld between

0° and 180° is always opposite to the torsion for angles between 180° and 360°.

The torsion movement is superimposed on a bending movement. We attribute the

bending movement to the existence of a longitudinal magnetisation component,

generated by the �eld used for actuation. It is to be noted that for a cilium with

limited movement (cilium C1 with de�ection < 90°), the torsion is on one side for

the �rst stroke and on the other side for the second stroke. Since the cilium comes

almost back to its resting position between these two strokes, there is actually

no asymmetry in the movement (cf . Fig. 6.7C1). Only for compliant cilia with

movements up to 140° does the torsion lead to an asymmetric movement (cf . Fig.

6.7C2). In that case, the cilia do not come back to their resting positions between

the strokes, but only at the end of both strokes.

The torsion movement is only possible if part of the remanent magnetisation

stays locked in the transverse direction. However, most of the magnetisation should

be in the longitudinal direction in order to allow for a large bending motion. We

have quanti�ed the amount of transverse magnetisation that is lost to the bene�t of

the longitudinal one, by measuring the maximum de�ection of the same cilium for

the cases it had a transverse initial magnetisation and a longitudinal one. Since the

maximum de�ection is proportional to the remanent magnetisation (cf. Eq. 5.1),

the ratio between the de�ections in both cases is equal to the ratio between the

longitudinal remanent magnetisations in both cases. Results for several cilia and



Ferromagnetic actuators and induced �uid manipulations 131

Fig. 6.7: Top microscope view of the movement of cilium C1 and C2 in a rotating
magnetic �eld with an induction of 50 mT. The angle of the magnetic �eld H is given ac-
cording to Fig. 6.2. The initial remanent magnetisation Mr,0 is longitudinal for situation
(a) as indicated. For situations (b-c) the initial remanent magnetisation is transverse.
With a transverse initial remanent magnetisation, a cilium with a large de�ection (C2)
moves asymmetrically.
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Fig. 6.8: Ratio of the maximum bending de�ection that is recovered for a transverse
initial remanent magnetisation compared to a longitudinal initial remanent magnetisa-
tion, for several cilia and for several magnetic inductions. The spread is attributed to
inhomogeneities in the geometrical dimensions of several cilia that cause variations in the
exact torsion behaviour of individual cilia.

for increasing magnetic �elds are summarised in Fig. 6.8. It can be seen that for

magnetic inductions below 10 mT, the remanent magnetisation is fully locked in

the transverse direction and there is no bending movement at all. For a magnetic

induction of 50 mT, more than 80% of the transverse remanent magnetisation is

lost and hence most of the bending movement is reappearing. Fig. 6.8 suggests

that for higher magnetic inductions the transverse remanent magnetisation would

be lost and the torsion movement would disappear. Consequently, the optimal

functioning of the asymmetric movement is achieved for a magnetic induction of

50 mT, which equals approximately twice the coercive �eld of the Fe-C particles.

For such a magnetic induction, the torsion and bending are both large. Note that a

wider cilium will have lower torsion. A narrower cilium will have more torsion but

may be less e�ective in inducing �uid movement. This implies that an optimum

exists for the width of the arti�cial cilia relative to their length.

Movement of cilia at higher frequencies

In all previous sections, the arti�cial cilia were actuated in a quasi-static way

with a magnetic �eld rotating at a frequency of 0.1 Hz. At higher actuation

frequencies, the amplitude of de�ection decreases as can be seen for cilium C2 in

Fig. 6.9. The cause for the decrease in de�ection can originate from the viscous

drag of the cilia in the �uid or from the viscous behaviour of the polymeric cilia,

as already noted in the previous chapter (Sec. 5.4.3) for the superparamagnetic

micro-actuators. Fig. 6.10 shows the amplitude of movement of the cilium in a
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Fig. 6.9: Top microscope view of the movement of cilium C2 in a rotating magnetic �eld
with a frequency increasing from 0.1 Hz to 50 Hz. The angle of the magnetic �eld H is
given according to Fig. 6.2. The initial remanent magnetisation is transverse as indicated
in Fig. 6.7C2c. With increasing frequencies, the magnetic induction drops from 50 mT
to 35 mT at 50 Hz (according to Fig. 5.4b). The de�ection of the cilium in each inset is
plotted in Fig. 6.10.
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Fig. 6.10: Angular de�ections of cilium C2 depending on the angle of rotation of the
magnetic �eld, measured for increasing frequencies of the rotating magnetic �eld. The
magnetic induction drops with increasing frequencies from 50 mT to ∼25 mT at 100 Hz
(according to Fig. 5.4b).

magnetic induction of 50 mT for increasing �eld frequencies. As stated in Sec.

5.3.1, the quadrupole experiences eddy current losses that decrease the magnetic

induction with increasing frequencies. However the magnetic induction at 100

Hz remains at least 25 mT and this e�ect alone cannot explain the strong drop

in amplitude observed in Fig. 6.10. The cilium stops moving e�ectively above a

couple of tens of hertz and eventually stops moving at 100 Hz. For a signi�cant

movement to be preserved above 50 Hz, the magnetic �eld should be increased in

order to increase the torque on the cilia and hence apply a force that overcomes

the viscous drag in �uid or the viscous behaviour of the polymer. An increase in

magnetic �eld might however come at the expense of the asymmetric movement

(as noted in the previous section) since the magnetic �eld would strongly exceed

the coercive �eld of the Fe-C particles.

The response time of the arti�cial cilia to a static magnetic �eld is faster than

20 ms, while the response time of the superparamagnetic actuators in the pre-

vious chapter (Sec. 5.4.3) was approximately 200 ms. We attribute the di�erent

response times to the di�erent PDMS that were used to produce the structures.

RMS-PDMS was used for the cilia here and Silastic-PDMS was used for the ac-

tuators in the previous chapter. The fact that Silastic-PDMS has a more three

dimensional network structure (cf . Sec. 2.4.1) might explain its higher viscous be-

haviour. Stress-strain measurements on macroscopic samples con�rm qualitatively

that the strain of Silastic-PDMS is experiencing more hysteresis with regards to the
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applied stress than for RMS-PDMS. A more detailed analysis would be required

in order to determine the exact contribution of viscous drag in �uid, viscous be-

haviour of the polymer or losses in the quadrupole to the decrease in de�ection

presented in Fig. 6.9 and 6.10.

The arti�cial cilia are still quite large for integration in micro�uidic devices,

and scaling down is not possible at the moment because of both the limitation

in resolution of the lithographic process for our ferromagnetic PDMS composite,

and the large size of particle clusters. Viscous polymeric behaviours and losses

in the quadrupole are not scale dependent and the scaling down of the system is

possible from the point of view of the viscous drag in �uid. The viscous drag force

in �uid and the force related to the magnetic torque applied on the cilia are both

proportional to the area (cf. Eq. 1.2 and 2.31), and therefore the scaling is neutral.

6.3.3 Fluid manipulations by arti�cial cilia

We have performed particle tracking experiments to investigate the �uid manipu-

lations induced by our arti�cial cilia. The experiments were carried out in a closed

micro�uidic channel with polystyrene tracking particles in an aqueous solution

(cf . Sec. 6.2.3). We performed experiments for cilia with symmetric and asym-

metric movements. In both cases we observed an oscillatory �uid movement and

a net �uid �ow. A visualisation of the net �uid �ow is provided in Fig. 6.11. By

changing the focus plane, the movement of particles at several depth in the shal-

low microchannel could be observed and no large di�erences in particle movement

were found.

For a cilium moving with torsional asymmetry, a net induced vortex is clearly

visible at its location (cf . Fig. 6.11a). The rotation direction of the vortex depends

on the direction of the initial transverse remanent magnetisation, which is expected

because the magnetisation determines the direction of the torsion. Note that

the actuation of the cilia was shown to be sensitive to the rotation direction of

the magnetic �eld. Therefore two cilia being in the same plane but pointing

into opposite directions can be actuated fully independently in the same external

stimulus, depending on the direction of rotation of the magnetic �eld. This means

that two di�erent sets of vortices can be started and stopped individually in a

micro�uidic device, providing for example the opportunity to mix �uids with a

blinking vortex protocol [26, 29]3. The mixing could be done in a micro�uidic

chamber and would not need any applied �uid �ow like all passive mixers require.

It is important to note that the use of a mixing protocol (such as e.g . a blinking

3The blinking vortex mixing protocol consists of a chamber with two inter-spaced vortices
that can be switched on and o�. By sequentially activating both vortices, an optimal mixing
regime can be created, i.e. maximum material exchange between both vortices.
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Fig. 6.11: Top view visualisation of the net �uid �ow induced in a micro�uidic chamber
for cilia with (a) and without (b) a torsional asymmetry. The positions of the cilia are
indicated with the white lines. The cilium in inset (a) is the same as the upper cilium
in inset (b), only with or without torsional asymmetry. The actuation frequency was 5
Hz and the magnetic induction of the rotating �eld was 30 mT. The visualisation images
were obtained by subtracting consecutive frames, for the 20 �rst frames of the movies,
and plotting for each pixel the maximum absolute value obtained from these subtractions.
The arrows indicate the direction of the �uid �ow that is observed in the movies.

vortex protocol) is crucial in order to obtain e�cient mixing. A single vortex

created by one cilium is not likely to produce e�cient mixing in itself.

For a cilium moving symmetrically, the induced net �uid movement is locally

translational instead of rotational (cf . Fig. 6.11b). Note that the global �ow is only

rotational because of recirculation in the closed cavity and that pumping of �uids

through a micro�uidic channel would be possible with numerous cilia oriented in

the same direction. If the bending movement of the cilium was fully symmetric,

there should be no net �uid �ow due to the low Reynolds number prevailing in the

micro-channel4. We conclude that the movement must be asymmetric, probably

because the shape of the cilium is slightly di�erent during the movement leaving

the rest position than during the movement coming back to it. This explanation

may be supported by the simulations of an arti�cial cilium by Khaderi et al .

[23] in which buckling of a ferromagnetic cilium leads to asymmetry. A buckling

asymmetry would indeed induce a translational �uid displacement as we observed,

and would be analogous to the �uid manipulation of a natural cilium (cf . Fig. 1.3).

4At the fastest point in an actuation cycle at 5 Hz, a cilia with a width of 100 µm e�ectuates a
stroke over a distance of ∼200 µm in 20 ms. Therefore we can estimate the Reynolds number to
be at maximum 1 in our experiment. At such low Reynolds number viscous e�ects are expected
to dominate over inertial e�ects and temporal asymmetry in the movement will play a minor role
in net �ow movement.
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Manual particle tracking indicates that the maximum �uid velocity observed

in the vicinity of a cilium with a torsional asymmetric movement at a frequency

of 5 Hz was ∼200 µm/s, whereas it was ∼70 µm/s in the case of a cilium moving

(a-priori) symmetrically. Induced �uid velocities could be reached up to ∼500
µm/s, for actuation frequencies of 50 Hz. At higher frequencies a loss in move-

ment amplitude of cilia appears (cf . Fig. 6.10) which diminishes the e�ective �uid

transport per actuation cycle. A more detailed set of experiments is required to

understand the �uid actuation in detail (e.g . by particle tracking analysis). The

visualisations of the �ow in the experiments presented here clearly show the pos-

sibility to induce vortices and translational �ows with our arti�cial cilia.

6.4 Conclusions

With a fabrication process based on lithographic techniques, we created high as-

pect ratio lying arti�cial cilia with a length of 300 µm. We showed that they can

be actuated in �uid with rotating magnetic �elds generated with the quadrupole

electromagnet developed in the previous chapter. The arti�cial cilia are ferromag-

netic, as opposed to the superparamagnetic structures in the previous chapter,

and consequently experience larger de�ections. Amplitudes of movement up to

140° were observed. The use of a transverse initial remanent magnetisation, and

actuation amplitudes approximately two times higher than the coercive �eld of the

arti�cial cilia, resulted in asymmetric movements that are crucial for �uid manip-

ulations on small scales. The low coercive �eld of the arti�cial cilia also allows two

adjacent cilia pointing in opposite directions to be actuated independently with

the same external magnetic stimulus, depending on the rotation direction of the

magnetic �eld.

Actuation frequencies of cilia up to 50 Hz were demonstrated in �uid. The

RMS-PDMS used to create the arti�cial cilia shows less viscous behaviour than

the Silastic-PDMS used to create the actuators in the two previous chapters. For

higher frequencies, it was discussed that limitations originate from the viscous drag

of the cilia in �uid and from the viscous behaviour of the polymeric cilia. Both

limitations scale neutrally and do not prohibit the further miniaturisation of the

arti�cial cilia.

Flow visualisation experiments in a micro-channel indicated locally induced

�uid velocities up to 0.5 mm/s. With a transverse initial remanent magnetisation,

local vortices could be generated that are promising for mixing applications. With

a longitudinal initial remanent magnetisation, the cilia created locally a trans-
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lational net �uid �ow that can potentially be used for pumping �uids through

micro-channels.

The scaling behaviour of the device concept is neutral and is only limited by the

fabrication process. Since all materials are polymeric, fabrication methods could

be used such as e.g . micro-imprinting and ink-jet printing that will enable low

cost arti�cial cilia. The magnetic arti�cial cilia present an exciting opportunity

for integration in lab-on-a-chip devices that need active �uid manipulations, par-

ticularly for bio-chemical analysis devices that need to mix quickly and e�ciently

numerous reagents.
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