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Societal summary

Societal Summary
“Get smaller” is a perpetual theme for science and technology. A typical need nowadays
is to be able to manipulate fluids and particles at increasingly small scales, in order to (1)
pump and mix fluids in small quantities for the so called lab-on-a-chip applications,
which can be used for daily health monitoring and quick disease diagnosis, and (2)
avoid contamination of surfaces, or “antifouling”, e.g. for submerged sensors, ship
hulls, or solar cells.
Nature has found a universal and ubiquitous solution to these needs in the form of cilia,
which are microhairs resembling the shape human hairs, but being over a hundred
times smaller. The outer surface of many waterborne single cell organisms are covered
with thousands of cilia, and the oscillation of the cilia makes the organisms swim. Cilia
are also present in our own bodies, such as inside our airways where they help to clean
up mucus and dust from our lungs. Some maritime shell animals also use them to shield
away sand and algae, to avoid being buried alive.
Inspired by these natural cilia, a type of man-made micro structures called artificial cilia
have emerged in recent years, and have shown great potential in diverse fields of
technologies, including the lab-on-a-chip technology, antifouling and sensing. However,
previous investigations focused on fabricating working proof-of-concepts in labs, and
have largely overlooked some important issues for real-life applications of artificial cilia,
namely the fabrication cost and the feasibility of scaling up the production. As a result,
effective but expensive prototypes were made, which often required tedious and
expensive processes in a cleanroom environment, and therefore these approaches have
little prospect to be commercially used in the aforementioned fields of applications.
In order tackle this problem, we have developed three different cost effective,
cleanroom-free artificial cilia fabrication methods. Various physical phenomena were
utilized to facilitate controllable production, for example using a magnetic field to make
tiny chains of magnetic beads that form the backbone of artificial cilia, or creating
stable artificial cilia by straighforward magnetic or mechanical pulling principles. We
showed that our artificial cilia could generate substantial fluid flows in micochannels.
Using these new approaches instead of relying on typical microfabrication techniques,
such as photolithography or sacrificial micro-molding, the cost of producing artificial
x
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cilia can be significantly reduced. Moreover, one technique has the potential to be
integrated into continuous roll-to-roll production, towards industrial scale fabrication
and application of artificial cilia.
The ongoing research of the artificial cilia technology in general is potentially beneficial
to a wide range of application areas important to everyday life, such as healthcare,
energy and consumer products, and the development in this work has helped to bring
the technology one step closer to reality.

xi

501032-L-bw-Wang

501032-L-bw-Wang

Chapter 1
1 Introduction
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Chapter 1

Introduction

1.1 Cilia in nature
Being the oldest known cellular organelle, cilia were first described by Anton van
Leeuwenhoek in 1675 as “incredibly thin little feet, or little legs, which were moved very
nimbly”1. Since then, cilia and flagella (organelles with essentially the same

structure but flagella are generally longer and fewer) have been observed ubiquitously
in eukaryotic cells, and have intrigued researchers ever since 2-4.

Fig 1.1 (a) a microscopic picture of the cilia covered body of paramecium, from Valentine et al.,
20125, scale bar is 10 μm; (b) cross section of a Teirahymena cilium, adapted from R. D. Allen,
19686; the 9 + 2 axoneme structure is clear, and the dynein arms between adjacent doublets can
also be seen;(c) schematic of the planner motion of cilia; red arrows indicate the effective stroke
and green arrows indicate the recovery stroke; (d) traces of the tips of mouse nodal cilia and

the schematic representation of their 3-D conical movements with different amount of tilt,
adapted from Nonaka et al., 20057.
2
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A cilium has an inner structure of nine hollow, doublet fibrils surrounding a pair of single
fibrils in the center, or the “9 + 2 axoneme” structure (Fig 1.1b). Each outer doublet can
reach the adjacent doublet by equal-distantly spaced dynein arms which can induce a sliding
motion between the doublets in the presence of adenosine triphosphate (ATP). The
coordinated sliding motions of the doublets then turn into the overall bending of the cilia,
which in turn actuate the fluid surrounding them.

One of the major functions of cilia is fluid manipulation. They can either
generate cell locomotion, for example micro-organisms like paramecium propel
themselves through water by moving the thousands of cilia with which their
surface is covered. Cilia can also transport fluid across the cell surface, such as
epithelial cilia on the inner linings of the airway that move mucus out of the
trachea duct. Because of their small size, typically around 200 nm wide and
between 2 and 15 μm long, natural cilia operate in the low Reynolds number
regime, where viscous forces are dominant and the effect of inertia can be
neglected8. An asymmetric, so called non-reciprocal motion is thus needed for
the cilia to generate a net flow, which can be a planar (2-D) beating (Fig 1.1c) or
a tilted conical (3-D) motion (Fig 1.1d). For example, epithelial cilia move in a
plane perpendicular to the cell surface, and each cycle of the movement consists
of (1) an effective stroke, during which the cilia sweep in one direction in a
more or less straight shape, and (2) a recovery stroke, during which they move in
the opposite direction but are more curled. Each stroke generates a flow
which is different in amount because of the shape change, so a full cycle results
in a net flow in the direction of the effective stroke. The asymmetry in the tilted
conical motion lies in the path of the cilia movement. For example, the path of
embryonic nodal cilia movement resembles the shape of a cone, with its central
axis titled with respect to the normal of the cell surface. The effective stroke is
regarded as the part of the cone where the cilia are more upright, and the
recovery stroke is the part where they are closer to the cell surface, which
effectively reduces the amount of fluid being dragged by the cilia. Thus a net
flow is produced in the direction of cilia motion in the most upright position.
3
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The typical frequency of motion for planar beating cilia and flagella is 20 to 50
Hz, while for conically beating cilia the frequency can reduce to a few Hz.2
Motile cilia exist in large numbers and they often move in a concerted manner9.
Each epithelial cell in the human trachea has 200 to 300 cilia, and paramecium has
its surface almost entirely covered with some 4000 cilia. Neighboring cilia often
move with a certain phase difference, which exhibits a long range ordering so
that a so-called metachronal wave emerges when multiple cilia are observed
collectively. The travelling direction of the waves can be the same (called the
symplectic metachronism), opposite (antiplectic metachronism) or normal
(dexioplectic and laeoplectic metachronism) to the direction of the effective
stroke of the cilia. The physiological origin and function of such wavelike
pattern is still ongoing research, but evidence strongly suggests that the
hydrodynamic interactions between cilia could be the originating forces10.

1.2 Microfluidics and nature inspired artificial cilia
Microfluidics is the science and technology of manipulating and analyzing fluid
in structures of sub-millimeter dimensions.11-14 In a typical microfluidic device,
small amounts (from microliters down to picoliters) of reagents and analytes are
infused, transported, mixed and processed in channels that have a
cross-sectional dimension of tens of microns, and the results are read out
optically or by electronic sensors. Such a complete system is called a
‘lab-on-a-chip’ device. It uses small quantities of materials, which can be quickly
processed and analyzed with high sensitivity; the devices are small in size thus
are more deployable; and the use of less analytical reagents means they can
potentially be operated at low cost. Because of its merits, microfluidic
technology offers a great opportunity to fundamentally change fields such as
chemical synthesis and biochemical analysis and has drawn a great amount of
interest11.
4
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Fluid transportation, separation and mixing in small dimensions are crucial to
microfluidics applications. Many physical phenomena can be utilized to
manipulate fluids. Passively, they can be driven by evaporation15, 16 or by gravity17,
18
. At small scales, fluids can also be actively manipulated by electrokinetic forces,
surface tension changes and magnetic forces. For example, electro-osmosis and
electrophoresis use naturally occurring surface charged layers and their response
to an electrical field to drive fluids and dispersants19. Applying an electric
potential to a hydrophobic surface causes the surface to be more hydrophilic
and therefore droplets can be moved over surfaces, a phenomenon called
electro-wetting; this can be utilized for active pumping and mixing20. Magnetic
particles can be actuated by external magnetic fields to generate motion for fluid
pumping or mixing21, 22. Other physical phenomena such as sound waves23,
light24 and heat25 can also offer active manipulation in microfluidics. A myriad of
miniaturized mechanical micropumps, microvalves and micromixers have been
developed over the years on the basis of these principles, and more detailed
information about them can be found in the reviews by Nguyen & Wu26, Oh &
Ahn27 and Laser & Santiago28.
Inspired by nature, artificial cilia and flagella have been developed to generate
pumping and mixing in microfluidics. They are fabricated with materials
responsive to external stimuli such as magnetic field, electrostatic force, pH
gradient or light. Several techniques have been developed, such as
lithography-based Micro Electro-Mechanical Systems (MEMS) methods, using
sacrificial templates, soft-lithography and magnetic self-assembly, to construct
the desired microstructures, see Fig 1.2 for some examples. Several major types
of artificial cilia that have successfully demonstrated to generate microfluidic
pumping and/or mixing are briefly reviewed below, categorized by fabrication
method.

5
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Fig 1.2 Artificial cilia made with different methods and materials. (a) Electrostatic cilia made
with MEMS method29; (b) magnetic cilia made with MEMS method, flattened in an external

magnetic field30; (c) magnetic cilia made by soft-lithography31; (d) magnetic cilia made with a
track-etched membrane as sacrificial template32; (e) self-assembled magnetic artificial cilia33;
(f) photo responsive artificial cilia made with liquid crystal polymer networks34.

1.2.1 MEMS manufacturing based methods
One of the first examples of artificial cilia which has shown substantial mixing
and fluid transportation was fabricated using MEMS technology29 (Fig 1.2a).
Each of those cilia was a microbeam with one end connected to the substrate,
and consisted a 1 μm thick polyimide (PI) layer on top of a 20 nm thick
chromium (Cr) layer. The (PI + Cr) double layer was deposited on a sacrificial
layer during fabrication, and because of the stress in the PI layer, the
microbeams formed a curled shape after the sacrificial layer was removed. The
resulting artificial cilia were 100 μm long and 20 μm wide, much larger than
natural cilia. These electrostatic cilia were actuated by applying a voltage
between the Cr layer and an indium tin oxide (ITO) layer underneath the
microbeams, which were separated by a dielectric layer. When the voltage was
switched on, the charged Cr layer exerted an electrostatic force which caused the
6
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microbeams to be attracted to the ITO layer and flatten out. When the voltage
was switched off, the microbeams returned to their original curled shape
because of the elastic recovery of the PI layer. When integrated on the bottom
of a microfluidic channel, the cilia array was shown to generate a local mean
fluid velocity of over 500 μm/s and exhibit an excellent microfluidic mixing
capability. Flow visualization and simulation 35 revealed that the cilia move in a
reciprocal manner but fast, and the flow was induced largely due to inertia
effects rather than asymmetric motion.
Also using MEMS technology, magnetic artificial cilia were made by Belardi et al.
30
(Fig 1.2b) and their flow generation in a microfluidic environment was
characterized by Hussong et al.36. These artificial cilia had a similar size and shape
to the electrostatic cilia mentioned above and were made of a Fe3O4
nanoparticle embedded soft polymer poly n-butylacrylate. Using a rotating
magnet placed closely underneath the substrate, these magnetic artificial cilia
could be actuated into a similar movement as the electrostatic artificial cilia
above, and were able to generate an average flow velocity of hundreds of μm/s.
1.2.2 Soft-lithography methods
Soft-lithography refers to a class of replica molding techniques in which
elastomeric materials are used 37 (Fig 1.2c). It is widely used in making
microfluidic chips, and is capable of making high aspect ratio micro-structures,
such as artificial cilia. Several groups have developed cilia-like structures in this
way with different base materials, such as polymers31, 38-42 and hydrogels43. The
structures can be functionalized with magnetic, fluorescent or conductive
particles, which can be embedded in the matrix material by forming a
suspension 41or by filling in the mold as dry particles before casting31, 42. By using
magnetically functionalized micro-pillars to apply forces on living cells, while
using non-magnetic ones as force sensors, stress propagation and distribution in
living cells was studied40. Artificial cilia made of hydrogels responsive to pH,
electric and magnetic stimuli were made, capable of providing both sensing and
motility functions43.
7

501032-L-bw-Wang

Chapter 1
1.2.3 Sacrificial template method

Introduction

Track-etched membranes were used as templates to make PDMS based
magnetic artificial cilia32, 44 (Fig 1.2d). The polycarbonate based membranes used
are 20 μm thick and have randomly distributed pores of about 200 nm in
diameter, which were filled with a curable PDMS with dispersed
superparamagnetic particles. After curing the PDMS, the membrane was
removed by an organic solvent, releasing magnetic artificial cilia, which are of
the same height and thickness as the pores. The thickness of those cilia can be
adjusted by enlarging the pores using a NaOH solution. The artificial cilia were
actuated by a rotating magnet into a tilting conical motion, mimicking natural
cilia, and generate a flow speed of a few μm/s above the cilia tips.
1.2.4 Self-assembly methods
Colloidal magnetic beads can form self-assembled chains in a magnetic field,
which can function as magnetic artificial cilia after being fixated onto a
substrate33, 45, 46. Vilfan et al. 33 fabricated magnetic artificial cilia using a
combined process of photo-lithography and magnetic self-assembly (Fig 1.2e).
In their experiment, 45 μm long, 5 μm wide and deep trenches were made in a
SU-8 layer on top of a glass slide to guide the pre-deposition of 4.4 μm
magnetic beads, with nickel dots 5 μm in diameter at the end of each trench to
serve as magnetic anchoring points for the magnetic cilia assembled by those
beads in an external magnetic field. Actuating these artificial cilia into a tilted
conical motion could generate a flow velocity of a few μm/s above the cilia
surface.
Babataheri et al. 45 reported the fabrication of artificial magnetic cilia based on
the self-assembly of superparamagnetic colloids in a fluid chamber. The cilia
were made permanent and anchored to the bottom of the chamber by a layer of
polymer (polyacrylic acid). These cilia were actuated with three sets of coils to
perform planar and conical motion. To realize higher densities of cilia (limited
to a few per mm2 in the initial paper) and extended cilia carpet geometries, an
8
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additional fabrication step based on soft lithography was introduced in Coq et al.
47
to create arrays of magnetic anchoring points for the cilia formation. The
time-dependent shape and dynamic response of the cilia was studied,45, 48 as was
the influence of the presence of neighboring cilia on the cilia motion 47. On the
basis of the measured motion of individual cilia, an estimate was obtained of
the generated fluid flux for the planar actuation of the cilia; due to intrinsic
limitations in the filament dynamics, the calculated flux was very low (no exact
value was reported).
1.2.5 Printing methods
Van Oosten et al. used ink-jet printing to make artificial cilia using light
responsive liquid crystal materials34 (Fig 1.2f). These cilia were made by printing
premixed monomers on a substrate partially covered with a sacrificial layer, and
had a dimension of millimeters. Upon curing and releasing, these cilia could
produce a significant deformation when actuated with light of certain
wavelengths, thanks to the tailored molecular direction in the cured structure.
Different monomers were used to construct different parts of the artificial cilia
so that each of these parts was able to respond to light of different wavelengths.
As a result, these liquid crystal artificial cilia could mimic the planar beating of
natural cilia, albeit with a slower motion (i.e. each cycle took a few seconds
rather than tenths of seconds)).

1.3 Design considerations of magnetic artificial cilia in this
study
It can be seen from the short review above, that the fabrication of many of the
developed artificial cilia requires photolithography processes, cleanroom
facilities and/or expensive sacrificial materials. The fabrication processes are
often tedious and most likely too expensive for large scale applications. In fact
most of the earlier studies were efforts towards the realization of functional
nature mimicking artificial cilia, and towards the understanding of the dynamics
9
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and effectiveness of these systems. So understandably, the cost effectiveness and
the possibility for larger scale applications did not play a big role in the design
considerations of those studies. However, as for any technology, to find real life
applications, such requirements have to be considered. Hence, one of the
objectives of this study was to develop new fabrication processes to make
functional artificial cilia that are out of the cleanroom, cost-effective and
potentially suitable for industrial scale manufacturing.
Magnetic artificial cilia can be actuated without electric contact and offer fast
response, making them suitable for microfluidics applications. Thus in this study,
magnetic artificial cilia were constructed. An artificial cilium can be considered
as a slender cylindrical magnetic rod, and if the magnetic force acting on the
cilium is evenly distributed along the length of the rod, the maximum deflection
can be described by (in the limit of small deformation):
ߜൌ

ܮܨଷ
ʹ ݎߨܧସ

Eq 1.1

where F is the total applied force, L is the cilia length, E is the Young’s modulus
and r is the cilia radius. It can be seen from Eq 1.1 that an increasing aspect ratio
of cilia L/r can greatly increase their mobility. Also the Young’s modulus 
should be small, which means rubbery materials are preferred for forming the
basis of the artificial cilia.
The total energy of the system can be calculated to derive the bending force.
The deflection of magnetic artificial cilia is affected by the direction, the
strength and the gradient of the applied magnetic field, together with the
geometry and elastic modulus. Evans et al. 32 gave an approximation of the
total energy of a deflected magnetic artificial cilium as:

10
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ߨ  ݎܧସ ଶ ͳ ݉ଶ
்ܷ ൌ
ߙ െ ߤ
ܿ ݏଶ ሺߚ െ ߙሻ
ܸ
ʹ ܮ
Ͷ
ͳ
െ ݉ߘݏܿܮܤሺߛ െ ߙሻ
ʹ

Eq 1.2

where α is the angle between the cilium and the vertical, ߤ is the vacuum
permeability, m is the magnetic moment of the cilium, V is the total cilium
volume, ߚ is the angle between the direction of the magnetic field and the
vertical, ߘ ܤis the field gradient and ߛ is the angle between the direction of
the field gradient and the vertical. The first term is the elastic energy, the second
term is the magnetic energy from alignment to the external field, and the third
term is the magnetic energy from the alignment with the field gradient. The
force in Eq 1.1 can be derived from ்ܷ by taking the derivative over the
amount of bending, hence the relative weight of the second and third terms in
Eq 1.2 determine the importance of the two magnetic forces. Evans et al. found
through experiments and simulations that the magnetic field energy, the second
term in Eq 1.2, dominates the bending of the cilium and causes it to align with
the direction of the field, unless there is a very large field gradient when the
cilium comes close to the magnet (less than 500 μm in their experiment). Then
the third term in Eq 1.2 of the energy induced by the magnetic field gradient
becomes dominant and causes deviation from the said alignment. Hence, for
simplicity and robustness, the magnetic cilia in this study will be actuated by
changing the magnitude and direction of the magnetic field rather than using
the field gradient.
1.4 Objective, main results and content of the thesis
1.4.1 Objective of this research
The most important objective of the thesis is to develop an out-of-cleanroom
fabrication technique for magnetic artificial cilia, which can be actuated with
external magnetic fields, and hence create a net flow in a microfluidic
environment. Additionally, the new technique will be more cost effective than
11
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the previous examples of artificial cilia, and the fabrication technique will have
the potential to be extended to other fields of applications.
1.4.2 Main results and content of the thesis
As a result, three fabrication techniques for making magnetic artificial cilia were
developed, and the fluid pumping abilities of the generated cilia were analyzed
in microfluidic environments. Each of these techniques is progressively more
cost-efficient and makes a step closer to the real application of artificial cilia.
In chapter 2, an out of the cleanroom, self-assembly technique to make
magnetic artificial cilia without the use of any template or photolithography
process is described. Polystyrene superparamagnetic beads were self-assembled
in an external magnetic field and coated with a soft polymer in a fluid chamber,
which stabilized the chains and anchored them to the substrate by the same
latex link. The soft polymer link provides flexibility to the entire chain and the
resulting artificial cilia can be actuated and generate a maximum flow speed of a
few μm/s.
In chapter 3, a more cost effective facile magnetic drawing technique for
artificial cilia fabrication is described. Artificial cilia were made from magnetic
filaments which were self-assembled and drawn out from a liquid precursor
under the influence of a strong magnetic field close to a permanent magnet.
Subsequent actuation tests in a closed loop microfluidic chip showed the cilia to
be capable of generating a flow rate of 0.6 μL/min in a microfluidic channel,
which fits nicely with theoretical predictions based on cilia dynamics.
In chapter 4, a large scale roll pulling technique for fabricating artificial cilia is
introduced. It uses a roll with a surface topography modification to pull out
liquid filaments from a precursor layer with specially designed rheological
properties, because of which the liquid filaments retain their cilia-like shapes,
and could be successfully actuated using a rotating magnet after curing. They
can produce a similar flow rate in a microfluidic device as the magnetically
drawn cilia of chapter 3.
12
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In chapter 5, a detailed shear rheology study of the material used in chapter 4 is
reported, in order to understand the flow of the precursor mixture during the
roll drawing fabrication process and to improve the geometry of the resulting
artificial cilia. Key rheological parameters such as viscosity, storage modulus and
yield stress were investigated using different material compositions, and their
role in the fabrication process and the final cilia geometry are discussed. In situ
fabrication tests using different processing speeds were carried out and were
recorded with a high speed camera to verify these relationships.
In conclusion, three out of the cleanroom fabrication techniques for making
magnetic artificial cilia were developed. All three have successfully demonstrated
microfluidic pumping capability. In the final conclusion chapter, a technology
assessment on the fabrication techniques and potential applications is made.
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2 Out of the cleanroom,
self-assembled magnetic
artificial cilia
_____________________________
Micro-sized hair-like structures, such as cilia, are abundant in nature and
have various functions, in particular fluid actuation. A number of efforts
have been made to mimic the fluid pumping function of cilia, but most of
the fabrication processes used for these artificial cilia are tedious and
expensive, hindering their practical application. In this chapter a
cost-effective in situ fabrication technique for artificial cilia is
demonstrated. The cilia are constructed by self-assembly of micron sized
magnetic beads and encapsulated within soft polymer coatings. Actuation
of the cilia induces an effective fluid flow, and the cilia lengths and
distribution can be adjusted by varying the magnetic bead concentration
and fabrication parameters.

This chapter is based on Wang Y., Gao Y., Wyss H., Anderson P. D. and den Toonder J.
M. J. Out of the cleanroom, self-assembled magnetic artificial cilia. Lab on a Chip 2013,
13, 3360-3366
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2.1 Introduction
In nature, microscopic hair-like structures are present in abundance. Their
function may be in actuation, sensing, thermal regulation, or surface energy
modification. A prominent example of these is cilia. Many water-borne
micro-organisms, for example paramecium, use actuated cilia to propel
themselves through water. The typical size of their cilia is 10-20 μm in length
and hundreds of nanometers in width. The collective movement of the cilia
results in the very efficient swimming of the micro-organism. Also, the
Fallopian tube of a human female is covered with cilia that move the ovum.
Cilia are also present in the lining of human lungs and the windpipe (trachea), to
sweep mucus and dirt out of the airways in order to avoid infections. Next to
these active micro-hairs, that are used to induce movement, they are also used
for sensing and detecting other physical and chemical signals. For example
immotile cilia in the cochlear, the inner ear, contribute in the detection of
vibrations caused by sound. Both motile and non-motile micro-hairs are present
in the human body, at various locations and with various functions.49 Apart from
cilia, other types of micro-hairs are also found to be useful in nature. For
example flies have hairy pads that allow them to cling on the walls and ceilings50,
while water striders have micro-hair covered legs that allow them to travel on
water.51
The functionalities possessed by the biological micro-hairs are required also in
many man-made technological applications. One example is the manipulation of
tiny amounts of liquids in micro-fluidic lab-on-a-chip devices for chemical or
biomedical analysis or synthesis.14 Another application is sensing: acoustic
detection,52 the detection of chemicals in the environment, or the detection of
bio-molecules in a miniaturized biosensor system. The active or passive surface
energy modification of surfaces is also an interesting application, enabling for
example self-cleaning surfaces or self-assembly based on surface tension
patterning.53, 54
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Various efforts have been made to develop micro actuators that mimic natural
cilia and flagella movements.14 Toonder et al.29 fabricated micro beams with
feature size of 100 μm × 20 μm × 1 μm (length × width × thickness) from
bilayer films of Polyimide and Chromium on top of ITO glass using
micro-systems technologies, and the beam arrays showed substantial mixing and
pumping abilities when actuated electrostatically, generating a translational fluid
flow rate over 500 μm/s. Vilfan et al. 33 reported forming magnetic
microspheres into chains by assembling them on top of pre-patterned nickel
dots with optical tweezers or shape matching trenches, and they actuated them
using an external magnetic field to perform a tilted conical motion resembling
the movement of embryonic nodal cilia55, which resulted in a net fluid flow of a
few micrometers per second. The chains were 4.5 μm wide and had an aspect
ratio of about 7. Evans et al.32 reported the use of track-etched polycarbonate
membranes as templates to make polydimethylsiloxane (PDMS) micro- and
nanorods with embedded superparamagnetic nanoparticles, which were 20 μm
long and from 200 nm to 3 μm wide, depending on the hole size in the
membrane. Later on these cilia were integrated into microfluidic channels by
Shields et al.44 and they actuated them with a similar motion as Vilfan et al.33
using a rotating magnet. They observed two different flow regimes, namely a
translational flow above the cilia tips and a so called enhanced mixing regime
below the tips. Fahrni et al.56 made ferromagnetic PDMS flaps with a size of
300 μm × 100 μm × 15 μm (length × width × thickness) using
photolithography techniques and actuated them externally using an
electromagnetic setup, with a frequency up to 50 Hz. Rotational as well as
translational flow was created with instantaneous fluid velocities up to 500 μm/s.
Other flap-like cilia with smaller dimensions (50 to 100 μm long and 10 to 20
μm wide) were made by Belardi et al.30 using Poly (n-Butyl Acrylate) rubber
doped with superparamagnetic nanosized Fe3O4 particles. These cilia were
integrated into a microchannel57 and could generate a net flow of up to
hundreds of μm/s when actuated using a rotating permanent magnet36.
Artificial flagella in the form of connected magnetic beads using DNA strands
17
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as linkers were created and attached to a red blood cell by Dreyfus et al. 58 . In an
oscillating magnetic field the flagella performed a wave-like motion and could
propel the red blood cell through liquid at 1 to 5 μm/s. The direction and speed
of the propulsion could be adjusted by changing the field direction and
oscillation frequency. Besides being magnetically actuatable, other types of
artificial cilia were made to show response to light34, pH59 and mechanical
resonance60.
These previous reports of artificial cilia/flagella used various ways of actuation
and many of them have demonstrated the ability of generating pumping and/or
mixing in a fluidic environment. However, a big disadvantage of all approaches
taken up to now is that the fabrication techniques are tedious and costly for
making real-life products. They either require micro-system techniques like
photolithography29, 30, 33, 56, 57, or have low reproducibility due to lack of control in
fabrication58, or the fabrication processes are labor-intensive and time
consuming 32, 33, 44.
The objective of this work is to develop a cost and time efficient, out of
cleanroom method of making magnetically actuated artificial cilia which are able
to generate net flow. Superparamagnetic beads are self-assembled in an aqueous
environment by an external magnetic field to form the backbone of the artificial
cilia. Soft polymer latex nanoparticles are adsorbed onto the surface of the
beads through electrostatic attraction and form a soft coating which provides
elastic links between the beads as well as anchors to the substrate. Artificial cilia
made in this way can be introduced into microfluidic devices in a
straightforward manner, and not only show prospect for effective fluid
manipulation, but also open up other applications that can benefit from the
versatile functions of natural cilia.
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2.2 Construction of artificial cilia
2.2.1 Magnetic chains and soft polymer coating
The fabrication process is shown in Figure 2.1. Artificial cilia were constructed
by connecting self-assembling Magnetic Beads (MBs) (Dynabeads® M-270
Carboxylic Acid, diameter 2.7 μm, 2×109 beads/mL, Invitrogen) into chains in
an external magnetic field perpendicular to the substrate. Then a layer of soft
polymer was coated on the surface of the MBs and the substrate, stabilizing the
shape while providing flexibility required for effective actuation. The precursor
for creating those coatings used in this study was a poly (butyl acrylate) (PBA)
nanoparticle latex. The low elastic modulus and low glass transition temperature
(Tg = -49 °C) of PBA provided the flexibility of the resulting cilia as well as the
processability in aqueous environment as a moderate heating temperature can be
applied in order to accelerate the coating process.
Electrostatic attraction was used to promote adhesion between magnetic beads
and PBA nanoparticles. This was achieved by using negatively charged MBs
which were coated with an anionic polyelectrolyte poly (acrylic acid), and
positively coated PBA latex nanoparticles which were synthesized with emulsion
polymerization using a cationic surfactant Cetyl Trimetylammonium Bromide
(CTAB) as emulsifier, shown in Figure 2.1(e). The synthesis of the nanoparticles
is described in section 2.1.3.
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Fig 2.1 Fabrication of artificial cilia. (a-d) The process of making artificial cilia in our study. First
(a) a mixture of 2.7 μm spherical magnetic beads (MBs) and PBA latex is placed in a fluid cell.
Black circles are MBs and red dots are Poly(Butyl Acrylate) (PBA) latex nanoparticles. Then (b)
MBs are linked into chains and pinned down to the bottom surface in the presence of an
external magnetic field Bex. Meanwhile (b) and (c), latex particles attach to the beads by
electrostatic attraction and form a continuous layer around the chains after heating. Finally (d),
the enclosing PBA layer is formed and the artificial cilia can be actuated by an external field. (e)
Illustration of the electrostatic adsorption of latex on MBs. Cetyl Trimetylammonium Bromide
(CTAB) was used as the emulsifier in the emulsion polymerization of PBA latex, which resulted
in positively charged PBA nanoparticles. Poly(Acrylic Acid) coated MBs were chosen because
they provided negatively charged surfaces for electrostatic adsorption of the PBA latex.
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2.1.2 Magnetic setup for fabrication and actuation
A current driven, eight-pole electromagnetic setup was previously developed in
our group61, as schematically shown in Fig 2.2. With the advantage of
individual control over each pole using a Labview® based computer program, it
offers great flexibility in generating arbitrarily orientated and periodically
changing magnetic fields. Fluid cells made of two 10mm round glass coverslips
separated by a double-side adhesive spacer (Grace™ Bio-Labs SecureSeal™
imaging spacer, Sigma-Aldrich®) were used as chambers for fabrication of
artificial cilia. The spacing between two coverslips was determined by the height
of the spacer to be 120 ± 5 μm. After introducing the prepared mixture (see
below), the cell was closed and sealed around the edge by silicone grease to
prevent leakage. A temperature control element made of non-magnetic
materials is implemented in the center of the setup as sample holder which can
heat/cool the fluid cell.
In a typical fabrication process, we activate the bottom two poles (2 and 4 in Fig
2.2) to apply a vertical field of 4~8 mT with downward gradient of ~0.2
mT/mm61, 62. The beads self-assemble into vertically oriented chains and ‘stand’
on the bottom surface. After the MBs are assembled, the fluid cell is heated to
40 °C in order to accelerate the coating process of the PBA latex nanoparticles
on the MBs, as well as sinter the coated latex nanoparticles into a continuous
layer which attaches to the surface of the MBs. The fluid cell was then cooled
down to 20 °C after 20min. For better ‘capturing’ of the latex nanoparticles, a
high frequency (>10Hz) conical movement of the chains with a small rotation
angle (<10°) is also applied during the fabrication process, in order to induce
some mixing and increase the contact probability between latex and MBs. The
movement was achieved by periodically actuating the four horizontal side poles
(5,6,7,8 in Fig 2.2) with a sinusoidal waveform input with 90° phase lag between
adjacent poles while maintaining a static vertical field.
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Fig 2.2 Left: Schematics of the eight-pole electromagnetic setup. Right: heating/cooling sample
holder. It is heated by a 20 W incandescent light bulb inside (not visible; only the connecting
pins can be seen), and cooled by circulating coolant pumped through the winded tube. The
temperature is detected by a Pt100 thermosensor attached 3 mm below the top plane and
regulated by an external temperature control unit.

2.1.3 Materials and methods
The PBA nanoparticle latex was prepared by emulsion polymerization in the
following steps: (1) 12.5g Butyl Acrylate (Sigma-Aldrich) and 0.25g CTAB were
dissolved in 140mL of deionized water in a double jacket glass reactor; (2) after
nitrogen degassing during 30 min, 10mL 0.2%wt potassium persulfate (KPS)
solution was injected into the mixture with a syringe, the mixture was kept at
60 °C with 500 rpm mechanical stirring during the reaction; (3) the product was
collected after 12 hours and dialyzed (deionized water as buffer, sample to
buffer ratio 1:100) for 48h at 20 °C with 500 rpm stirring and stored at 4 °C
before use.
An average size of 47 nm with a narrow distribution (Polydispersity Index 0.075)
was measured for the latex particles. Zeta-potentials of latex, MBs and latex
coated MBs (coating procedure see below) were measured to be 58.8, -49 and
13.6 mV, respectively, meaning electrostatic attraction took place and the surface
charges were neutralized when the MBs and latex particles were mixed together.
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SEM photos of MBs with and without latex confirmed that a layer of PBA was
coated onto the beads and connections between adjacent beads were made.
Heating of the coated beads resulted in a more condensed PBA layer, while the
connections remained (Fig 2.3).

Fig 2.3 SEM images of magnetic beads (2.7 μm) coated with latex. (a) Pure magnetic beads; (b)
magnetic beads coated with PBA latex, washed and dried in vacuum. Washing is performed by
collecting the beads with a magnet and flushing three times with deionized water. The scale bars
are 5 μm.

Particle sizes and Zeta potentials were measured using a Malvern Zetasizer
Nano Z with samples diluted 100 times in air-equilibrated deionized water.
Samples of latex coated beads for Zeta potential measurement and SEM were
prepared as follows: 20μL of 1:1 volume ratio MBs/latex mixture was diluted
100 times in deionized water, then after vortex mixing for 10 min the mixture
was subjected to centrifugation at 2000 rpm for 1 min and the precipitates were
collected and redispersed in 2 mL of air-equilibrated deionized water. SEM
measurements were performed using a FEI™ Quanta™ 600 and the samples
were gold coated before measuring.
The following mixture was prepared and put into the fluid cell for fabrication of
artificial cilia: 10 to 20 μL MBs suspension (2 × 109 beads/mL, volume is varied
intentionally to adjust cilia configuration, see below), 10 μL PBA latex, 20 μL
0.14 M NaCl solution, 1 μL 1 wt% Triton X-100 (Sigma-Aldrich®) and 80 μL
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deionized water were put in a microcentrifuge tube and mixed for 1 min on a
vortex mixer to give a homogenous suspension. As a result the mixture had an
overall MB concentration between 1.7 × 108 and 3.1 × 108/mL. Then 8.5 μL of
the mixture was placed in the fluid cell which was subjected to ultrasonication
for a few seconds for better dispersion before putting it into the magnetic setup.

2.2 Actuation and characterization
2.2.1 Actuation and achieving net flow
First, we calculated the local Reynolds number at the cilia tips, Re=ρvL/μ, for
the typical conditions of our experiments. ρ is the density of the mixture (~ 1
g/mL); v is defined as the velocity of the cilia tip which, at a typical actuation
frequency of 10 Hz, is ~ 500 μm/s; L is the typical cilia length (~20 μm); μ is
the viscosity of the mixture, which is ~ 1 cP. The calculation gives a Reynolds
number of 0.01, which indicates that inertial effects do not play a role. Thus
only through nonreciprocal movement can cilia generate an effective net flow.
There are two ways to actuate magnetic artificial cilia, namely through a
translational force induced by a magnetic field gradient or by a magnetic torque
that tends to keep the chains aligned with the magnetic field. Since the artificial
cilia are very small, the local field gradients are not sufficient for high frequency
actuation. Instead, the torque generated by magnetic dipole-dipole interactions
between magnetic beads can be very strong as compared to the gradient force
due to different scaling behaviors, as explained by Fahrni et al. 56, 63 Thus
changing the field direction of a uniform magnetic field is chosen to be our way
of actuation, rather than generating field gradients. In this study we used a tilted
conical movement (peddling movement) 64 as illustrated in Figure 2.4. This
motion is also occurring as so called Posteriorly Tilted Rotation-Like Beating in
embryonic nodal cilia that was discovered by Okada et al.55
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Fig 2.4 Actuation of artificial cilia for generating net flow. (a) The external field Bex drives the
cilia to trace a tilted cone with a tilt angle ȣ and a half-cone angle Ȳ. In this illustration it is
assumed that the cilium is straight and perfectly align with the external field B ex, so that ȣ and
Ȳ are equal to the tilt angle ȣ and the half-cone angle Ȳ of Bex. The movement of the cilia
starts from an upright position perpendicular to the xy plane and follows the direction of the
periodically changing external magnetic field Bex. The cone is tilted in the direction of the x axis.
(b) The magnitude of the three components of the external field Bex (Bx, By and Bz) oscillate as
function of time with an actuation frequency of 5 Hz. Bx is generated by poles 5 and 8;

By is

generated by poles 6 and 7; Bz is generated by poles 1, 2, 3 and 4. In all our experiments,

Ȳ ൌ

ȣ ൌ ʹʹǤͷι. The ratio of the amplitudes in x and y direction is ܣ௬ ൌ ܣ௫ Ȁܿݏȣ ൌ ܣ௫ Ȁ
ʹʹǤͷι, and in the z direction, the magnetic field is composed of a static part ܣ௭ǡ௦௧ ൌ
ʹܣ௫ ሺͳ  ݊ܽݐȣ ሻ, and an oscillating part with an amplitude of ܣ௭ ൌ ܣ௫ ݊ܽݐȣ , so that the tip
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of the chain follows a circular movement within the plane perpendicular to the conical axis. (C)
Top-down views from the microscope with four equally divided time intervals in one actuation
cycle in correspondence with the external field in (B). The scale bars are 100 μm.

Fig 2.5 Translational flow induced by artificial cilia. (a) Traces of 1 μm Polystyrene fluorescent
particles at the horizontal plane 40 μm above the bottom substrate in 20 seconds with an
actuation frequency of 1 Hz. Particles show a net movement towards the right bottom, which is
the direction of the y axis in Fig. 4. The tracers also followed the circular movement of the cilia
tips so that in combination they followed a step-by-step advancing curve. The scale bar is 100
μm. (b) Average velocities of tracer particles under different actuation frequencies, calculated
using an image analysis software developed in-house. In the low frequency range (< 5 Hz) the
tracer velocity increases with the actuation frequency, however, the velocity decreases when the
frequency goes higher. See more detailed discussion in the text. (c) Average velocities of tracer
particles at different heights above the cilia tips at an actuation frequency of 1 Hz. It shows that
as the focal plane moves up from the cilia tips a decrease in flow velocity can be observed. In
both (b) and (c) the error bars are standard deviations in the velocities of the tracer particles
from a 640 μm × 480 μm frame.
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A net translational flow was successfully generated by magnetic actuation (Fig
2.5). Visualization of the fluid flow was achieved by adding 1.0 μm 1.0 × 10 9
beads/mL fluorescent particles (Fluospheres® F-13081) into the fluid cell. The
motion of the particles was recorded with a Leica DFC 425C CMOS-camera
and later analyzed with custom-written software. As shown in Fig 2.7a, at the
plane just above the tips of the cilia (roughly 40 μm above the bottom substrate),
under the actuation frequency of 1 Hz, we can see a coil like step-by-step
advancing curve made by fluorescent tracer particles while they display a net
movement towards the bottom right, which corresponds to the y direction
shown in Fig 2.4.
We have also observed, see Fig 2.5b, that as the actuation frequency increases,
the translational velocity increases in the low frequency range but decreases
when the frequency is higher than 5 Hz. The explanation might be that the
faster cilia movement at higher actuation frequency results in a higher viscous
drag from the surrounding fluid. And indeed we have observed a reduction in
the amplitude of the conical motion with an increase of the actuation frequency.
Therefore a decrease in flow velocity is expected, according to the prediction
made by Smith et al. 65 that the flow velocity is proportional to ݊݅ݏଶ Ȳ݊݅ݏȣ. We
also compared the translational velocity of the tracer particles at horizontal
planes at various heights in the chamber and the result depicted in Fig. 5c shows
a decrease in velocity as the focal plane moves from the tips of the artificial cilia
towards the top of the fluid cell, with a little back flow close to the top.
We observed an effective fluid transportation effect (maximum flow velocity
close to 5 μm/s) that is comparable to other reports using the similar geometry
and movement of artificial cilia33, 44. A great advantage of our approach is that
by eliminating the use of micro fabrication techniques, the cost and time
required for fabrication is significantly reduced. Meanwhile, being an in situ
fabrication process, the method has the potential to ‘plant’ stable artificial cilia
into existing microfluidic channels by injecting premixed building materials and
applying an external magnetic field.
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Fig 2.6 Structural stability of artificial cilia. (a-d) Consecutive images showing structural stability
of artificial cilia with the external magnetic field switched off. Long cilia showed bending and/or
falling over time under the influence of gravity after removal of the external magnetic field; the
time between each image is 30 seconds. The deviation in the length of cilia can be observed and
all the cilia kept their structural integrity (linear shape) in the absence of the external magnetic
field. (e-h) Snapshots from a comparison experiment in which the beads were not fully bonded
together (not enough latex was added); the cilia fell apart and the magnetic beads re-dispersed
after switching off the external field; time interval is 30 seconds.

2.2.2 Dimensional stability
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The polymer coatings rendered the cilia both flexibility and structural stability.
Fig 2.6 shows that the linear shape of the cilia is conserved without any external
magnetic field, which is one of the major advantages in our approaches
compared with the methods of Vilfan et al.33 who also used the self-assembling
ability of magnetic beads to construct cilia which are only connected by an
externally applied magnetic field , thus they are not stable in the absence of a
magnetic field which can be a disadvantage for practical applications.
2.2.3 Variation of cilia lengths and distribution density
Although the length of the artificial cilia fabricated in the self-assembly process
shows variation, the average length and density of artificial cilia can be
controlled by varying the concentration of MBs or changing the strength of the
applied magnetic field. Note that changing the cilia length at the same time
influences the density of cilia surface coverage as more beads are used in
constructing each individual cilium. As a result we can control the average
length and surface coverage of the artificial cilia in a certain range, see Fig 2.7.
Generally the average aspect ratio of the cilia (the average number of beads in
each cilium) can vary between 5 and 20, and the surface coverage between 0.8%
and 3%.
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(e)
Number of beads

Field

/mL
a

strength

Average length of

Surface coverage

(mT)

artificial cilia (μm)

(%)

2.4×108

4

17.0

2.9

b

3.1×108

4

29.0

2.2

c

2.4×108

8

32.7

1.5

Fig 2.7 Controllable average cilia length and distribution. (a-c) Top-down views of artificial cilia
in different length configuration resulted from different fabrication conditions; (d) Distribution
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of the lengths of cilia in (a-c). (e) Differing mixture composition and field strength in
fabrication of (a-c). Measurements were done by analyzing projected lengths using ImageJ and
then converted to true lengths according to the angle between the cilia and the substrate, which
was ~30° in (a-c). A few very long cilia were calculated as 45 μm because of the restriction on
depth of focus. Surface coverage was calculated by considering each cilium occupying the area
of one bead.

2.4 Conclusion
We have made magnetically actuated artificial cilia using a novel fabrication
method. Magnetic beads were assembled into chains in an external magnetic
field and a soft polymer latex was used to form elastic links between the beads
through electrostatic attraction. We are able to adjust cilia density as well as their
average length through varying the amount of beads and changing the external
magnetic field strength during fabrication. Our cilia have a fixed width of about
3 μm –determined by the bead size, and their aspect ratio can be as large as 11
while having a surface coverage of over 2%. The artificial cilia were actuated to
move in a non-reciprocal manner and a net flow velocity of 3 μm/s was
achieved at an actuation frequency of 5 Hz. Our result is comparable to those
of other reports on actuating artificial cilia with similar geometry using the same
actuation movement. There are several advantages of our approach compared
to previous studies. First the fabrication process is cost and time efficient,
without the need for tedious microfabrication technologies which hinder
practical application. Second, the magnetic self-assembly process combined with
latex coating makes a stable structure after heating which remains intact in the
absence of an external magnetic field. Third, this water based assembly
approach provides the possibility of in situ fabrication of artificial cilia in
existing microfluidic devices, which enables to use an additional standarizable
modular process of integrating artificial cilia into devices, without the necessity
to modify the fabrication process of the microfluidic devices themselves.
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This technique also has some disadvantages. First, it requires a liquid
environment for the self-assembling of the magnetic beads, so the flow control
is crucial for the fabrication process. Even a small flow in the chamber during
the fabrication process can wash away the beads before they are anchored to the
substrate by the soft polymer coating. This requirement makes the control of
the fabrication more tedious. In the following chapters, more facile and robust
fabrication techniques will be presented.
Second, although the technique in this chapter doesn’t require cleanroom
facilities, the cost of magnetic beads (purchase price about 300 euros per 2 mL
with 2 × 109 beads/mL, equivalent to € 10 per mg of beads, or about 10-5 cents
per bead) increases the material cost per area of artificial cilia to about 60 cents
per cm2, if we assume 2 % surface coverage and 30 μm average cilia height. This
material cost per area, calculated based on small volume catalogue price, is
roughly 10,000 times higher than the PDMS based cilia in the following chapters,
which were developed partly for the purpose of further reducing the fabrication
and application cost of artificial cilia.
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magnetic fiber drawing generate
substantial fluid flow
___________________________
In this chapter, a cleanroom-free and potentially cost-effective,
magnetic fiber drawing fabrication technique of magnetic artificial cilia
is demonstrated. Our artificial cilia are able to generate a substantial
fluid net flow velocity of water of up to 70 μm/s (corresponding to a
generated volumetric flow rate of about 0.6 μL/min and a pressure
difference of about 0.04 Pa) in a closed-loop microfluidic channel
when actuated using an external magnetic field. A detailed analysis of
the relationship between the experimentally observed cilia kinematics
and corresponding induced flow is in line with a previously reported
theoretical/numerical study.

This chapter is based on Wang Y., Gao Y., Wyss H. M., Anderson P. D. and den
Toonder J. M. J., Artificial cilia fabricated using magnetic fiber drawing generate
substantial fluid flow. Microfluidics and Nanofluidics, Volume 18, Issue 2, pp 167-174
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3.1 Introduction
Being a versatile and effective organelle, cilia has inspired researchers in
developing bio-mimicking artificial cilia, especially for microfluidic applications.
Evans et al.32 used sacrificial porous polycarbonate membranes as templates to
fabricate magnetic-polymer composite nanorods that resemble natural cilia both
in terms of their size and aspect ratio. Vilfan et al. exploited the self-assembly
of magnetic beads and created magnetically linked chains as artificial cilia
anchored to electroplated nickel dots.33 The same process was used by
Babataheri et al. with the additional use of a polymer coating (polyacrylic acid)
to link the chains permanently to the substrate45. We have recently published a
cleanroom-free in situ fabrication method combining a similar self-assembly of
magnetic microbeads with electrostatic polymer coating techniques, avoiding
tedious and costly microfabrication requirements and making a step towards
practical implementation of artificial cilia.66 The artificial cilia reported above all
have a slender and cylindrical shape, and they were actuated by an external
magnetic field to perform a 3-D tilted conical motion, in an effort to mimic the
movement of natural cilia. The maximum induced fluid flow speeds that were
observed were also similar, namely in the order of micrometers per second. Den
Toonder et al.29 fabricated micro beams, or “flaps”, about ten times bigger than
natural cilia from bilayer films of Polyimide and Chromium using micro-systems
technologies. These artificial cilia were integrated directly into a microfluidic
channel and actuated electrostatically between a bent and a flat state at
frequencies up to a 200 Hz, generating a substantial net flow velocity of more
than 500 μm/s. Artificial cilia of similar geometry and dimensions, but actuated
magnetically, were made by Belardi et al.30 using poly-(n-butyl acrylate) rubber,
doped with superparamagnetic particles. These cilia could generate a net flow of
up to hundreds of μm/s when actuated using an external rotating permanent
magnet36. Artificial flagella, rather than cilia, were made by Dreyfus et al.58 by
attaching DNA connected magnetic beads to a red blood cell. In an oscillating
magnetic field the flagella performed a wave-like motion and could drag the cell
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through liquid at a speed up to 5 μm/s. In other studies, light and pH59
responsive artificial flagella and cilia were also made, providing alternative means
of actuation.
In most of the previously published work on artificial cilia or flagella, a big
drawback for real application is that the fabrication techniques adopted are
tedious and costly, as they either require micro-systems techniques like
photolithography29, 30, 33, 56, 57, or rely on expensive sacrificial materials32. In order
to address this issue, our research is aimed at fabricating artificial cilia in a
cost-efficient, cleanroom-free manner, while realizing an effective pumping
function that can be practically used in lab-on-a-chip devices. In the previous
chapter a self-assembling in situ fabrication method of artificial cilia was
presented. The cilia were able to generate a net flow of up to 5 μm/s. Although
the fabrication process is more cost effective than for earlier examples because
cleanroom facilities are no longer required,29, 32, 33, 36 there are still some
disadvantages. For example, the self-assembly process requires a liquid
environment, which makes the fabrication process susceptible to flow
disturbance. Also, expensive magnetic beads were used, prohibiting further
reduction of the fabrication cost. Moreover, the flow generated was rather low
for practical lab-on-a-chip applications.
Here we report another fabrication method for magnetic artificial cilia, using a
polymer/magnetic microparticle (iron powder) composite as precursor and a
permanent magnet to directly create artificial cilia by magnetic fiber drawing,
directly onto a surface. This approach offers an attractive fabrication alternative
and we demonstrate a substantial flow generation capability in a closed-loop
microfluidic device, in which flow velocities of up to 70 μm/s are generated.

3.2 Fabrication of artificial cilia
3.2.1 Fabrication method
The magnetic fiber drawing fabrication process is depicted in Fig 3.1. Here we
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will explain the concept – details about materials and processes are given in the
section “Materials and Methods”. First, a precursor of Polydimethylsiloxane
(PDMS) doped with iron microparticles was prepared and applied as a thin layer
onto a glass slide. For later integration into microfluidic devices, a template can
be used that defines the region in which the precursor layer is applied, matching
the area to which the cilia should be restricted in the microfluidic device. Then
another glass substrate was attached to a magnet and brought close to the
precursor layer, at a distance defined by spacers applied between the two
substrates as shown in Fig 3.1(b). As a result of the magnetic dipole-dipole
interaction between the iron microparticles and the gradient force acting on the
microparticles by the presence of the magnet, chains of iron particles formed in
the precursor and these were “pulled out” of the precursor film towards the
magnet, forming long fibrils of iron particles surrounded by a PDMS coating.
Eventually, these fibrils broke loose from the precursor layer, flying to the
opposite substrate to which they got attached upon impact, thus forming hairs
directed along the magnetic field lines. Then, the PDMS was cured with the
magnet still in place to prevent the hairs from collapsing by surface tension,
thereby permanently fixing the magnetic cilia onto the substrate, as shown in Fig
3.1(c). Finally, a microfluidic device (see details below) made with a standard
soft-lithography process was placed on top of the cilia in a manner that they
were all enclosed into a dedicated “cilia area” in the device (Fig 3.1d).
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Fig 3.1 Fabrication process of magnetic artificial cilia. First (a), a layer of precursor consisting
of PDMS containing magnetic microparticles was applied onto a glass slide using a scraper with
the assistance of a template. Then (b) the particles were self-assembled into chains and pulled
out of the precursor by the magnetic field from a permanent magnet, forming artificial cilia on
the opposite substrate that was kept at a specific distance from the precursor layer using spacers.
The PDMS part of the artificial cilia was cured (c) and finally (d) they were enclosed by a
microfluidic device. The microfluidic structure is a recirculation

channel that is closed in itself;

the regions in which the cilia are present and the region in which the flow was observed are
indicated in the figure. The inset shows artificial cilia made; the scale bar is 500 μm.

3.2.2 Control over cilia geometry and distribution density
The diameter of the artificial cilia fabricated by this method depends on the
number of bundled particle chains at the core of the cilium and the thickness
of the PDMS coating surrounding them. While the coating thickness depends
on the viscosity of the PDMS, which, if changed, can also influence other
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properties, the number of embedded chains in each cilium can be adjusted by
changing the concentration of the particles in the precursor. An increase in
particle concentration generally leads to thicker cilia, as illustrated by comparing
Fig 3.2(a) and Fig 3.2(b), where typical cilia, formed at two different particle
concentrations, are shown.
Besides the diameter, the length of the artificial cilia can also be controlled.
Although the length of the cilia can be influenced by the concentration of iron,
it can also be tuned as an individual parameter by adjusting the thickness of the
precursor layer, as illustrated by comparing Fig 3.2a and Fig 3.2c. Moreover, if
precise maximum length is required, one can use another glass slide and press it
on top of the ciliated surface until a desired gap is reached (we used a spacer for
this purpose), thus reducing the height of the longer cilia to the height of the
gap, as shown in Fig 3.2e.
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Fig 3.2 Controlling artificial cilia geometry and density. The cilia shown in (a) were made with a
magnetic particle concentration of 10%wt, a precursor layer thickness of 60 μm and a fiber
drawing time (step Fig. 1b) of 10 s; increasing magnetic particle concentration to 20 %wt in the
precursor resulted in thicker cilia (b); increasing thickness of the precursor layer to 120 μm
resulted in an increase in length (c); and increasing the drawing time to 10 min resulted in a
higher overall cilia density (d); (e) Side view of artificial cilia with defined maximal length: after
drawing and before curing the cilia, another glass slide was brought close to the ciliated substrate,
vertically pressed on top of the cilia to shorten the longer cilia to a length defined by the gap
between the two surfaces; thus a collection of artificial cilia with well-controlled maximum
lengths can be produced. The scale bars in (a-d) are 500 μm.
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Whereas the precise locations where the cilia are pulled out of the precursor are
random, control over their average density is possible by varying the fiber
drawing time, as shown by comparing Fig 3.2a with Fig 3.2d, where a longer
drawing time resulted in a significant increase in cilia density. The drawing time
is defined as the time the cilia are allowed to be formed, lifted out and attached
to the substrate in the magnetic field imposed by the permanent magnet. Notice
that the density of artificial cilia can be significantly higher close to the edge of
the magnet because of the higher gradient at that location. Such properties can
be exploited to create densely ciliated surfaces, which is desirable for example in
order to maximize the induced fluid flow rate in microfluidic applications.
3.2.3 Integrating artificial cilia into a microfluidic channel
In order to characterize the flow generated by these artificial cilia, a closed-loop
microfluidic device was used (sketched in Fig 3.1d), consisting of a chamber
containing the artificial cilia and a side channel providing a recirculation pathway
for the fluid. This differs from previous studies, where tests were always
performed in a closed chamber or channel, resulting in the combination of a
cilia-driven forward flow near the ciliated surface and a recirculation backflow
along the opposite surface and along the periphery within the chamber or
channel itself, which made the quantification of the ‘net flow’ hard to achieve.29,
33, 36, 44, 66
. By reducing (not eliminating) backflow within the main cilia chamber
and observing the flow profile in the recirculation pathway, our device provides
a straightforward manner to characterize the “pumping efficiency” of our
artificial cilia.
The height of the chamber was matched with the height of the cilia in order to
reduce backflow in the area above the tips of the cilia. The total area of the cilia
chamber was 8 mm2, and the width of the recirculation channel was 500 μm.
In the experiments where cilia kinematics and generated flow were analyzed in
detail (next section), the density of artificial cilia in the chamber was
intentionally kept very low (about 3 to 5 cilia per mm2) by reducing the fiber
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drawing time, in order to avoid magnetic interactions between cilia which could
complicate the kinematics of the cilia, thus obscuring the relation between cilia
motion and the generated flow. We expect that by increasing the cilia density,
higher flow rates (and pressure generation capacities) than those reported here
could be achieved, if desired for a particular application.

3.3 Actuation and characterization
3.3.1 External magnetic actuation and net flow generation
A previously developed electromagnetic setup with full 3-D time-dependent
control over magnetic field strength and direction 67 was used for actuating the
artificial cilia (Fig 3.3a). By controlling the external magnetic field generated by
the electromagnets (Fig 3.3b), the artificial cilia were driven to perform a tilted
conical movement, mimicking natural cilia action (Fig 3.3c and d). It has been
previously shown that such motions are highly successful in generating net flow
in a low-Reynolds number environment32, 33, 66. In order to further increase
pumping performance, the stroke length in each cycle of the cilia motion was
increased by making the cilia tracing an ellipsoidal cone with the long axis
parallel to the pumping direction, which was done by setting a higher amplitude
to the oscillating current driving the electromagnet pair in that direction. A
simple closed-loop microfluidic channel consisting of a cilia chamber and a
recirculation channel (Fig.1d) was used to study the dynamics of the artificial
cilia and characterize their pumping effect during actuation.
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Fig 3.3 Actuation of magnetic artificial cilia. (a) 8-pole magnetic setup used for full 3-D control
of the magnetic field.

(b) Magnetic flux density in each direction during actuation (frequency 1

Hz), which, superposed, result in a tilted conical motion of the artificial cilia. (c) Top down view
during actuation of the artificial cilia; this image is composed of the superposition of 50 images
taken during one actuation cycle, and shows the projected area swept by the cilium. (d)
Schematic perspective view. The net flow generated is in the direction of the effective stroke,
which is the (– x) direction.

For evaluation of pumping performances of artificial cilia in different viscosity
environments, the experiment was performed firstly in water (dynamic viscosity
η = 1 mPa·s) and then in a 87% glycerol solution (dynamic viscosity η = 100
mPa·s) with the same device. The artificial cilia exhibited strong bonding to the
glass substrate and had excellent structural stability; we never observed any
change in cilia number or structure in any of our experiments. One sample was
usually used for several days, for several hours in each run. During actuation, the
reciprocal nature of the cilia motion caused the flow to be oscillatory, but the
average flow profile was stable. To quantify the induced flow, we measured the
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net flow speed in the geometrical centre of the cross-section of the
recirculation channel, where the speed was maximal, as a function of actuation
frequency. The obtained value can be used to calculate the volumetric flow rate
and the pressure difference generated by the cilia chamber, assuming laminar
flow conditions. The results, depicted in Fig 3.4 a and b show that the flow
speed first increased in the lower frequency range, until it reached a maximum
of about 70 μm/s in water at around 45 Hz and about 5 μm/s in glycerol at
around 10 Hz and then started to decline with further increasing actuation
frequencies.

Fig 3.4 Flow characterization and the dynamics of artificial cilia. (a, b) Measured flow speed and
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the theoretical prediction fα(sinΘsin Ψ) at different actuation frequencies f fitted by scaling, in
which Θ is the cone tilt angle and ߖis the cone opening angle measured on the short axis of
the ellipsoidal shaped cone, with (a) in water and (b) in glycerol. Change of the aspect ratio of
the ellipsoidal cone at different frequencies is shown in the embedded graphs. Snapshots at
various frequencies show the change in the trace of cilia during one actuation cycle, see Fig 3.5
for more detail. The error bars on the data of fα(sinΘsin2Ψ) come from

measurements from

several different cilia of different lengths ranging from 220 μm to 310 μm. The error bars on the
flow speed are too small to be visible (results are very stable).

For evaluation of the pumping performance of artificial cilia, it is useful to look
at the generated flow rate and pressure difference versus the volume occupied
by the pump, in our case the size of the cilia chamber, compared to other types
of micropumps28. For water, the maximum pressure difference ΔP and the flow
rate Q across the recirculation channel can be calculated (see appendix at the
end of this chapter) assuming laminar flow conditions to be 0.04 Pa and 0.6
μL/min, respectively. The cilia chamber of the closed-loop device has a volume
V of 4 mm3, which gives this particular device a ‘self-pumping frequency’, Q/V,
of 0.15 /min, similar to or larger than many of the other types of micropumps
reported in the literature (electroosmotic, piezoelectric and (thermo)pneumatic
pumps)28, even for this particular device where the density of artificial cilia was
kept low on purpose. Note that a higher performance can be achieved when the
configuration of artificial cilia is optimized for flow generation (i.e. by increasing
the cilia density).
3.2.2 Characterization of the fluid flow induced by artificial cilia
The existence of a maximum value of the flow speed has also been observed in
another artificial cilia system in our previous study, where an “optimal”
actuation frequency was observed, albeit at a lower frequency66. In order to
understand the reason for the existence of such a maximum, we captured the
motion of the cilia at different frequencies using a high-speed camera. Fig 5a
and b show pictures composed of superposed snapshots of the cilia within one
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actuation cycle at varying frequency in water and glycerol solution, respectively.
The images are taken from a top view perspective and therefore the figures
represent the projected area swept by the cilia, which show that the amplitude
of the cilia movement, in terms of the opening angle of the cone, decreases as
the actuation frequency is increased.

Fig 3.5 Top-view images of artificial cilia captured with a high speed camera during actuation, in
(a) water and (b) glycerol. Each image is a composition of 50 frames during one actuation cycle.
A clear trend of diminishing in the size of the cone traced by artificial cilia during actuation can
be observed. The data extracted from the images is used to calculate the cone tilt angle Θ, its
opening angle Ψ and the aspect ratio α of the base of the cone for predicting the flow speed
using equation 3.1 (Fig 3.4).

The reason for the decrease is that the cilia motion is caused by the competition
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of two effects: the magnetic torque on the cilia that causes the rotational motion
and the torque due to viscous drag acting on the cilia that counteracts the
motion. The magnetic torque is proportional to sin(2δ) (δ is the angle between
the direction of the cilia and the direction of the magnetic field at any given
moment, or ͳΤʹ ሺߚ െ ߙሻ in Eq 1.2), which has to increase in order to balance
the increased viscous torque due to a higher absolute speed of the cilia when the
actuation frequency goes up. The increase in the angle δ results in a higher phase
lag between the driving magnetic field and the cilia, which effectively causes the
cilia to trace increasingly smaller cones.
Next, we attempt to link the measured flow velocities quantitatively to the
observed motion of the cilia. In a previous study, Downton and Stark 64 found
that for artificial cilia performing a circular conical movement in low Reynolds
number conditions, the volume of fluid transported in each cycle is
proportional to sinΘsin2Ψ, with Θ being the tilt angle of the cone axis and Ψ the
cone opening angle (Fig 3.3d). In our experiments the path traced by the cone is
ellipsoidal rather than circular, with the long axis parallel to the pumping
direction. To correct for this effect, we multiply the pumped volume by the
aspect ratio α of the two axes. The model also assumes a semi-infinite space
with only a bottom non-slip boundary but without an upper ceiling, which in
our case obviously is not valid. In our experimental setup the lengths of the cilia
were about 300 μm and the total height of the chamber was 420 μm, so the
upper ceiling should have an effect on the flow. Although more sophisticated
modeling will be more accurate in predicting flow speed, this is beyond the
scope of this chapter; in the following we therefore apply the above model to
obtain a semi-quantitative analysis. The flow speed v observed in the
recirculation channel can thus be expressed as:
ࢂ ൌ ࢉࢌࢻ ࢙ ࢨ ࢙ ࢸ

Eq 3.1

with c being a constant depending on the geometry of the cilia and the
configuration of the flow chamber, and f is the actuation frequency of the
artificial cilia. The opening angle Ψ was measured in the short axis direction.
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To quantitatively study this relationship experimentally, based on the top-down
images shown in Fig 3.5 and the known parameters such as the measured cilia
lengths, we calculated Θ, Ψ and ߙ for each actuation frequency f. Note that the
aspect ratio ߙ of the cone increased with the actuation frequency, making the
cone more and more ellipsoidal (Fig.4 a,b inserts). We assume that the cilia
move like rigid rods that only bend at the anchor points, although in reality they
showed various degrees of bending, albeit much smaller than the bending
occurring at the anchor points. Multiplying sinΘsin2Ψ with f and ߙ, the results
can be fitted by adjusting c in Eq 3.1 to collapse on the measured bypass flow
speed in both cases (in water and in glycerol solution) by fitting the two data sets
with proper scaling (Fig 3.4 a and b).
Although the experimentally measured flow speed and the theoretically
predicted value ݂ߙ ݊݅ݏ ߆ ݊݅ݏଶ ߖ based on observed cilia motion can be fitted
well for the experiments done in both water and glycerol solution, in a purely
viscous system the flow rate should be determined by the kinematics of the cilia,
which means the scaling factor (c in Eq 3.1) is expected to be a constant,
independent of viscosity. However, as observed from Fig 3.4 a and b, in order
to fit the two data sets, we have to use a somewhat different scaling factor,
namely in water c = 10 and in glycerol c = 6 (units neglected). The reason for
this difference remains unclear. However, as described above, the model is for
flow generated by cilia moving along a circular shaped cone and does not take
into account the effect of the upper ceiling.
As the results show, the total flow speed always has a maximum at a certain
frequency for different viscosity mediums, which indicates the importance of
determining the optimal actuation frequency for flow-generating applications
using magnetic artificial cilia. Furthermore, because the attenuation of the cilia
motion depends on the viscosity of the surrounding fluid, pre-calibrated
artificial cilia may serve as in situ viscosity sensors and well-characterized pumps
at the same time, which may find useful applications in lab-on-a-chip systems
for biological detection and chemical synthesis.
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3.4 Materials and methods
The closed-loop channel was made by soft-lithography, using PDMS (Sylgard
184, Dow Corning). In order to get a sufficiently high chamber to accommodate
the length of the cilia, spin-coating and prebaking of photoresist (SU-8 2050,
Microchem) were repeated several times. The height of the chamber used in the
experiment here was 420 μm.
The magnetic artificial cilia need to be sufficiently flexible to allow for large
deformations, in order to generate a substantial flow. PDMS (Sylgard 186, Dow
Corning) was chosen as the cilia matrix material mainly because of its low elastic
modulus resulting in large cilia flexibility and bio-compatibility, which would
enable devices to be employed in biomedical applications.
For preparing the precursor for artificial cilia, a high concentration mixture
consisting of 1.5 g iron microparticles (Carbonyl iron powder, 1 μm, BASF) and
3 g PDMS base were mixed in a twin screw mixer at 50 °C for 12 hours to
achieve a homogenous distribution of particles, which helps to increase
batch-to-batch reproducibility. Although small clusters of iron particles were
still present after mixing, they were small enough to have no observable effect
on the fabrication process. Before applying the precursor to the substrate,
additional PDMS base and a corresponding amount of curing agent (10 %wt of
PDMS base) were added to achieve the desired final concentration of iron
particles, which was varied between 10 and 20 weight percent, and this was
mixed thoroughly by hand for 1 min to achieve a homogeneous distribution of
both particles and curing agent. An area slightly smaller than the cilia chamber
of the closed-loop channel was laser-cut out of a polycarbonate film (100 μm,
Sabic), which was then used as a template for application of the precursor layer.
The precursor was applied into the cut-out area using a scraper with a flat edge
to obtain a film with a default thickness of 100 μm as defined by the
polycarbonate template. The precursor film thickness was also varied between
30 and 100 μm by varying the thickness of the template film (Fig 3.1a). A 2 mm
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thick PMMA sheet was used to create spacers that were placed between the
precursor layer and the final substrate for the artificial cilia.
A neodymium magnet (15×15×8 mm, Remanence flux density about 1.25 T)
was used to pull artificial cilia out of the precursor layer. The duration of this
process was varied between 10 s and 10 min to control the spatial density of the
cilia. Then the cilia were cured either at room temperature (overnight) or at a
slightly elevated temperature (< 50 °C, for 2 hours); higher temperatures were
avoided in order to circumvent demagnetization of the magnet.
For flow characterization, 1 μm fluorescent particles were dispersed either in
deionized water or in a 87%wt glycerol solution (Sigma-Aldrich); hence we
obtained two fluids with different viscosities, namely 1 mPa·s and about 100
mPa·s. We used a high speed camera (Phantom V9.0, Vision Research)
mounted on an optical microscope to capture the motion of the artificial cilia
and the fluorescent particles. The flow speed was calculated from the sequence
of images of fluorescent particles by manually tracing their positions between
images.
The pictures in Fig 3.1 and 3.2 and the lengths of the cilia were taken and
measured in a scanning electron microscope (FEI Quanta 600) in low vacuum
mode.

3.5 Conclusions
In this chapter, a simple and cost-effective fabrication technique for magnetic
artificial cilia was described. This new method enables a precise control over
both the geometry and the spatial density of the produced cilia. The fluid
pumping effect of the artificial cilia was tested in a closed-loop microfluidic
device, where external actuation was provided by an electromagnetic setup to
obtain a tilted conical cilia motion. A maximum flow velocity of water of 70
μm/s, was achieved in a low cilia density setting and detailed analysis of the cilia
motion and the induced flow was performed. The pumping efficiency was
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found to be as good as or better than that of many reported micropumps, and
could be significantly improved by increasing the cilia density. The results
showed attenuation in the amplitude of cilia movement with increasing
actuation frequency, which in turn resulted in a drop in flow velocity above a
characteristic actuation frequency. The observed relationship between cilia
motion and generated flow was in line with predictions of a previous theoretical
study 64. The existence of maximum flow speeds for different viscosity media
clearly indicates that an optimal driving frequency exists for flow-generating
applications of magnetic artificial cilia.
Compared to the fabrication process described in Chapter 2, the fibre-drawn
cilia in this chapter have a much lower material cost. The major material cost is
the PDMS (carbonyl iron costs less than one tenth by weight), which is about €
100 per kg (retail price of Sylgard 184), if 2 % surface coverage (same as in the
previous chapter) and an average height of 300 μm are used for calculation, it
can be roughly estimated that the material cost per area for the artificial cilia
fabricated in the fibre drawing process is about 0.005 cent per cm2, which is
about 10,000 times lower than the material cost of self-assembled cilia described
in Chapter 2.
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Appendix
Solution for the pressure drop and flow rate in recirculation channel
For fully developed laminar Newtonian flow in a rectangular channel, the analytical
solution for the pressure drop is given by 68:
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total length of the recirculation channel (8.4 mm), h is the channel height (420 μm) and
w is the channel width (500 μm). At the central line (x, y) = (0, 0) of the channel, the
maximum flow speed Vz is measured to be 70 μm/s from the experiments, so ΔP is
about 0.037 Pa.
The flow rate in the recirculation channel can be calculated from both the flow speed
and the pressure drop, here we use the latter with the following equation68:
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Which gives the flow rate of about 0.6 μL/min. The cilia chamber of the closed-loop
device has a volume Sp of 4 mm3, which gives the performance or ‘self-pumping
frequency’, Q/Sp28 of the magnetic artificial cilia at about 0.15 /min.
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4 Magnetic artificial cilia with
microfluidic pumping capability
fabricated in a continuous
roll-pulling approach
_____________________________
In this chapter, a magnetic field assisted roll pulling process for making
magnetic artificial cilia is presented. Slender cone-shaped magnetic artificial
cilia were produced, which are capable of generating microfluidic pumping in a
closed-loop channel with external magnetic actuation. The spatial arrangement
of the artificial cilia is pre-defined by the micropillars present on the roll
surface. The high processing speed (up to 1 m/s in our experiment) combined
with a large area of production (defined by the length of the roll and the size
of the substrate) offer the potential to scale up the fabrication of artificial cilia.

This chapter is based on Wang Y., Cardinaels R., den Toonder J. M. J.

and Anderson P.

D. Magnetic artificial cilia with microfluidic pumping capability fabricated in a
continuous roll-pulling approach. To be submitted.
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4.1 Introduction
The previous two chapters presented two different cleanroom free techniques
for fabrication of artificial cilia. Chapter 2 described the fabrication of latex
coated self-assembled artificial cilia, which were able to generate a net flow
velocity of a few micrometers per second when actuated in a modest magnetic
field (below 14 mT)69. Another fast and robust fabrication technique was
presented in Chapter 3, in which artificial cilia were created by magnetically
drawing self-assembled filaments out of a precursor layer70, and they were able
to generate a net flow velocity of around a hundred micrometers per second
with magnetic actuation using an electromagnetic setup which can generate a
flux density of 14 mT. Both techniques are more cost-effective and less tedious
than the previously published fabrication approaches for artificial cilia, but they
are still unsuitable for implementation into controlled large-scale fabrication.
Especially scaling up to large area and continuous production is difficult, since
the two methods rely on the generation of large magnetic field gradients which
is in practice difficult to achieve over a large surface area.
In this chapter, we present a cleanroom-free high-speed fabrication technique, in
which magnetic artificial cilia are produced in a continuous manner by
point-wise drawing from a precursor layer using a surface-modified roll, thereby
significantly reducing fabrication cost and time, and allowing for scale up to
continuous large area production. These cilia can be actuated using a rotating
magnet and can generate a significant flow in a microfluidic chip.

4.2 Fabrication of the artificial cilia
An in-house-developed rolling setup was used to fabricate artificial cilia (fig
4.1a,b). The setup features a synchronized movement (through a rigid string)
and an adjustable gap between the aluminum roll and the substrate holder, so
that the line speed of the surface of the roll and the substrate are the same
without friction between them. The substrate can move at a speed between 2
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mm/s and 1 m/s. A PDMS film made with standard soft-photolithography and
featuring a pre-defined pattern of cylindrical micropillars (typically 200 μm wide
and 300 μm long, fig. 4.1d) is attached to the roll by plasma treating the surfaces
and bonding. The substrate is covered by a liquid magnetic precursor film with a
thickness of 200 μm (see below for a description of the precursor material). As
the substrate travels underneath the roll, thin filaments are pulled out from the
precursor film by the micropillars, and these filaments reach a certain critical
length before breaking. A pair of vertically aligned electromagnetic poles
(surface area 10 cm x 10 cm) is fixed above and below the moving parts, in such
a way that a uniform magnetic field up to 300 mT can be imposed in the area
where the artificial cilia are formed. The extension rate of the filaments, being
typically around a few hundred per second, is determined by the separation
speed of the contact points on the roll and the substrate. The length of the
filament after separation of the contact points can be obtained by a simple
geometrical calculation. By taking the derivative of the length over time and
dividing it by the length itself, the extension rate of the filament can be obtained,
which is non-linear with a rather complex expression:
ࢿሶ ൌ

࢜ሾሺࣂ െ ࢙ࣂሻሺ െ ࢉ࢙ࣂሻ  ࢙ࣂሺࢎ  ࡾ െ ࡾࢉ࢙ࣂሻሿ
ሺࢎ  ࡾ െ ࡾࢉ࢙ࣂሻ  ሺࡾࣂ െ ࡾ࢙ࣂሻ

Eq 4.1

and
ࣂൌ

࢚࢜
࢚࢝ࢎ࢚  
ࡾ

Eq 4.2

in which v is the speed of the substrate, R is the roll radius, t is the time, h is the
thickness of the precursor layer and θ is the angle of rotation of the roll. The
thickness of the precursor layer h is used as the initial length of the filament in
this estimation. Note that because of surface tension, the ends of the filament
form cones and are deformed less than the middle, so the entire filament goes
through a non-uniform extension and only the nominal extension rate can be
deduced from the above equation. The extension rate of a filament pulled out
by a 1 cm roll with a substrate speed of 1 m/s is shown in Fig 4.1c.
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The precursor for making artificial cilia contains a base PDMS + curing agent
(Sylgard 184, Dow), a high molecular weight PDMS gum (MW > 500,000,
Gelest, Inc.), iron particles (Carbonyl iron powder, 99.8%, BASF), a
PDMS-PEO copolymer (Mw 3000, Polysciences Inc.) and fumed silica (0.007
μm, hydrophilic surface, Cabot). The composition was optimized through a
rheological study combined with fabrication experiments (see chapter 5). The
hygroscopic silica particles are heated at 110 ˚C under vacuum for 1 hour to
remove water before compounding. The mixture is mixed by hand for 10 min,
and then degassed using a Thinky mixer (AR250, Artisan) at 2000 rpm for 2
min. It was found through microscopic observation that hand mixing resulted in
a similar level of distribution of iron particles as compared to using a
twin-screw extruder-mixer. The nominal size of the silica nanoparticles is 7
nanometers and they form aggregates of about 1 μm 71, which is similar to the
size of the iron particles, and therefore can be considered sufficiently small for
this application. The mixture is applied onto a 75 mm × 75 mm glass substrate
using a film applicator (Erichsen GmbH & Co.), forming a 200 to 220 μm thick
layer. We learned from experiments that the thickness of the precursor layer
affects the length of the artificial cilia, therefore its consistency was checked in
the experiments in order to control the number of variables that affect the
process.
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Fig 4.1 (a) Schematic of the fabrication process (see explanation in text); (b) picture of the
fabrication setup showing the moving parts and an endoscope which is mounted on a high
speed camera to capture the drawing of the filaments during the fabrication process; the
synchronization string is used to drive the roll, so that the surface speed of the roll is
synchronized with that of the substrate; the bottom electromagnetic pole can also be seen (top
pole is removed in order to show the roll); (c) the nominal extension rate of the filaments pulled
out by a 1 cm roll with the substrate moving at 1 m/s; (d) snapshot from a movie showing the
PDMS micropillars on the surface of the roll serving as contact points; the scale bar is 1 mm.

A pair of fixed electromagnets (10 cm × 10 cm surface area) is placed
symmetrically above and underneath the moving substrate, capable of
generating a magnetic field up to 300 mT perpendicular to the substrate at the
location where the filaments are pulled out (see figure 4.1a). The magnetic field
applies an alignment force for the cilia to stay straight and perpendicular to the
substrate. Fig 4.2 shows that with the field turned off, the tips of the artificial
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cilia tilted more and even curled back, which can reduce the length of the cilia.

Fig 4.2 The effect of the external magnetic field during roll pulling fabrication of artificial cilia.
(a) Significant curling and collapsing happened when the electromagnets were turned off, which
reduced the overall length; (b) artificial cilia remained straight and became longer when a vertical
magnetic field (about 200 mT) was applied in the fabrication area (see the schematic in Fig 4.1).
Both scale bars are 500 μm.

The rheological properties of the precursor material and the process parameters
are important for the final geometry of the artificial cilia, which in turn is crucial
to the effectiveness of cilia actuation under an external magnetic field. A
detailed study will be presented in the next chapter but some main results will be
briefly discussed here. The addition of the copolymer PEO-b-PDMS and the
silica particles gives the mixture a yield stress, i.e. under low stress, the material
behaves like an elastic solid whereas viscous flow occurs above a certain stress
value. This property of the mixture helps the formed artificial cilia to resist
collapsing after their formation, under the joint effects of fluid elasticity and
surface tension, and it makes the process more robust as the curing of the cilia
does not need to happen instantaneously. As shown in Fig 4.3, the increase in
the amount of silica particles in the precursor resulted in longer and more
slender cilia. Moreover, the overall size (but not the aspect ratio) of the cilia is
affected by the size of the PDMS pillars on the surface of the roll, as more
material is scooped up from the precursor layer.
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Fig. 4.3 Geometries of the magnetic artificial cilia fabricated using the roll-pulling process. (a-c)
the aspect ratio of artificial cilia increases with the increase of the loading of silica particles in
the precursor mixture, which is 3.3, 4.0 and 4.6 in volume percentage respectively for a, b and c.
The exact compositions are listed in Table 5.1, see samples with codes H, I and J; (d) larger cilia
can be made with bigger pillars on the roll surface (300 μm diameter, as opposed to 200 μm
pillars used in a-c); (e) overall view of (c). All scale bars are 200 μm.

4.3 Actuation and flow generation
As shown in Fig 4.4, a recirculation microfluidic chip made of PDMS was used
to characterize the flow generation capacity of the artificial cilia, as described in
the earlier chapter 70. A rotating magnet was placed underneath the cilia with its
rotation axis at an offset with respect to the center of the cilia chamber. This
way, a time-dependent magnetic field was generated (Fig. 4.4(d)) that actuates
the cilia to perform a tilted conical motion, which is similar to the motion of
natural nodal cilia and that of several previous studies on artificial cilia 44, 69, 70.
Such a so-called non-reciprocal motion (in which the paths of the cilia are not
time-reversible because of the asymmetry of their motion with respect to the
horizontal surface) is able to generate a net fluid flow in low Reynolds number
environments 65.
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Fig 4.4 Actuation scheme of the magnetic artificial cilia. (a) Microfluidic chip with a cilia
chamber and a circulation channel for flow observation was placed on a rotating magnet; the
rotation axle of the magnet was offset by a distance d with respect to the center of the cilia
chamber, and the magnet was placed at a distance r from the rotation axis; (b) top view image of
the motion of one rotating artificial cilium, composed of 50 frames in one actuation cycle
showing the tilted cone rotation (at 1Hz); (c) perspective drawing of cilia rotation; (b) and (c)
have arrows indicating the effective stroke, when cilia are moving in a more upright position, the
recovery stroke, when they are closer to the substrate, and the resulting overall flow direction; (d)
simulation result of the three components of the periodically changing flux density experienced
by artificial cilia in one actuation cycle, with d = 6 mm, r = 6 mm and h = 2 mm, actuated using
a 10 mm high, 20 mm diameter cylindrical magnet with a remnant flux density of 1.3 T.
Illustrations are not to scale; the simulation is performed with Comsol Multiphysics®.

The effect of cilia density on the flow generation was studied using different
cilia configurations (3x3, 4x4 and 5x5 cilia within the cilia area indicated in figure
4.4a). The flow speeds were characterized for two fluids with different
viscosities, namely deionized water (1 mPa·s at room temperature) and a 60 wt%
glycerol solution (10 mPa·s). The flow was visualized by seeding the fluids with
3 μm polystyrene particles and the speeds were measured in the recirculation
channel indicated in Fig 4.4a. A high speed camera (Phantom V9, Vision
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Research Inc.) was used to record the seeding particle movement on a stereo
microscope and the speed was obtained by calculating the average speed of the
particles in the geometrical center of the channel over 120 seconds.
The geometrical settings of the cilia are represented by the number of rows
multiplied by the number of columns, so 3x3, 4x4 and 5x5 means there are 9, 16
and 25 cilia in the cilia chamber, respectively. Several observations can be made
from the results of the measured fluid flow velocities in these settings, as shown
in Fig 4.5. First, a larger number of cilia generate higher flow rates at the same
actuation frequency, which can be naturally explained by the fact that there are
more cilia to drive the flow. However, the results also show that the flow
increased less from the 4x4 setting to the 5x5 setting than for an increase from
3x3 to 4x4. This means that increasing the cilia numbers has a diminishing
return on the gain of the flow speed for the cilia configuration, and the
relationship between the number of cilia and the induced flow rate is non-linear.
Second, the flow generated with water has a larger than linear increase with
respect to the actuation frequency, different than for the glycerol solution, for
which the relationship is a little less than linear, which is consistent with the flow
profile generated by the artificial cilia developed in the previous chapter. One
possible explanation for such a greater-than-linear increase could arise from
inertial effects playing a role. If we compute the Reynolds number ܴ݁ ൌ
ߩܮݒΤߟ  using the dynamic viscosity of water for Ʉ(1 mPa·s), the length of cilia
for  (300 μm) and the moving speed of cilia tips at 20 Hz for v (around 0.02
m/s, as observed from high speed imaging), the result is around 6, which is in
the range where inertial effects can indeed influence the motion of cilia, which
in turn can enhance cilia driven flows, as reported in another study35. We expect
that the flow speed will start to decrease if the rotation frequency becomes
larger than a certain threshold value, like in the previous chapters (see figures 2.5
and 3.4). The reason for this flow decrease is that the cilia experience an
increasing hydrodynamic drag as the rotation frequency gets larger, thus
diminishing the motion of the cilia above a critical frequency since the applied
magnetic torque cannot compensate for the increased drag anymore, as we have
61

501032-L-bw-Wang

Chapter 4
Magnetic artificial cilia fabricated with roll-pulling
69, 70
found in previous studies . However due to the frequency restriction of the
actuation setup used in this study (20 Hz is the maximum), we were not able to
reach the threshold, which means that still higher flow rates are possible.

Fig 4.5 Flow speeds observed in the recirculation channel with respect to the actuation
frequency in (a) water and (b) 60 wt% glycerol solution.

4.4 Conclusion
In this chapter, a magnetic field assisted roll pulling process for making
magnetic artificial cilia is presented. Slender cone-shaped magnetic artificial cilia
were produced, which are capable of generating microfluidic pumping in a
close-loop channel with external magnetic actuation. The spatial arrangement of
artificial cilia is pre-defined by the micropillars on the roll surface, and the area
of production, which is mostly restricted by the length of the roll, can
potentially be scaled up. The fabrication speed can go up to 1 m/s in our
experiments, which is restricted by the speed limit of the substrate. Such a high
speed combined with the large production area provides the opportunity to
scale up the fabrication of artificial cilia towards the realization of industrial
applications (see more details in the Technology Assessment part in the final
chapter).
The material cost per area of the artificial cilia in this chapter is higher than the
ones in chapter 3 but the overall cost is expected to be lower. The size of the
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artificial cilia produced in this method is similar to that from the magnetic
drawing method, and although the cost of PEO-b-PDMS is about three times
that of PDMS (retail price about € 300 per kilo with well defined molecular
weight), it only takes around 5 % of the mixture by weight, and the cost of the
silica particles can be neglected compared to the other components (about € 3
per kilo). So the cost per each artificial cilium is about the same as in chapter 3.
However, in the process described above, the artificial cilia are pulled out from a
layer of precursor, so the amount of material used per area is higher than that
of the cilia in chapter 3. With 200 m pillars and 200μm spacing between
pillars, the material actually used for production consists about 20 % of the
overall amount in the precursor layer. However, because artificial cilia can be
manufactured in a continuous fashion with a much higher speed in this method,
the increased material cost can be offset by the cost savings from higher
efficiency and larger scale. Therefore it is expected that the overall cost per area
should be lower than that of the previous method described in chapter 3, which
was estimated to be about 0.005 cents per cm2.
Understanding the rheology of the precursor material is crucial for obtaining
the desired slender shape of the artificial cilia in this technique. A number of
parameters can be adjusted in the precursor composition, for example the
concentration of silica particles and PEO-b-PDMS copolymer, and the
processing conditions, such as the substrate speed and micropillar sizes on the
roll surface. Therefore to obtain an optimized geometry through rigorous
experiments, as was done in the previous study, was rather tedious and
inefficient. Moreover, in order to enhance the technology and explore wider
usage of artificial cilia, for example in making large area self-cleaning surfaces
(see Technology Assessment), their sizes need to be reduced to a length scale in
the order of microns. A deeper knowledge of the relationship between
rheological parameters and processing conditions with the final geometry of
artificial cilia is needed to successfully scale down their sizes while maintaining a
desired shape.
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5 Materials characterization
towards optimization of the
roll-pulling process
___________________________
In this chapter, the shear rheology of the precursor materials used for
the rolling process described in chapter 4 is studied, followed by in situ
fabrication tests with those materials. The concentration of two
thixotropy additives in the precursor material, namely a PEO-b-PDMS
copolymer and silica nanoparticles is varied in these tests. A number
of rheological parameters such as viscosity, storage modulus and yield
stress are measured, and their influence on the fabrication process and
the final geometry of the artificial cilia is discussed.

This chapter is based on Wang Y., Cardinaels R., den Toonder J. M. J.

and Anderson P.

D., Magnetic artificial cilia with microfluidic pumping capability fabricated in a
continuous roll-pulling approach. To be submitted.
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5.1 Introduction
In the previous chapter, we presented a method to continuously produce
magnetic artificial cilia using a roll-pulling device. The size and aspect ratio of
the cilia are affected by the physical properties of the precursor materials and
the parameters of the cilia fabrication process. In order to control and optimize
the geometry of the artificial cilia, a better understanding of the rheological
behavior of the precursor material under different processing conditions is
needed. This chapter addresses these issues by discussing the results of
measurements using shear rheometry and in situ measurements during and after
the fabrication process of artificial cilia. The compositions of the precursor
material and the fabrication parameters were varied in these experiments. As a
result, a better understanding of how the rheological properties of the
precursor material affect the size and shape of the resultant artificial cilia was
achieved.

5.2 Contributing factors determining the geometry of artificial
cilia
5.2.1 The effect of surface tension
The aspect ratio is an important geometrical property of the magnetic artificial
cilia. Generally, a high aspect ratio is desired, as it helps for the cilia to achieve
bigger deflection during actuation and generate larger flow or better mixing 56, 72.
However, because the precursor material is based on liquid PDMS, the surface
tension works against the effort of making high aspect ratio cilia: after the
pulled-out filament breaks up, the remaining part flattens under the effect of
surface tension.
Although the exact pressure field exerted by the surface tension depends on the
changing geometry of the cilium and a numerical approach is required to obtain
it, a rough estimation can be made based on the Laplace pressure ܲ ൌ ʹߪȀܴ,
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where σ is the surface tension and R is the radius of curvature. If the surface
tension of PDMS (roughly 20 mN/m) is taken for σ, a typical 20 μm diameter
filament will experience a Laplace pressure of roughly 4000 Pa. Such a high
pressure can dull the tip into a rounded shape while pushing the filament back
into the precursor layer, thereby effectively reducing the length of the filament
and flattening the surface in a short amount of time. For example if standard
PDMS Sylgard 184 (with a viscosity of 3.5 Pa·s) is used, it takes only a fraction
of a second for the cilia with the shape of a filament of such size to disappear,
as was observed in the experiments. Such a small time window adds complexity
and difficulty to the process, because then the curing of the artificial cilia will
have to be done very quickly.
5.2.2 The effect of fluid elasticity
The length of artificial cilia after the filament breaks up will also decrease
because of the fluid elasticity. It is well known that entangled polymers behave
viscoelastically during extension, and will partially recover the strain after
rupture73. With added particles and copolymer, the elasticity of the precursor
mixture is further enhanced, as shown in Fig 5.4 and Fig 5.5 that the storage
modulus G’ increases with the increase in concentration of both components.
The added elasticity can cause more retraction compared to that of the pure
polymer, as shown in the experiments of Barroso et al.74. However, unlike
surface tension, which has a constant value and exists as long as the chemical
composition remains unchanged, the elastic recovery has a timescale determined
by the material relaxation time, during which the stress relaxes to zero, or to
some stable value if the material develops a yield stress. It is observed from
stress relaxation tests, in which the stress response was monitored during
continuous shear and subsequently after stopping the flow using a strain
controlled rheometer (ARES), that the majority of the stress relaxation of the
PDMS base fluid (with and without gum) happened in hundreds of milliseconds
after cessation of shear (data not shown). Similar timescales were reported in
the literature for suspensions in a low viscosity medium75. This timescale is
67

501032-L-bw-Wang

Chapter 5
Materials characterization of the roll-pulling process
relatively short compare to the timescale required for the establishment of the
yield stress, which is about tens of seconds (see below the G’ growth curve in
Fig 5.4 and Fig 5.5a), meaning that time wise, the elastic recovery is less
influenced by the yield stress as compared to the collapsing induced by surface
tension, which persists over a much longer timescale. Moreover, the amount of
elastic recovery of the artificial cilia has a finite value limited by the amount of
extension of the PDMS molecules when the filaments break up, as opposed to a
potentially much larger amount of deformation caused by the surface tension,
which exerts a force as long as the surface is not flat.
5.2.3 Introducing yield stress into the precursor mixture to maintain the
aspect ratio of artificial cilia
In order to retain the lengths of artificial cilia after the filaments break up,
hydrophilic silica nanoparticles (7 nm, no surface treatment, Sigma Aldrich) and
a polyethylene oxide-PDMS block copolymer (PEO-b-PDMS, molecular weight
3000, Polysciences Inc.) were added to the base PDMS (Sylgard 184) to form a
precursor mixture. The silica particles are known to form an open structure in
the PDMS matrix which brings a certain rigidity into the matrix, and the
structure can only be broken down when a sufficient amount of stress is
applied76, 77. It means that the material behaves like an elastic solid, or has a very
high viscosity at low stresses, and only flows like a liquid when the applied stress
exceeds a certain level, the so-called ‘yield stress’. Also, in the case with silica
particles in PDMS, when at first the structure was broken down by shearing, it
will buildup again when the shearing stops. This phenomenon of a
time-dependent viscosity due to break down and buidup of structure in the
material is called the thixotropic effect, which often occurs side by side with the
yield stress 78. A sufficiently high yield stress is needed to resist the surface
tension and to prevent collapsing of the cilia. In addition, the structure has to
buildup fast so that a sufficient amount of the filament length after breakup can
be retained for effective actuation.
The PEO side chains in the PEO-b-PDMS copolymer (Fig 5.1) are affinitive
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(through hydrogen bonds) to the silica particles, and it is expected that with
multiple side chains in a single molecule, bridging between particles is created,
thereby effectively reinforcing the structure. The PDMS backbone of the
copolymer helps it to better disperse in a PDMS matrix80. It will be shown later
in this chapter that the addition of this copolymer increased both the storage
modulus build-up speed (Fig 5.4) and the yield stress of the silica-PDMS
mixture (Fig 5.7a), which are beneficial for artificial cilia to resist shrinking
caused by surface tension and elastic recovery after the filaments break up. Also,
as the essential building block for the structure, increasing the amount of silica
particles can also increase the yield stress (Fig 5.7b). However, too much
particles may lead to large aggregates81, which affect the homogeneity of the
mixture and are undesirable in the process of producing micro-structures such
as the artificial cilia.

Fig 5.1 The molecular structure of PEO-b-PDMS block copolymer.

5.2.4 The effects of viscosity
The shear viscosity of pure PDMS fluid is independent of strain rate or time (i.e.
the fluid is Newtonian)82, however with the addition of silica particles and
PEO-b-PDMS the viscosity of the mixture becomes both time and rate (stress)
dependent (inserts of Fig 5.3a and Fig 5.7 illustrate each of these dependencies),
to an extent that the viscosity can exhibit a sharp drop over a small stress range,
defining the yield stress, as discussed above. Such a stress dependent viscosity
can exacerbate the non-homogeneity of the extensional deformation along the
length of the filament during the fabrication process, as less deformed areas
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(close to the ends of the filaments) experience smaller extensional stresses
because of larger cross sections compared to the middle of the filaments, which
in turn brings higher viscosity and hence makes them deform even less. That is
the reason due to which the artificial cilia have relatively large cones at their base,
as shown in Fig 4.3.
Having a low concentration high molecular weight polymer in a low viscosity
base fluid can bring the extension hardening effect, in which the extensional
viscosity increases during extension, or the so called Trouton ratio ൌ ߟା Ȁߟ ,
with ߟା being the extensional viscosity and ߟ the shear viscosity, increases.
This leads to an increase in the extension limit of a fluidic filament 73, which is
also found to be true for PDMS83. This extension hardening in general also
leads to filaments with a more uniform cross-section since now the viscosity at
the thinner part of the filament will be larger and thus further thinning will be
postponed84. So a high molecular weight PDMS gum (MW > 500k) was added
in the mixture in order to introduce extension hardening and obtain longer
artificial cilia. However, it is observed through fabrication tests that the cilia
lengths only increased slightly with the addition of high MW PDMS (data not
shown). This is probably because the extensional hardening brought about by
the high MW gum is not sufficient to mitigate the negative effect on extension
uniformity brought by the silica particles and PEO-b-PDMS copolymer, which
is a more deterministic factor in the cilia shape as discussed in the previous
paragraph. Also because only a moderate strain was obtained at the time of
filament break-up, with a typical Hencky strain ߝ ൌ ሺ݈Ȁ݈ ሻ of around 2, the
strain hardening effect is perhaps not very significant85. However with the strain
rate in the experiments reaching up to 700/s (Fig 4.1b), which is much higher
than the limit of filament stretching types of extension rheometers85, the
Trouton ratio reported in the literature may not be applicable in our fabrication
process, and the extensional viscosity at such high strain rate is difficult to
obtain using extension rheometers. Shear rheology, on the other hand, is a well
established, quantitative tool suitable for studying such a complex material. It
provides both the ease of obtaining a variety of data from different test
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protocols and the analytical tools from a number of well developed theories to
interpret the data, as well as the possibility to compare the results with a vast
quantity of literature. Shear rheology protocols and results of our mixtures are
therefore presented and discussed in sections 5.3 and 5.4.

5.3 The method of shear rheology study of the precursor
material
5.3.1 Material compositions
Samples with different compositions shown in Table 5.1 were prepared as
described in Section 4.2. Volume fractions of each component were calculated
by using the density values shown in Table 5.2. Note that the curing agent for
PDMS Sylgard 184 was not added for chemical stability of the samples during
the rheological experiments. In the precursor used in the fabrication process an
amount of curing agent equal to 10 weight percent of Sylgard 184 base was
added. Since the volume percentages of Sylgard 184 are different across the
samples in Table 1, adding the curing agent will disproportionally affect the
volume percentage of other components by a degree up to 1%, which is small
compared to the composition changes across different samples. Thus the
conclusions drawn from this study are relevant for the real precursor mixture
used for artificial cilia fabrication.
The amount of two major components was varied in these samples, namely the
PEO-b-PDMS copolymer and the silica nanoparticles, as the rheological effects
discussed in section 5.4 depend heavily on those components and are very
sensitive to their concentrations. When one of the two was varied, the other one
was kept constant in a certain form. Specifically, the volume ratios of all other
components except Sylgard 184 to the overall volume were kept constant when
PEO-b-PDMS was varied (samples A to E), in order to keep the same solid
content. And the ratio of all other components to Sylgard 184 was kept
constant (samples F to M), providing a same matrix fluid, when the silica
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particle concentration was changed. The volume percentages of silicone gum
and iron particles were kept constant relatively either to the overall volume or to
the volume of PDMS base in order to minimize the variables. For the samples
with the amount of silica varied, only shear experiments were performed, and
for the samples with varying amount of PEO-b-PDMS, both shear rheology
and in situ fabrication tests were carried out .
Table 5.1 Volume percentages of different components in the samples used in the rheology
study. The major changes across different compositions are highlighted.

PEO-b-PDMS
(MW 3000)

Silica
nanoparticles
(0.007 μm)

Silicone
gum
(MW >
500 k)

Iron
microparticles
(99.8%)

Sylgard

Sample

184 base

code

8

5

1

6

80

A

Shear and

6

5

1

6

82

B

fabrication

4

5

1

6

84

C

tests

2

5

1

6

86

D

0

5

1

6

88

E

11.9

2.0

0.9

5.6

79.5

F

11.9

2.7

0.9

5.6

79.0

G

11.8

3.3

0.9

5.5

78.5

H

11.7

4.0

0.9

5.5

78.0

I

11.6

4.6

0.9

5.5

77.5

J

11.5

5.2

0.9

5.4

77.0

K

11.5

5.8

0.9

5.4

76.5

L

11.4

6.4

0.9

5.4

76.0

M

Shear tests
only

Table 5.2 Density of the components used for calculating volume percentages in Table 5.1.
Sylgard 184
base
Density
(g/cm3)
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PDMS-PEO

Silicone gum

Silica

Iron

copolymer

(MW > 500

nanoparticles

microparticles

(MW 3000)

k)

(0.007 μm)

(99.8%)

1.1

0.98

2.6

7.8
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A stress controlled rotational rheometer (Anton Paar MCR501) with a
cone-plate setting (CP25-1˚, d=0.049 mm) was used for characterization of the
shear rheology of the precursor materials. Within the range of shear rates used
in this study, no slip or significant shear fracture was identified.
For samples of varying amount of PEO-b-PDMS (A to E), the test protocol is
shown in Fig 5.2. The materials were first sheared at a rate of 1 s-1 for 5 hours in
order to reduce the effect of any pre-shear history and to ensure that all samples
had the same precondition. Then a series of repeating tests were performed,
each with four steps. First, a 0.05% amplitude, 10 Hz (62.8 rad/s) oscillatory
shear was applied for 30 minutes to allow buildup of the structure in the sample,
during which the modulus change was observed. The amplitude was pre-tested
to be within the linear viscoelastic range of all tested samples. Then the sample
was sheared for 30 seconds at a rate of 1 s-1, followed by a constant stress in the
reverse direction. The stresses are varied in a range where significant change in
viscosity is observed for each sample (see figure 5.7a). Finally the sample was
sheared for 30 min at 1 s-1, in order to erase the effect brought to the sample
from the previous test, before commencing a new test with the same procedure
but an increased stress in the reversal step. The application of shear followed by
a constant stress in the opposite direction was an effort made to resemble the
cilia pulling process, in which the filaments are first pulled out from the
precursor (applying strain) and subsequently shortened by the joined effects of
surface tension and elastic recovery, which can be viewed as a stress in the
opposite direction. The same samples were also used in the in situ fabrication
tests, and the results from rheology and fabrication tests are compared and
discussed later in section 5.5.
Samples F to M vary in silica concentration, which, together with a higher
concentration of PEO-b-PDMS than samples A to E, make their differences in
rheology (yield stress, viscosity etc.) much more pronounced than those of
samples A to E (see below). As a result, most of these samples are either too
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fluidic or too rigid to make artificial cilia. Therefore, the detailed in situ
fabrication studies were omitted for these samples, and only a shear rheology
study was carried out. The test protocol is shown in Fig 5.2. First, the samples
were pre-sheared for 5 minutes at a constant shear rate of 1 s-1. Then a 1 rad/s,
0.1% strain amplitude oscillation shear was applied for 2 hours. Afterwards, the
materials were subjected to a step increasing stress (depending on composition)
to find the yield point of each sample, with each step lasting 20 minutes.

Fig 5.2 Shear rheology test protocols for different precursor materials. (a) samples A to E; (b)
samples F to M.
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5.4 Results and discussion
5.4.1 The effect of composition on viscosity
A number of observations can be made by comparing different compositions in
this shear rheology study. First, the viscosities of the samples A to E reached
some steady value during the preshearing step, as shown in the insert of Fig 5.3a
for the 4 % vol PEO-b-PDMS (sample C). Different plateau values were
reached, and they were found to decrease with an increasing amount of
PEO-b-PDMS, as Fig 5.3 shows. This can be explained by the fact that the
PEO-b-PDMS has a molecular weight (about 3000 g/mol) and hence viscosity
much lower than that of the PDMS base, thus increasing its volume percentage
brings down the viscosity of the matrix fluid, which then manifests itself as a
drop in the steady shear viscosity of the mixture.
Samples F to M were only sheared for 5 min before oscillation, so the steady
state shearing was not reached for those samples. Nonetheless the viscosity after
5 min of shearing shows strong correlation with the volume concentration of
silica particles, as shown in Fig 5.3b. The main observation is that there seems to
be a power law relation between the viscosity and the silica volume percentage
with an exponent of about 4.3. Such a sharp increase has been reported in both
compact systems86 and dilute systems with strong interactions (for example
electrostatic interactions) between particles and matrix87. However due to the
fact that the mixture composition is complex and the different interactions
between components can all affect the viscosity, the exact mechanism behind
this seemingly power law increase is unclear. Nevertheless, this tells us that
adding silica particles into the mixture of PDMS and PEO-b-PDMS has a sharp
enhancing effect on the viscosity, as opposed to the addition of PEO-b-PDMS,
which reduces the viscosity (Fig 5.3a). As increasing the concentration of both
can increase the yield stress of the mixture (Fig 5.7), the aforementioned
opposing effects potentially provide a mechanism to tune the viscosity of the
mixture while maintaining the level of yield stress, or vise versa. This is
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beneficial to the fabrication process as it provides a level of robustness in fine
tuning some of the most important rheological parameters.

Fig 5.3 Comparison of shear viscosity. (a) the steady shear viscosity at shear rate of 1 s-1 of
samples A to E with different PEO-b-PDMS content; the insert is the viscosity change over
time for sample C with 4 %vol PEO-b-PDMS; (b) shear viscosity of samples F to M after 5
minutes of shearing at 1 s-1 shear rate.

5.4.2 The effect of composition on the elastic modulus
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Second, during the oscillation in the viscoelastic regime, storage and loss
modulus values give information about the buildup of structure inside the
material, which imparts yield stress to the precursor. As shown in Fig 5.4, from
samples A to E, the effect of the PEO-b-PDMS copolymer on the scale and
speed of this structural buildup process can be studied. With a higher volume
percentage of the copolymer, most notably the storage modulus rises up faster
and to a higher value, which indicates that a stronger network is being formed.
This will in turn lead to a higher yield stress, which will be shown later.

Fig 5.4 The evolution of storage and loss modulus of samples over time with different
PEO-b-PDMS content (A to E).

Figure 5.5 shows the effect of silica volume percentage on the storage modulus
G’ build-up from the oscillatory shear results on samples F to M. After a longer
time of oscillation, the increase of G’ slows down and appears to have a plateau
value, which is not completely reached for every test because of time constraint.
The terminal values of G’ are thus taken for comparison. It can be seen that the
G’ has a power law relation with the silica volume fraction as shown in Fig 5.5b.
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This power law behavior can be expressed as ܩԢ̱߮  , with n carrying
information about the type of interaction between the components and the
fractal dimension of the structure formed by the particles, which has been
investigated extensively in the past77, 81, 88-92. However, the values of G’ in the
presence of PEO-b-PDMS are about an order of magnitude higher than that in
pure PDMS with similar molecular weight, in our results (see figure 5.4) as well
as the literature81, 91 for the same type of fumed silica with the same amount of
particle loading. Also, the value of the exponent n from our experiments, 5.6, is
smaller than the value reported for the case of unmodified fumed silica in
PDMS (7.2) and is closer to that of surface modified fumed silica in PDMS91.
The explanation for the increase in G’ could be that the PEO-b-PDMS
enhances bridging between particles because of the more favorable bond
between PEO strands and hydroxyl groups on the surface of silica particles,
leading to a stronger network, which has been investigated by Zhang and
Archer79. On the other hand, the PDMS backbone of the PEO-b-PDMS makes
it miscible with the PDMS base and helps to disperse silica particles in the
matrix more homogeneously, which leads to a more open structure formed by
the particles, hence reducing the fractal dimension D. Piau et al.
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reported that

ܩᇱ ̱߮  ൌ ߮ ହȀሺଷିሻ , and based on this relation, the decrease in the exponent n
can be explained by the decrease in D. This argument can be further confirmed
by more thorough and longer experiments with different compositions, for
example to reach true plateau values using different particle and copolymer
loadings. Such a detailed investigation is too time consuming for the current
study, but it will be needed for achieving more precise control over the
fabrication process in the future.
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Fig 5.5 Storage modulus of samples (F to M) with different silica volume percentage in
oscillatory shear. (a) evolution of G’ over time; (b) terminal values of G’ as a function of the
volume percentage of silica particles.

5.4.3 Responses during constant stress and the determination of yield
stresses
A third observation can be made from the material response to the progressive
increase of stresses in the reverse stress steps for tests of sample A to E (Fig
5.2a), and the step increase in stress in the tests for sample F to M (Fig 5.2b).
For samples A to E, the application of a 30 seconds shear followed by a 30
minutes constant stress in the opposite direction was an effort made to resemble
the cilia pulling process, in which the filaments are first pulled out from the
precursor (applying strain) and subsequently shortened by the joined effects of
surface tension and elastic snapback, which can be viewed as a stress on the
opposite direction. Although the type of strain (shear in the rheological
experiments versus extension in the cilia pulling) and the strain rate (1 s-1 in the
tests versus hundreds per second in real application) are different, the
rheological test nevertheless offers a straightforward way to compare different
compositions in a quantitative manner and it will be shown later that the
material behavior in shear has a strong correlation with the observations made
in the in situ fabrication tests.
79

501032-L-bw-Wang

Chapter 5
Materials characterization of the roll-pulling process
For a material with thixotropic nature, such as the mixture used in the
fabrication of artificial cilia in the roll-pulling process, structural build-up and
break-down can happen simultaneously during the deformation of the material78.
For samples A to E, the structure formed in the oscillation step was partially
broken down by the 30 seconds of shear. Then when a constant but smaller
stress is applied in the opposite direction, the structure build-up rate exceeds the
break-down rate and the shear rate decreases over time, as shown in Fig 5.6a.
Eventually an equilibrium is reached and the shear rate tends to reach a plateau
value. In some cases the stress is so low that the structure build up to a level at
which there is no apparent flow under that stress after some time, such as in the
case of sample A (8 %vol PEO-b-PDMS + 5 %vol silica) at the stress of 200 Pa,
when the strain appeared to have stopped to increase after about 2 minutes (Fig
5.6b). This means that when a shear stress below 200 Pa is applied to sample A
after some shearing (in this case at the rate of 1 s-1 for 30 seconds), the structure
buildup overtakes the breakdown to a point that the material behaves more like
a solid and stops to flow, an effect needed in the fabrication process, in which
the stress is induced by the surface tension and elastic recovery, and the prior
strain is the extension until the breakup of the filament.
The end values of the viscosity at each stress level were put into a single graph
(Fig 5.7). If the material has a yield stress, then its apparent value can be
determined from the threshold stress value for which the viscosity shows
decades of drop, e.g. between 600 and 630 Pa for sample A and between 300
and 400 Pa for sample B, in which the PEO-b-PDMS content was lower
(Fig5.7a). It can also be seen that the low stress viscosity plateau value increases
and the drop of the viscosity steepens with an increase in the copolymer
concentration. Note that this test protocol is not a standard method to
determine yield stress, and the values obtained will most likely deviate from the
results obtained with other methods93, 94. Nevertheless it provides us a useful
tool to compare precursor mixtures with different compositions and their
responses in a situation mimicking the fabrication process, and the knowledge
obtained can be used to guide the choice of formulation of the precursor
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Fig 5.6 (a) Strain rate development over time of sample C with 4 vol% PEO-b-PDMS at
different stress levels; (b) increase of strain under 200 Pa shear stress for samples A, C, D and E
with different PEO-b-PDMS concentration.

Fig 5.7 Viscosities of precursor mixtures with different compositions at different stresses. (a)
Viscosity of samples A to E after 30 minutes at different shear stress; (b) viscosities of samples
F to K after 20 minutes at different stress levels. Note that the text protocols for the two
experiments are different, which may yield different values with a same sample. The test
protocols for both experiments are illustrated in Fig 5.2.

For samples F to M a more standard protocol was used to determine the yield
stress, as shown in Fig5.2b. The results are shown in Fig 5.7b. At low silica
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volume percentages, no yield stress was observed, and the viscosity of the
mixture shows a relatively gradual decrease when the shear stress was increased.
At above 3.3 vol% of silica particles however, the material starts to shows a
yield behavior, and the yield stress increases with the concentration of silica
particles, similar to the effect of increasing the PEO-b-PDMS. Notice that
sample K has a similar amount of silica particles compared with sample E (5.2
vol% to 5 vol%) but has a higher PEO-b-PDMS content (11.5 vol% to 8 vol%),
and it shows a much higher yield stress (around 3000 Pa) than sample E, which
is consistent with the trend shown in Fig 5.7a that increasing PEO-b-PDMS
increases the yield stress of the mixture. However, as the 30 seconds shear step
prior to the application of each stress level in the protocol for samples A to E
effectively breaks down the structure and could produce a smaller yield stress
than that from the protocol used for samples F to M, in which a step increased
stress was applied, the difference in the value of the yield stress between sample
E and K might be smaller than what is shown in the graphs, and only a
qualitative comparison can be made.
Overall, increasing both the concentration of silica particles and the
PEO-b-PDMS copolymer can increase the yield stress of the mixture, hence
helps the artificial cilia to retain their lengths after filaments break up. It is
different from the effects of the two components on the steady shear viscosity
as shown in Fig 5.3, in which adding silica particles increases the viscosity while
adding the copolymer decreases it. This divergence can be useful for obtaining a
mixture with optimum rheological properties, as these two important
parameters can be tuned individually.

5.5 In situ study of filament length during fabrication and after
filament breakup
Samples A to E were used in the fabrication process described in chapter 4. The
filament pull-out and break-up were filmed with a high speed camera (Phantom
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V9, Vision Research Inc.) equipped with an endoscope (Imago Group), and the
length of the filaments at the point of breakup was measured. As shown in Fig
5.8, the length at break is significantly influenced by the precursor composition,
in this case the copolymer content, and it can be seen that with less copolymer,
the filaments can be stretched longer before breaking. As explained in Section
5.2.4, this is caused by the more significant decrease of the materials viscosity
on the increase of applied stress when more copolymer is in the mixture, as
shown in Fig 5.7a. The increased drop in viscosity caused the deformation of
the filament to be more localized in the center, where the stress is higher due to
the smaller cross section, while the material close to the ends deformed less, due
to the increased viscosity at low stress levels.
The processing speed, e.g. the speed of the substrate, also affects the length of
the filament at break (Fig 5.8), most notably for precursors with low
PEO-b-PDMS concentrations: the length at break is larger for higher substrate
speed. It means that the maximum extensional strain increases with the
extension rate, which is proportional to the speed of the substrate (Eq 4.1).
Such an increase has been observed and investigated before for viscoelastic
materials during uniaxial extension in a certain range of strain rates, see the
work of Malkin and Petri95, and Mckinley and Hassanger95, 96. However, for
precursors with higher PEO-b-PDMS concentrations, as the materials become
more rigid at rest with higher G’ as shown in Fig 5.4 and higher yield stress as
shown in Fig5.7a, elastic behavior emerges at higher speeds. It can lead to a
decrease in the extension limit, a phenomenon also discussed by the authors
mentioned above. A typical manifestation of the elastic breakup is the creation
of multiple short filaments instead of a single long one (Fig 5.9c) by a single
contact point at higher speeds for those precursor materials, which affects the
average filament lengths at break. The measurements have a standard deviation
of less than 30 per cent, and the error bars are not shown in the figure 5.8 to
avoid excessive overlapping.
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Figure 5.8 Average length of the filaments at the point of break for samples with different
amount of PEO-b-PDMS copolymer during the artificial cilia fabrication test, i.e. samples A-E
with compositions as indicated in Table 5.1.

Figure 5.9 Snapshots of high speed image recordings during the artificial fabrication tests of
samples with different amount of PEO-b-PDMS copolymer. (a) Sample E (no PEO-b-PDMS)
with a substrate movement speed of 0.6 m/s; (b) sample A (highest PEO-b-PDMS content, 8
vol%) with the same speed; (c) an example of multiple filaments created from a single contact
point, seen in the test of sample A with 1 m/s substrate speed.
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As discussed in section 5.2, immediately after the breakup, the length of the
filament starts to reduce because of the combined effect of surface tension and
elastic recovery. Meanwhile, the material starts to build up an inner structure
which results in a yield stress that restricts the flow when the external stresses
are below a certain value, hence helps the artificial cilia to maintain a certain
length. Fig 5.10 shows the measured lengths of the artificial cilia made with
precursors of different PEO-b-PDMS concentrations (samples A to E) both at
the point of break and after 1 week of resting. It is clear that although the
filaments broke at longer lengths for lower copolymer content precursors (as
already seen in Fig. 5.8), , the higher copolymer content precursors were able to
retain more of that length and resulted in longer artificial cilia after resting,
owing to a higher yield stress (Fig 5.7a) to counter the surface tension and elastic
recovery. This effect is important for the robustness of the roll-pulling process,
as the immediate curing to maintain the shape of artificial cilia is removed from
the process requirement, and they can be cured at a later stage in the fabrication
process.

Fig 5.10 Comparison of the lengths of the filaments at the time of breakup and after 1 week,
made with precursor materials of different PEO-b-PDMS concentration (samples A to E). The
substrate speed during the roll pulling process was 0.5 m/s in this case.
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5.6 Conclusion
In this chapter, the shear rheology of a variety of precursor compositions used
in the roll pulling artificial cilia fabrication process was investigated. Steady shear
viscosity, storage modulus buildup after cessation of shear and flow behavior at
different stress levels were measured and the underlying mechanism for the
observed differences across different compositions were discussed. It is found
that higher PEO-b-PDMS content results in a lower steady shear viscosity while
having higher silica content increases the viscosity. On the other hand,
increasing both PEO-b-PDMS and silica content resulted in higher storage
modulus and higher yield stress.
In situ fabrication tests with high speed imaging were carried out and the
correlation between fabrication results and the rheology test results was
discussed. It is found that artificial cilia made compositions having a higher yield
stress retain more of their lengths after breakup of the pulled-out filaments. So
although the initial length of the filaments at break was smaller because the yield
stress adversely affected the homogeneity of filament stretching, the final
lengths were longer, resulting in higher aspect ratio, hence artificial cilia that can
be actuated more easily.
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6.1 Conclusion
Inspired by nature and seeing the limitation of the existing technology, we
developed three out-of-the-cleanroom fabrication techniques for making
magnetic artificial cilia, all of which are capable of generating microfluidic
pumping, and each of them is a step closer towards the potential large scale
application of the technology.
The first technique was described in Chapter 2. Using an electromagnetic setup,
3 μm superparamagnetic beads formed self-assembled chains inside a
microfluidic channel. Then these chains were coated with soft polymer
nanoparticles, which mechanically stabilized the self-assembled structure by
forming a continuous coating on the surface of the beads with mild heat
treatment, forming artificial cilia inside the microfluidic channel. Using the same
electromagnetic setup, the self-assembled artificial cilia were actuated into a
tilted conical motion, and a flow speed of up to 5 μm/s was induced by the
motion of the cilia.
In Chapter 3, a more facile and cost-efficient technique for making magnetic
artificial cilia was described. Using a permanent magnet, microscopic fibers
self-assembled from a layer of iron particles and PDMS mixture, being drawn
out from the mixture due to the magnetic gradient close to the magnet after
which they were caught by a substrate attached to the magnet. These artificial
cilia were integrated into a closed-loop microfluidic channel for pumping
experiments. As a result of the magnetic actuation of these artificial cilia, a flow
rate up to 0.6 μL/min was obtained in water, and the relationship between the
kinematics of the cilia motion and the actuated flow speed did fit well with a
theoretical model.
Chapter 4 described a magnetic field assisted roll pulling technique for making
artificial cilia. Using a surface topography modified roll, artificial cilia were
pulled out from a substrate coated with a precursor mixture consisting of iron
particles, PDMS, silica nanoparticles and a PEO-PDMS block copolymer. The
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latter two components were added as rheological modifiers to give the mixture a
yield stress, which prevented the formed cilia from collapsing under surface
tension. The cilia could be formed with a substrate movement speed up to 1
m/s (limited by the setup), which could significantly improve the fabrication
speed of the artificial cilia compared to other techniques, and could potentially
lead to industrial scale applications of the technology.

6.2 Technology assessment
Cilia are versatile organelles in nature. Their functions are not restricted to
inducing motions such as fluid flow, but they also include physical and chemical
sensing, surface energy modification and antifouling. Due to the increased
surface area and the ability to induce flow and mixing by external actuation,
bio-mimetic artificial cilia have many potential applications, albeit being less
complex in terms of physical structures and chemical compositions compared
to their natural counterparts. From lab scale basic research such as investigating
cell mechanics and turbulent flow, to industrial scale practical applications such
as catalysis and energy harvesting, artificial cilia are a source of innovation and
could potentially bring ever greater impact and improvement to a diverse range
of applications.

Fig 6.1 Versatility of artificial cilia. (a) self-assembled magnetic chains with cell capturing
capability97; (b) elastic microposts as force sensors to examine stress response in a cell
membrane39; (c) a superhydrophobic surface with microscopic surface topography made from
photolithography98.
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6.2.1 Microfluidics
Artificial cilia can be used for microfluidic pumping, as shown in this study and
those of others14. It is necessary to mention that although artificial cilia have
been shown to be capable of generating significant flow speed, the pressure
gradient they can create, or overcome, is essentially small compared to other
means of microfluidic pumping28. The reason lies in the openness of the cilia
area, which allows fluid to pass through between and above them in the
opposite direction to the cilia motion. This prohibits the use of artificial cilia for
pumping in applications where a negative pressure or flow needs to be
countered, for example pumping fluid upwards against gravity. However, they
are suitable as flow generators when little negative pressure exists, for example
for creating a circulating flow for cell culturing, or for modifying local flow
fields in situ and on demand.
Besides pumping, active mixing can also be achieved by artificial cilia, as shown
in a number of previous studies29, 44. Although this is not explicitly addressed in
this thesis, it is expected that the cilia fabricated in this study can also generate
mixing, based on their similar geometry and actuation mechanics compared with
the ones used in other studies 44, 99.
Micropillars in the fluid pathway influence the flow pattern and can be used for
size sorting of particles or cells100, 101. They can also be used to directly capture
cells by chemically functionalizing their surfaces97 (Fig 6.1a) or tuning the gaps
between the pillars102. The artificial cilia can be viewed as micropillars that can
be actively controlled, potentially increasing the sorting and capturing of
particles or cells. Besides particle and cell sorting, the increased surface area of
artificial cilia makes them suitable for capturing target molecules as well, for
example they can be used to perform liquid chromatography in a microfluidic
channel103, 104. Similarly, microfluidics based reactors and detectors/sensors can
also benefit from the increases in surface area of artificial cilia integrated in
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chips, which could improve yield in microreactors, increase extraction rates and
concentration of target molecules105 and enhance the detection limit106.
6.2.2 Mechanical and chemical sensing
Elastic micropillars such as artificial cilia made with PDMS with well defined
geometry and known modulus can be used to measure mechanical forces
induced by flow or by contact with solid substances. In fact some of the earliest
artificial cilia were constructed for stress sensing in cell mechanics studies39, 40, 42
(Fig 6.1b). Coherently patterned flexible micropillars made of PDMS were used
for measuring wall shear stress and for characterization of turbulent flow
patterns107-109.
Chemical changes in the surrounding environment can also be detected by
specially designed artificial cilia. Magnetic artificial cilia can sense pH change in
the surrounding fluid by making them out of a hydrogel that can change its
volume in response to pH as base material. The change in cilia geometry causes
a change in the amplitude of magnetically actuated movement, indicating the
change in pH43.
6.2.3 Superhydrophobic and self-cleaning surfaces
Hierarchical micro- and nano-structures are found in natural water repelling
superhydrophobic (SH) surfaces, such as on the lotus leaf110 and on the legs of
the water strider51. Water drops in contact with SH surfaces are almost perfectly
spherical and easily roll off the surface taking dirt and contamination with them,
which leads to self-cleaning effects111. Artificial SH surfaces have been created
by many groups in recent years to mimic the chemical and physical surface
properties of these natural superhydrophobic and self-cleaning surfaces111-113,
including surfaces with micropillars made by photolithography processes98, 114, 115
(Fig 6.1c). The fabrication techniques developed in our work may also be used
for making SH surfaces, with the rolling process in chapter 4 especially suitable
for large scale manufacturing. Admittedly the feature size of the microstructure
in SH surfaces are in the order of microns, and the artificial cilia made in
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chapter 3 and 4 are much larger than that. However, we believe it is possible to
reduce the size of the artificial cilia by one or two orders of magnitude with
careful preparations and deeper understanding of the materials (such as by
material characterization as in Chapter 5). In order to obtain the hierarchical
structure needed for superhydrophobicity, nanosized features need to be
introduced on top of the artificial cilia microstructures, and a number of works
in the past offer potential solutions, including using nanoparticles and
nanowires111.
Because most of the exisiting artificial SH surfaces are made from rigid
materials such as silicon, metal oxides and plastics111, they are susceptible to
abrasive damages116. Having nanostructures on flexible microstructures has been
proven to increase mechanical stability of SH surfaces117, 118. Therefore a
potential benefit of using artificial cilia to create SH surfaces lies in the flexibility
of the microstructures, which were already implemented for actuation.
The fluid manipulation ability of actuatable artificial cilia can potentially be used
to actively repel water drops, chemicals, and particles from a surface, which has
been proven feasible by numerical simulations119. Therefore, besides passively
preventing wetting of the surface, actuatable artificial cilia also provide the
possibility of actively expelling contaminants and water drops from a surface.
6.2.4 Antifouling
Living organisms and their by-products can accumulate on surfaces submerged
in natural waters, by a process called biofouling120, which can cause problems in
many applications. Marine biofouling increases the surface roughness and
hydrodynamic drag of ship hulls, which leads to decreases in speed, higher fuel
consumption and more green-house gas emission. Medical devices can be
contaminated by the adsorption of biological substances which hinder their
normal operation. The sensitivity and operation life-time of sensors immersed
in natural waters can also be adversely affected by biofouling. Hull fouling of
intercontinental ships can introduce foreign species into indigenous ecosystems,
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a hazard for the established local balance of nature. Due to the scope of the
economic and biological impact of biofouling, many anti-fouling techniques
have been developed, which involve different chemical and/or physical
mechanisms.
Recent regulations have put a limit on the use of organotin compounds in
antifouling coatings because of their detrimental effect on the environment121
and this has motivated researchers to explore bio-inspired strategies for
anti-fouling coatings122. One source of inspiration comes from corals, which can
use cilia motion to mechanically expel algae and inorganic sediments from their
surfaces123, and numerical studies have shown that artificial cilia can both
actively and passively expel particles from the surface119, 124, 125. The fabrication
methods developed in this thesis thus provide a useful toolkit for designing and
implementing both passive and active antifouling artificial cilia. The
self-assembling method in Chapter 2 offers a way to graft artificial cilia on the
inner walls of a microfluidic device, while the magnetic drawing method of
chapter 3 provides a facile way of implementing bigger cilia on dry, open
surfaces. The rolling method in chapter 4 is suitable for manufacturing large
ciliated sheets for antifouling coatings.
6.2.5 Catalysis
The majority of chemical products nowadays are produced with the aid of
catalysis126. The reaction rates depend heavily on the surface area of the catalyst
material at which the reactions take place127, and the internal and external
transport of reagents with respect to the catalyst128. Evidently, this is a potential
application field for artificial cilia: the protruded microstructures provide an
increased surface area and the capability of inducing microscopic flow can
expedite the transport of chemical reactants and products. In fact recently
already some promising studies have been published that show an increase in
photocatalysis effectiveness by using magnetically driven artificial cilia with
catalyst coatings72, 129, 130. Our study helps to pave the way for industrial scale
fabrication of artificial cilia, which may eventually help the technology to make a
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bigger impact on the catalysis industry.

6.3 Future research
Our work has reduced the fabrication cost of artificial cilia and made a step
closer for the technology to find large scale applications. However, more steps
can be made in future studies to further enhance the field of artificial cilia and
their applications.
6.3.1 Expand the range of feasible materials
For almost all the fabrication techniques for artificial cilia reported so far,
including our own research, there is always a restriction on the applicable
materials. For example, the layered materials for making electrostatic cilia need
to be selected based on their conductivity and compatibility with MEMS
fabrication processes. The soft-lithography process requires the material to have
certain mechanical properties such as hardness and extensibility, and to be easy
removable from the mould, which often requires some kind of surface
treatment. Processes that make use of magnetic self-assembly, including the first
two techniques in this thesis, obviously require that the materials have certain
magnetic properties. And the roll pulling process in Chapter 5 requires the
material to have certain rheological properties, such as a yield stress. All these
non-trivial requirements can exclude a wide range of materials for each
fabrication technique. Because artificial cilia can potentially be used in a number
of applications, as discussed in the Technology Assessment, it is expected that
different types of materials need to be used for different applications. It is
however unlikely that any one of the existing fabrication technique can suit all
the potential materials. Nonetheless, efforts should be made to expand the
spectrum of applicable materials for existing techniques. For example, hydrogels
and other kinds of polymers with different additives can be explored for the roll
pulling process for large area fabrication of artificial cilia with different target
functions.
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Artificial cilia made with established technologies such as MEMS and
soft-lithography benefit from the extensive academic and industrial knowledge
in these areas. They were also the first to be developed and are most extensively
used in academic research. The new generations of fabrication techniques for
artificial cilia, such as the ones in this thesis, are relatively young and were
developed based on a lot of trials and errors, with limited existing knowledge to
benefit from. On the other hand, because of the unrefined nature of these new
techniques, there are more possibilities for improvement for them than for the
already established techniques. For example, the self-assembly process in
Chapter 2 uses a soft polymer latex as a coating to stabilize the magnetic bead
chains. The mechanical stability of the soft coating can be further enhanced if
the polymer is crosslinked afterwards, for example by adding photoinitiators
into the mixture and inducing crosslinking by UV exposure. The size of the
pulled out filaments in the roll pulling process can potentially be reduced if
smaller micropillars are used, but a more homogeneous mixture and a deeper
understanding and more precise tuning of the rheological properties is also
needed, which requires further studies.
6.3.3 Control cilia geometry and configuration for different applications
and purposes
The capability of artificial cilia to generate microfluidic pumping via magnetic
actuation has been successfully demonstrated. The flow field generated by the
actuation is determined by the kinematics of the cilia movement, as was shown
in Chapter 3. So theoretically, by controlling the kinematics of artificial cilia
movement in different regions of a microfluidic device, different flow fields can
be generated, which can be useful in a number of applications, for example in
controlling flow direction on demand for on-chip PCR without using
mechanical valves. The kinematics of the movement is in turn determined by
the intrinsic properties of the artificial cilia such as magnetic properties,
mechanical properties, geometry and spatial orientation and configuration,
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together with the external factors such as the magnetic field and the properties
of the surrounding fluid. For microfluidic applications, addressing artificial cilia
with a localized magnetic field can be very challenging because of the limitation
in the achievable field strength and gradient, as has been shown in a previous
attempt (Farhni et al.131). A possible alternative is to have artificial cilia with
different intrinsic properties at different locations in the device, so they behave
differently even when actuated with the same magnetic field. For example,
anisotropic magnetic particles and self-assembled magnetic particle chains will
align their long axis with the direction of the external magnetic field. Using this
mechanism, Tsumori et al.132 proposed a method to create metachronal waves
using magnetic artificial cilia. In their experiments, natural cilia-like 2-D
non-reciprocal motion was achieved by actuating PDMS artificial cilia embedded
with self-assembled magnetic particle chains with a rotating magnet. More
importantly, by embedding the chains at different internal orientations with
respect to the orientation of the cilium (by the means of cutting out artificial
cilia at different angles from a sheet of PDMS with uniformly embedded
magnetic particle chains), a significant difference in phase angles of the actuated
motion with respect to the same phase angle of the rotating magnet was
obtained for different embedding orientations. Therefore, they proposed a
configuration of the artificial cilia array in which each cilium will have
embedded magnetic chains at a pre-defined orientation, so that neighboring cilia
can move with a phase difference when actuated with an externally applied
rotating magnetic field, just like the metachronal wave of natural cilia. With
predefined positioning of artificial cilia such phenomenon can also be tested in
experiments, but it requires further exploration of this technology.
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Summary
In recent years, a type of bio-mimicking micro-actuators known as artificial cilia
has drawn a lot of interest because of their potential applications in
microfluidics. They can be made to respond to various stimuli, such as electric
field, light and magnetic field, and some of them show effective mixing and
fluid transportation capabilities. However, the fabrication techniques adopted in
making those functional artificial cilia involve either microfabrication techniques
under cleanroom conditions, or require expensive sacrificial materials as molds,
hindering practical use. In this doctoral research three alternative cleanroom-free
fabrication methods of functional magnetic artificial cilia were developed, with
each of them progressively more cost-efficient. Moreover, each technique offers
distinctive advantages that suit different requirements, providing a useful
toolbox for fabricating artificial cilia for various applications.
(1) Self-assembly method. In this method, chains of polystyrene magnetic beads
(up to 45 μm long and 3 μm thick) were self-assembled in a magnetic field (10
mT), and were coated with a soft polymer layer (50 nm polybutylacrylate
particles) to form artificial cilia. They achieved up to 4 μm/s flow speed at the
plane above the cilia tips. This method provides the possibility of locally
grafting artificial cilia in existing microfluidic chips, however with a relatively
high material cost as compared to the two other methods.
(2) Magnetic drawing method. Iron particle (approximately 1 μm) chains were
drawn from a suspension in a PDMS matrix using a permanent magnet, and
simultaneously collected on a glass surface to form up to 300 μm long artificial
cilia after curing, with control over their length, density and thickness. Flow tests
have shown their ability of generating significant flow rates of up to 0.6 μL/min
(corresponding to a speed of 70 μm/s) in a circulation channel. This method is
cost-efficient, robust and easy to implement, with all the materials being
commonly available in a microfluidic lab, making it ideal for testing possible
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applications of artificial cilia in laboratory settings.
(3) Roll-pulling method: A yield stress fluid consisting of magnetic iron particles
and thixotropic agent in curable PDMS was rolled over by a surface modified
roll, pulling out filaments with a cone shaped base and a slender tip of up to 1
mm long. The yield stress of the precursor fluid and an external magnetic field
helped the filaments to resist surface tension and elastic retraction, forming
free-standing artificial cilia after filament break-up and curing. Initial flow tests
revealed their capability of generating up to 130 μm/s flow speed in a
circulation channel. This method points towards large scale fabrication of
artificial cilia with controlled cilia distribution and density, showing a potential
for industrial applications.
The technology of producing nature-mimicking surfaces covered with artificial
cilia can be useful in some emerging fields other than microfluidics, such as
creating
superhydrophobic
surfaces,
anti-fouling
and
mechanical/chemical/biological sensing, with or without controllable motion of
the artificial cilia. It’s therefore important to develop fabrication techniques of
artificial cilia that are suitable for large-scale manufacturing and applications.
Hence, this research serves as a stepping-stone to future developments and
implementation of this technology, helping it to bring bigger impact to the
future.
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