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Summary
Particle Manipulation with Magnetic Artificial Cilia
Controlledmanipulation of particles (both synthetic and biological, e.g. cells) is desirable

in both fundamental research and applications such as biomedical and biochemical

research, disease diagnostics and therapeutics, drug discovery and delivery systems,

and self-cleaning and antifouling technologies. To date, microfluidic technologies

offer a wide range of possibilities for particle manipulation including separation,

trapping, enrichment, etc., based on hydrodynamic, acoustic, electrical, optical and

magnetic techniques. Most of these methods operate within the bulk of the fluid.

However, controlled transportation of particles over surfaces along designated directions

is sometimes desired or more economical, for example, in single particle analyses or

for self-cleaning surfaces. In addition, most methods are unsuitable for controlled

multi-directional particle transportation that is requested in, for example, drug delivery

and single cell analysis. Inspiration to achieve this can be found in nature, where

non-reciprocally beating cilia (slender microscopic hair-like protrusions of cells) act to

transport fluids andmanipulate particles inmany biological systems. One representative

example is the rejection of sand grains and fouling organisms by the continuous motion

of cilia covering the outer surfaces of marine mollusks and coral. Another example

is the transportation of egg cells to the uterus by motile cilia lining the inner walls of

the fallopian tubes. Inspired by these examples, researchers have demonstrated the

capability of artificial cilia to manipulate particles and repel fouling agents from the

ciliated surface by means of numerical simulation.

This PhD project was aimed at experimentally demonstrating the particle manipulation

capability of artificial cilia, in order to bring the concept of controlled particle

transportation and self-cleaning and antifouling by ciliated surfaces closer to real

applications. In particular, magnetically actuated artificial cilia (MAC)were used because

i) MAC within a device can be externally actuated by permanent magnets or electro-

magnets without the need for physical connections to peripheral equipment, ii) MAC

have an instantaneous response to the external stimulus, and iii) magnetic actuation is

compatible with biological fluids.

First of all, cylindrically shaped MAC (with a diameter, a height and a pitch of 50 µm,

350 µm and 350 µm, respectively) were fabricated using a facile and reproducible micro-

molding technique, inwhich themagnetic particle distributionwithin the ciliawas varied

from (1) a random distribution, to (2) a linearly aligned distribution to (3) a concentrated

distribution in the tips of the cilia. Magnetizationmeasurements showed that the aligned

distribution led to a substantial increase of magnetic susceptibility, which dramatically

enhanced their response to an applied magnetic field. When integrated in a microfluidic

channel and under the actuation of a rotating permanent magnet, the improved MAC

were able to perform a titled conicalmotion (with amaximal bending angle of 72
◦
), which

induced versatile flows, for example i) circulatory fluid flow with flow rates of up to 40

ix
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µL/min (corresponding to a flow speed of 260 µm/s), which is substantially above the

performance of most of the previously developed artificial cilia, ii) direction-reversible

flows, iii) oscillating flows, and iv) pulsatile flows, by controlling the magnetic actuation

mode. The superior magnetic properties and actuation capabilities of the molded MAC

and their capacity to generate substantial flows paved the road for next experiments on

particlemanipulation, in addition to their potential applications in lab-on-a-chip devices.

Subsequently, the possibility to create self-cleaning surfaces with the fabricated MAC

(diameter=50 µm, height=350 µm, pitch varying from 250 to 450 µm) integrated in a

microfluidic chip was studied. Polylactic acid particles (PLA) with a size ranging from

30 µm to 500 µm were used as fouling representatives. The MAC were actuated by the

same rotating permanent magnet to perform a either vertical or tilted conical motion.

The impact of the motion of the MAC, the actuation frequency, the arrangement of the

MAC and the adhesion strength between the MAC and the particles on the repelling

efficiency of the particles was investigated. It was experimentally proven for the first

time that MAC are able to remove microparticles and sand grains from the ciliated area.

This was shown for twoMAC configurations, namely a surface region fully covered with

orthogonally arranged MAC, the “fully-ciliated surface”, and a bare unciliated central

region surrounded by rows of MAC, the “partially-ciliated surface”. These findings

demonstrate that the ciliated surfaces are capable of creating a particle-free clean surface

area, which has relevant applications in lab-on-a-chip, marine biofouling, and possibly

also particle manipulation including sorting and collecting.

Besides particle removal, it was demonstrated that the fabricatedMAC (diameter=50 µm,

height=350 µm, pitch varying from 350 to 550 µm) were capable of transporting adhesive

microparticles on top of their tips in a controlled manner, both in liquid and in air, multi-

directionally and to any desired location on the ciliated surface. PLA particles with a size

ranging from 400 µm to 800 µmwere used as model particles. Due to the actuation of the

rotating permanent magnet, the MAC performed the tilted-conical motion, which led to

the continuous transportation of the particles along designated directions at a speed of up

to 800 µm/s. The particle transportation direction was determined by the combination of

the rotation and tilting direction of the cilia. It was shown through numerical simulation

that the adhesion and friction between the particle and the ciliawere essential ingredients

of the mechanism underlying themulti-directional transportation of particles. This work

offers an advanced solution to transport particles along designated paths in any direction

over a surface, which has potential applications in diverse fields including lab-on-chip

devices, medical sciences, self-cleaning and antifouling.

It has been shown using synthetic fouling representatives that ciliated surfaces have the

capacity of self-cleaning and antifouling. However, that representation only partially

captures real biofouling, because this is a dynamic and complex process, with the

real fouling agents often being active agents producing metabolites such as proteins

all the time. The secreted metabolites can form a conditioning layer for subsequent

attachment of larger and harder fouling agents, which cannot be reproduced by fouling

representatives. Therefore, the antifouling and self-cleaning capacities of the fabricated

MAC (diameter=50 µm, height=350 µm, pitch varying from 250 to 450 µm) was studied

using real fouling agents - microalgae Scenedesmus sp.. The MAC were arranged to

form the aforementioned “partially-ciliated surface”, and they were actuated by the

x
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rotating permanentmagnet to perform the tilted conicalmotion at 40Hz. The antifouling

capability was studied by immediately actuating the MAC after filling the microfluidic

chip with the algae, while self-cleaning was investigated by actuating theMAC one week

after entering the algae into the chip. It was found that the MAC have high efficiency of

repelling the algae from the central unciliated area for both antifouling and self-cleaning.

These results bring the concept of antifouling and self-cleaning by ciliated surfaces closer

to real applications.

In summary, MAC with superior magnetic properties and actuation capabilities were

successfully created using a facile and reproducible micro-molding method. They were

able to perform a tilted conical motion when actuated by a rotating permanent magnet,

which could induce substantial versatile flows in a microfluidic channel network. All of

these contributed to the implementation of MAC to manipulate particles in a controlled

manner, namely (1) successful particle and organism removal away from the ciliated

area which can be harnessed to create a novel type of antifouling/self-cleaning surface,

and (2) controlled directional particle transportation on the top of cilia tips which has

potential applications in medical sciences including drug delivery and drug testing.

Future implementation and optimization of these concepts in relevant disciplines can

bridge the gap between in-lab ideas and real life applications, which will benefit the

society.
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1 | Introduction

1.1 Microfluidic methods for particle manipulation
Controlledmanipulation of particles (both synthetic and biological, e.g. cells) is desirable

in both fundamental research and applications such as biomedical and biochemical

research [1–5], disease diagnostics and therapeutics [6, 7], drug discovery and delivery

systems [8–10], and self-cleaning and antifouling technologies [11–13]. For example,

in bio-microfluidics, manipulation of a single particle or cell enables the revelation

of subtle differences among individual cells not seen at population level. The fast

progress in micro- and nano-engineering has contributed to the rapid development of

a variety of technologies to manipulate particles including more established methods

based on microfluidics, as well as recently proposed innovative methods that still are

in the initial phases of development, based on self-driven microbots. Microfluidics,

where fluids are manipulated in microchannels [14], is a promising technology to realize

biomedical and biochemical devices for diagnostics and therapeutics, due to its unique

advantages over conventional technologies including (i) reduced reagent consumption

and thus low cost, (ii) high precision and throughput, (iii) flexible spatial and temporal

control over fluid flow, (iv) in-situ real-time observation, and last but not least (v) the

possibility of diverse function-integration by exploiting the full capability offered by

microengineering [14–16]. To date, microfluidic technologies offer a wide range of

possibilities for particle manipulation including transportation, separation, trapping,

and enrichment, based on hydrodynamic, acoustic, electrical, optical and magnetic

techniques [17–22]. Recent advancement in micro- and nano-engineering offers us

another tool to manipulate particles, namely through self-driven micro-robots in fuel

solutions, such as hydrogen peroxide [23, 24]. This technique, which is still in its early

stages of development, has been demonstrated to be able to capture, transport and release

particles and cargo such asmedicines, with the potential to realize these tasks ondemand.

An overview of the operating parameters of all of the techniques is given in Table 1.1.

1.1.1 Hydrodynamic method

Thehydrodynamicmethod for particlemanipulationutilizes sophisticatedmicrochannel

networks to control particles primarily through balancing opposing transverse forces

acting on the particlesmoving along amicrofluidic channel, such as (1) thewall repulsion

force (F
wall

) originating from the asymmetry of the vorticity around the particles, pushing

the particles away from the wall, and (2) the shear-gradient lift force (F
shear

) originating

This section is based on Shuaizhong Zhang, Ye Wang, Patrick R. Onck and Jaap M. J.

den Toonder, Microfluidic Manipulation of Particles – A Concise Review, submitted.
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Table 1.1 Summary of operating parameters of particle manipulation techniques

Technique Main
applications

Parameters
on which
operation is
based

Spatial
resolution

System
requirement

Hydrodynamic

methods

[1, 25–28]

Trapping,

sorting,

enrichment

Size,

deformability,

shape

> 1 µm

Flow-control

devices,

multiple pressure

regulators

Acoustic tweezers

[29–32]

Sorting,

washing,

patterning

Size,

density,

compressibility

> 1 µm Acoustic sources

Dielectrophoresis

[33–36]

Sorting,

trapping,

washing

Size,

permittivity,

> 0.1 µm

Prepatterned

electrodes,

low-conductivity

media

Optical tweezers

[37, 38]

Trapping,

separationg

Size,

refractive

index

> 0.1 nm

High-power

laser,

high-numerical

aperture lens,

transparent

buffers

Magnetic tweezers

[39–41]

Separation

Size,

intrinsic

magnetic

susceptibility

> 1 µm

Permanent

magnet or

electromagnets,

Functionalized

magnetic beads

Catalytic reaction

powered robot

[42–52]

Pick-up,

transport,

release

- > 0.1 µm Fuel solutions

from the curvature of the shear flow profile, which leads the particles to migrate away

from the central axis [1]. Due to the competition between these two forces, particles

suspended in the fluid migrate across streamlines when flowing downstream, and

finally equilibrate at a specific location in the channel’s cross section (Fig. 1.1A). The

lateral equilibrium positions of the particles depend on the particle properties (size and

deformability), channel size, flow rate and fluid properties (mass density and viscosity).

One representative hydrodynamic particle-manipulation example is given by Bhagat et
al. [25]. As shown in Fig. 1.1B, by designing the microfluidic device featured with two

contraction-expansion regions, they successfully isolated rare cells from a whole blood

sample with a throughput of ˜108 cells/min and a collection efficiency of ˜80%. The

device works like this: in the first contraction-expansion region, all the cells equilibrate

efficiently along the channel sidewalls under the influence of shear forces (Fig. 1.1B_X);
in the second contraction-expansion region, the rare cells are aligned along the channel

center by the pinching channel that is slightly smaller than the rare cells, while other

2
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Figure 1.1: Hydrodynamic particle manipulation methods. (A) Schematic illustration of the forces on a

suspended particle and the equilibrium position of the particle in a fully developed flow in a confined channel.

d is the size of the particle and h is the width of the channel. (B) Schematics of a rare cell-isolation microfluidic

device. Themicrochannel consists of two largewidth-to-height ratio areas featuredwith contraction–expansion

arrays for cell-focusing and rare cell-pinching. Reprinted with permission from ref. [25]. Copyright 2011, Royal
Society of Chemistry. (C) Schematics of the Dean flow in a spiral microfluidic device: neutrally buoyant

particles experience lift forces (F
L
) and Dean Drag (F

D
), which results in differential particle migration within

the microchannel. Reprinted with permission from ref. [26]. Copyright 2008, Royal Society of Chemistry. (D)

Fluorescent microscopy images of particle focusing in a serpentine channel. The scale bar is 160 µm. Reprinted
with permission from ref. [27]. Copyright 2007, The National Academy of Sciences of the USA.

cells remain close to the sidewalls because they are much smaller than the channel (Fig.
1.1B_Y); finally, rare cells are separated from the whole blood after a channel expansion

(Fig. 1.1B_Z).

Amongst the studies using hydrodynamic methods to manipulate particles, the majority

rely onfluidic inertial effects in addition to thewall repulsion force and the shear-gradient

lift force. The general used one is the so-called Dean flow that can occur in a channel with

curved geometry. The formation of Dean flow in a curved channel can be summarized

as follows [1, 26]: due to inertial effects, the curvature of the channel induces two

symmetric vortices in the top and bottom halves of the channel’s cross section, leading to

the formation of a pressure gradient in the radial direction (Fig. 1.1C). Particles present
within the channel will experience a shear lift force, a wall repulsion force, as well as

a Dean drag force, and thus they equilibrate at specific cross-sectional positions within

the channel determined by the balance of these forces, which depends on the channel

geometry, flow rate and particle size. By creating Dean Flows in a serpentine channel,

Di Carlo et al. [27] succeeded in particle and cell focusing with no discernable damage to

cells (Fig. 1.1D). However, the total channel network occupies a large surface area. In this

regard, spiral-shaped channels are often used as they yield a sufficiently long channel
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while occupying a relatively small surface area [26, 28].

These techniques enable particle manipulation with high throughput and efficiency.

However, they are mainly limited by the narrow range of working flow rate, and the

strong dependence on channel structures and particle concentration. Moreover, the high

shear rate may impact cell viability. Finally, some of the microfluidic devices, especially

those with sophisticated channel structures and multiple constrictions at the outlets, are

prone to clogging problems.

1.1.2 Acoustic method

The acoustic method for the manipulation of particles, termed acoustic tweezers, offers a

non-contact mode of particle handling [18, 19]. Fig. 1.2A shows a typical standing-wave

based acoustic tweezer [18], where the transducer converts electrical signals into acoustic

waves. The interference between waves reflected back and forth by the reflection and

matching layer form standing waves and establish a pressure distribution in the fluid.

The fundamental theory on particle manipulation utilizing acoustic tweezers shows that

particles tend to gather at either the pressure nodes or the antinodes of the acoustic

wave, under the impact of acoustic radiation forces acting on the particle, as shown in

Fig. 1.2B [19]. Generally, solid particles and most cells gather at the pressure nodes

while air bubbles and lipid vesicles are focused at the antinodes. The contact-free mode

of acoustic tweezersmakes thismethod interesting formanipulating vulnerable particles,

e.g. cells. In principle, the acoustic method can be applied to all types of suspended

particles that have acoustic properties that differ from those of the surrounding medium

(i.e. the liquid in which the particles are suspended ) [19]. Acoustic tweezers form a

versatile tool for particle manipulation because of their favorable properties including (i)

the ability to manipulate both fluids and particles, (ii) the ability to manipulate particles

in a variety of different media (for example, air, aqueous solutions, undiluted blood, and

sputum); (iii) the ability tomanipulate particles, cells, and organisms across a wide range

of length scales, from nanometers (for example, exosomes and nanowires) to millimeters

(for example, C. elegans); (iv) the ability to select and to manipulate a single particle or a

large group of particles (for example, billions of cells); and (v) the ability to handle fluidic

throughputs ranging from 1 nL/min to 100mL/min [18]. Representative applications of

particle manipulation by acoustic standing waves are: 1) Continuous particle separation

in a streaming channelwithmultiple outlets basedon that particleswithdifferent acoustic

properties have different equilibrium positions within ultrasonic standing waves, for

example red blood cells tend to gather at the pressure nodeswhile lipidsmove away from

the pressure nodes, as exemplified in Fig. 1.2C [29]; 2) Medium exchange or particle

washing by laminating different media and manipulating the position of particles with

respect to different media layers under laminar flow conditions, Fig. 1.2D) [30, 31]; and

3) particle patterning (Fig. 1.2E) [32].

Nonetheless, there are also limitations of acoustic particle manipulation. For example,

the design and fabrication of acoustic systems is a tedious and complex task, rendering

the acoustic systems to be costly. Moreover, it is only efficient for suspended particles,

and works for a narrow range of particle concentration and size, as well as flow rate.
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Figure 1.2: Particle manipulation by acoustic methods. (A) A typical standing-wave based acoustic tweezer.

Acoustic waves reflected from the reflection layer form standing waves and establish a pressure distribution in

the fluid. Through adjustment of the frequency with respect to the distance between the matching layer and

the reflection layer, the number of pressure nodes and antinodes in the channel can be tailored. Reproduced with
permission from ref. [18]. Copyright 2018, Springer Nature America. (B)Schematics of particle manipulation using

acoustic tweezers: FAx is the axial component of the acoustic radiation force, FTr is the transverse component

and FB is the interparticle force. At time T1 the acoustic forces are initiated to act on the particles, and by time

T2 a steady state has been reached. (C) Illustration of acoustically separating lipids (white) from red blood

cells (black). The lipid particles are collected at side outlets while the red blood cells are collected at the central

outlet. (D) Schematic illustration of an acoustic medium exchange/ particle washing principle. In laminar flow

conditions, the particles exit through the side outlets when the ultrasound is off, and they exit through the

central outlet when the ultrasound is on. (B-D) are reprinted with permission from ref. [19]. Copyright 2007, Royal
Society of Chemistry. (E) Schematic depiction of 2D single-cell patterning with one cell per acoustic pressure

node using four interdigitated acoustic transducers. Reprinted with permission from ref. [32]. Copyright 2015,
Macmillan Publishers Limited: Nature Communications.

1.1.3 Dielectrophoresis

Dielectrophoresis (DEP) was first investigated byHerbert Pohl in the 1950s [53]. In DEP,

a non-charged dielectric particle is subjected to a dielectric force in a non-uniform (often

Alternating Current) electric field. The strength of the force depends on the dielectric

properties of both the surrounding medium and the particle, on particle shape and

size, and on the frequency of the applied electric field. This force moves the particle

towards or away from the stronger electric field (Fig. 1.3A) [20]: i) when particles have

higher permittivity than the surrounding fluid they are pushed towards the stronger

electric field, and this is called positive dielectrophoresis (pDEP); ii) when having lower

permittivity than the fluid the particles are repelled from the higher electric field, which is

consequently called negative dielectrophoresis (nDEP). Dielectrophoresis is extensively
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Figure 1.3: Particle manipulation by dielectrophoresis. (A) Schematics of the dielectric force on a dielectric

particle in both positive dielectrophoresis (pDEP) and negative dielectrophoresis (nDEP). Reprinted with
permission from ref. [20]. Copyright 2010, Royal Society of Chemistry. (B) Schematics of multi-target cell sorting

procedure using DEP with two sets of electrodes that are positioned at different glancing angles. Target A cells

labeled with tag A are separated at electrode set A and exit through outlet A. Target B cells labeled with tag

B are selected at electrode set B and exit through outlet B. The unlabeled, non-target cells are not deflected by

either electrode set, and they exit through the waste outlet. Target B cells are not selected at electrode set A

because the dielectric force applied on them is too low to counter the hydrodynamic force by the flow. Reprinted
with permission from ref. [35]. Copyright 2008, American Chemical Society. (C) Particle exchanger using DEP

in a microfluidic channel network featured with three functional regions: (i) the pre-focusing region, where

particles are pushed close to the inner wall of the particle channel to reduce the exchanging distance in (ii) the

exchange region, where the particles are pushed into the reagent and exit in (iii) the extraction region, where

the two liquids are split again. Reprinted with permission from ref. [36]. Copyright 2008, Royal Society of Chemistry.

used for particle/cell trapping [33, 34], separation (Fig. 1.3B) [35] and exchange or

washing (Fig. 1.3C) [36]. However, this technology is highly dependent on particle or

cell polarizability and generally requires low-conductivity media, which limits its use in

cell related applications.

1.1.4 Optical tweezers

Optical tweezers were pioneered by Ashkin et al.in 1986 [54]. They comprise the use

of a tightly focused laser beam to trap and manipulate particles or cells with very high

precision. The basic mechanism is as follows: the laser beam with a Gaussian intensity

profile carries momentum that is partially transferred to the particle/cell when the beam

hits the object, and this generates a net force on the object towards the center of the beam;

thus the object is trapped by the beamand follows themotion of the beam [20, 55, 56]. Fig.
1.4A shows an example of high precision molecule manipulation with dual-beam optical

tweezers where molecular knots were successfully tied in nano-filaments of actin [37].

Another example of particle manipulation using optical tweezers is given byMacDonald

et al. [38] where a three-dimensional optical lattice selectively deflects one species of
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Figure 1.4: Particle manipulation by optical tweezers. (A) Knotting an actin nanofilament using a dual-

beam optical tweezers. To each end of the filament, a myosin-coated polystyrene bead is attached that can be

manipulated by the optical tweezers. While keeping one optical trap fixed, the other onemoves the polystyrene

bead so as to tie a knot on the filament. The scale bar is 10 µm. Reprinted with permission from ref. [37]. Copyright
1999, Macmillan Publishers Ltd: Nature. (B) Particle sorting based on particle size and optical properties using

a three-dimensional optical lattice—a body-centered tetragonal (b.c.t.) lattice in a fractionation chamber (FC).

The array of laser beams deflects one species of particles towards the center of a laser beam iteratively, and

finally pushes these particles into the upper fluid stream. Scale bar, 40 µm. Reprinted by permission from ref.
[38]. Copyright 2003, Nature Publishing Group.

particle into the upper flow field, creating particle-size-based fractionation (Fig. 1.4B).
Despite being a powerful tool for force spectroscopy and biomolecular manipulation,

traditional optical tweezers require complex optics, including high-powered lasers and

high numerical aperture objectives, and they are potentially damaging to biological

samples.

1.1.5 Magnetic methods

Withmagneticmethods, use ismade of amagnetic field generated either by a permanent

magnet or by electromagnets to manipulate particles. In a non-uniformmagnetic field, a

magnetic or magnetically labelled particle/cell, is attracted towards the higher magnetic

field. The magnetic force depends on the magnetic field gradient and also on the size

and magnetic properties of the particle/cell. One typical application is the continuous

particle separation based on particle size as particles with the largest magnetic volume

experience the strongest magnetic forces and consequently end up in an outlet closer to

themagnet (Fig. 1.5A) [39]. However, the spatial resolution of this technique is relatively

low and it requires a strong magnetic field gradient and therefore the working distance

is limited.

Being able to manipulate magnetic particles also enables microfluidic mixing [57] which

is an essential step for biochemistry analysis, drug delivery and sequencing or synthesis

of nucleic acids [58]. One representative example is shown in Fig. 1.5B, where two

parallel streams are mixed (95%mixing efficiency) within a mixing length of only 400 µm
and flow rates on the order of 0.5 cm/s [40]. The efficient fluid mixing was attributed to

the chaotic splitting of fluid streams through the dynamic and randomly porous structure

of the particle aggregate and the relative motion of the fluid with respect to the magnetic

particles. Fundamental advances in the development of magnetic particles have been

driving the increasing popularity of the magnetic method. To date, biofunctionalized

magnetic particles with e.g. antibodies have been used for capture and dectection of

analytes [57], fordrugdiscovery, aswell as toprovidepersonalized therapy [7]. As shown
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Figure 1.5: Particlemanipulationwithmagneticmethods. (A)Magnetophoresis according to Pamme et al. [39].

A sample suspension is pumped into a separation chamber where a non-uniform magnetic field is applied

perpendicular to the direction of the flow. Magnetic particles (red) will be attracted to the higher magnetic

field according to their size and magnetic susceptibility and are thus separated from each other and from

nonmagnetic material (blue). Reprinted with permission from ref. [39]. Copyright 2004, American Chemical Society.
(B) Microfluidic mixing with magnetically retained and actuated magnetic particles. (a) Schematic diagram of

the microfluidic design. The fluorescence images (b–e) on the right are taken at different locations as indicated

in panel (a), i.e.: (b) before mixing; (c) during mixing; (d) after mixing by a 20 Hz sinusoidal field; and (e) after

mixing by a 5 Hz square-shaped field. Reprinted with permission from ref. [40]. Copyright 2004 American Chemical
Society. (C) Magnetic nanoparticle-enhanced biosensor based on grating-coupled surface Plasmon resonance

(SPR) for detecting β human chorionic gonadotropin (βhCG). (i) Schematics of used detection formats: direct

detection (a), sandwich assays with amplification by detection antibody (b) and magnetic nanoparticles coated

with detection antibodies (MNP-dAb) without (c) and with (d) applied magnetic field. (e) Detection format

consisting of preincubating MNP-dAb with βhCG followed by sandwich assay upon applied magnetic field

gradient. (ii) The dose-response curves for the detection of βhCG by direct detection format (a, stars), followed

by antibody amplification (b, squares) and the amplification by MNP-dAb without (c, triangles) and with

(d, diamonds) an external magnetic field. In format e, a sample with βhCG was incubated with MNP-dAb,

followed by the detection of the MNP-dAb-βhCG complexes with external magnetic field applied (circles).

Reprinted with permission from ref. [41]. Copyright 2011 American Chemical Society.

in Fig. 1.5C, magnetic manipulation of magnetic nanoparticles coated with detection

antibodies clearly had a positive effect on the obtained dose–response curve, and led to

detection limits within the picomolar range [41]. However, it is necessary to pretreat the

magnetic particles, such as coating with antibodies, so as to perform a specific task, and

these functionalized magnetic particles have limited applications since the coated labels

only respond to specific targets.

1.1.6 Self-driven microbots as particle transporters

Advances in micro/nanotechnologies have made it possible to fabricate self-driven

micro/nano-robots to transport and release particles/cargos on demand for various
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applications including drug delivery and biochemical sensing. Micro/nano-robots are

often bio-inspired, such as hybrid bio-synthetic nanomotors that incorporate motor

proteins (e.g. kinesin [59], myosin [60], RNA polymerase [61], F1–adenosine

triphosphate synthase [62]) or living organisms (Mycoplasma mobile bacteria [63],

flagellated cells [64, 65]) into synthetic systems. Towards real-life applications, particle

manipulation in amore controlledmanner is in high favor for, e.g. targeted drug delivery.

In this regard, catalytic reaction powered microbots, moving in fuel solutions such as

hydrogen peroxide, have been intensively studied [23, 24]. The predominant driving

force originates from bubbles generated during the catalytic reaction. One representative

case is the Au-Pt bimetallic nanorod devised by Sen et al.(Fig. 1.6A) [42], where the two

ends of the nanorod were coated with gold and platinum, respectively. The method

is based on the feature that platinum is an active hydrogen peroxide decomposition

catalyst while gold is not. Thus, oxygen is generated only at the Pt end, which creates

a proton gradient along the axis of the rod from the Pt to Au, and this drives the

nanorod at a speed of up to 20 µm/s with the platinum end facing forward. This

nanomotor was demonstrated to be capable of transporting [43] and releasing colloidal

cargos [44]. Wang et al.improved this design by introducing magnetic carbon nanotube

Figure 1.6: (A) Schematic illustration of the self-propulsion mechanism of a Pt-Au nanomotor moving to the

right with Pt end facing forward. Reprinted with permission from ref. [42]. Copyright 2004, American Chemical
Society. (B) Scheme of Au/Ni/Au/Pt nanoshuttles for cargo pick-up (via weak magnetic attraction between

the nanoshuttle’s magnetic nickel segment and the magnetic cargos), transport (through thrusts powered by

catalytic reaction generated bubbles) and release (attributed to the hydrodynamic drag forces imposed on the

cargos). Reprinted with permission from ref. [45]. Copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1.7: (A) (i) Schematics of a rolled-up microtube consisting of Pt/Au/Fe/Ti multilayers on a photoresist

sacrificial layer. (ii) Optical microscopy and (iii) SEM images of a rolled-up Pt/Au/Fe/Ti microtube. Reprinted
with permission from ref. [47]. Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Schematics

of rolled-up microtubes (golden) for loading, transporting, delivery and assembly of microparticles and

nanoplates in fuel solution under wireless control by a magnet. Reprinted with permission from ref. [48].
Copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1.8: (A) SSchematics of fabrication of bilayer polyaniline (PANI)/Pt microjets using a cone-shaped

polycarbonate template. (B) SEM images of the fabricated microjets: (a) side view and (b) cross view. (A and
B) are reprinted with permission from ref. [49]. Copyright 2011, American Chemical Society. (C) Schematics of a

lectin functionalized microjet for targeted bacterial capture and transport in hydrogen peroxide. Reprinted with
permission from ref. [50]. Copyright 2011, American Chemical Society.

Figure 1.9: (A) Schematic of acid-driven PANI-Zn microrocket: motion in an acidic environment (a); SEM

images of the top view of two PANI-Zn microrockets (b). Reprinted with permission from ref. [51]. Copyright
2011, American Chemical Society. (B) Schematic of the in vivo propulsion and tissue penetration of the zinc-based

microrockets in a mouse stomach. Reprinted with permission from ref. [52]. Copyright 2014, American Chemical
Society.

(Au/Ni/Au/PtCNT) nanoshuttles (Fig. 1.6B) which had the ability to pick-up, transport

and release magnetic cargos [45]. However, the efficiency of successful cargo pick-up is

very low since it strongly relies on the subtle magnetic attraction between the nanomotor

and the cargo. Moreover, the cargo release extremely depends on the competition of the

magnetic attraction and the shear drag force imposed on the cargo originating from the

fast reversal in the direction of the nanomotor, which is very difficult to control.

Microtubular jet engines fabricated by rolling-up polymer films are another type of self-

propelled micro/nano-robots [46]. Schmidt and coworkers are the pioneers of this

approach, and they fabricated the first version of the rolled-up microtube which consists

of (i) a catalyst layer, usually Pt, (ii) a magnetic layer, Fe, for magnetic manipulation, and

(iii) a Ti/Au layer for good adhesion between layers (Fig. 1.7A) [47]. When immersed

in aqueous hydrogen peroxide solutions, the microjet engines continuously generate

oxygen microbubbles inside the cavity of the tubes that are released from one opening.

Aidedby amagnetic field acting on the Fe layer this results indirectional propulsionof the

microjet engines at a speed of up to≈2mm/s (approximately 50 body lengths per second).

Moreover, cargo loading and drop-off were demonstrated by such microtubular engines

through catalytic reaction-induced inward flow and a rapid turning of themagnetic field,

respectively (Fig. 1.7B) [48]. Wang’s group is another pioneer of microtubular motors;

they fabricatedbilayer polyaniline (PANI)/platinummicrotubesusing an electrochemical
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growth method within conically shaped pores of a polycarbonate template membrane

(Fig. 1.8 A and B) [49]. These mass-produced microjets are self-propelled at an ultrafast

speed (> 350 body lengths per second), and can operate in very low fuel levels (down

to 0.2% hydrogen peroxide). Such type of microjets were later on demonstrated to be

capable of bacterial isolation by functionalizing the microjets with Concanavalin A lectin

bioreceptors (Fig. 1.8C) [50]. Wang et al.advanced this concept further by developing

a polyaniline/Zn microrocket which self-propelled at a speed of 100 body lengths/s

in strong acidic media by continuous generation of hydrogen bubbles at the inner zinc

layer (Fig. 1.9A) [51]. Such acid-powered microrockets were used for cargo payloads

delivery and drop-off in a live mouse stomach, which is one of the pioneering works

demonstrating in vivo applications of microrobots (Fig. 1.9B) [52].

Even though substantial progress has been made by micro/nano-robots in in vitro and in
vivo studies, the research onmicro/nano-robots is still at the proof-of-principle stage, and

several challenges still need to be addressed for real-life applications. One fundamental

challenge is the biocompatibility of the micro/nano-robot for in vivo applications.

Another one is the fuel source for the self-driven robots, which for the moment are

limited to hydrogen peroxide or strong acids, while they should be extended to organic

molecules such as glucose present in living systems.

1.2 Fouling and antifouling

1.2.1 Fouling

Fouling can be described as the accumulation of undesired contaminants on surfaces.

Marine biofouling, to be specific, is the undesired accumulation ofmarine organisms such

as organic molecules, microorganisms, barnacles, seaweeds and their by-products on an

ocean-submerged surface, including ship hulls and marine devices such as submerged

oceanographic sensors and heat exchangers in power plants (see Fig. 1.10). Marine

fouling is a complex, dynamic problem that impacts both the economy and environment

on a global scale (see section 1.2.2 for details) [11, 12]. The colonization of submerged

surfaces is a “dynamic” process because the adsorption of specific organisms depends

on many factors including: (1) the probability of the first “meet” between fouling species

and the surface, (2) the relative rates of attachment of different species, (3) their tendency

of surface exploitation, (4) the substratum’s geographical location, (5) the season, and (6)

Figure 1.10: Biofouling (A) on the hull of a ship and (B) of submerged marine constructions.
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Figure 1.11: Schematic of the biofouling process. A clean, unprotected surface becomes fouled with organic

molecules (nanometer size) within seconds of ocean submersion. Microorganisms such as bacteria and diatoms

attach within minutes and form a biofilm within hours. Macrofoulers such as spores of algae and larvae of

tube worms and barnacles begin to attach within hours. A mature fouling community forms over a time frame

ranging from days to months. Reprinted with permission from ref. [12]. Copyright 2012, Annual Reviews.

Figure 1.12: Diversity and size scales of a range of representative fouling organisms. (A) Bacteria, (B) motile,

quadriflagellate spores of the green alga (seaweed) Ulva, (C) settled spore of Ulva showing secreted annulus

of swollen adhesive, (D) diatom (Navicula), (E) microalgae (Scenedesmus sp.), (F) larva of tube worm, Hydroides
elegans, (G) barnacle cypris larva (Amphibalanus amphitrite) exploring a surface by its paired antennules, (H)

adult barnacles, (I) adult tubeworms (H. elegans), (J) adultmussels showing byssus threads attached to a surface,

(K) individual plants of the green alga (seaweed) Ulva. Reprinted with permission from ref. [11]. Copyright 2011,
Macmillan Publishers Limited: Nature Communications.
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factors such as competition and predation between species [11]. Biofouling develops in

a specific chronological order, in which four distinct phases can be distinguished (Fig.
1.11): (1) adsorption of organic molecules that form a conditioning layer; (2) primary

colonization by unicellular microorganisms such as bacteria, diatoms and protozoa,

forming a “slime” film; (3) “soft macrofouling” consisting mainly of macroscopically

visible algae (seaweeds) and invertebrates; and (4) “hard macrofouling” of shelled

invertebrates like barnacles, mussels and tubeworms [12, 66–70]. Fig. 1.11 is a schematic

of this process showing that biofouling occurs over awide range of time and length scales

[12]. Fig. 1.12 shows the diversity and size scales of a range of representative fouling

organisms [11].

1.2.2 Impact of Fouling

Due to the factors including (1) the vast biodiversity in fouling species, (2) the broad range

of attachment behaviors, (3) the difference in adhesion mechanisms and (4) geographical

and seasonal differences, biofouling is a complex issue which poses serious problems to

many applications and industries.

The detrimental effects of marine biofouling on the hull of ship are mainly caused by the

increased surface roughnesswhich, in turn, leads to increased hydrodynamic drag on the

hull [71], which then results in either the decrease in top speed or the significant increase

in fuel consumption along with the increase of emission of greenhouse and toxic gases

[72]. According to Schultz [71], even the increased roughness caused by slight biofouling

bydiatom“slimes” can result in a poweringpenalty of 10-16%,whereas heavy fouling can

lead to a powering penalty up to 86% at cruising speed. In 2010, Schultz et al.performed

a study on the overall economic impact of hull biofouling for the Arleigh Burke DDG-

51 destroyers and predicted the impact on the US Naval fleet as a whole [73]. They

showed that among expenditures for fuel, hull coatings, hull coating application and

removal, and hull cleaning, the primary cost associated with fouling is due to increased

fuel consumption attributable to increased frictional drag, while the costs related to

hull cleaning and painting are much lower. Annually, biofouling costs up to $260M to

the entire US Navy fleet, which accounted for only 0.5% of the world fleet in terms of

number of ships (i.e. ships’ displacement >400 metric tons). This research also shows

that even modest improvement in the fouling conditions of a hull (for example, from

‘heavy slime’ to ‘light slime’) could offset the expenditures of development, acquisition,

and implementation of even relatively expensive fouling-combating strategies.

In addition to economic loss, the biofouling also causes the spread and invasion of

nonindigenous marine species into the global ecosystems [74–77]. And even for vessels

with effective antifouling coatings, very small disruptions of the coatings could be the

trigger for the establishment of a layer of marine organisms [76]. Due to technology

development, ships as the main transportationmeans to deliver large quantities of goods

are becoming more and more important, and now these ships can reach almost any

place on the earth including the Antarctic and Arctic; meanwhile they also transport

the adsorptive marine species across the world through biogeographical barriers. For

example, 14 species of barnacles, which were not native species, were brought to the port

in Osaka Bay, Japan by two intercontinental cargo ships [74].
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Besides marine fouling, the biofouling in biological and microfluidic devices is also

a serious problem, which may result in the failure of these devices or in unreliable

outcomes [78]. Microfluidic devices, which are also known as lab-on-a-chip devices,

typically contain tiny channels and chambers in which process such as mixing and

routing of liquids, and separation, reaction, and detection of individual components

(DNA, proteins, cells) are integrated. Applications are in medical diagnostics, but also in

environmental sensing for example for algae population detection in rivers and lakes or

other bodies of water [79, 80]. Microfluidic devices for environmental sensing must be

submerged in water for longer periods of time. However, the adsorption of components

from samples and reagents inmanymicrofluidic devices inhibits the normal functionality

of these devices. Not only can the fluidic functionality of the devices be hampered

by (partial) clogging, but also sensing capabilities can be impeded by fouling agents

attaching to sensor surfaces. Due to the diversity and dynamic properties of fouling

species, fouling becomes a daunting issue to tackle in the microfluidics regime.

1.2.3 Antifouling strategies

In marine industries, antifouling and/or fouling release coatings are used to combat

fouling on ship hulls, which either inhibit the attachment of marine organisms, or reduce

the adhesion strength between fouling agencies and the hull so that attached organisms

can bemore easily removed by the hydrodynamic shear force [81] or by gentle ‘grooming’

devices [82]. Most of these coatings contain biocides, such as tributyltin (TBT) and

tributyltin oxide (TBTO), which are toxic and may create unacceptable environmental

impact on non-target species. Consequently, the addition of TBT biocides in AF coatings

was completely banned for all vessels by the International Maritime Organization (IMO)

in 2008, which motivated researchers to explore environmentally friendly anti-fouling

strategies. Nature has always been a source of inspiration for science and technology. It

is reported that many marine organisms show the ability to deter colonization by other

species [83–87], based on a series of mechanisms including secreting bioactive molecules

and mucus, and forming settlement-inhibiting micro-nano-topographies [88]. In the

effort of finding environmentally friendly antifouling strategies, different bioinspired

anti-fouling surfaces have been created, with either a chemical or physical mechanism.

1.2.3.1 Bioinspired chemical mechanisms

Chemical antifouling mechanisms use natural and/or synthetic antifouling products

to create antifouling coatings. Metabolites isolated from many biological species, for

example the Marine bacterium Halomonas marina [89], the surface of the red alga Delisea
pulchra [90], the root of mangrove plant Ceriops tagal [91] and the red alga Bonnemaisonia
hamifera [92] were shown to exhibit antifouling activities in a non-toxic way against

invertebrate larvae, other algae, larvae of the barnacle Balanus albicostatus and seaweed-

associated bacterial communities respectively. Natural product antifoulants (NPAs)

extracted from coral collected from Indian waters were shown to inhibit the settlement

of cyprids of B. Amphitrite, and notably among these NPAs, five had the potential of

being synthesized [93]. NPAs were also employed as starting material or template to

create synthetic analogues for antifouling coatings [94–96], some of which showed active

antifouling activity [97, 98].
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After extensive studies of adhesion mechanisms between biofouling agencies and fouled

surfaces, researchers began to synthesize antifoulants. Due to the advances in material

science, especially in polymer science, researchers have successfully synthesized original

antifouling materials to deter specific agencies from attaching to submerged surfaces.

For example, (1) surfaces coated with a polymer inspired by marine mussels resisted

fouling from algae [99]; (2) zwitterionic materials, such as poly(sulphobetaine) and

poly(carboxybetaine), inhibited the settlement of spores of the green alga Ulva and

the attachment of diatom cells [100–103]; (3) superhydrophobic coatings inhibited the

settlement of spores of algae and larvae of several invertebrates [86]; and (4) amphiphilic

copolymerized surfaces deterred the attachment of macroalga Ulva and the unicellular

diatom Navicula [104–109].

Although bio-inspired chemical coatings have shown promising properties in combating

fouling, they are just laboratory products and cannot be commercialized yet, because of

complicated and labor-intensive synthetic process, low productivity, and lack of in-field

verification.

1.2.3.2 Bioinspired physical mechanism

Physical antifoulingmechanisms replicate natural surface textures and/or topographies,

such as that of the sharkskin or of mollusk shell surfaces, to deter fouling agencies.

Attributed to key surface parameters (low fractal dimension, high skewness of roughness

and waviness, higher values of isotropy, and lower values of mean surface roughness)

[110], replicates of micro-topographies presented on mollusk shells reduced the

attachmentof bothmacrofoulers andmicrofoulers [111, 112]. Surfaces replicated through

layer-by-layer spray coating deposition of poly(acrylic acid) and polyethylenimine

polyelectrolytes, which mimic the skin morphology of the pilot whale Globicephala melas,
inhibited the settlement of spores of Ulva [113, 114]. Sharklet antifouling surfaces,

i.e. antifouling surfaces inspired by shark skin (see Fig. 1.13), dramatically reduced

attachment of spores of Ulva [115, 116], cells of C. marina, diatoms Navicula incerta
and Seminavis robusta [117–119], and cyprids of B. Amphitrite [120]. To explain how

different sharklet patterns might impact the settlement of zoospores of green alga

Ulva, Schumacher et al. [116] introduced the concept of nano-force gradients which was

envisaged as a function of the bending moment or stiffness of the topographic features.

These surface topographies would induce stress gradients within the lateral plane of

Figure 1.13: Scanning electron micrographs of the skin denticles of the spinner shark in face (A) and end (B)
views, and (C) image of sharklet AF topography moulded in PDMS. Scale bars are (A) 500 µm,(B) 250 µm
and (C) 20 µm. Reprinted with permission from ref. [11]. Copyright 2011, Macmillan Publishers Limited: Nature
Communications.
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the cell membrane of a settling cell during initial contact, which, compared to smooth

surfaces, would result in different exploring behavior of marine organisms and hence

reduce their settlement.

It is quite possible that nanoforce gradients could function as an effectivepredictivemodel

for the future design of non-biocidal antifouling coatings e.g. for marine applications.

However, to obtain antifouling coatings which are effective in deterring or reducing the

settlement of all cells and larvae, hierarchical topographical patterning will be needed

andphysical, chemical andmaterials propertiesmayhave to be simultaneously employed

[120].

1.3 Particle manipulation and anti-fouling by artificial cilia

1.3.1 Cilia in nature

Nature, after millions of years’ evolution, offers us a rich source of inspiration to solve

engineering and scientific problems. One nature inspiredmethod tomanipulate particles

is the use of cilia. Biological cilia are slender microscopic hair-like protrusions of

cells with a typical length between 2 and 15 µm, which were first reported by Antony

van Leeuwenhoek in 1675 [126], and have been found to exist ubiquitously in nature

[127]. This organelle has evolved to possess versatile functionalities including sensing

[128], pumping [128], particle manipulation such as cell and food transportation and

antifouling [129–142]. Representative cases of particle manipulation by cilia are: (1)

epithelial cilia in the linings of human lungs and the trachea sweepmucus and dirt out of

the airways, which protects human beings from infections (Fig. 1.14A-C) [129, 131]; (2)

oscillating cilia present in the human fallopian tube move the fertilized ovum from the

ovary to the uterus (Fig. 1.14D) [130, 131]; (3) beating cilia found on the outer surface

and the mouth of marine suspension feeders generate flow patterns for capturing and

Figure 1.14: Cilia found in nature that are efficient in manipulating particles. (A) Illustration of the

transportation of mucus by cilia lining the human trachea [121]; (B) cilia in the lung [122]; (C) cilia in

human trachea [123]; (D) cilia in human fallopian tube [124]; and (E) a schematic of cilia in suspension

feeders-paramecium [125]
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transporting food into their mouths (Fig. 1.14E) [132–140]; and (4) active cilia covering

the outer surface ofmollusks and coral can generate local currents, preventing settlement

of awide variety ofmarine fouling agents [141, 142]. All of these favorable functionalities

are dominated by the substantial local flow generated by the asymmetric motion of cilia

in combination with the direct contacting forces applied on the particles by cilia beating.

1.3.2 Artificial cilia for manipulating particles

Inspired by the impressive versatility of biological cilia in generating fluid flows

and manipulating surrounding particulates, in the last decade researchers have been

developing artificial cilia, mimicking the function of biological cilia. These efforts have

been mainly aimed at generating fluid flow in microfluidic devices. A number of

experimental studies of artificial cilia have been reported, including electrostatic cilia

[143], magnetic artificial cilia (MAC) [144–153], optically-driven cilia [154], hydrogel-

actuated artificial cilia [155], resonance-actuated artificial cilia [156], and pneumatically

actuated artificial cilia [157]. A review of these studies is given in references [127]

and [158]. Among the developed artificial cilia, MAC are the most promising because

(i) MAC can be externally actuated within a device by permanent magnets or electro-

magnets without the need for physical connections to peripheral equipment, (ii) MAC

have an instantaneous response to the external stimulus, and (iii) magnetic actuation is

compatible with biological fluids.

In thepast fewyears, researchers havebeen starting topayattention andhigh expectations

to artificial cilia to solve the aforementioned fouling problems, by introducing particle

manipulation capabilities. In particular, via computational and theoretical models, the

group of Balazs and co-workers have laid a foundation for future research on particle

manipulationbyartificial cilia [159, 164–167]. Firstly, bymoving in a tilted conicalmotion,

Figure 1.15: Artificial cilia can regulate the motion of rigid particles. (A) 3D snapshot from a simulation

of the interaction between cilia (black filaments) and a rigid particle (the red sphere). The inset shows

superimposed 3D motion of a cilium taken at equal time intervals during one beating cycle. The cilium is

moving counterclockwise. It is colored black when the tip moves in the negative x direction (effective stroke)

and red when the tip moves in the positive x direction (recovery stroke). Reprinted with permission from ref.
[159]. Copyright 2014, American Chemical Society. (B) Particle trajectories (solid black curves), starting at green

circles, ending at red squares, projected on the x - y plane. Filtered particle trajectories over actuation cycles are

shown by dashed red curves. Trajectory at (i) low adhesion between cilia and the particle, showing the repelling

state; (ii) medium adhesion, showing the propelling state; and (iii) high adhesion, showing the trapping state.

Reprinted with permission from ref. [160]. Copyright 2012, American Chemical Society.
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Figure 1.16: Artificial cilia can regulate the motion of soft particles. (A) 3D snapshot from the simulation of

the interaction between adhesive cilia (black filaments) and a soft particle (the magenta sphere). The adhesive

cilia “heads” are shown as red spheres. The inset shows nodes (in yellow) on a tip, some of which can form

sticky bonds with the particle. Reprinted with permission from ref. [159]. Copyright 2014, American Chemical
Society. (B) Particle trajectories for different particle stiffness and adhesion strengths between cilia and the

particle, projected onto the xy plane. Left: trajectories of low stiffness particles at (i) low adhesion, showing the

repelling state, (ii) medium adhesion, showing the propelling state, and (iii) high adhesion, showing similar

propelling state with slower travelling speed. Right: trajectories of high stiffness particles at (iv) low adhesion

and (v) medium adhesion, both showing the repelling state, and (vi) high adhesion, showing the propelling

state. Reprinted with permission from ref. [161]. Copyright 2013, Royal Society of Chemistry.

Figure 1.17: Artificial cilia can sort particles by their size. (A) Snapshots from the simulated system composed

of a ciliated surface and particles of two distinct sizes: initial state (top image) and final state (bottom). (B)
Number fraction of small (filled symbols) and large (open symbols) particles captured for different adhesion

strengths. Dashed vertical lines indicate the critical adhesion values for isolated small and large particles.

Reprinted with permission from ref. [162]. Copyright 2013, American Chemical Society.

active adhesive cilia were proven to be able to regulate the motion of both rigid and soft

microscopic particles (Fig. 1.15 and Fig. 1.16) [160, 161] by (1) trapping particulateswhen

the cilia-particle adhesion strength is relatively high; (2) propelling particulates when

the cilia-particle adhesion strength is appropriate; (3) repelling or releasing particulates

when the cilia-particle adhesion strength is relatively low. Secondly, active artificial cilia

were found to be effective in separating microscopic particles by both stiffness (because

the traveling speeds of rigid and compliant particles are different at both lower and

higher cilia-particle adhesion) [161] and size (due to a higher critical adhesion strength

required to capture larger particles, Fig. 1.17) [162]. Moreover, active cilia can also be
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Figure 1.18: Simulation showing that artificial cilia can be used to drive away swimming micro-organisms.

(A) Simulation setup and details of individual components. (i) A schematic of the swimming stroke cycle of

the three-sphere model swimmer. The darker sphere indicates the front of the swimmer. (ii) The simulation

domain containing nine cilia and one swimmer. (iii) Beat cycle of an externally forced cilium. (B) Schematic of

a swimmer entering and being expelled from actuated cilia. The green curved filament indicates the trajectory

of the red three-linked-sphere swimmer. Reprinted with permission from ref. [163]. Copyright 2013, American
Chemical Society.

Figure 1.19: Particlemanipulation by passive cilia driven by an oscillating flow induced by horizontallymoving

the top wall of the channel with a time varying velocity (Uw(t)). (A) Front view of the 3D - simulation set up.

Dashed line separating the grey shaded region marks the distance of the center of the particle from the bottom

wall that corresponds to zero penetration depth of the particle with respect to the average height of the cilia

layer. Figure in the left panel shows the velocity profile in the channel for constant top wall velocity Uw(t) =
U0. The dotted line corresponds to the average height of the cilia layer. (B) Distance of the center of particle

(y) from the bottom wall as a function of time (t) averaged over each time period of oscillation (T) for different
oscillation amplitudes in the flow. U0 is the mean velocity of the top wall in the x - direction and ∆U0 is the

amplitude of the oscillation. Reprinted with permission from ref. [164]. Copyright 2014, Royal Society of Chemistry.

used to drive away model swimming micro-organisms primarily due to their ability to

generate powerful local flow (Fig. 1.18) [163]. Finally, passive (rather than active) cilia

were also demonstrated to be capable of repelling sticky particles away from the ciliated

surface when the cilia are driven to undulate by an oscillatory shear flow (Fig. 1.19)
[164]. All of these computational findings indicate the possibility to harness artificial

cilia to manipulate particles, i.e. repelling, propelling and trapping various kinds of

particles with different types of motion. These possibilities might, in turn, be applied

to prevent the fouling of surfaces by keeping particles and fouling agents from reaching

and attaching to the surface, and by blocking the formation of biofilms.

One experimental study demonstrated that MAC can be used to directionally transport

a viscoelastic particle in air primarily due to the gravity induced energy transfer from
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Figure 1.20: Schematic of particle transportation bymagnetic artificial cilia actuated by a horizontally oscillating

magnetic field. Reprinted with permission from ref. [150]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

gravitational potential energy to kinetic energy (Fig. 1.20) [150]. Even though the

transportationwas found to be slow (˜ 90 µm/s), this experimentally proved the feasibility

to transport particles with artificial cilia. Moreover, MAC were also found to be able to

transport water droplets [151–153].

1.4 Thesis aim and outline
Most of the methods mentioned in section 1.1 operate within the bulk of the fluid.

However, transportation of particle over surfaces along controlled directions are

sometimes desired or more economical, for example, in single particle analyses or for

self-cleaning surfaces. In addition, most methods are not suitable for controlled multi-

directional particle transportation that is requested in, for example, drug delivery and

single cell analysis. Thus, it is of considerable interest, both from a scientific and a

technological point of view, to create a method to controllably transport individual

particles over surfaces, preferably in multiple directions. The anti-fouling strategies

discussed in section 1.2 are based on either chemical or physical mechanisms, which,

however, cannot deter the settlement and attachment of the whole vast variety of

biofouling agents.

Inspired by the versatility of cilia described in section 1.3, we aim to experimentally

explore the use of artificial cilia as controlled particle manipulation strategy in man-

made applications, for example in microfluidic devices and water quality analyzers.

The ultimate objective of this thesis is to experimentally demonstrate the particle

transportation and removal capabilities of magnetic artificial cilia (MAC) when actively

actuated using an externally applied magnetic field, for rigid particles, soft particles,

biological particles and particles of various sizes and shapes. Concrete aims of the

thesis are to provide insight into the interaction mechanisms between artificial cilia and

surrounding particles, as well as to provide an alternative for designing environmental

friendly antifouling surfaces using artificial cilia. This is done in the following way.

First of all, inChapter 2, PDMS-basedMACare createdusingahighly reproduciblemicro-

molding method, with which three different distributions of magnetic microparticle

within the cilia are tested for their influence on cilia motion: random, linearly aligned

and concentrated at the top of the cilia. TheMACwith linearly alignedmagnetic particles,

termed LAP MAC, are experimentally and theoretically demonstrated to have superior
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magnetic and actuation properties. LAP MAC are able to exhibit a tilted conical motion

with a maximal bending angle of 72°under the actuation of an offset-positioned rotating

permanent magnet. These MAC are shown to be capable of generating substantial

versatile flows in a circular microfluidic channel.

Chapter 3 demonstrates the efficiency of the LAP MAC of removing particles from

the ciliated area. The impact of the motion of the MAC, the actuation frequency, the

arrangement of the MAC and the adhesion strength between the MAC and the particles

on the repelling efficiency of spherical polylactic acid particles (PLA) and irregular-

shaped sand grains is investigated. The mechanism behind the efficient particle removal

is extensively discussed.

Chapter 4 shows the capability of the LAP MAC to transport PLA particles along

designated directions with full control over speed and direction in both water and

air. The underlying mechanism of the directional transportation is interpreted using

numerical modelling in combination with experiments. The effect of the rotation speed

of the cilia, cilia pitch, particle size, cilia motion and cilia-particle adhesive strength on

the transportation is thoroughly explored.

Chapter 5 further investigates the antifouling and self-cleaning capacity of the LAP

MAC using real fouling agents - microalgae Scenedesmus sp. The antifouling capability

is studied by immediately actuating the MAC after filling the algae into a circular

microfluidic chip, while the self-cleaning ability is investigated by actuating theMACone

week after entering the algae into the chip. Both bright field and fluorescent microscopy

images are obtained to analyze the antifouling and self-cleaning properties of the artificial

cilia. Moreover, an in-house algorithm is created to interpret the obtained data in a

quantitative way. Finally, the working principle behind the antifouling and self-cleaning

is carefully examined.

Chapter 6 concludes the work presented in this thesis and discusses the potential topics

and aspects that should be explored further, in order to bring the concept of employing

artificial cilia to manipulate fluids and particles closer to real life applications.
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2 | Versatile microfluidic flow
generated by moulded
magnetic artificial cilia (MAC)

Magnetic artificial cilia (MAC) are flexible hair-likemicro-actuators inspired by biological

cilia. When integrated in a microfluidic device and actuated by an external magnetic

field, MAC can generate fluid flows. MACmotion and their ability to generate fluid flow

are critical ingredients for successful particle manipulation. Moreover, fluid pumping

is a vital function in microfluidics. In this chapter, a novel fabrication method of MAC

is introduced. The motion of these MAC is studied, and their capability of pumping

fluid in microfluidic channel networks is investigated. Specifically, the MAC are made

of a composite material of polydimethylsiloxane (PDMS) and magnetic microparticles

(Carbonyl ironpowder). The fabricationprocess of theMAC is based onmicro-moulding,

inwhichwe can vary themagnetic particle distributionwithin the cilia from (1) a random
distribution, to (2) a linearly aligned distribution, and to (3) a concentrated distribution

in the tips of the cilia. Magnetization measurements show that the aligned distribution

leads to a substantial increase of magnetic susceptibility, which dramatically enhances

their response to an applied magnetic field. When integrated in a microfluidic channel,

the improved MAC can induce versatile flows, for example (i) circulatory fluid flows

with flow speeds up to 250 µm/s which is substantially above the performance of most

of the previously developed artificial cilia, (ii) direction-reversible flows, (iii) oscillating
flows, and (iv) pulsatile flows, by changing the magnetic actuation mode. Compared

to other pumping methods, this on-chip / in-situ micro-pump requires no tubing or

electric connections, reduces theusage of reagents byminimizing “deadvolumes”, avoids

undesirable electrical effects, and accommodates a wide range of different fluids. These

results demonstrate that our MAC can be used as versatile integrated micropump in

microfluidic devices with great potential for future lab-on-a-chip applications, as well as

a potential tool to manipulate particles.

Based on Shuaizhong Zhang, Ye Wang, Reinoud Lavrĳsen, Patrick R. Onck and Jaap

M. J. den Toonder , Versatile microfluidic flow generated by moulded magnetic artificial

cilia, Sens. Actuators, B, 263, 614-624, (2018).
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2.1 Introduction
Microfluidics is the science and technology of systems that manipulate fluids at small

scales (typically from 10
-4

to 10
-8

L) for applications such as chemical synthesis and

biological analysis [1]. In this field, (micro-)pumping is a paramount function.

Nowadays, most adopted approaches either need large peripherals, such as pneumatic

control systemsor syringepumps, or they are expensive and/or cumbersome to integrate.

To address these issues, researchers have sought inspiration from nature to create

truly integrated microfluidic pumps by mimicking the functionality of biological cilia.

Biological cilia are micro-hairs with a typical length between 2 and 15 µm, which are

found ubiquitously in nature [2]. By moving in a coordinated, asymmetric manner,

cilia are very effective in generating flows in a low Reynolds number environment where

inertial effects are negligible and the flow is dominated by viscous effects [2]. For

example, the collective asymmetric motion of cilia covering the body of a paramecium

propels the body forward at a speed of 10 times its body length per second.

In recent years, a number of methods and technologies have been developed to fabricate

man-made analogues of biological cilia - artificial cilia - including electrostatic cilia

[3], magnetic artificial cilia (MAC) [4–6], optically-driven cilia [7], hydrogel-actuated

artificial cilia [8], resonance-actuated artificial cilia [9, 10], and pneumatically actuated

artificial cilia [11]. Among these, MAC are the most promising because (1) MAC

can be externally actuated within microfluidic channels by permanent magnets or

electromagnets without the need for physical connections to peripheral equipment, (2)

MAChave an instantaneous response to the external stimulus, and (3)magnetic actuation

is compatible with biological fluids.

In 2007, Evans et al. [12] used polycarbonate track-etched (PCTE) porous membranes as

sacrificial templates to fabricate PDMS - ferrofluid basedmagnetic nanorod arrays with a

size similar to that of natural cilia. MAC created using this techniquewere actuated by an

offset-positioned rotating permanent magnet, such that they moved in a way mimicking

the beat shape of the embryonic nodal cilia (the so-called ‘tilted conical beat’) [6]. This

tilted conical motion of cilia was demonstrated by Downton and Stark [13] to be a simple

yet effective asymmetric nonreciprocal motion to generate net fluid flows. In 2009,

Vilfan et al. [14] exploited the self-assembling ability of magnetic colloidal micro-beads

subjected to an external magnetic field, and created MAC consisting of magnetically

linked chains which were anchored to electroplated nickel dots. Babataheri et al. [15]

and Wang et al. [16] employed similar approaches to produce MAC with the addition

of a polymer coating to achieve permanent linking between the micro-beads, so that

stable chains were obtained. All the MAC mentioned above were able to produce only

limited fluid flows of just several micrometers per second because of the weak magnetic

response of theMAC to the appliedmagnetic fields. In 2014,Wang et al. [17] improved the

self-assembly process by developing a simple and cost-effective magnetic fiber drawing

method in which they used a permanent magnet to pull MAC out of a precursor layer

consisting of iron micro-particles and uncured PDMS. The MAC produced in this way

were able to generate a netwater flowup to 70 µm/s in a closed-loopmicrofluidic channel.

However, the method requires a large and homogenous magnetic field gradient during

fabrication, which is difficult to achieve over a large surface area, limiting the practical
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applications of this technique.

Apart from the above-mentioned intricate and expensive approaches, in 2016, Wang et
al. [18] developed a cost-effective, cleanroom-free, high speed and potentially large area

method to produce MAC based on roll-pulling of uncured magnetic polymer precursor

material, which made a step towards the implementation of artificial cilia in real-life

applications. The MAC produced in this way could generate a net fluid flow of up to 120

µm/s. However, this method still has a number of drawbacks. First, the base on which

the cilia are created is magnetic as well as non-transparent. This can result in undesired

magnetic interference between the MAC, the applied magnetic field, and the substrate,

respectively, while optical observation is hampered. Second, the shape and size of the

MAC are not easily controlled since these are limited by the physical process during

the roll-pulling as well as by the rheology of the uncured precursor material. In the

present paper, we address all these issues by introducing a micro-moulding technique

to create slender MAC with well-defined geometries and spatial arrangements on a

transparent non-magnetic substrate. Compared to most of the aforementioned methods,

micro-moulding is an effective and straightforward approach. Khademolhosseini et
al. [19] employed a similar method and successfully createdMAC for cell culture studies;

Glazer et al. [20] adopted the method to fabricate multi-stimuli responsive hydrogel cilia

including MAC; and Chen et al. [21] used a micromoulding technique to fabricate MAC

that were shown to be capable of mixing different fluids in a microfluidic device. In

these cases, however, either the employed fabrication processes are time-consuming, or

the fabricated MAC have relatively weak magnetic properties and hence cannot induce

substantial flows in microfluidic devices.

The micro-moulding method we present in this paper enables to control and optimize

the distribution of magnetic particles within the MAC, which dramatically improves the

MAC’s magnetic properties, actuation capabilities, and the flow propulsion capabilities.

Todemonstrate the versatility of our improvedMAC,we integrated them in amicrofluidic

device. The results demonstrate that our MAC can form a fully integrated micro-pump.

2.2 Materials and methods

2.2.1 Precursor material

The magnetic precursor material for creating MAC is a composite material of thermally

curable polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Base to Curing Agent

weight ratio is 10:1) and magnetic microparticles, carbonyl iron powder (CIP, 99.5%,

SIGMA-ALDRICH). The weight ratio between PDMS and CIP is 1:1 for all MAC except

for MAC with concentrated magnetic particle distribution in the tips, for which the ratio

is 5:1. The typical size of themagnetic particles is 5 µm in diameter according to Scanning

Electron Microscope (SEM) images of these particles (see Appendix 2.5.1 for details).

We used the following process to prepare themagnetic precursormaterial (seeAppendix
2.5.2 formore details about this process). First, magnetic particles (CIP)were sonicated in

an Ethanol solution for 30 minutes at room temperature in an ultrasonic bath (Ultrasonic

Cleaner, Branson 2510), and in the meantime the solution was stirred to prevent CIP

from sinking. Then Ethanol was poured off and residual Ethanol was further removed
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using a vacuum system for 5 minutes. Afterwards, PDMS Base was added and the

composite was mixed using a planetary centrifugal mixer (THINKYMIXER ARE-250CE,

MIXINGmode) with a revolution speed of 2000 rpm for 10 minutes, which was followed

by sonication in the ultrasonic bath for 10 minutes at room temperature. Subsequently,

PDMSCuringAgentwas added to themixturewhichwas thenmixed using the planetary

centrifugal mixer in the same mode for 5 minutes. Finally, the mixture was mixed by

hand for 10 minutes, and the PDMS-CIP mixture was ready for further use. The total

preparation duration was around 1.5 hours which is only 1/4th of that of the method

used by Pirmoradi et al. [22].

2.2.2 Fabrication of MAC

We initially fabricated MAC with a random magnetic particle distribution within cilia,

termed standard MAC from now on, using a micro-moulding process consisting of six

steps (shown in Fig. 2.1A): (1) A mould featured with micro-wells of diameter, depth

and pitch of 50, 350, and 350 µm, respectively, was fabricated using standard photo-

lithography with SU-8 2150 as photoresist (see Appendix 2.5.3 for details). (2) The

Figure 2.1: Schematic of the micro-moulding process to fabricate MAC. (A) Standard process to fabricate MAC

with a randommagnetic particle distribution (standardMAC). (B) Last two steps to create MACwith a linearly

alignedmagnetic particle distribution (LAPMAC) employing a permanentmagnet with a remnant flux density

of 1.3 T to guide the distribution of magnetic particles within cilia. (C) Last three steps to make MAC with

a concentrated particle distribution in cilia tips (CP MAC) using gravity induced sedimentation of magnetic

particles. Illustrations are not to scale.
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preparedmagnetic precursor material (PDMS-CIPmixture) was poured onto the mould,

followed by a degassing procedure in order to pump out the trapped air gas within

the micro-wells so that the micro-wells were filled with PDMS-CIP. (3) The top layer of

PDMS-CIP was wiped away using cleanroom wipers. (4) Pure PDMS was poured onto

the mould. After degassing the pure PDMS layer was defined to a thickness of around

100 µm by spin-coating at a rotating speed of 500 rpm for 50 seconds. The resulting

pure PDMS layer would eventually form the transparent non-magnetic base substrate

for the MAC. The non-magnetic nature of the substrate prevents the undesired magnetic

interference between the substrate, themagnetic field, and theMAC, and its transparency

enables optical observation from below theMAC substrate, e.g. allowing us to define the

exact position of the actuating magnet. (5) The sample was left in an oven at 80
◦
C for

2 hours to cure the mixture. The reasons to do so are that an appropriate temperature

such as 80
◦
C reduces the curing period of the precursor material and simultaneously

prevents collapse of the MAC during and after release. (6) The cured pure PDMS layer

with PDMS-CIP micropillars was peeled off the SU-8 mould. Finally, the MAC with the

same geometry as the mould, namely a diameter, length and pitch of 50, 350, and 350

µm, respectively, were obtained, “standing” on a transparent PDMS base substrate.

With the intention to enhance the magnetic properties and the actuated motions of

the MAC, we created two other kinds of MAC besides the standard MAC: MAC with

a linearly aligned magnetic particle distribution (termed LAP MAC) and MAC with

concentrated magnetic particles in the cilia tips (termed CP MAC). The alignment of

magnetic particles into tight chains in the LAP MAC was expected to increase the cilia

magnetization by creating an anisotropy of magnetic susceptibility (χ ) not only due to

cilia shape’s anisotropy [19] but also due to a “particle arrangement anisotropy” (see

section 2.3.1.2 for details). For the CP MAC we hypothesized that, on the one hand, the

higher local particle concentration could enhance the magnetic forces, and on the other

hand, the magnetic particle-free roots would improve the cilia’s compliance so that the

cilia would bend more easily.

Both the process to fabricate the LAPMAC and that of CPMAC are based on the process

to fabricate the standard MAC. To fabricate the LAP MAC, during step 5, we applied a

magnetic field to the sample by placing a permanentmagnetwith a size of 20×20×10mm
3

and a remnant flux density of 1.3 T underneath the mould (Fig. 2.1B). The basic idea

behind the creation of the LAP MAC is that magnetic particles tend to align themselves

with themagnetic field forming a tight chainwithin a cilium [17]. The process to fabricate

the CP MAC contains one step more than the process for fabricating the standard MAC,

in which the sample is left in a fridge of 5
◦
C for 2 days (Fig. 2.1C Step 5”). Due to

the density difference between PDMS and CIP (ρCIP:ρPDMS = 8:1), the magnetic particles

tend to settle and deposit at the bottoms of the micro-wells in the mould which will

eventually form the tips of the CP MAC. The low temperature applied during Step 5”

prevents the PDMS from crosslinking too fast, so that the magnetic particles, within the

2 days duration of this process step, can completely settle without being held back by the

crosslinking-induced increasing PDMS viscosity (see Appendix 2.5.4 for details).
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Figure 2.2: Schematic of the microfluidic devices used in this paper to characterize the capability of our MAC

to generate substantial and well controlled flows. (A) A circular microfluidic device with a constant channel

width of 5 mm. The inner and outer cylindrical walls have a diameter of 5 and 15 mm, respectively. (B) A
branching microfluidic channel network device featured with a three-levelled channel network, namely the 1

st

channel, 2
nd

channel and 3
rd

channel of width of 5 mm, 1.5 mm and 0.45 mm, respectively. The height of the

channel network is 660 µm throughout.

2.2.3 Fabrication of microfluidic devices

The microfluidic devices were fabricated using soft-lithography which is actually a

moulding process with pure PDMS as precursor material, and the master moulds were

created using standard photo-lithography. Two kinds of PDMS microfluidic devices

are used in this paper to characterize the capability of our MAC to generate substantial

versatile flows. The first, shown in Fig. 2.2A, is a circular microfluidic device of a

rectangular cross section with a constant channel width of 5 mm; such circular channels

were used with different channel heights of 600, 700, 800 and 900 µm. The second device,

shown in Fig. 2.1B, contains a branching channel network. There are 3 channel levels

in the branching channel network with channel widths of 5 mm, 1.5 mm and 0.45 mm,

respectively. The channel height of the branching channel network is 660 µm throughout.

In the fluid flow generation experiments, the MAC are positioned in the microfluidic

devices at a specific location as shown in Fig. 2.1 in which the flow observation areas are

also indicated. In all of the experiments reported in this paper, the ciliated area consisted

of a 9 by 9 square array of 81 MAC.

2.2.4 Methods to measure the induced flow speed

2.2.4.1 Actuation setup

We used a homebuilt magnetic setup to actuate the MAC, as shown in Fig. 2.3A. The

setup is comprised of a manual linear XYZ translational stage at the bottom part, an

electric motor in the middle part, an offset counterbalanced magnet mounted on the

motor and a safety box containing the supporting plane (a transparent glass plate of

thickness of 1.5 mm) on top of which the MAC can be placed covered with a microfluidic

device. Themagnet, which has a geometry of 20×20×10mm
3
with a remnant flux density

of 1.3 T, is positioned at an offset with respect to its rotation axis which is also offset with

respect to the center of the cilia chamber. The values for d, r, and h, which determine the

location of the MAC with respect to the magnet (see Fig. 2.3A), were set to 6, 6.5 and 2
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2Figure 2.3: Actuation scheme of the fabricated MAC. (A) Schematic of the actuation setup with cilia integrated

in a circular microfluidic device on top. The rotation axis of the magnet is offset by a distance dwith respect to

the centre of the cilia chamber, and the magnet is placed at a distance r from the rotation axis. In the shown

position, the cilia orientation is perpendicular to the substrate (effective stroke). (B) Schematic drawing of the

bending cilia when the magnet rotates 180
◦
. In this position, the cilia are bent (recovery stroke). (C) Schematic

drawing of the cilia rotation in perspective view, with the generated flow direction indicated, which is in the

direction of the effective stroke. Illustrations are not to scale.

mm, respectively. This way, a time-dependent magnetic field is generated that actuates

the cilia to perform a tilted conical motion (Fig. 2.3C) since the cilia tend to align their

long axis with the magnetic field (Fig. 2.1 A and B). During the tilted conical movement,

the volume of fluid entrained by the cilium when its tip passes near the floor (recovery

stroke, Fig. 2.3B) is less than that when its tip is farther away from the floor (effective

stroke, Fig. 2.3A). This spatial asymmetry enables the cilia to produce a net flow in the

same direction as the effective stroke in a complete beating cycle (Fig. 2.3C).

We used a high-speed camera (Phantom V9) to capture the top-view motion of the MAC

and then analyzed themotion using an image analyzing software named ImageJ.Herewe

only observed the motion of the LAPMAC composed of 81 cilia (9 rows and 9 columns).

The time-dependent magnetic field was obtained through the calculation of the relative

position between the MAC and the actuating magnet, in combination with COMSOL

simulations (see Appendix 2.5.5 for details).

2.2.4.2 Visualization of the generated flows

In order to study the capability of the LAP MAC to generate flows, a series of circular

microfluidic devices and the branching channel network (see section 2.2.3 for details)

were used. The flow was characterized at specific flow observation areas, indicated in

Fig. 2.2. The liquid we usedwas deionizedwater and the flow speeds were visualized by

seeding the fluid with 5 µm polystyrene tracer particles (micromod Partikeltechnologie

GmbH). A high-speed camera (PhantomV9) connected to a stereo microscope (Olympus

SZ61) was used to record the movement of the seeding particles by taking image

sequences at a specific frame rate of 200 fps. The speeds of the tracer particles in the

geometrical center of the microfluidic channels (where the flow speeds are the highest)

were measured by a Manual Tracking analyses using ImageJ. Since the captured images

give an integrated view of the tracer particles over the whole depth of the channel,
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only the maximum values were used to calculate the maximum flow velocities in order

to eliminate the impact of particles not in the geometrical center of the channels. To

estimate the precision of the measurements, standard deviations were calculated from

the obtained velocities and these are indicated in the figures in sections 2.3.2.2 and 2.3.2.3.

The deionizedwater seededwith tracer particleswas injected intomicrofluidic devices in

the followingway. First, the LAPMACwere temporarilymodified to become hydrophilic

through surface treatment using a plasma gun (Tantec HF SpotTEC) to prevent air from

being trapped in the ciliated area. Second, a microfluidic device punched with one inlet

and one outlet was placed on top of the LAP MAC with the LAP MAC located at the

positions as shown in Fig. 2.2. Afterwards, deionized water seeded with tracer particles

was injected into the microfluidic channel through the inlet. Last, both the inlet and the

outlet were sealed with seal tabs (3M VHB) to prevent any interference from outside the

system.

For evaluation of the pumping performance of the LAPMAC, the pressure difference and

the volumetric flowrate generatedby them in themicrofluidic channels are two important

parameters. We estimated these parameters by assuming that a fully developedPoiseuille

flow is present throughout the device except in the ciliated region. Hence, based on the

measured maximum flow speeds within the channels, we used the following equations

[23, 24] to calculate the corresponding pressure differences and volumetric flow rates

generated by the LAP MAC:

∆Pf =
µvxf (0, 0)Lπ 3

4h2
∑∞

i=1,3,5, ...(−1)
i−1
2

[
1 − 1

cosh( iπw2h )

]
1
i3

, for h < w (2.1)
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∆Pfwh

3

12µL

[
1 −

192h
π 5w

∞∑
i=1,3,5, ...

tanh
( iπW

2h
)

i5

]
, for h < w (2.2)

where ∆Pf is the pressure difference over a channel section of length L, and Qf is the

corresponding volumetric flow rate, µ is the dynamic viscosity of the liquid, vxf (0, 0)
is the measured translational flow speed in the geometrical center of the channels at

actuation frequency f, and w and h are the cross-sectional dimensions of the rectangular

channel. For the circular channels (Fig. 2.2A), the length L is defined as the total length

of the circular channel minus the extent of the ciliated area. In case of the branching

channel network (Fig. 2.2B), we applied equations 2.1 and 2.2 to each channel section

separately. Subsequently, the overall pressure difference and volumetric flow rate over

the complete network were obtained by appropriately adding the contributions in the

various sections as explained in detail in Appendix 2.5.8. This means that, subject to the

mentioned assumptions, the generated pressure difference estimated is that between the

locations right before and after the ciliated area.

42



2

2.3 Results and discussion

2.3.1 Magnetic properties of the fabricated MAC

2.3.1.1 Magnetic particle distribution in the MAC

Fig. 2.4 shows the geometry and spatial arrangement of the fabricated MAC, and

magnetic particle distributions within different kinds of these MAC. As shown in Fig.
2.4A, the moulded MAC have a well-defined cylindrical shape with a diameter of 50 µm,

a length of 350 µmand a pitch distance of 350 µm. This statement is true for all three kinds

ofMAC according to SEM images althoughwe only show one of theseMAC.As shown in

Fig. 2.4B, within the standardMAC, the magnetic particles are randomly distributed; i.e.

the image shows random regions of high and low particle concentrations. On the other

hand, as shown in Fig. 2.4C (especially in the cross-sectional view), within the LAPMAC,

magnetic particles are closely connected to each other forming a chain in every single

cilium, as a result of the applied magnetic field during cilia fabrication. It is important

to stress that in the LAP MAC the magnetic particles are constrained in the cilia and

rarely protrude into the pure PDMS base substrate. This could be the result of magnetic

attraction of the magnetic particles by the permanent magnet, which attracts the particle

downwards to the tips of the cilia (see Fig. 2.1B). This attraction effect is probably also

the reason why the LAPMAC have a magnetic particle-free region close to their roots, as

clearly visible in Fig. 2.4C; this particle-free region may create additional cilia flexibility.

Fig. 2.4D shows that in the majority of the CPMAC, magnetic particles are concentrated

at the cilia tips within a range of 1/5th of the total length of the cilia. This concentrated

magnetic particle distribution possibly generates focused magnetic forces at the cilia tips

in an applied magnetic field, and at the same time renders the magnetic particle-free

pure PDMS roots in the cilia, contributing to an enhanced cilia flexibility. The different

magnetic particle distributions may result in different magnetic properties for the three

different types of MAC.

Figure 2.4: Microscopy images of the fabricated MAC: (A) SEM image of the MACwith a diameter, length and

pitch of 50, 350, and 350 µm, respectively, taken at a 30
◦
angle. Optical microscopy images of (B) the standard

MAC, (C) the LAP MAC, and (D) the CP MAC in both side view and cross-sectional view (see Appendix 2.5.9
for details regarding the imaging methods).
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2.3.1.2 Magnetization of the MAC

Fig. 2.5 shows the measured magnetization of all three types of MAC from SQUID

measurements. Several observations can be made. First, it is clear that at a specific

magnetic field both the standard MAC and the LAPMAC have a larger susceptibility (χ )
when the magnetic field is applied parallel to the long axis of the cilia, confirming that

the cilia shape’s anisotropy leads to an anisotropy of χ , i.e. a larger χ in the long axis of

the cilia. This was already observed by Khademolhosseini and Chiao [19] for random

magnetic particle distributions. Although the anisotropy of χ happens for the CP MAC

too, it is very low. This is probably caused by the low aspect ratio of the magnetic tip

so that the distribution of magnetic particles in the CP MAC has a similar length in

the direction along the long axis of the cilia (70 µm = 1/5 of the CP MAC length) as

in the direction perpendicular to the long axis of the cilia (50 µm = the diameter of the

CP MAC), which leads to a low anisotropy of χ . Second, at any specific magnetic field

the difference between the magnetization obtained for the parallel and perpendicular

magnetic field is larger for the LAP MAC than for the standard MAC. This is caused by

the more anisotropic distribution of magnetic particles in the LAP MAC (see Fig. 2.4C).
The anisotropy of χ is enhanced for the LAPMAC, since the particle alignment results in

a “particle arrangement anisotropy” in addition to the “shape anisotropy”. Third, when

the magnetic field is applied parallel to the long axis of the cilia, the LAP MAC have a

significantly larger χ than the standard MAC over the full range of the applied magnetic

field, which is also a result of the enhanced anisotropy of χ . This larger χ may result in

a larger bending angle for the LAP MAC. The largest magnetization difference between

the two MAC types is 33% at an applied field around 0.2 T which is within the range

of the magnetic field experienced by the MAC during actuation using our homebuilt

actuation setup (see Fig. 2.20 in Appendix 2.5.5). Last, the CP MAC have the lowest

magnetization at a specific applied magnetic field, which most probably is caused by

the lowest anisotropy of the magnetic particle distribution. To summarize, the different

magnetic particle distributions within the MAC result in differences in χ of the MAC,

Figure 2.5: Symmetric hysteresis loops showing magnetization of the three types of MAC as a function of

applied magnetic field with the application direction parallel and perpendicular to the long axis of cilia,

respectively. The insert is the partial enlargement near the origin to show the remnant magnetization and

coercive field.
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which is expected to lead to differences in the actuation of MAC in an applied magnetic

field.

2.3.1.3 Bending performance of the MAC

The extent of the bending of the MAC under the influence of a static external magnetic

field was measured using the method described in Appendix 2.5.2, where the bending

angle θ (as indicated in the insert of Fig. 2.6) was calculated from the tips’ projected

displacement with the assumption that cilia are rigid rods that only bend at the anchor

points. Thus,

sinθ =
tips′ displacement

the length of cilia

(2.3)

The calculated bending angles are shown in Fig. 2.6. It is clear that due to differences

in the specific particle distributions between individual MAC, the bending angle shows

substantial differences. The average bending angle of the standardMAC is 45
◦
, while the

average bending angle of the LAPMAC is 72
◦
, which is 60% larger! This dramatic increase

of bending angle can be attributed to the enhanced χ of the LAP MAC as shown in Fig.
2.5. The average bending angle of the CP MAC is 29

◦
, the smallest of the three kinds of

MAC we produced. This could be due to the fact that the mass of the magnetic particles

in the CP MAC is only 1/5th of that in the other two types of MAC (and hence a smaller

magnetic moment, since the magnetic moment is the product of the mass of magnetic

particles and the magnetization), and that the decrease in stiffness does not compensate

the decrease of magnetic forces, which eventually leads to a decreased bending angle.

Note that, the standard deviation of the bending angle of the LAP MAC is the smallest,

which means the bending performance of the LAP MAC is the most uniform.

Figure 2.6: Calculated average bending angles of three types ofMAC. The error bars are the standard deviations

of the calculated bending angles of 81 cilia for each sample. The insert shows the schematic of themeasurement

for MAC tips’ displacement and the definition of the corresponding bending angle (see Appendix 2.5.2 for

details).
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Wemade a theoretical comparison of the expected bending performance of the fabricated

MAC by estimating the magnetic forces applied on the MAC (see Appendix 2.5.6 for

details). The results confirm that the LAP MAC are subjected to the largest magnetic

forces, while the CP MAC are subjected to the smallest magnetic forces, which explains

why the LAP MAC bend the most.

Because the LAPMAChave the largest bending angle and themost uniformperformance,

we selected these cilia to perform the fluid flow experiments. There is another reason

for choosing the LAP MAC, namely during actuation, there turned out to be a strong

interaction between cilia for both the standardMACand theCPMAC, but not for the LAP

MAC. The interaction resulted in attraction and adherence between neighboring cilia tips

as shown inAppendix 2.5.7. This was probably caused by the arbitrary direction of their

magnetic moment, which resulted in arbitrary magnetic forces.

2.3.2 Actuation of the LAP MAC and flow generation

2.3.2.1 The motion of the LAP MAC

The motion of the LAP MAC in air was recorded by the high-speed camera at 1000 fps

when the actuatingmagnetwas rotating at a frequency of 40Hz (the limit of our actuation

setup). A video of the cilia motion can be found inMovie ESI 2.1. Through analyzing the

high-speed images using ImageJ, we obtained the projected cilia and cilia tip trajectories

pictured in Fig. 2.7A, which shows that our LAP MAC approximately perform a tilted

conical motion containing two strokes in one rotating cycle: the effective stroke and the

recovery stroke. From the analysis of the cilia motion, we also extracted the projected

instantaneous velocity of the cilia tip during one actuation cycle at the rotation frequency

of 40 Hz in air (shown in Fig. 2.7B). We can see that the LAP MAC move faster during

the recovery stroke than during the effective stroke. For the explanation, please refer to

Appendix 2.5.5. This explanation also confirms that our MAC follow the magnetic field

Figure 2.7: (A) Top-view image of the motion of the rotating LAP MAC in air showing the tilted cone rotation,

composed of 25 frames in one actuation cycle at 40 Hz. (B) The projectedMAC tip velocity during one actuation

cycle at an actuation frequency of 40Hz in air. Experimental datameans the data from the direct measurements

by doing Manual Tracking of the cilia tip using ImageJ; and the fitted curve means the fitted velocity from the

experimental data using a third degree polynomial curve.
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instantaneously.

For the generation of a net flow, on the other hand, it can be advantageous if the MAC

move faster during the effective stroke than during the recovery stroke, at least if inertial

effects play a role. To confirm this in our particular actuation, we can calculate the local

Reynolds number, defined by Re = ρvL/η, in which ρ is the density of the fluid (in our case

water), η is the dynamic viscosity of the fluid (0.89 cP in our case), L is the characteristic

length for which we take the cilia length (350 µm in our experiments). Finally v is the

average speed of the cilia tips at the rotation frequency in our experiments at 40 Hz

(around 0.04 m/s, as calculated from Fig. 2.7B). Therefore the local Reynolds number Re

is around 15 > 1, and indeed inertial effects are expected to play a role [25]. To be able to

control the time-dependency of the magnetic field, an electromagnetic setup could be a

more versatile alternative to the rotating permanent magnet we used. Such optimization

is, however, beyond the scope of the present work.

2.3.2.2 Flows in the circular chips

Fig. 2.8 shows the calculated flow parameters as a function of actuation frequency in

circularmicrofluidic deviceswith varying channel height. A video of the ciliamotion and

corresponding generated fluid flows in a circular channel of height 900 µm can be found

in Movie ESI 2.2. Several observations can be made from the results. First, as shown

in Fig. 2.8A the flow speed increases with actuation frequency as expected. At small

frequencies, the flow speed is proportional with frequency and at higher frequencies the

dependency is less than linear. Notably, the less-than-linear relationship is more obvious

for channels of smaller height of 700 and 600 µm; in the latter case the flow speed even

becomes frequency-independent when the actuation frequency is higher than 35 Hz.

Second, the flow speed at a specific actuation frequency is larger in a higher channel.

Third, Fig. 2.8B shows that the estimated pressure drop generated by the LAP MAC

is the same for all circular channel heights at actuation frequency up to about 15 Hz.

For larger actuation frequencies, the results for different channel heights deviate slightly.

Finally, the volumetric flow rate shown in Fig. 2.8C shows a similar trend as the flow

speed.

Figure 2.8: (A) Flow speed of water observed from the circular channels for different channel heights and as a

function of actuation frequency. (B) Pressure difference and (C) corresponding volumetric flow rate generated

by the LAP MAC in circular channels calculated using the Eq. 2.1 and Eq. 2.2. The error bars are the standard
deviations of the obtained data.
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Thedependency of the flow speed on the actuation frequency can be explained as follows.

At actuation frequencies lower than 15 Hz (Re < 5, and the inertial effect of the liquid

is not important), the LAP MAC perfectly follow the magnetic field in all cases such

that in each revolution cycle the LAP MAC transport the same amount of liquid [13,

17], and therefore the flow speed scales linearly with frequency. For higher frequencies,

the less-than-linear relationship can be explained as follows. First, the cilia experience

an increased hydrodynamic drag as the rotation frequency increases, which causes the

motion of the cilia to diminish as shown in Fig. 2.9. Hence the net flow generated by

the cilia in one rotating cycle decreases, and the relationship between the flow speed

and the actuation frequency becomes less than linear. When the frequency is further

increased, this diminished cilia motion will at some point even lead to a reduction in the

fluid flow generated by the cilia per unit time, and the induced flow speed will decrease

with increasing frequency [16, 17]. We expect that, when the actuation frequency would

be further increased beyond 40 Hz, the flow speeds in 700, 800 and 900 µm channels will

increase further before they reach a point after which they will decrease, and that the

flow speed in the 600 µm channel will start to decrease because it seems like the speed

has already reached the threshold. We believe that if the magnetic property of the LAP

MAC could be further improved and/or a permanent magnet with a stronger magnetic

field is employed, the threshold would be postponed to a higher actuation frequency and

thus a higher flow speed could be generated by the LAP MAC. Such optimization is still

ongoing. Second, in the ciliated area complex flow patterns are actually generated by the

rotating cilia, resulting in local backflow and recirculation (see Movie ESI 2.3). These

effects can be dependent on actuation frequency, and on channel geometry, i.e. channel

height in our case. Third, the non-linear relationship could be partially due to the fact

that our cilia move faster during the recovery stroke, and that the local Reynolds number

is larger than 1 for actuation frequencies beyond 3 Hz when the inertial effect begin to

play a role (see the discussion at the end of sections 2.3.2.1).

We find almost the same pressure drop for different channel heights, at least of the

rotation frequency of the cilia is smaller than 15 Hz (see Fig. 2.8B). Therefore, at equal
power input (basicallydeterminedby themotordriving the rotatingmagnet), the artificial

cilia appear to deliver the same pressure head irrespective of channel height. For larger

frequencies, the effects mentioned above, in particular increased drag and backflow and

Figure 2.9: Top-view image of the motion of the rotating LAP MAC in a 600 µm channel at an actuation

frequency of (A) 1 Hz, (B) 10 Hz, and (C) 40 Hz taken with a high-speed camera (Phantom V9). At higher

frequencies, the extent of the motion is reduced because of increasing viscous drag. All scale bars are 350 µm.
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Figure 2.10: Resistance in circular channels normalized with the resistance in the 600 µm calculated from Eq.
2.4.

recirculation, may act as additional power dissipation sources that cause the delivered

pressure head to deviate for different channel heights.

The increase of volumetric flow rate for higher channels can be easily understood by

considering the hydraulic resistance of the channels, defined by R = ∆Pf /Qf . According

to Eq. 2.2, R can be derived as following:

R =
12µL

wh3
[
1 − 192h

π 5w
∑∞

i=1,3,5, ...
tanh( iπw2h )

i5

] , for h < w (2.4)

For the various circular channels, R is plotted in Fig. 2.10. It is clear that the resistance

of a higher channel is smaller. As Qf is inversely proportional to R, the smaller R results

in a larger Qf in a higher channel at equal ∆Pf.

Finally, as shown in Fig. 2.8 B and C, our LAP MAC are able to generate a maximum

pressure difference of 0.065 Pa and amaximumvolumetric flow rate of 40 µL/min in a 900

µm circular channel, which is competitive with the performance of most of the electro-

hydrodynamic and electroosmotic pumping methods reviewed by Laser and Santiago

[26]. See Appendix 2.5.8 for a more detailed comparison.

2.3.2.3 Flows in the branching channel network

As already shown in sections 2.3.2.2, ourMACare capable of generating substantial flows

in circular microfluidic channels, and we designed a more complex channel network, a

branching channel network as described in sections 2.2.3 and shown in Fig. 2.2B, to
demonstrate the cilia-generated flow in more complex microfluidic applications. We

carried out the same flow measurements as described in sections 2.3.2.2 using exactly

the same LAP MAC, and the results are shown in Fig. 2.11. As shown in Fig. 2.11C,
our LAP MAC can generate a volumetric flow rate of up to 1.7 µL/min in the branching
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channel network, which corresponds to maximum flow speeds of 14, 27 and 51 µm/s

in various parts of the channel network (Fig. 2.11A). Here we expect the flow speed

will further increase with actuation frequency before it reaches a threshold when the

actuation frequency is increased up to a critical value. However 40 Hz is the limit of our

magnetic actuation setup, and the threshold cannot be reached.

As shown in Fig. 2.11B, the estimated pressure difference generated by our LAPMAC in

the branching channel network is up to 0.11 Pa at 40 Hz, which is approximately triple of

that generated in the circular channels of approximately the same height (600 µm). From

Fig. 2.8B, we concluded that the pressure difference generated by the LAP MAC is the

same for each circular channel height, at least for frequencies smaller than 15 Hz. This

seems to be in contradictionwith the fact that the pressure drop in the branching channel

network is different from that in the circular channel, even though theMAC configuration

and the driving magnetic field are the same. An explanation for the difference might be

that, in estimating the pressure drop, we assume that a fully developed Poiseuille flow

exists within the whole device (except for the MAC area); this assumption is clearly not

fully valid for the branching channel network, especially at the locations of the branching,

and this may lead to errors in the estimated pressure drop.

As shown by comparing Fig. 2.11C and Fig. 2.8C, the estimated volumetric flow rate

in the branching channel network is only around 1/5th of that in the 600 µm circular

channel. The main reason for this is that the resistance R of the branching channel

network is 13 times as large as that of the 600 µm circular channel (see Appendix 2.5.8
for details of the computation of the resistance), thus, according to R = ∆Pf /Qf , the

volumetric flow rate in the branching channel network is 3/13th≈1/5th of that in the 600

µm circular channel, and therefore the measured pressure drop – flow rate combinations

are indeed consistent. A video of the flows in different parts of the branching channel

network can be found in Movie ESI 2.4.

2.3.2.4 Versatile fluid flows

Notably, in both types of microfluidic devices, versatile fluid flows can be generated by

tuning the motion of the actuating magnet as our LAP MAC follow the magnetic field

Figure 2.11: (A) Flow speed generated by the LAP MAC in the branching channel network as a function of

actuation frequency. (B) Corresponding pressure difference and (C) volumetric flow rate calculated using the

Eq. 2.1 and Eq. 2.2, respectively (see Appendix 2.5.8 for details). The error bars are the standard deviations of

the obtained data.
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swiftly as illustrated in Appendix 2.5.5. For example, when we change the rotating

direction of the magnet, the rotating direction of the LAP MAC also changes, which

creates direction-reversible flow. Fig. 2.12A shows one cycle of the generated water

flow profile of the direction-reversible flow in the 900 µm circular channel when the

input of the actuation frequency is as follows:

fin1 =



40 sinπt , 0 ≤ t ≤ 0.05
40, 0.05 < t < T1−1

2
40 sinπ

(
t − T1

2 + 1
)
, T1−12 ≤ t ≤ T1+1

2

−40, T1+12 < t < T1 − 0.5
40 sinπ (t −T1 + 2) ,T1 − 0.5 ≤ t ≤ T1

where T1 is the time period of the actuation, and here we use T1=10 s. Oscillating flow
can also be generated by altering the rotation direction of the magnet periodically. One

cycle of the generated flow profile in the 900 µm circular channel is depicted in Fig. 2.12B
when the input of the actuation frequency is given like this:

fin2 = 40 sin
2πt
T2

where T2=5 s is the time period of the actuation. Another interesting example is

the generation of pulsatile flow by periodically altering the rotation frequency of the

actuating magnet. One cycle of the generated flow profile in the 900 µm circular channel

is shown in Fig. 2.12C given the input of the actuation frequency is:

fin3 = 20 sin
2π

(
t − T3

4

)
T3

+ 20

where T3=5s is the time period of the actuation.

Figure 2.12: Versatilewater flows generated by the LAPMAC. (A) Direction-reversible flowachieved by altering

the rotating direction of the actuating magnet. (B) Oscillating flow created by periodically altering the rotating

direction of the actuating magnet. (C) Pulsatile flow generated by periodically altering the rotation frequency

of the actuating magnet.
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Several videos of the ciliamotion and corresponding versatile flows in the 900 µmcircular

channel can be found inMovie ESI 2.5 -Movie ESI 2.7. It is necessary to stress here that

the flow profile of the versatile flows can be easily tuned by changing the inputs. For

example, the duration of the flow profile and the peak flow speed can be adjusted by

modifying the time period of the actuation and the amplitude of the actuation frequency

accordingly. In that way, the flow generated by our LAP MAC can mimic physiological

flow profiles such as actual blood flow in our vessels [27], especially when a more

versatile control over the magnetic field is realized (e.g. using an electromagnet).

It is important to stress here that we did not observe any breaking or rupture of the

MAC during long-run (2 weeks) experiments, which clearly proves that our MAC are

mechanically robust.

2.4 Conclusions
In this chapter, geometrically well-defined magnetic artificial cilia (MAC) on a

transparent, non-magnetic base substrate were fabricated using a facile, highly

reproducible micro-moulding process. The distribution of magnetic particles within

the cilia can be controlled in this process so that MAC with a random magnetic

particle distribution (standard MAC), MAC with a linearly aligned magnetic particle

distribution (LAP MAC), and MAC with a concentrated magnetic particle distribution

in the cilia tips (CP MAC) can be created. A uniform precursor material for creating the

MAC was prepared using an efficient process by combining mechanical and ultrasonic

mixing. Magnetization measurements in combination with characterization of the cilia

deformation in a static magnetic field confirm that the LAPMAC have superior magnetic

properties and corresponding actuation capabilities, while the CP MAC turned out to

have the weakest magnetic response due to the small magnetic moment and the absence

of a substantial magnetic gradient during actuation in a quasi-uniform field. Specifically,

the LAPMAC can be actuated to perform a tilted conical motionwith amaximal bending

angle of 72
◦
. Measurements of the speed of the cilia motion in conjunction with the

calculation and COMSOL simulations of the time-dependent magnetic field that the

cilia experienced during actuation, verify that our LAP MAC follow the magnetic field

instantaneously, when actuated in air. These results are beneficial for future particle

manipulation.

Fluid flow generation experiments show that the LAP MAC are able to generate water

flow speeds of up to 260 µm/s in a circular channel of a rectangular cross section with

a height of 900 µm and a width of 5 mm, which corresponds to a pressure difference

of 0.65 Pa and a volumetric flow rate of 40 µL/min. Interestingly, we found that the

LAP MAC generate an almost constant pressure difference in the same type of circular

microfluidic devices, independent of the channel’s height, while the cilia were actuated

at frequencies lower than 15 Hz, where the cilia motion is not diminished by the

hydrodynamic drag caused by the liquid. In a more complex chip with a branching

channel network, the LAP MAC are also capable of generating substantial circulatory

flow. Our LAP MAC outperform most of the previously published artificial cilia in

terms of actuation properties and fluid flow generation capabilities (see the Appendix
2.5.8 for a detailed comparison between our LAPMAC and some of previously published

artificial cilia). Specifically, only the electrostatically actuated cilia reported in [3] generate
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higher fluid flow velocity (i.e. 600 µm/s), but these artificial cilia require a tedious

manufacture process, and are not compatible with biological applications. Compared

to other magnetic artificial cilia, our LAP MAC’s generated flow speed is at least twice

as large (e.g. as that in [17, 18]) but offer more flexibility in design and/or easier

fabrication. In addition, the performance of our LAP MAC is competitive with that of

most of the electro-hydrodynamic and electroosmotic pumping methods reviewed by

Laser and Santiago [26], but our method does not require integration of electrodes (see

Appendix 2.5.8).

Importantly, our LAP MAC are capable of generating well-controlled flows because the

LAP MAC have a high χ and follow the magnetic field swiftly. For example direction-

reversible flows, oscillating flows and pulsatile flows can be generated by tuning the

motion of the actuating magnet, which are out of reach when using conventional pumps

such as a commercial syringe pump system. Compared to other pumping methods, our

on-chip/in-situ cilia-based micro-pump does not need tubing or electric connections,

which, therefore, allows for the construction of a more compact system, reducing the

usage of reagents by reducing dead volumes, avoiding undesirable electrical effects, and

accommodating a wide range of fluids. This novel micropump could find applications

in general microfluidic chips in which circulatory flows are required. One particular

application is “organ-on-a-chip” in which microtissues representing human organs are

cultured, connected by microchannels mimicking blood vessels [28]. Our artificial

versatile integrated micropump could provide a compact and integrated solution to

create physiologically relevant flows in these microchannels.
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2.5 Appendix

2.5.1 SEM images of magnetic microparticles

Figure 2.13: SEM images of magnetic microparticles (carbonyl iron powder, CIP, 99.5%, SIGMA-ALDRICH).

Fig. 2.13 shows the SEM images of magnetic microparticles (carbonyl iron powder, CIP,

99.5%, SIGMA-ALDRICH). The CIP have a spherical shape with a typical diameter of 5

µm. Usually, CIP adhere to each other forming clusters which are difficult to disperse

using normal mechanical mixing methods.

2.5.2 Optimization tests for preparing the precursor material

The magnetic precursor material for creating the MAC is a composite material of

thermally curable polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Base to

Curing Agent weight ratio is 10:1) and CIP. Because of the high viscosity of PDMS

(Dynamic Viscosity 3500 cP) and the large density difference between PDMS and CIP

(ρCIP:ρPDMS = 8:1), the preparation of the magnetic precursor material suffers from the

agglomeration/aggregation of magnetic particles. In 2010, Pirmoradi et al. [22] prepared
a homogenous PDMS and magnetic nanoparticles mixture with special surfactants in

conjunction with strong solvents, but their process is very time-consuming. In 2013,

Khademolhosseini et al. [19] fabricated magnetic micropillars using a dry-nanoparticle

embedding technique instead of casting a magnetic polymer into the mould. Whereas

this method overcomes the aggregation problem, neither the concentration of magnetic

particles nor the distribution ofmagnetic particles is under control. Moreover the process

to fill the mould with magnetic nanoparticles is intricate.

Three differentmethodswere tested to prepare the precursor. Method 1: the composition

of PDMS and CIP is mixed by hand for 10 minutes at room temperature. Method 2: the
composition of PDMS and CIP is mixed using a planetary centrifugal mixer (THINKY

MIXER ARE-250 CE) using the so-called “MIXING mode” with a rotation speed of 2000

rpm for 10minutes. Method 3: First, magnetic particles (CIP) are sonicated in an Ethanol

solution for 30 minutes at room temperature in an ultrasonic bath (Ultrasonic Cleaner,

Branson 2510), and in the meantime the solution is stirred to prevent CIP from sinking;

then Ethanol is poured off and residual Ethanol is further removed using a vacuum

system for 5 minutes; afterwards PDMS Base is added and the composite is mixed

using a planetary centrifugal mixer (THINKYMIXER ARE-250CE, MIXING mode) with

a rotation speed of 2000 rpm for 10 minutes, which is followed by sonication in the
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ultrasonic bath for 10 minutes at room temperature; subsequently PDMS Curing Agent

is added to the mixture which is then mixed using the planetary centrifugal mixer in the

same mode for 5 minutes; finally the mixture is mixed by hand for 10 minutes, and the

PDMS-CIP mixture is obtained. The total preparation duration of method 3 was around

1.5 hours which is only 1/4th of that of the method used by Pirmoradi et al. [22].

Fig. 2.14 shows the SEM images of the three precursor materials. It is clear that the

homogeneity of the precursor made by method 3 is the best among the three prepared

precursor materials. Fig. 2.15 shows the optical microscopy images of the standardMAC

made from the three precursors. It is obvious that the magnetic particle distribution in

the MAC made from the precursor prepared by method 3 are the most uniform. From

the results of the SEM images of the precursors and the optical microscopy images of the

MAC, it can be concluded that the MAC made of the precursor prepared with method 3

are the most uniform.

To further confirm this conclusion, we measured the cilia deformation due to an applied

static magnetic field. Each sample contained 81MAC (9 rows and 9 columns). Fig. 2.16A
schematically shows the arrangement of the measurement. The permanent magnet has

a geometry of 20×20×10 mm
3
with a remnant flux density of 1.3 T. The vertical distance h

and horizontal distance r between the magnet and cilia is 2 and 11.5 mm respectively for

all measurements. A CMOS camera mounted on a microscope was used to take images

of the deformed cilia. The bending angle θ was calculated from the tips’ projected

Figure 2.14: SEM images of precursor materials made from (A) method one, (B) method two, (C) method three.

The white dots are magnetic particles and black parts are PDMS.

Figure 2.15: Optical microscopy images of standard MAC made from the precursor materials prepared using

(A) method one, (B) method two, (C) method three. Images were taken from a 45
◦
angle.
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Figure 2.16: (A) Schematic of the setup for measuring MAC tips’ displacement with a CMOS camera mounted

on a microscope for capturing cilia deformation. The permanent magnet has a geometry of 20×20×10 mm
3

with a remnant flux density of 1.3 T. The vertical distance h and horizontal distance r between the magnet and

cilia is 2 and 11.5 mm respectively. Illustration is not to scale. (B) Calculated average bending angles of MAC

made from precursor materials prepared using the three different methods. The error bars are the standard

deviations of the calculated bending angles of 81 cilia for each sample.

displacement with the assumption that cilia are rigid rods that only bend at the anchor

points. Hence

sinθ =
tips′ displacement

the length of cilia

(2.5)

The calculated cilia bending angles are shown in Fig. 2.16B. It can be seen that the

MAC made of the precursor prepared with method 3 have the largest displacement and

smallest standard deviation, which verifies that theMACmade of the precursor prepared

withmethod 3 are themost uniform. Therefore, we chose to usemethod three to prepare

the precursor material for creating MAC.

2.5.3 Fabrication of SU-8 2150 mould

A geometrically well-defined SU-8 2150 mould, featured with arrays of microwells with

a pitch spacing of 350 µm, a diameter of 50 µm and a depth of 350 µm (corresponding

to an aspect ratio of 7) was fabricated using standard UV lithography. The fabrication

process is shown in Fig. 2.17: (1) SU-8 2150 negative photoresist was poured onto and

spin-coated on a clean silicon wafer with two steps: first, spin-coated at a revolution

speed of 500 rpm for 20 seconds; second, spin-coated at a revolution speed of 1400 rpm

for 30 seconds. (2) The sample was left on an even hotplate at 65
◦
C for 10 minutes

followed by 95
◦
C for 2 hours. (3) The sample was removed from the hotplate and placed

on an even table at room temperature for 2 minutes to cool the sample down. (4) A
mask featured with 81 black circular dots with a diameter of 50 µm and a pitch spacing
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Figure 2.17: Schematic of the standard lithography to fabricate the SU-8 2150 mould. Illustrations are not to

scale

of 350 µm was placed on the sample, then the sample was exposed for 8 seconds by

UV light with intensity of 12 mW/cm
2
. (5) The sample was left on an even hotplate at

65
◦
C for 5 minutes followed by 95

◦
C for 30 minutes. (6) The sample was developed

using ultrasonic agitation (Ultrasonic Cleaner, Branson 2510) in a glass Petri dish full of

developer for 15 minutes. (7) The sample was sprayed and washed with developer for 10

seconds followed by isopropanol for 10 seconds. (8) The sample was driedwith Nitrogen

and was left on an even hotplate at 95
◦
C for 5 minutes. The mould was finally ready for

use.

We were able to fabricate a fine mould with such high aspect ratio structures due to the

following tricks: (1) A long-time spin-coating at low rpm was adopted, for example 20

seconds at 500 rpm, to sufficiently spread out SU-8 2150 on the wafer because SU-8 2150

is very thick/viscous (viscosity 80 000 cSt). (2) The unwanted SU-8 2150 from the bottom

of the wafer was carefully wiped away using cleanroom wipers dipped with developer

in order to ensure that the SU-8 2150 layer had a uniform thickness. It is also highly

suggested to be cautious when opening the lid of the spin-coater after spin-coating in

case thatdropsof SU-8 2150on the lid fall onto the sample, renderingunwantedbubbles in

the SU-8 2150 layer. (3)A far shorter exposure timewas adopted than that recommended

on the processing guidelines for SU-8 2150 provided by the supplier. The reason is that

after series of trials we found that a sample with the same thickness of SU-8 2150 but

with a smaller final pattern size needs much less exposure energy than the one with a

bigger pattern size. For example, the exposure energy necessary for our sample with a

SU-8 2150 thickness of 350 µm and a pattern size of 50 µm is only around 96 mJ/cm
2

which is 1/5 of that suggested by the processing guidelines for SU-8 2150. (4)Ultrasonic

agitation rather than mechanical agitation was employed during development because

the ultrasonic agitation continuously refreshes the liquid within the microwells so that

fresh developer is able to get into contact with undeveloped SU-8 2150. Eventually all

uncrosslinked SU-8 2150 was washed away, resulting in straight-walled microwells. [29]

(5) After drying with Nitrogen, the sample was left on an even hotplate at 95
◦
C for
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5 minutes so that the cracks generated during long-time development are eliminated

completely, which is also helpful in the release of MAC.

2.5.4 Sedimentation of magnetic particles

We employed Stokes’ law to predict the settling velocity in liquid PDMS of a single

magnetic particle of diameter of 5 µm as shown in Appendix 2.5.1. The Stokes’ law is

given by:

v =
2
9
ρp − ρf

µ
дR2

(2.6)

where g=10 is the gravitational acceleration (m/s
2
), R = 2.5×10-6 is the radius of the

spherical particle (m), ρp = 7.86×103 is the mass density of the magnetic particle (kg/m
3
),

ρf = 0.97×103 is the mass density of the liquid PDMS (kg/m
3
), µ = 3.5 is the dynamic

viscosity (kg/m*s). Therefore, the calculated settling velocity is calculated as v ≈ 1 µm/s.

As the maximum path of the magnetic particle is the length of the MAC, 350 µm, the

maximum duration of sedimentation is 350 seconds. This is within the working time of

PDMS at room temperature, 2 hours, according to themanual from the supplier, ensuring

that the complete settling would occur while PDMSwas still liquid. However, based on a

series of experiments, it takes at least 1 day to complete the sedimentation of all magnetic

particles in the micro-wells. The reason is probably that the theoretical calculation takes

no account of practical conditions that influence the process, such as the interaction

between particles and the interaction of the particle with the wall of the micro-well.

Even though the crosslinking time of PDMS at room temperature is around 24 hours,

PDMS will still be partially crosslinked after 2 hours, which inhibits the settlement of

magnetic particles. Therefore, we chose to leave the sample in a fridge of 5
◦
C, at which

temperature the liquid PDMS is still barely crosslinked after 2 days, to spare enough time

for the sedimentation of magnetic particles.

2.5.5 Simulation and calculation of the magnetic field experienced by
the MAC

First we employed the commercial software COMSOL to simulate the 3D magnetic flux

density generated by the permanent magnet we used to actuate theMAC (Fig. 2.18). The
permanent magnet has a geometry of 20×20×10 mm

3
with a remnant flux density of 1.3

T. Then we derived the magnetic field experienced by the MAC during actuation during

one actuation cycle in the following way. First we built two Cartesian coordinate systems

as shown in Fig. 2.19, the xoy coordinate system and the xmomym coordinate system in

which the center of the magnet is the origin.

In the xoy coordinate system,
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2Figure 2.18: Actuation scheme of the MAC. (A) Schematic of the actuation setup with cilia integrated in a

circular microfluidic device on top. The rotation axis of the magnet is offset by a distance d with respect to

the center of the cilia chamber, and the magnet is placed at a distance r from the rotation axis. The values for

d, r, and h, which determine the location of the MAC with respect to the magnet, were set to 6, 6.5 and 2 mm

respectively. The fabrication of the circular microfluidic device is described in section 2.2.3. (B) Schematic

drawing of the bending cilia when the magnet rotates 180
◦
. (C) Schematic drawing of the cilia rotation in

perspective view. Illustrations are not to scale.

Figure 2.19: Schematic of the two Cartesian coordinate systems and the coordinates of the rotation axis, the

center of the magnet, and the center of the ciliated area. (xcm, ycm) are the coordinates of the center of the

ciliated area in the xmomym coordinate system in which the center of the magnet is the origin.

xr = 0,yr = r
xc = d,yc = r
xm = −yr sinα1

ym = yr (1 − cosα1)
cosα2 =

r 2+d2
cm−d

2

2rdcm
cosα3 =

r 2+d2
cm−r

2

2ddcm

While the magnet rotates around the rotation axis, the angle α1 changes. We now change
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this angle in discrete steps:

α1 =
2πn
N

where n=0,1,2,3,. . . ,N-1,N, andN is the total number of steps for one complete revolution.

We used N=40. For n=0, the center of the magnet coincides with the origin O of the xoy

coordinate system, and when increasing n the magnet center rotates around the rotation

axis (xr,yr) in clockwise direction.

Based on dCM and α2, we obtain the coordinates of the center of the ciliated area (xcm,ycm)

in the xmomym coordinate system: when 0 ≤ n ≤ N /4,

xcm = dcm sinα2
ycm = dcm cosα2

when N/4 ≤ n ≤ 3N/4,
xcm = −dcm sinα2
ycm = dcm cosα2

when 3N/4 ≤ n ≤ N,
xcm = dcm sinα2
ycm = dcm cosα2

Note that, in our experiments, zc=zcm=h=2 mm. For any position of the magnet during

its rotation, based on the calculated (xcm, ycm, zcm) and COMSOL simulation results of

the magnetic field generated by the magnet, we can derive the magnetic flux density

(Bxα , Byα , Bzα ) at the MAC location in the xmomym coordinate system. From this,

we can calculate the corresponding absolute magnetic flux density (Bx, By, Bz) in the

xoy coordinate system at any (discrete) time during the rotation using the following

equations:

BZ = BZα

When 0 ≤ n ≤ N /4,

Bx = Bxα sin (α2 + α3) + Byα cos (α2 + α3)
By = −Bxα cos (α2 + α3) + Byα sin (α2 + α3)

When N/4 ≤ n ≤ 3N/4,

Bx = −Bxα sin (α2 + α3) + Byα cos (α2 + α3)
By = −Bxα cos (α2 + α3) − Byα sin (α2 + α3)

When 3N/4 ≤ n ≤ N,

Bx = Bxα sin (α2 + α3) + Byα cos (α2 + α3)
By = −Bxα cos (α2 + α3) + Byα sin (α2 + α3)

Finally we plotted the obtained (Bx, By, Bz) at theMAC location (xc,yc,zc) usingMATLAB

and the results are shown in Fig. 2.20A, with the values used in our experiments: d=6
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Figure 2.20: (A) COMSOL simulation results of the three components of the periodically changing magnetic

flux density experienced by MAC during one actuation cycle actuated using a 20×20×10 mm
3
magnet with a

remnant flux density of 1.3 T. (B) Calculated projected 2D MAC tip trajectory based on the assumption that

LAP MAC exactly follow the applied magnetic field during actuation. The 3D trajectory of the cilia tip can be

found in ESI 2.8. (C) Expected cilia tip velocity plotted according to the data in panel B. Raw data means the

data from the direct computation according to the coordinates of cilia tip shown in panel B; and the fitted curve

means the fitted velocity from the raw data using a third degree polynomial curve.

mm, r=6.5 mm, and h=2 mm. The x-axis in Fig. 2.20A, time tn, is normalized with one

time period according to

tn =
n

N

Note that, in order to show clearly the recovery stroke and the effective stroke, we shifted

the obtained data points of (Bx, By, Bz) so that the starting time in Fig. 2.20A is the

beginning of the recovery stroke (which is actually the time point t3).

Based on the assumption that the LAPMAC perfectly follow the magnetic field, i.e. they

are aligned with the magnetic field at all times, we plotted in Fig. 2.20B the projected

trajectory of the cilia tip on the XY plane. One step further, we derived the expected

cilia tip’s velocity through dividing the distance of two neighboring data points in Fig.
2.20B by the corresponding time. And the results are plotted in Fig. 2.20C. Note

that, the scattering in Fig. 2.20C is partially caused by the fact that we only take the

x and y component into account (in order to make direct comparison with Fig. 2.7B
in the main text), and partially by the inaccuracy of the simulation. As shown in Fig.
2.20 A-C, during one actuation cycle, the direction of the applied magnetic field vector

changes faster during the recovery stroke, so that the ciliamove fasterwithin the recovery

stroke. Therefore we believe that the non-uniform motion of the LAP MAC is simply

a consequence of the method of actuation using a rotating magnet. According to Fig.
2.7A in the main text and Fig. 2.20B, the simulated tip’s trajectory is in agreement with

the experimental result, which confirms that our MAC indeed follow the magnetic field

instantaneously.

In order to theoretically calculate the direct translational magnetic forces applied on the

cilia (seeAppendix 2.5.6 for details), we simulated the magnetic gradient induced by the

rotating magnet across the center of the ciliated area when n=10 and the magnet was

rotated to the position where By=0. This is the position where the magnet was located

when we did the cilia bending performance measurement (see Fig. 2.16). The obtained

results are shown in Fig. 2.21.
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Figure 2.21: The simulated magnetic gradient induced by the permanent magnet across the center of the

ciliated area in (A) x direction, (B) y direction and (C) z direction when n=10 and the magnet is rotated to the

position where By=0.

2.5.6 Theoretical calculation of the magnetic forces applied on the MAC

When a magnetic field B is applied on a single cilium, two types of magnetic interaction

between the magnetic properties of the cilia and the applied magnetic field can cause the

cilium to deform (Fig. 2.22). First, if the applied field is non-uniform, a direct magnetic

translational force

−→
F pulls the cilium towards the positive field gradient; second the

magnetic torque

−→
T rotates the magnetic moment

−→m toward the direction of the applied

magnetic field. The

−→
F [30] and

−→
T can be computed using the following equations:

−→
F = (−→m · ∇)

−→
B = ρV

(
−→
M0 · ∇

)
−→
B +

V χ

µ0
(
−→
B · ∇)

−→
B (2.7)

|
−→
T | = |−→m ×

−→
B | = ρVMB sin(θ ) (2.8)

Figure 2.22: Schematic of magnetic forces on (A) standard MAC, (B) LAP MAC, and (C) CP MAC when a

magnetic field

−→
B is applied, with

−→m the magnetic moment,

−→
T = −→m ×

−→
B the magnetic torque, and

−→
F = (−→m · ∇)

−→
B

the direct translation force [30]. Illustrations are not to scale.
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where
−→m is the magnetic moment of the MAC,

−→
M0 is their initial magnetization (here

we use the remnant magnetization as shown in the insert of Fig. 2.5 in the main text),

ρ is the density of the magnetic particles, V is the volume of the magnetic particles in

a single cilium, χ is the magnetic susceptibility of the magnetic particles (here we take

χ=0.4 [30]), µ0 is the permeability of vacuum, M is the magnetization of the MAC, θ is

the angle between
−→m and

−→
B (for a comparison between forces and torques we assume

θ=12◦ for all MAC based on the bending performance results of theMAC that the average

bending angle is maximally 72
◦
, combined with the COMSOL simulation results of the

magnetic field as described in Appendix 2.5.5 that the magnetic field in the geometrical

center of the ciliated area has an angle of 84
◦
relative to the positive y direction).

The computed magnetic forces on the cilium that is located at the geometrical center of

the ciliated area are shown in Table 2.S1. To be able to compare the effect of the direct

magnetic translational force with that of the torque, we translated the direct force

−→
F into

|
−→
TF | = |

−→
F |L, which is the torque induced by the direct translational force

−→
F on the cilium

by assuming that

−→
F is localized at the tip of the cilium, and acts perpendicular to the

long axis of the cilium, and L=350 µm is the length of the cilium. As shown in Table
2.S1 the magnitude of the magnetic torque

−→
T is around two orders of magnitude larger

than that of the torque

−→
TF induced by the translational force for all cilia including the CP

MAC, which means that in our setup the magnetic torque plays a more important role

in actuating the MAC than the direct force. The main reason for this is that the magnetic

field gradient induced by our setup at the cilia location is relatively small. The magnetic

torque acting on the LAPMAC is 1.35 times as large as that on the standardMAC, which

is the reason that the LAP MAC bend much more than the standard MAC. Note that the

magnetic torque

−→
T only works on the magnetic part of the MAC. To be specific, the

−→
T

rotates the whole standard MAC and LAP MAC, while it only rotates the tips of the CP

MAC. A large magnetic field gradient may contribute to the bending performance of the

CP MAC; creating a high local magnetic field gradient using external (electro-)magnets

is practically very difficult however, and it is out of the scope of this paper.

Table 2.S1 Computed magnetic forces on different types of MAC.
MAC types Standard MAC LAPMAC CPMAC
|
−→
F | [N] 1.8×10-7 2×10-7 0.4×10-7

|
−→
T | [N·m] 2.9×10-9 3.9×10-9 0.6×10-9���−→TF ��� = |−→F |L [N·m] 6.3×10-11 7×10-11 1.4×10-11
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2.5.7 Optical microscopy images of the bending MAC

Figure 2.23: Top view optical microscopy images of bending (A) standard MAC, (B) CP MAC, showing the

interaction between cilia resulting in neighbouring cilia’s tips adhering to each other; (C) bending LAP MAC

showing no inter-cilia interaction.

2.5.8 Comparison of flow generation performance of the LAP MAC with
other microfluidic pumps

The pressure difference ∆Pf and the corresponding volumetric flow rate Qf generated by

the LAP MAC at actuation frequency of f can be computed as follows [23, 24]:

∆Pf =
µvxf (0, 0)Lπ 3

4h2
∞∑

i=1,3,5, ...
(−1) i−12

[
1 − 1

cosh( iπw2h )

]
1
i3

, for h < w (2.9)

Qf =
∆Pfwh

3

12µL

[
1 −

192h
π 5w

∞∑
i=1,3,5, ...

tanh
( iπw

2h
)

i5

]
, for h < w (2.10)

where µ is the dynamic viscosity of the liquid,vxf (0, 0) is the measured translational flow

speed in the geometrical center of the channels at the actuation frequency of f (f ∈ [1, 40]
Hz), w is the width of the channel, h is the height of the channel, L is the length of the

channel minus the edge length of the ciliate area. In our study, for circular microfluidic

devices, w = 5 mm, L = 31-3 = 28 mm, h varies between 600, 700. 800, 900 µm. Based on

w, L, h and vxf (0, 0), the corresponding ∆Pf and Qf were computed (see Fig. 2.8 in the

main text for the results).

For the branching channel network, the ∆Pf and the corresponding Qf in different parts

of the channel were computed separately as the channel width and length are different.

The width and length of the first channel, the second channel and the third channel are

w1 = 5 mm, w2 = 1.5 mm, w3 = 0.45 mm, and L1 = 126-3 = 123 mm, L2 = 13 mm, L3 =

31 mm respectively. The height hb of the branching channel is 660 µm. Based on these

parameters and corresponding vxf (0, 0), the pressure difference and the corresponding

volumetric flow rate in the first channel, a second channel and a third channel, ∆Pf1, ∆Pf2,
∆Pf3, Qf1, Qf2, Qf3, can be therefore computed. Note that, in the narrowest channel hb >
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w3, so in Eq. 2.9 and Eq. 2.10we choosew = hb and h =w3 to calculate ∆Pf3 andQf3. From
these data, we can obtain the total pressure difference ∆Pf = ∆Pf1 + 2∆Pf2 + ∆Pf3, and the

total corresponding volumetric flow rate Qf = Qf1 = 2Qf2 = 4Qf3. The results are shown

in Fig. 2.11 in the main text, where “Q (1
st
channel)” = Qf, “Q (2

nd
channel)” = 2Qf2, and

“Q (3
rd

channel)” = 4Qf3.

Our LAPMAC are capable to generate a maximum volumetric flow rate of 40 µL/min in

the 900 µm circular channel at the highest actuation frequency of our actuation setup, 40

Hz. The 900 µm circular channel and the branching channel network have a volume Sp
of 141 and 504 mm

3
respectively, which gives the “self-pumping performance”, Qmax/Sp

(defined by Laser and Santiago [26] as a parameter that can be used to characterize

micropumping efficiency), of 0.3/min and 0.003/min respectively. Compared with the

other methods of microfluidic pumping reviewed by Laser and Santiago [26], our LAP

MAC is in themedium range of thementioned electro-hydrodynamic and electroosmotic

pumping methods, as shown in Fig. 2.24. A comparison between our LAP MAC

and some of the previously published artificial cilia is made, and the result shown

in Table 2.S2. It can be summarized that our LAP MAC can generate stronger fluid

flows compared with previously published magnetic artificial cilia due to their superior

magnetic properties, and that, our LAP MAC either have better response to external

stimuli and therefore can induce stronger fluid flow, or have an easier manufacturing

route compared with other types of artificial cilia.

In order to understand better the influence of the channel geometry on the generated

flows, we simplified the Eq. 2.10 into an equation as follows:

∆PF = RQf (2.11)

where

R =
12µL

wh3
[
1 − 192h

π 5w
∑∞

i=1,3,5, ...
tanh( iπw2h )

i5

] , for h < w (2.12)

is the channel’s hydrodynamic resistance. For the circular channels, the R can be simply

computed according to the known w, h and L. For the branching channel on the other

hand, the R = R1+R2+R3/4, where R1 is the resistance of the first channel, R2 is the

resistance of a second channel, and R3 is the resistance of a third channel. Note that, in

the narrowest channel hb > w3, so in Eq. 2.12 we choose w = hb and h = w3 to calculate

R3. The calculated R in the 600, 700, 800, 900 µm circular channel and in the 660 µm
the branching channel network are 5.1×10-3, 3.2×10-3, 2.2×10-3, 1.6×10-3, and 64×10-3
Pa/(µL/min).
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Figure 2.24: Comparison of the performance of the LAP MAC with reported electrohydrodynamic and

electroosmotic pumps. (A) Comparison of the volumetric flow rate. (B) Comparison of the self-pumping

frequency; the size of the data point marker indicates the associated ∆P. Reprinted from Laser and Santiago [26]
with our data inserted.
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Table 2.S2 Property comparison between our LAP MAC and some of the
previously published artificial cilia. Here the manufacturability indicates

the complexity of the fabrication process and the costs.
The actuation property indicates how fast the cilia respond to the stimulus and

whether the cilia respond with substantial motion.
And +, -, o indicate good, bad, medium, respectively.

Cilia type Bending
angle [◦]

Generated
flow speed
[µm/s]

Generated
pressure
difference
[Pa]

Generated
flow rate
[µL/min]

Manufac-
turability

Actuation
property

LAP MAC 72 260 0.65 40 + +

Electrostatic
cilia [3] 600 - +

Optically-
driven
cilia [7]

90 - -

Hydrogel
actuated
cilia [8]

80 o -

Resonance
actuated
cilia [10]

0 o o

Pneumatically
actuated
cilia [11]

18 o o

Self-
assembled
cilia [13]

55 5 - -

Self-
assembled
cilia [15]

3 - o

Magnetic
cilia [4] 18 o o

Magnetic
cilia [6] 8 28 o o

Magnetic
cilia [16] 70 0.04 0.6 o +

Magnetic
cilia [17] 120 0.7 + +

Magnetic
cilia [18] 38 o -

Magnetic
cilia [20] 13.5 + -

2.5.9 Methods for imaging the MAC
In order to visualize the shape and spatial arrangement of the fabricatedMAC,we took SEM images.

The samples were randomly chosen because all three types of MACs have the same geometry and

arrangement. All samples were coated with a 5 nm gold coating to enhance the SEM imaging.
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Figure 2.25: Schematic of MAC imaging setup, in which the long axis of MAC is perpendicular to the normal

of the objective lens. The PDMS base substrate is adhered to the block support easily because of the inherent

stickiness of PDMS. Illustration is not to scale.

Two types of optical microscopy images of all three kinds of MACs were made to observe the

magnetic particle distributions in cilia. First, side views were taken by putting samples on a

support to ensure the long axis of cilia is perpendicular to the observation direction/ the normal

of the objective lens (Fig. 2.25). Second, cross-sectional images were made by: first immersing the

MAC in liquid PDMS, then cutting the samples into two pieces along approximately the middle

of cilia when the PDMS is fully cured, and finally placing the samples on a support with the long

axis of cilia perpendicular to the observation direction.

2.5.10 Methods for characterizing the magnetic properties of the MAC
To characterize the effect of magnetic particle distribution on magnetic properties, we carried out

superconducting quantum interference device (SQUID, MPMS3 from Quantum Design operated

in the VSM-SQUID mode) magnetometer measurements on the three different MAC types we

made. The samples for SQUIDmeasurement were randomly selectedMACwhichwere embedded

in pure PDMS to ensure no movement of MAC during the measurement. Each sample consisted

of 81 MAC (9 rows and 9 columns) and had a typical size of 4×4×2 mm
3
. The measurement was

performed at room temperature and the magnetic field was applied in two directions, parallel and

perpendicular to the long axis of MAC.

2.5.11 Electronic supplementary information
The magnetic artificial cilia (MAC) in the electronic supplementary materials are the MAC with a

linearly aligned magnetic particle distribution, i.e. LAP MAC. The LAP MAC have a diameter of

50 µm, a height of 350 µm and a pitch of 350 µm. In some videos we used white tracer particles

(5 µm polystyrene particles, micromod Partikeltechnologie GmbH) to visualize the flow generated

by the MAC.

You can access the electronic supplementary materials by clicking the title or scan the assigned QR

code in Fig. 2.26.

Movie ESI 2.1 A high-speed video of one recorded experiment showing the cilia motion in air at a

revolution frequency of 40 Hz. The camera frame rate is 1000 Hz.

Movie ESI 2.2 A high-speed video of one recorded experiment showing the fluid flow generated

by the LAP MAC in a circular microfluidic chip (shown in Fig. 2.2A) with a hight of 900 um. The
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Figure 2.26: QR codes for electronic supplementary materials.

camera frame rate is 200 Hz.

Movie ESI 2.3 A high-speed video of one recorded experiment showing the backflow beside the

ciliated area in a circular microfluidic chip (shown in Fig. 2.2A) with a hight of 900 um. The

actuation frequency is 40 Hz. The camera frame rate is 200 Hz.

Movie ESI 2.4 A high-speed video of one recorded experiment showing the fluid flow generated

by the LAP MAC in a braching microfluidic chip (shown in Fig. 2.2B) with a hight of 660 um. The

camera frame rate is 200 Hz.

Movie ESI 2.5 A high-speed video of one recorded experiment showing that the LAP MAC can

generate direction-reversible flow in a circular microfluidic chip (shown in Fig. 2.2A) with a hight

of 900 um. The camera frame rate is 200 Hz.

Movie ESI 2.6 A high-speed video of one recorded experiment showing that the LAP MAC can

generate oscillating flow in a circular microfluidic chip (shown in Fig. 2.2A) with a hight of 900

um. The camera frame rate is 200 Hz.

Movie ESI 2.7 A high-speed video of one recorded experiment showing that the LAP MAC can

generate pulsatile flow in a circular microfluidic chip (shown in Fig. 2.2A) with a hight of 900 um.

The camera frame rate is 200 Hz.

ESI 2.8 Calculated 3D MAC tip trajectory based on the assumption that the LAP MAC exactly

follow the applied magnetic field shown in Fig. 2.20A during actuation.
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3 | Removal of microparticles by
ciliated surfaces

Biological cilia are versatile hair-like organelles that are very efficient in manipulating

particles for, for example, feeding, antifouling and cell transport. Inspired by the

versatility of cilia, this chapter experimentally demonstrates active particle-removal by

self-cleaning surfaces that are fully or partially covered with micro-molded magnetic

artificial cilia (MAC). Actuated by a rotating magnet, the MAC can perform a tilted

conical motion, which leads to the removal of spherical particles of different sizes in

water, as well as irregular-shaped sand grains both in water and in air. These findings

can contribute to the development of novel particulate manipulation and self-cleaning/

antifouling surfaces, which can be applied, for example, to prevent fouling of (bio)sensors

in lab-on-a-chip devices, and to prevent biofouling of submerged surfaces such asmarine

sensors and water quality analyzers.

Based on Shuaizhong Zhang, Ye Wang, Patrick R. Onck and Jaap M. J. den Toonder,

Removal of microparticles by ciliated surfaces – an experimental study, Adv. Funct.
Mater., 29, 1806434, (2019).
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3.1 Introduction
The fouling of surfaces submerged in a liquid is an important problem for many

applications [1–9]. A specific example is the accumulation of micro-particles in lab-on-

a-chip devices, which for instance can clog the microchannels, or interfere with detection

by contaminating sensor surfaces [9]. Classical chip cleaning protocols are tedious

and time consuming, or they disrupt the ongoing experiments. Another example is the

biofouling of submerged surfaces such as marine sensors [10], water quality analyzers,

off-shore structures and ship hulls which is a serious problem due to many factors

including (i) the vast biodiversity in fouling species, (ii) the broad range of attachment

behaviors and adhesion mechanisms, and (iii) geographical and seasonal differences.

Nowadays, antifouling strategies are based on either chemical or physical mechanisms,

which, however, cannot deter the settlement and attachment of the whole vast variety

of biofouling agents [11–13]. One biologically inspired strategy to tackle this problem

is through cilia-induced particle manipulation and cleaning [14–27]. Biological cilia are

slender microscopic hair-like protrusions of cells with a typical length between 2 and

15 µm, which were first reported by Antony van Leeuwenhoek in 1675 [28], and have

been found to exist ubiquitously in nature [29]. For example, (1) immotile cilia exist

in the cochlear, the inner ear, sensing sound and gravity [30]; (2) motile cilia cover the

outer surface of a paramecium, an aquatic micro-organism, functioning as actuators that

propel the creature through water [30]; (3) motile cilia line the windpipe and the lungs

of the human body, helping to clean up mucus and dust out of the respiratory tract [14,

15] (4) motile cilia line the inner walls of the fallopian tubes, transporting egg cells to the

uterus [15, 16]; (5) cilia grow in the mouth of some marine suspension microorganisms,

facilitating feeding [17–24]; (6) cilia cover the outer surfaces of mollusks and coral, and

their continuous motion shields away sand and fouling organisms [25–27]. Inspired

by this versatile cellular organelle, researchers have studied especially the possibility

of employing artificial cilia as a means to transport and mix fluids [31–47]. Recently,

investigations to use artificial cilia to manipulate particles and create antifouling surfaces

have been carried out, mostly using numerical computations [48–59]. Simulations have

demonstrated that both active and passive artificial cilia can be harnessed to repel

neutrally buoyant spherical micro-particles in their vicinity [54–56]. Experimental

studies have shown that magnetic surfaces featured with cilia-resembling micropillars

can transport a drop of water [58, 59]. However, there is no experimental work that

shows particle removal and anti-fouling of ciliated surfaces in practice. To bring the

concept of antifouling by ciliated surfaces closer to real life applications, it is therefore

important to perform experiments that demonstrate this capacity of artificial cilia.

As a proof-of-principle, we experimentally demonstrate for the first time that active

cilia actuated by a rotating magnet have the capacity to remove a large size range of

micro-particles (representing fouling agents or cells) from ciliated areas. We studied the

impact of the motion of the magnetic artificial cilia (MAC), the actuation frequency and

the arrangement of the MAC on the repelling efficiency of microparticles. The results

show that over 95% of the microparticles present within the ciliated area can be removed

within 1 minute when the MAC perform an inclined tilted conical motion rotating at 40

Hz. Moreover, MAC arranged around a bare unciliated central region are shown to be

able to remove all particles from that region. These findings demonstrate that our ciliated
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surfaces are capable of creating a particle-free clean surface area, whichmayhave relevant

applications in lab-on-a-chip, marine biofouling, and possibly also particle manipulation

including sorting and collecting. In addition, our work also offers new insights into the

physical factors that enable the antifouling and feeding of marine organisms [17–27].

3.2 Results and discussion

3.2.1 Ciliated surfaces and actuation scheme

The particle-removal capability of two types of ciliated surfaceswere studied: (i) a surface

coveredwith orthogonally arrangedMAC in a square array of 10×10=100 cilia (Fig. 3.1A),

Figure 3.1: Fabrication scheme and microscopy images of the fabricated cilia. (A, B) Top-view SEM images of

(A) a “fully-ciliated surface” covered with orthogonally arranged MAC in a square array of 10×10=100 cilia,

and (B) a “partially-ciliated surface” consisting of a central unciliated area surrounded by 3 lines of MAC. The

MAC have a diameter of 50 µm, a height of 350 µm, and a pitch of 250 µm. (C) Schematics of the fabrication

process of the MAC. The illustration is not to scale. (D) A side-view SEM image of the MAC, with a diameter,

a height and a pitch of 50, 350 and 250 µm, respectively. (E) Optical microscopy images of the MAC at both

side view and cross-sectional view. Panels (C and E) are reprinted with permission from ref. [38]. Copyright 2018,
Elsevier B.V. All rights reserved.
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Figure 3.2: Actuation scheme and cilia motion. (A, B) Schematic drawing of the open-top circular chip

integrated with (A) a fully-ciliated surface, and (B) a partially-ciliated surface, indicating the location of the

ciliated surfaces and the observation area. The arrows NTC (normal tilted cone) and ITC (inclined tilted cone)

indicate the direction of the effective stroke in case of the tilted conical motion of the MAC. The height of the

chip is 4 mm. (C-D) Actuation scheme of the fabricated MAC. (C) Schematics of the actuation setup with MAC

integrated in the circular chip, placed on a supporting plate and underneath a microscope. The rotation axis

of the magnet is offset by a distance d with respect to the center of the ciliated area, and the magnet is placed

at a distance r from the rotation axis. Reprinted with permission from ref. [38]. Copyright 2018, Elsevier B.V. All
rights reserved. (D) Schematic drawing of the rotating MAC performing a vertical conical motion in perspective

view. (E) Schematic drawing of the rotating cilium performing a tilted conical motion in perspective view.

Illustrations are not to scale. Reprinted with permission from ref. [38]. Copyright 2018, Elsevier B.V. All rights
reserved. (F-H) Top-view images of the motion of the rotating MAC at 40 Hz in water showing (F) the vertical

cone (VC) rotation, (G) the normal tilted cone (NTC) rotation, and (H) the inclined tilted cone (ITC) rotation.

Each image is composed of 25 overlapping frames in one actuation cycle. The white dashed lines indicate

the cilia tip trajectories projected on the surface plane, the orange arrows indicate the rotation direction of the

MAC, and the red arrows in (G and H) indicate the direction of the effective stroke.
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termed “fully-ciliated surface”; (ii) a surface consisting of a central unciliated square

region surrounded by 3 rows of MAC on each side (Fig. 3.1B), termed “partially-ciliated

surface”. One primary reason to study the partially-ciliated surface is that for certain

applications, e.g. an optical sensor, anything covering the sensor surface may disrupt

the detection – in such case rows of cilia surrounding the sensor area may be useful for

anti-fouling [10]. The MAC were fabricated using a facile reproducible micro-molding

precocess (Fig. 3.1C). Scanning electron microscopy (SEM) images (Fig. 3.1A,B,D)

confirm the cylindrical shape of the MACwhich have a diamter of 50 µm and a height of

350 µm. By fabricating molds featured with micro-wells of different pitches, MACwith a

variable pitch of 250, 350 and 450 µm, respectively, weremolded. Bright-fieldmicroscopy

images (Fig. 3.1E) show that the magnetic particles are linearly aligned along the long

axis of the cilia. The MAC with such a magnetic particle distribution were verified in

Chapter 2 to have superior magnetic susceptibility and actuation properties compared

to the MAC with a random internal magnetic particle distribution, and were able to

generate substantial fluid flow in a microfluidic channel network [38]. The magnetic

properties and the bending performance of the artificial cilia were reported in Chapter
2.

The ciliated surfaces were integrated in a microfluidic chip with an open-top circular

channel with a rectangular cross section with a channel width of 5 mm and channel

height of 4 mm (Fig. 3.2A,B). The MAC were actuated externally by a home-built

magnetic setup as shown in Fig. 3.2C. The vertical distance h between the top surface

of the magnet and the MAC was set to 2 mm. The motion of the MAC can be tuned by

changing r and d, as well as the rotation speed and direction of the magnet. For example,

when d = 0 and r = 2.5 mm, the MAC perform a vertical conical motion (VC motion,

Fig. 3.2D,F); and when d = 6 and r = 6.5 mm, the MAC perform a tilted conical motion

(TC motion, Fig. 3.2E,G,H). In the latter case, the MAC’s motion cycle has an “effective

stroke” when the cilium is mostly perpendicular to the surface, and a “recovery stroke”

when the cilium is moving close to the floor (Fig. 3.2E). As shown previsouly, a net fluid

flow will be induced in the direction of the effective stroke [38]. By rotating the ciliated

pattern with respect to its own center while keeping the orther parameters fixed, the

direction of the effective stroke was varied between that normal to the edge of the ciliated

square area (indicated as normal tilted cone, NTC, Fig. 3.2G), and that inclined at a 45
◦

angle to the edge (indicated as inclined tilted cone, ITC, Fig. 3.2H). Since the MAC can

bend with an average tilting angle of 72
◦

[38], they can even touch their neighboring

cilia, however the motion of the MAC is still uniform without any obvious interference

(Fig. 3.2G,H). This indicates the MAC have excellent magnetic properties and follow the

applied magnetic field well, confirming the results in Chapter 2.

3.2.2 Particle-removal efficiency of ciliated surfaces

To characterize the particle-removal efficiency of the aforementioned ciliated surfaces,

viscoelastic polylactic acid particles (PLA) with different mean diameters of 30, 100, 250

and 500 µmwere used as representatives of fouling agents or microbeads. We chose PLA

particles since they have a density close to that of water (1.1 to 1.5 g/cm
3
according to the

manufacturer), which is the case for most fouling agents such as the suspending marine

biofouling agents.
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3.2.2.1 Fully-Ciliated Surface

Influence of MAC motion and actuation frequency

We first investigated the impact of the MAC motion and the actuation frequency on the

particle removal. The ciliated surface used here was a “fully-ciliated surface” covered

with the 10×10=100 MAC at a pitch of 250 µm, i.e. the total ciliated area was 5.29 mm
2
,

and the PLA particles had an average diameter of 100 µm.

Fig. 3.3A shows snapshots of one recorded experiment (see Movie ESI 3.1) where the

MAC performed the ITC motion at 40 Hz. Clearly, the vast majority of the particles were

successfully removed from the ciliated area within a minute. The MAC are able to repel

particles in their vicinity because they can induce local net flowand they canmechanically

push the particles away by direct touch in the same direction as the local net flow (see

Movie ESI 3.2). Consequently, the particles are repelled along the direction of the local

net flow. Since the net flow direction beneath the cilia tips is in the same direction as the

Figure 3.3: The influence of cilia motion and actuation frequency on the particle-removal efficiency. (A)

Snapshots from one recorded experiment after the MAC operate for (i) 0 seconds (because the particles have

a slightly larger density than water, they are all settled in between the MAC on the PDMS substrate initially),

(ii) 10 seconds and (iii) 1 minute, showing that particles (blue) are gradually removed from the ciliated area.

In this experiment, the MAC performed the ITC motion at 40 Hz; the microparticles had an average diameter

of 100 µm. See also Movie ESI 3.1 and Movie ESI 3.2. (B) Calculated cleanness as a function of the actuation

frequency for the three different MAC motions: VC, NTC, ITC motion, for the fully-ciliated surface. The

cleanness is defined as C60 = (N0 - N60) / N0, where N0 is the number of particles within the ciliated area at time

0, and N60 is the number of particles after the MAC operating for 60 seconds. If C60 equals 1, no particle is

left within the ciliated area. (C) Calculated cleanness as a function of the operating time at different revolution

frequencies of the MAC when the MAC perform the ITC motion. The cleanness is now defined as Ct = (N0
- Nt) / N0, where N0 is the number of particles within the ciliated area at time 0, and Nt is the number of

particles left after the MAC operating for t seconds. The error bars are the standard deviations of 3 identical

but independent experiments. In these experiments, the MAC have a diameter of 50 µm, a height of 350 µm
and a pitch of 250 µm; the particles used are 100 µm spherical polylactic acid (PLA) particles.
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recovery stroke, and the net flow direction above the cilia tips is in the same direction as

the effective stroke – the opposite direction of the recovery stroke, the particles located

beneath the cilia tips are removed along the direction of the recovery stroke, and the

particles suspended above the cilia tips or lifted up by the cilia are repelled along the

opposite direction (see Movie ESI 3.2). Note that, the removed particles stayed on the

surface around the ciliated area and could not be moved further by the flow generated

by the cilia. Therefore, it was quite easy to collect them (for example, using a plastic

pipette) and reuse them for further experiments. The calculated cleanness as a function

of the actuation frequency for the aforementioned three different MACmotions (Fig. 3.2
F-H) is shown in Fig. 3.3B. The cleanness is defined as C60 = (N0 - N60) / N0, where N0
is the number of particles loaded in the ciliated area initially, and N60 is the number of

particles left in the ciliated area after the MAC operating for 60 seconds. We chose 60

seconds because after that time there was almost no further change in the amount of

particles within the ciliated area as shown in Fig. 3.3C, in which the calculated cleanness

is plotted as a function of the operating time of theMACat different actuation frequencies

when the MAC perform the ITC motion. The cleanness is now defined as Ct = (N0 - Nt)
/ N0, where N0 is the number of particles within the ciliated area at time 0, and Nt is the
number of particles left after the MAC operating for t seconds.

Observations from Fig. 3.3B are: (1) the cleanness becomes better as the actuation

frequency goes up, which means that the efficiency of theMAC in removing the particles

is higher at a faster rotating frequency; (2) the TC motion is far more efficient than the

VC motion; (3) the ITC motion slightly outperforms the NTC motion; and (4) over 95%
of the particles can be eventually removed from the ciliated area when the MAC follow

an ITC trajectory at 40 Hz, which creates an almost completely clean area.

Probable explanations for observation 1 are: (a) at lower revolution frequencies, the net

fluid flow induced by the MAC is smaller, and thus hydrodynamic forces acting on the

particles are weaker and cannot overcome the adhesive forces between the particles and

the PDMS walls, so that more particles remain stuck to the walls; (b) the particles adhere

to eachother forming clusters that get stuck in between cilia, and thehydrodynamic forces

at a lower actuation frequency are too weak to break these clusters, while the forces at a

higher frequency are capable of breaking up the clusters and overcoming the adhesion

between the particles and the PDMS walls. As to observation 2, possible reasons are: (a)

when the MAC perform the TC motion (NTC and ITC motion), a net flow is induced,

which transports theparticles continuously alongone specificdirection, andfinally repels

them from the ciliated area. However, when the MAC perform the VC motion, no net

flow can be generated over one rotating cycle resulting in relatively low cleanness; and

the removed particles are likely a result from the mechanical pushing by the cilia (see

Movie ESI 3.3); (b) in one rotation cycle of the VCmotion, individual particles are pushed

to one side by one cilium during the first half cycle, while they are subsequently pushed

back by the neighboring cilium during the second half, and the particles barely move

in a full cycle (see Movie ESI 3.3). Regarding observation 3, plausible explanations are:

(a) when the MAC perform the ITC motion, the swept area by the cilia is larger because

neighboring cilia have less interference with each other (see Fig. 3.2G,H) - this means

that effectively, the generated flow speed and consequent hydrodynamic forces acting

on the particles are larger for the ITC motion; (b) less particles reenter the ciliated area

when the MAC perform the ITC motion since particles are repelled further away from
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the ciliated area, while for the NTC motion, the repelled particles remain close to the

ciliated area; this seems to be a result of the local flow profile: the flow is parallel to the

edge of the ciliated area for the NTC motion, and the flow is along the diagonal of the

ciliated area for the ITC motion. Regarding observation 4: even though the cleanness is

high, it is not 100%, which is probably because (a) some particle clusters are too strong

to be broken up at an actuation frequency of 40 Hz; (b) the hydrodynamic forces cannot

overcome the adhesion forces between some of the particles and the PDMSwalls. Tuning

the surface energy of thewalls and the cilia with respect to the particles, and/or applying

a higher actuation frequency than 40 Hz will lead to a better cleanness, and this work is

still ongoing.

Observations from Fig. 3.3C are: (1) the cleanness is better for a higher actuation

frequency; (2) the time needed to reach the final cleanness is shorter for a higher actuation

frequency, and the cleanness reaches 90% within 10 seconds when the MAC rotate at 40

Hz. The explanations for the frequency dependence are the same as those for observation

1 from Fig. 3.3B. The probable reason for the time dependence is that both the MAC

velocity and the generated net fluid flow velocity are higher at higher frequencies, and

therefore the particles move faster through and out of the ciliated area due to the higher

direct and hydrodynamic forces acting on them.

Influence of particle size and cilia pitch

As Fig. 3.3B shows that the obtained cleanness is the best when the MAC perform

the ITC motion at 40 Hz using PLA particles of 100 µm in diameter, we, subsequently,

studied whether the “fully-ciliated surface” was also capable of removing PLA particles

of different sizes at the same actuation condition while altering the cilia pitch from 250 to

350 and to 450 µm. The different PLA particles used here had an average diameter of 30,

100, 250 and 500 µm, respectively. Fig. 3.4A shows some examples of these experiments.

The calculated cleanness as a function of the ratio between the particle diameter and the

cilia pitch is plotted in Fig. 3.4B, where the cleanness is again defined as C60 = (N0 - N60) /
N0. It is clear that (1) the “fully-ciliated surface” can remove over 95% of the particles that

have a diameter over 1.1 times the cilia pitch, and especially all the particles that have

a size larger than 1.4 times of cilia pitch are removed; (2) the cleanness is less than 40%

when the particles have a diameter equal to the cilia pitch, which is theworst situation; (3)
the surface has the capacity to remove over 80% of the particles with a diameter between

0.1 and 0.8 times the cilia pitch; and (4) when particle size to cilia pitch ratio goes even

smaller, the cleanness becomes worse.

As to observation 1, the particles much larger than the cilia pitch remain on top of the

cilia since they cannot enter the space between the cilia, and the ciliated surface repels

all of them in the direction of the effective cilia stroke by periodical direct push as is

shown in the recorded videos (see Movie ESI 3.4). When the particles have an average

diameter (500 µm) of 1.1 times the cilia pitch (450 µm), they can still go in between cilia

because their size is smaller than the diagonal distance between cilia. But the particles

are taller than the cilia, so they do not inhibit the cilia motion. On the contrary, they can

be mechanically pushed by the cilia easily (seeMovie ESI 3.5). Consequently, almost no

particle is left in the ciliated area.

Regarding observation 2, when the particles’ diameter is the same as the cilia pitch, they
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get stuck in between cilia, and their presence restrains the motion of the cilia, resulting

in decreased net local flow and hence lower hydrodynamic forces (see Movie ESI 3.6).
Regarding observation 3, because the particles are smaller than the cilia pitch, they

seldomget stuck in between cilia; and due to both the direct cilia push and hydrodynamic

forces induced by the cilia rotation, over 80% of the particles are removed. Nevertheless,

some residual particles get stuck in the ciliated area. This is probably because (a) the

hydrodynamic forces cannot overcome the adhesion forces between the particles and

the PDMS walls; (b) the particles form clusters, and the forces induced by the MAC

acting on the clusters in the form of either direct touch or hydrodynamic forces are too

weak to break up the clusters, and/or (c) the particles are “trapped” within recirculating

Figure 3.4: The influence of particle size and cilia pitch on the particle-removal efficiency for the fully-ciliated

area. (A) Snapshots from the recorded experiments for particle size to cilia pitch ratio of (i) 2/7 (the particle

size is 100 µmand the cilia pitch is 350 µm), (ii) 1 (both the particle size and the cilia pitch are 250 µm; note that,

because of optical effect the particles exhibit different colors at different time points), and (iii) 2 (the particle

size is 500 µm and the cilia pitch is 250 µm). The scale bars in (i) are 700 µm, and the scales bars in (ii) and (iii)

are 500 µm. (B) Calculated cleanness as a function of the ratio between the particle diameter and the cilia pitch

when the MAC perform the ITC motion at 40 Hz for the fully-ciliated surface. The cleanness is C60 = (N0 - N60)
/ N0. The error bars are the standard deviations of 3 identical experiments.
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flows occurring within the ciliated area (see Movie ESI 3.7). The possible reasons for

observation 4 are as follows. First, considering the no-slip boundary condition, the

actual flow speed closer to the bottom of the channel is smaller and, therefore, at the

same condition, the hydrodynamic forces acting on a smaller particle sitting on the

bottom is smaller. Second, more particles are trapped in the local recirculating flows.

We expect the cleanness to be worse when particle size still goes smaller than 0.06 times

the cilia pitch. In order to remove such small or even smaller particles, MAC arrays with

smaller size and pitch should be used. This will be a subject of our future research. We

expect that the cleanness will remain 1 when the particle size goes larger than 2 times

the cilia pitch.

Removal of sand grains

Figure 3.5: Removal of real sand grains by magnetic artificial cilia. Snapshots from one recorded experiment

after the MAC operate for (A) 0 second (because the sand grains have a larger size than the cilia pitch, they

all settle on top of the cilia tips initially), (B) 16 seconds and (C) 30 seconds, showing that all sand grains are

gradually removed from the ciliated area. In this experiment, the MAC performed the ITC motion, and the

rotating speed was initially 0.1 Hz and was then suddenly increased to 40 Hz. See also Movie ESI 3.8.

In order to show the versatility of the ciliated surface, we repeated the experiments using

real sand grains instead of the PLA particles. The sand was obtained from the field, and

they had irregular shapes and sizes (the dimension is from 0.5 to 2 mm) much larger

than the cilia pitch (see Fig. 3.5 and Movie ESI 3.8). The MAC had a diameter of 50 µm,

a height of 350 µm and a pitch of 250 µm. The results show that all sand can be removed

from the ciliated area even though they aremuch heavier thanwater (the average density

of the sand is approximately 1.6 g/cm
3
calculated bymeasuring the weight and volume).

Notably, even when no liquid is added into the channel, the sand can still be removed.

In other words, the cilia have the capacity to remove sand in air.

3.2.2.2 Partially-ciliated surface

We have demonstrated that the “fully-ciliated surface” is able to almost completely

remove a large size range of particles. In this section, we study the capability of the

“partially-ciliated surface” shown in Fig. 3.1B to remove particles. The application of

this configurationmight be to keep clean a sensor surface located in the unciliated region.

The MAC have a constant pitch of 250 µm and perform the ITC motion at 40 Hz in all

experiments reported in this section.

Influence of the size of the unciliated region
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Wefirst studied the capacities of the “partially-ciliated surface”with a variable unciliated

central region by changing the number of “removed” cilia: first, 1 cilium at the center

was removed, which resulted in an unciliated area of 0.25 mm
2
(Fig. 3.6A); second, 16

cilia were removed, with an unciliated area of 1.56 mm
2
(Fig. 3.6B); and third, 49 cilia

were removed, having an unciliated central area of 4 mm
2
(Fig. 3.6C). The particles used

here are 30 µm PLA particles. The calculated cleanness as a function of the operational

time for these 3 types of surfaces is depicted in Fig. 3.6D. The cleanness is now defined

as Ct = (N0 - Nt) / N0, in whichN0 is the number of particles within the unciliated central

area at time 0, and Nt is the number of particles left in the central area after the MAC

operating for t seconds. There are two observations: (1) the final cleanness is the same

for all 3 types of “partially-ciliated surfaces”, and it is almost 100%, i.e. all central regions

are “cleaned” almost perfectly (seeMovie ESI 3.9); (2) The time needed to reach the final

cleanness is shorter for a surfacewith less cilia removed. Regarding the observation 1, the

hydrodynamic forces acting on the particles to overcome the particle-surface adhesion

strength and to propel the particles is sufficient to remove almost all particles for all 3

types of “partially-ciliated surfaces”, even though they are smaller for a surface with a

larger unciliated central area. If the surface is not 100% clean, this is probably a result of

particle reentrance into the central area. The possible reasons for the observation 2 are

as follows. First of all, for a “partially-ciliated surface” with a smaller unciliated central

area, the local flow generated by the rotating MAC within that area is stronger, and thus

Figure 3.6: (A-C) Top-view optical microscopy images of the 3 types of “partially-ciliated surfaces”: (A) one

cilium is removed, (B) 16 cilia are removed, and (C) 49 cilia are removed. (D) Calculated cleanness as a function

of the working time for the 3 types of “partially-ciliated surfaces”. The cleanness is defined as Ct = (N0 - Nt)
/ N0. The error bars are the standard deviation of 3 experiments. The particles are 30 µm PLA particles. (E)
Calculated cleanness for the partially-ciliated surface with 49 cilia removed as a function of the ratio between

the particle diameter and the cilia pitch when the MAC perform the ITC motion at 40 Hz, for a duration of 240

s. The cleanness is determined after 240 s: C240 = (N0 - N240) / N0. The error bars are the standard deviations

of 3 experiments. In these experiments, the MAC have a diameter of 50 µm, a height of 350 µm and a pitch of

250 µm.
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hydrodynamic forces acting on the particles are stronger. Secondly, more particles are

within the touching range of the cilia for a “partially-ciliated surface” with a smaller

unciliated central area.

We expect that it will take more time to reach the final state and that the final cleanness

will become worse if the unciliated central area becomes even larger. Most importantly,

we have demonstrated that a ciliated surface with a central unciliated area of up to 4mm
2

is capable of removing virtually all 30 µm particles, creating a completely clean area.

Influence of particle size

In the previous section we have demonstrated that the “partially-ciliated surface” is

capable of removing 30 µm particles. Will it also be able to remove particles of different

sizes just like the “fully-ciliated surface” did? To answer this question, we performed

experiments using the “partially-ciliated surface”with 49 cilia removedandPLAparticles

with average diameters of 30, 100, 250 and 500 µm, respectively. The calculated cleanness

as a function of the operational time for different particle sizes is plotted in Fig. 3.6E.
The cleanness is now determined after 240s of operation, as C240 = (N0 - N240) / N0. The
results show some similarities to Fig. 3.4B. The cleanness is the worst when the particle

size is equal to the cilia pitch. The cleanness is over 90% when the particle diameter is

smaller than 1/2 the cilia pitch; specifically, the cleanness is better for a smaller particle

size. However, the cleanness is around 50% when the particle diameter is twice the cilia

pitch for the partially-ciliated area, which is substantially lower than for the fully-ciliated

area (Fig. 3.4B). The probable reasons are as follows. First, the particles with a diameter

equal to or larger than the cilia pitch cannot pass between the cilia, through the “cilia

wall”, and only a few of them can be expelled by direct cilia touch. Second, despite that

100 µm particles are smaller than the cilia pitch, they can form clusters that are larger

than the cilia pitch, and hence cannot pass between the cilia. A video illustrating the

removal of the 100 µm particles can be found in the Movie ESI 3.10.

We expect that a “partially-ciliated surface” featured with cilia with a pitch larger than

500 µm is able to repel the majority of 250 µm and 500 µm particles from the unciliated

central region as well, and that when the particles become even smaller than 30 µm, the

cleanness will decrease at some critical value, for then the hydrodynamic forces acting

on the particles will not be able to overcome the adhesion forces between the particles

and the PDMS substrate.

3.3 Conclusions
For the first time, we have experimentally proven that magnetic artificial cilia (MAC) can

remove microparticles and sand from the ciliated surface area. We have shown this for

two configurations, namely a surface region fully covered with orthogonally arranged

MAC, the “fully-ciliated surface”, and a bare unciliated central region surrounded by

rows of MAC, the “partially-ciliated surface”. The fully-ciliated surface is able to remove

the vast majority of a large size range (30 to 500 µm) of micro-particles when the MAC,

with a diameter of 50 µm, a length of 350 µm and a pitch between 250 and 450 µm,

perform the inclined tilted cone (ITC) motion at 40 Hz. The cleanness can reach 100%

if the particles are too large to enter the space between the cilia. Only particles with a
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diameter equal to or much smaller than the cilia pitch cannot be easily removed. Note

that, particles that stay above the cilia tips are repelled in the direction of the effective

stroke, and particles that entered the ciliated area are removed along the direction of the

recovery stroke. This shows that the direction of removal of particles can in principle

be controlled, which means that the concept may be used for particle accumulation,

sorting and collecting. Additionally, the fully-ciliated surface can remove all irregular-

shaped sand grains in both water and air. The partially-ciliated surface has the capacity

to remove over 99% of particles from the central unciliated region, creating an almost

completely clean area, for unciliated areas at least as large as 4 mm
2
. Importantly, we

did not observe any breaking or rupturing of the MAC within the time duration of the

experiments that continued for approximately one month, nor any other degradation

of their functionality, which clearly proves that our MAC are mechanically robust. As

presented in the section 3.5.2, besides the particle-removal capability, the MAC are also

demonstrated to be capable of preventing particles from entering the ciliated area in the

first place, i.e. “particle exclusion”. This research offers a new method to manipulate

microparticles and to create a novel type of self-cleaning/antifouling surface, which

can find applications in, for example, (1) particle or cell manipulation for lab-on-a-chip

devices where microscale analyses of particulates are performed [60]; (2) antifouling of

water-submerged surfaces, such as marine sensors [10], water quality analyzers, etc.;

and (3) self-cleaning and antifouling in dry conditions, such as solar panels. Note that,

when a rotating magnet is inaccessible, electrostatic field [31], electromagnetic field [35,

36], resonance [39, 43], pneumatic pressure [44] and even ambient flow [55, 56] can

serve as alternatives.
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3.4 Materials and methods

3.4.1 Fabrication of MAC

The MAC used in this article were the so-called LAP MAC (MAC with linearly aligned

magnetic particles along the cilia’s long axis) reported in Chapter 2. The fabrication

process of the MAC can be summarized as follows (Fig. 3.1C): (1) A mold featured with

micro-wells was fabricated using standard photo-lithography. (2) A uniform precursor

mixture of polydimethylsiloxane (PDMS, the Base to Curing Agent weight ratio is 10:1)

and superparamagnetic micro-particles (Carbonyl iron powder, CIP, 99.5%, SIGMA-

ALDRICH) was poured onto the mold, followed by a degassing procedure. (3) The

top layer of the PDMS-CIP mixture was removed. (4) Pure PDMS was poured onto the

mold. After degassing the pure PDMS layer was defined to a thickness of 100 µm by

spin-coating at a rotating speed of 500 rpm for 50 seconds. (5) A permanent magnet with

a size of 15×15×8 mm
3
and a remnant flux density of 1.2 T was put underneath the mold

in order to align the magnetic particles within the mold. The sample was left in an oven

at 80
◦
C for 2 hours to cure the mixture. (6) The cured pure PDMS layer with PDMS-CIP

micropillars was peeled off the SU-8 mold. Finally, the MAC with the same geometry as

the mold, namely a diameter of 50 µm and a height of 350 µm, were obtained, “standing”

on a transparent PDMS base substrate.

3.4.2 Magnetic actuation setup

The home-built magnetic actuation setup (see Fig. 3.2C) is comprised of a manual linear

XYZ translational stage at the bottom, an electric motor in the middle, an offset magnet

mounted on the motor and a safety box containing the supporting plane (a transparent

glass plate of thickness of 1.5 mm) on top of which the chip containing the MAC can

be placed. The magnet, which has a geometry of 20×20×10 mm
3
with a remnant flux

density of 1.3 T, is positioned at an offset rwith respect to its rotation axis which is again

offset by d with respect to the center of the ciliated area.

3.4.3 Methods to measure the removal of micro-particles

In this chapter, viscoelastic polylactic acid particles (PLA, plain, micromod

Partikeltechnologie GmbH) with different mean diameters of 30, 100, 250 and 500 µm
were used as representatives of fouling agents or microbeads. The particle removal

experimentswere performed in the followingway. First, the highly concentratedparticles

in deionized water were loaded into the ciliated area using a plastic pipette, at a particle

concentrationwhich assured that approximately only one layer of particleswere covering

the ciliated surface. The locations of the ciliated surfaces are indicated in Fig. 3.2A and

Fig. 3.2B which also show the observation area of the experiments. Then, a sodium

dodecyl sulfonate (SDS) solution (0.1 vol%) was injected slowly into the circular chip

indicated in Fig. 3.2A and Fig. 3.2B to completely fill the channel using a plastic pipette.

The purpose of using SDS solution instead of pure deionized water is to reduce the

adhesion between the particles and the PDMS (see section 3.5.1). Because the particles

have a slightly larger density than water, the particles that are too large to enter the

ciliated area did settle on top of the ciliated surface, and the particles that can enter the

ciliated area did settle on the PDMS substrate initially (see Fig. 3.3A). Subsequently,
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during experiments, the MAC were actuated by the magnetic setup (Fig. 3.2C). A high-

speed camera (Phantom V9) mounted on a stereo microscope (Olympus SZ61) was used

to capture the movement of the MAC and the particles from right above by taking image

sequences at a frame rate of 1000 fps when the actuating magnet was rotating at a

frequency of 40 Hz. And, separately, a CMOS camera (DFK 33UX252, Imaging Source

Europe GmbH) mounted on the stereo microscope was used to record the distribution

of the particles by taking image sequences at a frame rate of 60 fps. Finally, the number

of particles left in the ciliated area was counted using the image analyzing software

ImageJ. Each data point was obtained by averaging the results of 3 identically performed

experiments. In some of the experiments, we added tracer particles to the fluid (5

µm polystyrene particles, white color, micromod Partikeltechnologie GmbH) to study

qualitatively the fluid flow generated by the cilia (visible in some of the ESI movies).
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3.5 Appendix

3.5.1 Relationship between the cleanness and SDS concentration

To check the influence of the sodium dodecyl sulfonate (SDS) concentration on the

removal of particles by the MAC, we did a series of experiments changing the SDS

concentration in the deionized water using the fully-ciliated surface. The magnetic

artificial cilia (MAC) had a diameter, length and pitch of 50, 350 and 350 µm, respectively.

They were actuated to perform the inclined tilted conical (ITC) motion (see Fig. 3.2E
and Fig. 3.2H in the main text for details) at 40 Hz. The particles used here were

viscoelastic polylactic acid (PLA) particles with an average diameter of 100, 250 and 500

µm, respectively. The calculated cleanness C60 = (N0 - N60) / N0, where N0 is the number

of particles within the ciliated area at time 0, and N60 is the number of particles after the

MAC operating for 60 seconds. “C60 = 1” indicates no particle is left within the ciliated

area. The results are depicted in Fig. 3.7. The observations are (1) for 500 µm PLA

particles the cleanness is 1 for all SDS concentrations, which means the MAC can repel

all of them even if in pure deionized water; (2) for 250 µm PLA particles the cleanness

increases with the SDS concentration and reaches a peak (98%) at 0.5 vol% SDS; then

cleanness shows a slightly declining trend, which is probably becausewhen the adhesion

between the particles and the cilia is moderate the cilia tips can lift up the particles so that

the particles experience stronger hydrodynamic forces; and (3) for 100 µm PLA particles

the cleanness increases rapidly alongwith the SDS concentration, andmaximize at 99.7%

at 2 vol% SDS; then the cleanness barely changes. To summarize, the SDS concentration

does have an influence on the cleanness to some extent, and a small amount of SDS

can already help the removal of particles dramatically, most probably by decreasing the

adhesion between particles, and between particles, cilia, and the PDMS surface. Thus in

experiments shown in the main text, we chose 0.1 vol% SDS solution.

In order to find the relationship between the adhesion strength and SDS concentration,

we will, in future research, use an externally applied flow of SDS solutions of different

concentrations in a microfluidic channel to characterize the adhesion strength between

Figure 3.7: The calculated cleanness as a function of the SDS concentration for particles with an average size of

100, 250 and 500 µm, respectively. Panel (B) is the partial enlargement of panel (A). The cleanness is C60 = (N0 -
N60) / N0. The error bars are the standard deviations of 3 identical experiments. The ciliated surface used here

is the fully-ciliated surface, and the MAC have a diameter, length and pitch of 50, 350 and 350 µm, respectively.

They are actuated to perform the ITC motion at 40 Hz.
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the particles and PDMS surfaces.

3.5.2 Exclusion of particles

Besides the removal of microparticles from the ciliated area, preventing them from

entering the ciliated area in the first place – “exclusion”, was also studied, namely as

follows. First, the SDS solution (0.1 vol%) was injected into the channel using a plastic

pipette to fill the channel up to half its height. Then the MAC were actuated to perform

the ITC motion at 40 Hz. Subsequently, the highly concentrated particles in deionized

waterwere slowly loaded towards the ciliated surface. TheCMOScamera (DFK33UX252,

Imaging Source Europe GmbH) mounted on the stereo microscope (Olympus SZ61) was

used to record the distribution of the particles by taking image sequences at a frame rate

of 60 fps. Finally, the number of particles that entered the ciliated area was counted using

ImageJ at the time point of immediate entrance.

Fig. 3.8 shows the exclusion efficiency as a function of particle size of the “fully-ciliated

surface” covered with the MAC with a 250 µm pitch. Here we define the exclusion

efficiency as E = (Ns - Nr) / Ns, where Nr is the number of particles that enter the ciliated

area with the rotating MAC, and Ns is the number of particles entering into the ciliated

area with the static MAC. The results show that over 90% of the particles are excluded for

the complete range of the particles tested. It is important to address here that although

the removal efficiency of 250 µm particles is only 40% (see Fig. 3.4B), the exclusion

efficiency can reach almost 95%. This means that, in order to prevent particles from

“contaminating” the ciliated area, we can actuate the cilia in advance to exclude them

from entering the ciliated area in the first place. The majority of the PLA particles that

do enter the ciliated area can still be removed from the ciliated area (see Fig. 3.4B). The
underlying cause of the excellent exclusion efficiency is that the rotating cilia can sweep

almost the whole ciliated area (see Fig. 3.2H), ensuring that the rotating cilia form a

Figure 3.8: Calculated exclusion efficiency as a function of the particle size, for the fully ciliated area. The

exclusion efficiency is defined as E = (Ns - Nr) / Ns, where Nr is the number of particles that enter the ciliated

area with the rotating MAC, and Ns is the number of particles entering the ciliated area with the static MAC.

The error bars are the standard deviations of 3 identical experiments. In these experiments, the MAC have a

diameter of 50 µm, a height of 350 µm and a pitch of 250 µm.
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“solid” barrier, which prevents the entrance of the vast majority of the particles. A video

showing the exclusion of the 250 µm particles can be found in Movie ESI 3.11.

For the “partially-ciliated surface” with 49 cilia removed, the results show that the

exclusion efficiency is almost 0 for all the PLA particles, and only the particles which

are directly pushed by the rotating cilia located at the side of the unciliated area have the

probability to be excluded. This is because the central unciliated area is large enough

to allow the particles to enter. On the other hand, after having entered into the central

area, the majority of particles of which the diameter is smaller than the cilia pitch will

be removed in the course of time anyway, as we have demonstrated in the previous

section. Since the sand grains are much larger than the cilia pitch, we did not perform

the removal and exclusion experiments for the “partially-ciliated surface”. It is obvious

that the “partially-ciliated surface” can hardly remove and exclude the sand.

3.5.3 Electronic supplementary information

Themagnetic artificial cilia (MAC) in themovies have a diameter of 50 µm, a height of 350

µm and a pitch of 250 µm (except indicated otherwise). The particles used are spherical

polylactic acid (PLA) particles. In the real-time videos, the camera frame rate is 60 Hz

and therefore the cilia motion is not fully captured. In the high-speed videos, the camera

frame rate is 1000 Hz. In some videos we used white tracer particles (5 µm polystyrene

Figure 3.9: QR codes for electronic supplementary materials.
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particles, micromod Partikeltechnologie GmbH) to visualize the flow generated by the

MAC.

You can access the electronic supplementary materials by clicking the title or scan the

assigned QR code in Fig. 3.9.

MovieESI 3.1One recorded real-time experiment inwhich theMACperform the inclined

tilted conical (ITC)motion at 40Hz, showing the removal process of 100 µmPLAparticles.

Most particles move in the direction opposite to the effective stroke indicated in Fig 3a;

this is because these particles are not above the cilia, but between them, and at this low

height the local flowdirection is actually in the recovery stroke (seeMovie ESI 3.2). Some

particles, above the cilia tips, move in the effective stroke direction.

Movie ESI 3.2 The high-speed format of part of Movie ESI 3.1 (0.53 s), showing that

(1) a net local flow is generated at low heights, between the cilia, indicated by the white

tracer particles– this is indeed in the direction of the recovery stroke of the cilia motion,

(2) the cilia can mechanically push the particles, and (3) particles are repelled along the

direction of the local net flow (i.e. most of them in the direction of the recovery stroke),

which is consistent with the observation in Movie ESI 3.1.

MovieESI 3.3Ahigh-speedvideoof one recorded experiment inwhich theMACperform

the vertical cone (VC) motion at 40 Hz, showing that the 100 µm particles barely move

in a full revolution cycle (since no net local flow is generated), and that the cilia can

mechanically push the particles. The progressive colored line is the trajectory of one

particle.

MovieESI 3.4Ahigh-speedvideoof one recorded experiment inwhich theMACperform

the ITC motion at 40 Hz, showing that the cilia periodically push the 500 µm particles

(on top of the cilia) forward along the direction of the effective stroke.

Movie ESI 3.5 One recorded real-time experiment in which the MAC perform the ITC

motion at 40 Hz, showing that the cilia can push the majority of the 500 µm particles

away from the ciliated area. The cilia pitch is 450 µm. Note that, because of optical effect

the particles exhibit different colors at different time points.

MovieESI 3.6Ahigh-speedvideoof one recorded experiment inwhich theMACperform

the ITC motion at 40 Hz, showing that the 250 µm PLA particles (just fitting between the

cilia) inhibit the movement of the cilia, and are not removed.

Movie ESI 3.7 One recorded real-time experiment in which the MAC perform the ITC

motion at 40 Hz, showing that more than 80% of the 250 µm PLA particles are removed,

but some particles remain in the ciliated area because they form clusters and /or are

trapped within local recirculating flows. The cilia pitch is 450 µm.

Movie ESI 3.8 One recorded real-time experiment in which the MAC perform the ITC

motion and the rotating speed is initially 0.1 Hz and then suddenly increased to 40 Hz,

showing that all irregular-shaped sand is removed from the ciliated area.

Movie ESI 3.9One recorded real-time experiment with the partially-ciliated surface with

49 cilia removed (Fig. 3.6C) in which theMACperform the ITCmotion at 40Hz, showing
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that almost all 30 µm PLA particles are removed from the central bare area. The tracer

particles indicate the fluid flow generated by the cilia motion.

Movie ESI 3.10 One recorded real-time experiment with the partially-ciliated surface

with 49 cilia removed (Fig. 3.6C) in which the MAC perform the ITC motion at 40 Hz,

showing that the vast majority of 100 µm PLA particles are gradually removed from the

central bare area, while clusters of the 100 µm PLA particles cannot pass between the

cilia. The tracer particles indicate the fluid flow generated by the cilia motion.

Movie ESI 3.11 One recorded real-time experiment in which the MAC perform the ITC

motion at 40 Hz, showing that the majority of the 250 µm particles are excluded by the

rotating cilia, after adding them while rotating the cilia.
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4 | Controlled multidirectional
microparticle transportation
by MAC

Manipulation of particles in a controllable manner is highly desirable in many

applications. Nature offers us an effective way to achieve this goal, namely through

the asymmetric beating of cilia. Inspired by this, we experimentally demonstrate a

versatile microparticle transportation platform consisting of arrays of magnetic artificial

cilia (MAC) actuated by a rotating magnet. By performing a tilted conical motion, the

MAC are capable of transportingmicroparticles on their tips, along designated directions

that can be fully controlled by the externally applied magnetic field, in both liquid

and air, and for a range of particle sizes. Moreover, we are able to reproduce this

behavior using numerical simulations, and show that the adhesion and friction between

the particle and the cilia are essential ingredients of themechanism underlying themulti-

directional transportation. This work offers an advanced solution to transport particles

along designated paths in any direction over a surface, which has potential applications

in diverse fields including lab-on-a-chip devices, biomedical sciences, self-cleaning and

antifouling.

Based on Shuaizhong Zhang*, Rongjing Zhang*, Ye Wang, Patrick R. Onck and Jaap

M. J. den Toonder, Controlled multidirectional microparticle transportation by magnetic

artificial cilia, submitted (* shared first-author).
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4.1 Introduction
Controlled manipulation of particles (both synthetic and biological) is a topic of

considerable importance in both fundamental and applied research such as biomedical

and biochemical research [1–5], diagnostics and therapeutics [6, 7], drug discovery

and delivery systems [8–10], and self-cleaning and antifouling technologies [11–13].

Specifically, in bio-microfluidics single particle or cell manipulation enables analysis

at the single cell level, revealing differences among individual cells not seen at the

population level. To date, a variety of technologies have been developed to manipulate

particles in fluids by acoustic, dielectrophoretic, hydrodynamic, inertial, optical, and

magnetic methods, or by self-propulsion [14–19]. Most of these methods operate within

the bulk of the fluid, while particle transport over surfaces, rather than in the bulk, is

often desired, such as in single particle analyses or for realizing self-cleaning surfaces.

In addition, most methods are incapable of generating controlled multi-directional

particle transportation. Thus, it is of considerable interest, both from a scientific and

a technological point of view, to create a method to controllably transport individual

particles over surfaces, preferably in multiple directions.

Inspiration to achieve this can be found in nature, where non-reciprocally beating cilia,

i.e. slender microscopic hair-like protrusions of cells, act to transport fluids and particles

in many biological systems [20–23]. Two specific examples are the transportation of egg

cells to the uterus by motile cilia lining the inner walls of the fallopian tubes [23, 24], and

transportation ofmucus and infectious agents out of the respiratory tract bymotile cilia in

the mammalian windpipe [23, 25]. Motivated by these examples, computational studies

have been conducted to analyze the capability of artificial cilia to manipulate particles

and repel fouling agents from the ciliated surface [26–35]. Recently, we experimentally

demonstrated that magnetic artificial cilia (MAC) are capable of removingmicroparticles

from the ciliated area, creating a self-cleaning surface [36]. In addition, MAC were

experimentally shown to be able to transport droplets [37–39]. Another experimental

study demonstrated thatMAC can be used to transport a viscoelastic particle in air, albeit

at low speed (90 µm/s), not easily controlled, and only unidirectionally [40]. However,

many applications require particles to be transported over a more complex trajectory in

a controlled manner while still using a simple actuation system. Up to now, this has not

been achieved yet.

Here, we introduce a platform based on MAC that is capable of transporting adhesive

microparticles in a controlled manner, both in liquid and in air, multidirectionally and to

any desired location. We use polylactic acid (PLA) particles with a size ranging from 400

µm to 800 µm as model particles. Through actuation by a rotating permanent magnet,

the MAC perform a tilted-conical motion, which leads to the continuous transportation

of the particles along designated directions at a speed up to 800 µm/s. The microparticle

transportation direction is determined by the combination of the rotational and tilting

direction of the cilia.

To understand the underlying transport mechanism, a numerical model is used to

simulate the particle manipulation over a ciliated surface. A magnetically anisotropic

bead-springmodel is used tomodel the ciliarymotion. In themodel, the particle interacts

with the cilia by adhesive and frictional forces, while hydrodynamic interaction between
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the cilia and the particle is accounted for. The simulated particle behavior and trajectories

agree well with the experimental results and reveal a transport mechanism based on the

combination of cilia motion and cilia-particle interaction, that can be fully controlled by

the external magnetic field.

4.2 Results and discussion

4.2.1 Experimental system and controlled 2D transportation of
microparticles

The artificial cilia used here are the so-called LAP MAC (magnetic artificial cilia with

linearly aligned magnetic particles along the cilia’s long axis) reported in our previous

work [41]. The MAC, made of polydimethylsiloxane (PDMS) containing magnetic

microparticles, were fabricated using a facile and reproducible micro-molding process

(Fig. 4.1A). The details of the fabrication method can be found in the section 4.4. The

molded MAC have a cylindrical shape with a diameter of 50 µm and a height of 350

µm (Fig. 4.1B). By fabricating molds containing micro-wells with different pitches, MAC

arrayswith a variable pitch of 350, 450 and 550 µmwere created. Each cilia array consisted

of 10×10 + 9×9 = 181 cilia, arranged in a staggered configuration, as shown in Fig. 4.1B.

The cilia arrays were integrated in a microfluidic chip, located on the bottom of a

circular channel filled with either deionized water or air (Fig. 4.1C1). For the particle

transportation experiments, amicroparticlewas loadedon the ciliated surface (see section

4.4 for details). The MAC were actuated by a homebuilt magnetic setup (Fig. 4.1C2 and

Fig. 4.5) to perform a tilted conical motion (Fig. 4.1C3 and Fig. 4.1D) which consists

of an effective stroke when the cilium is oriented perpendicular to the surface and a

recovery stroke when the cilium is moving close to the surface. Notably, the cilia tilting

direction (shown by the yellow arrow) can be modified by changing the relative location

of the magnet to the cilia (i.e. by changing d in Fig. 4.1C2); moreover, the revolution

direction of the cilia, and hence the direction of the effective stroke (shown by the red

arrow), can be reversed by simply reversing the rotation direction of the motor. Fig.
4.1E shows that, through the continuous actuation of an array of cilia with a pitch of

450 µm, a 500 µm PLA particle, in deionized water, is transported in a direction that is

determined by the directions of the effective stroke and the tilt of the cilia motion (as also

indicated inMovie ESI 4.1A andMovie ESI 4.1B). Fig. 4.1F shows that by changing the

effective stroke direction and the tilting direction of the MAC in a specific manner over

time, the particle can be transported along different designated directions and hence can

be directed to any location on top of the cilia array (see section 4.2.5 for details; see also

Movie ESI 4.2).

4.2.2 Particle transportation mechanism

To validate and explain the experimental results, we developed a numerical model

to simulate the cilia motion and the cilia-particle interaction resulting in particle

transportation, using the methodology described in section 4.4.

Fig. 4.2 displays a three-dimensional representation from the simulations, as well as

snapshots of a particle being transported for one pitch length of the cilia array, from both

99

https://vimeo.com/351066860
https://vimeo.com/351067190
https://vimeo.com/351067277


4

simulation and experiment. In the simulations, the cilia are represented by strings of

beads that are connected by springs (see section 4.5). At the beginning, the particle is

located in the center of a grid of four cilia, resting on top of cilia 3 to 6 (Fig. 4.2A). When

the cilia start performing the tilted conical motion from this time point onwards, the

particle moves with the cilia tips initially because of both the pushing forces from cilia

3 and 4 and the adhesive pulling forces from cilia 5 and 6 (Fig. 4.2B, left). Subsequent

bending of the cilia results in an increase in contact area between the particle and cilia

Figure 4.1: Experimental results, showing schematically the magnetic artificial cilia (MAC) fabrication and

actuation, as well as the resulting MAC, cilia motion, and particle transportation. (A) Schematic drawing of

the fabrication process of the MAC (see section 4.4). CIP represents the used magnetic particles Carbonyl Iron

Powder. (B) Top and side view SEM images of a fabricated MAC array; the MAC have a diameter, length and

pitch of 50 µm, 350 µm and 450 µm, respectively. (C1 and C2) Schematics of the actuation setup with MAC

integrated in a circular-channel chip placed on a supporting plate and underneath a microscope (see Fig. 4.5
for more details). Reproduced with permission from ref. [41]. Copyright 2018, Elsevier B.V. (C3) Schematic drawing

of a rotating cilium performing a tilted conical motion in perspective view; the direction of the effective stroke

(ED, red arrow), the tilting direction (TD, yellow arrow) and the amplitude of the cilia motion (α , in this article

α =36
◦
) are indicated. (D) Top view of actuatedMAC: 25 superposed frames completing one full rotation cycle;

the MAC perform a tilted conical motion with the effective stroke direction (red arrow) and the tilting direction

(yellow arrow) as indicated in the image. (E) Top view time-lapse trajectory of a particle transported along one

direction (blue arrow), in deionized water. The particle is a 500 µm polylactic acid (PLA) particle and the MAC

have a pitch of 450 µm with the cilia performing a tilted conical motion at 1 Hz; the effective stroke direction

and the tilting direction are indicated in the image, and are the same as in panel D. The image is an overlay

of 14 images of the particle at different locations during the transportation. See Movie ESI 4.1A and Movie
ESI 4.1B. (F) Top-view time-lapse trajectory of a transported particle along a ‘z’-shaped trajectory, in deionized

water. During this experiment, the direction of the effective stroke and the tilting direction were changed a

number of times to change the direction of the particle motion. The image is an overlay of 22 images of the

particle at different locations. See Movie ESI 4.2.
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5 and 6, causing an increase of the corresponding adhesive pulling forces, whereas the

contact area between the particle and cilia 3 and 4 stays approximately the same or even

reduces. When the bending of the cilia is such that the forces from cilia 5 and 6 exceed

the sum of adhesive and friction forces from cilia 3 and 4, the consequent net force causes

the particle to separate from cilia 3 and 4 (Fig. 4.2B, right). We have provided a brief

discussion on the importance of adhesion and friction in section 4.5.4 (see alsoMovie ESI
4.4 and Movie ESI 4.5). Then, the particle follows the rotation of cilia 5 and 6, making

a turn (as seen from the top view in Fig. 4.2F). During this part of the cycle, the motion

of cilia 5 and 6 is hindered by the presence of the particle, which causes a distortion

from the original conical trajectory for these cilia (Fig. 4.2C, left). When the distortion

reaches its maximum, the elastic energy of these cilia overcomes the constraint from

the particle, and the cilia almost completely restore their alignment with the magnetic

field. Meanwhile, the particle rolls around cilium 6while adjusting its contact point with

Figure 4.2: Particle transportation mechanism. (A-E) Perspective view of a particle transportation cycle, shown

in snapshots taken from our simulations. The cilia are represented as strings of beads. The particle is made

semi-transparent to show the particle and cilia positions clearly – see the text for a detailed explanation. (F)
Snapshots from both the simulations (top view and side view) and the experiments (top view), in which a 500

µm PLA particle is transported one cilia pitch. The red arrow, yellow arrow and blue arrow are the effective

stroke direction, cilia tilting direction and particle transportation direction respectively, see Movie ESI 4.1A
and Movie ESI 4.1B. From A to F, all computational parameters are as stated in Table 4.1 except the adhesive

strength which is D=8×10-13 J and the cilia rotational frequency is 7 Hz. (G) Top view time-lapse computed

trajectory of a particle transported along one direction at 1 Hz, see Movie ESI 4.1A. (H) Top-view time-lapse

computed trajectory of a transported particle along a ‘z’-shaped trajectory using the same protocol as in the

experiment shown in Fig. 4.1F, at 7 Hz, see Movie ESI 4.3. For (G) and (H), all computational parameters are

stated in Table 4.1.
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cilium 5 (Fig. 4.2C, right). As a result, the relative position of the particle to the cilia has

changed, so that the particle has made a small net forward motion. After one or several

cycles, the particle gets into contact with cilia 7 and 8, which pull the particle further

forward and constrain the particle from going back (Fig. 4.2D). During this stage, cilia 5

and 6 can successfully slide underneath the particle so that their relative positioningwith

respect to the particle has now changed (through comparing Fig. 4.2D with Fig. 4.2A
and Fig. 4.2B). Consequently, the particle has moved one cilia pitch forward from cilia

3-6 onto cilia 5-8 (Fig. 4.2E). We note that the particle separation from cilia 3 and 4, the

distortion of cilia 5 and 6 as well as the establishment of the adhesive contact with cilia

7 and 8 are critical to achieve effective particle transportation. Fig. 4.2F shows a direct

comparison between simulated and experimentally observed particle transportation. It

may take multiple rotation cycles to transport the particle one full cilia pitch, depending

particularly on the level of particle-cilia adhesion (e.g. in Fig. 4.2F it takes two cycles

to transport one pitch, while in Fig. 4.2A-E it takes only one). We will get back to

this important aspect in the following section below. A top-view time-lapse trajectory

of a transported particle in water from the simulations can be found in Fig. 4.2G and

Fig. 4.2H (see also Movie ESI 4.1A and Movie ESI 4.3), which agree well with the

experimental results shown in Fig. 4.1E and Fig. 4.1F.

To verify this mechanism further, we also performed experiments in which some of the

cilia in the arraywere non-magnetic or even removed. Details of these experiments can be

found in 4.5.5 andMovie ESI 4.6. These results support the mechanism described above,

and confirm that the directional and continuous particle transportation is realized due

to the coordinated cooperation between all the six neighboring cilia. The most important

factors are the adhesion and friction between the particle and the cilia. If the adhesion is

too strong, the particle will stay on top of four cilia permanently; while on the contrary,

if the adhesion is too weak, the particle will either just rotate on top of the same four

cilia, or be repelled from the ciliated area by cilia-created fluid flow, as shown in our

earlier work [36]. This can be seen inMovie ESI 4.7, in which the particle-cilia adhesion

was reduced by adding 1 vol% Sodium Dodecyl Sulfonate (SDS) to the water. Although

other researchers have had some success in unidirectional particle transportation [32, 33,

40], our particle transportation system is the only one relying on the combination of cilia

motion and cilia-particle interaction rather than hydrodynamic forces [32, 33] or inertia

[40], which makes particle transportation more controllable. The latter is demonstrated

inMovie ESI 4.8 in which the effect of inertia is switched off by making the mass density

of the particle equal to that of the fluid, i.e. ρp = ρH2O, showing that the particle can then

still be directionally transported by the MAC.

4.2.3 Effect of actuation frequency on particle transportation in water

The transportation speed depends on the magnetic actuation frequency, as shown in

Fig. 4.3A for a 500 µm PLA particle. The experimental results (black line) show that the

transportation speed initially increases with the actuation frequency, peaks at 800 µm/s

for an actuation frequency of 7 Hz, after which the speed drops at higher frequencies.

Notably, the transport speed is proportional to the actuation frequency up to 7 Hz, and

for these frequencies it takes on average approximately 3 rotation cycles to advance

the particle over one cilia grid, as shown in Fig. 4.3B. The linear relationship between

transportation speed and rotational frequency indicates that inertial effects are not at
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play in this frequency range. As shown in Fig. 4.3A, the particle transportation speed

is well predicted by the numerical simulations over the complete frequency range for an

adhesive strength of D=3.2 ×10-13 J and a friction constant of (Cfr=1×10-1 N/m).

The reason for the decrease in transportation speed at higher frequencies is that it takes

more and more actuation cycles for a particle to travel one cilia pitch, i.e. the mechanism

depicted in Fig. 4.2 becomes less effective at higher frequencies and more “attempts” are

Figure 4.3: Transportation of PLA particles in deionized water. (A) Transportation speed as a function of the

actuation frequency for both the experiments and the numerical simulations. Each experimental data point

was obtained by averaging the results of at least 3 identical but separately performed experiments; the error bar

represents the standard deviation. The numerical results were obtained with Cfr=1×10-1 N/m, and two values

for adhesive strength: D=3.2×10-13 J and D=8×10-13 J (and all other parameters as stated in Table 4.1). (B)
Transportation inefficiency as a function of the actuation frequency for both the experiments and the numerical

simulations, based on the data from panel A. This quantity is defined as the average number of rotation cycles

of the cilia needed to advance the particle one cilia pitch forward. The larger the number, the less efficient the

transportation. The error bars are the standard deviations of at least 3 identical but independent experiments.

In panelsA and B, the particle is a 500 µm PLA particle with a pitch of 450 µm.(C) Particle transport speed as a

function of adhesive strength D and friction surface energy Cfr, as found from the numerical simulations, for a

fixed actuation frequency of 7 Hz. The current experiments are best fitted using D=3.2×10-13 J and C
fr
=1×10-1

N/m, indicated in the graph as the left white asterix. The right white asterix corresponds to D=8×10-13 J and

Cfr=1×10-1 N/m. Both these adhesive strengths correspond to panels A and B. All other parameters are as

stated in Table 4.1. D Transportation speed as a function of the particle size to cilia pitch ratio in both water

(red bars) and air (blue bars), at an actuation frequency of 1 Hz. The PLA particles have a size range from 400

µm to 800 µm, and the cilia arrays have a pitch of 350 µm, 450 µm or 550 µm. The error bars are the standard

deviations of at least 3 identical but independent experiments.
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needed for the particle to be transported one step, as shown in Fig. 4.3B. This is primarily

due to the fact that the movement of the particle itself during each cycle decreases, for

increasing frequency, by hydrodynamic drag acting on the particle which limits particle

motion and decreases cilia-particle interaction. As a result, more cycles are needed for

the particle to accumulate enough displacement to get in sufficient contact with the cilia

in front and move to the next cilia grid. By enhancing the adhesive interaction between

the particle and the cilia, this effect can be counteracted. Indeed, the simulation results

in Fig. 4.3A show that by increasing the adhesive strengthD from 3.2×10-13 J to 8×10-13 J,
the critical frequency at which the transportation efficiency decreases is shifted to higher

values, which considerably improves the transportation speed.

For a fixed frequency of 7 Hz, the quantitative effect of particle-cilia adhesion and friction

on microparticle transportation speed is shown in detail in Fig. 4.3C, obtained from

numerical simulations. The particle can only be transported effectively if both the

adhesion (represented by D) and the friction (represented by Cfr) are within a certain

range, for which the force balance on the particle is suitable for moving it forward.

Indeed, when in the experiments the particle-cilia adhesion was reduced by adding 1

vol% Sodium Dodecyl Sulfonate (SDS) to the water, the transportation efficiency was

significantly reduced (see Movie ESI 4.7), consistent with the data in Fig. 4.3C. Fig.
4.3C can be used as a theoretical guideline to reach optimal transportation speeds

(with an upper bound of 1700 µm/s for the actuation frequency of 7 Hz). This can

be experimentally explored, for instance, by tuning the surface properties of the cilia

or by adding surfactant into the liquid. The former can be done through modifying

the surface hydrophobicity (i) by changing the weight ratio of the PDMS base to curing

agent, (ii) by changing the curing temperature and duration [42], and (iii) by applying

a surface treatment or a coating, by choosing other materials than PDMS. This is part of

our future work.

4.2.4 Influence of particle size and cilia pitch on particle transportation
in water and air

Above, we have shown experimentally that the cilia array with 450 µm pitch is able

to directionally transport a 500 µm PLA particle up to a speed of 800 µm/s in water.

Here, we experimentally investigate whether the cilia array can transport particles with

different sizes. To this end, we used cilia arrays with a pitch of 350 µm, 450 µm or 550

µm, in combination with PLA particles with a mean diameter of 400 µm, 500 µm, 600 µm,

700 µm or 800 µm. The obtained transportation speed as a function of particle diameter

to cilia pitch ratio is plotted in Fig. 4.3D. It is clear that the cilia array has the capacity to

directionally transport particles with a diameter between 1 and 2 times the cilia pitch. For

these particles, the mechanism explained in Fig. 4.2 is at work. Particles with diameters

smaller than the cilia pitch can only touch maximally 3 cilia simultaneously. As a result,

they either rotate on top of the contacting cilia, or they move non-controllably, or they

get stuck onto the PDMS base substrate in between the cilia (see Movie ESI 4.9). On

the other hand, particles that have a diameter of over 2 times the cilia pitch can touch

more than 4 cilia simultaneously. Consequently, the large particles can be pulled to any

direction by the surrounding cilia (see Movie ESI 4.10), and therefore the movement

is less controllable. However, even though both large and small particles cannot be

transported controllably, they can still be removed by the MAC from the ciliated area
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through fluid flow and direct cilia pushing as demonstrated in our earlier work [36].

We have also experimentally studied the transportation of the same particles in air rather

than in water, which has relevant applications for particle manipulation, self-cleaning

and antifouling under dry conditions. As shown in Fig. 4.3D, the cilia array is capable

of controllably transporting PLA particles with a diameter between 1 and 2 cilia pitches

in air albeit at a slower speed than in water. That the speed is slower in air is probably

because the adhesion between the particle and the cilia in air is larger than in water, and

thus more rotation cycles are needed to transport the particle one cilia grid further in air.

The particles with diameters outside the 1 to 2 particle-to-pitch ratio range can still be

transported, but with less control over the direction. More interestingly, particles smaller

than the cilia pitch can be transported along the opposite designated direction (Movie
ESI 4.11). The reason is that these particles are transported directly on top of the PDMS

substrate by the direct step-by-step push by the cilia approximately along the direction of

the recovery stroke. The capability to transport particles in air enhances the functionality

of the MAC array.

Hence, particles of any size that have an appropriate adhesion to the cilia can be

transported controllably by the cilia array with a pitch between 0.5 and 1 times the

particle size. Miniaturization and scale-up of particle transportation can be realized by

fabricatingMAC arrays with corresponding geometrical sizes and spatial configurations.

Moreover, the area of the transportation can be scaled up by fabricating larger ciliated

areas and ensuring sufficient actuation of the MAC around the moving particle, e.g. by

re-adjusting the center of the rotating magnet or by creating a larger area of uniform

magnetic field by using an electromagnet.

4.2.5 Multidirectional particle transportation

We have already demonstrated in Fig. 4.1F and Fig. 4.2H that we can achieve

multidirectional particle transport over a ciliated surface, by changing the cilia motion

during the transportation. Here, we explore this important capability of our method

in more detail. Our cilia perform a rotation along a tilted cone (Fig. 4.1C3) that is
characterized by (1) the direction of the tilt of the cone along which it rotates, i.e. the

tilting direction TD (yellow arrow in Fig. 4.1C3), (2) the direction of the effective stroke,

ED (red arrow in Fig. 4.1C3), and (3) the amplitude of the cilia motion, AC (α in Fig.
4.1C3). In our experimental setup sketched in Fig. 4.1C2, TD is determined by the

location of the axis of rotation of the magnet with respect to the cilia, i.e.din Fig. 4.1C2;
ED is determined by the rotation direction of the magnet; AC depends on the location of

the magnet, the strength of the magnet, and the magnetic susceptibility of the cilia. For

the direction of the particle transportation, only (1) TD and (2) ED are relevant.

For our cilia configuration, the possible combinations of tilting direction (TD) and the

effective stroke direction (ED) are show in Fig. 4.4A. The four panels correspond to four

tilting directions (yellow arrow). For each tilting direction, there are twopossible effective

stroke directions, indicated by the dashed black and white arrows. The corresponding

particle transportation directions are indicated by the solid black andwhite arrows in the

ciliated area. Clearly, the particle can be transported in any of the shown four directions

by adjusting the tilting direction and/or the effective stroke direction, and the particle
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can be moved to any location in the ciliated area by shifting between the different modes.

This is demonstrated in Fig. 4.4B that depicts results from numerical simulations. The

lines shown are simulated particle trajectories, starting from the center of the area, for

different directions of the tilt and effective stroke. These results also show that small

deviations of 20
◦
in TD and ED still result in controlled particle transportation along

the four grid directions. Fig. 4.4C, finally, demonstrates that, by changing TD and ED

between different modes shown in Fig. 4.4A during the particle transportation, a particle

can be directed along a pre-defined trajectory, in this case a “Z”. See also Movie ESI 4.2
andMovie ESI 4.3.

In summary, the MAC array is capable of transporting particles along any trajectory and

to any location within the ciliated area by appropriately changing the relative location of

the magnet and its rotation direction during the process.

Figure 4.4: Multi-directional particle transportation over a ciliated surface by changing the actuation mode of

the cilia. (A) Differentmodes of ciliamotion, inwhich the tilting direction (TD) is varied in the 4 different panels

between 0
◦
, 90
◦
, 180

◦
and 270

◦
(yellow arrow); for each TD there are two possible effective stroke directions

(ED) indicated by the dashed black and white arrows; the corresponding particle transportation directions are

indicated by the solid black and white arrows. (B) Particle trajectories obtained from numerical simulations,

starting at the area center, in which the tilting direction (TD) and the effective stroke direction (ED) were varied.

The parameters used were as in Table 4.1, and the rotation frequency was 1 Hz. (C) Superposed time sequence

images (top view) of a 500 µm PLA particle transported on a cilia array with a pitch of 450 µm, rotating at a

frequency of 1Hz. By changingmode of actuation between situations shown in panel A during the experiment,

the particle is made to travel along a “Z” shaped trajectory (see alsoMovie ESI 4.2, in which the effective stroke,

tilting directions and particle transportation direction are shown over time). The blue arrows show particle

transportation direction.
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4.3 Conclusions
Inspired by the versatility of biological cilia, and by combining experiments and

numerical modeling, we have demonstrated a novel strategy to transport particles over

a surface with controllable direction and speed using an array of magnetic artificial

cilia (MAC). Specifically, we have shown that by actuating the MAC array to perform

a tilted conical motion using a rotating magnet, the artificial cilia are able to transport

polylactic acid particles with a diameter ranging from 1 to 2 times the cilia pitch at a

speed up to 800 µm/s along designated directions in water; the mechanism also works

in air, at somewhat lower speed. The numerical simulations show that the adhesion

and friction between the particles and the cilia are crucial ingredients of the mechanism

of transportation. The transportation direction is defined by the combination of tilting

direction and effective stroke direction of the MAC. We have demonstrated the unique

ability of this systemby transporting particles along designated paths over the 2D ciliated

area. Our findings provide great potential to enhance applications in diverse fields in

which control of particles is relevant, including drug delivery, cell analyses, microfluidics

and self-cleaning and antifouling in both dry and wet conditions.
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4.4 Materials and methods

4.4.1 Fabrication of MAC

In summary, the fabrication consisted of six steps as shown in Fig. 4.1A. (1) A uniform

magnetic precursor mixture consisting of polydimethylsiloxane (PDMS, Sylgard 184,

Dow Corning, base to curing agent weight ratio = 15:1) and magnetic micro-particles

(Carbonyl iron powder, CIP, 99.5%, SIGMA-ALDRICH) was poured onto amoldmade of

a 350 µm thick SU-8 layer with micro-wells patterned using photolithography, followed

by a degassing procedure. The weight ratio between the PDMS and the CIP was 1:2.

(2) The excess magnetic mixture outside the micro-wells was removed. (3) Pure PDMS

(base to curing agent weight ratio = 15:1) was poured onto the mold. After degassing

the pure PDMS layer was defined to a thickness of 150 µm by spin-coating at a rotating

speed of 400 rpm for 30 seconds. (4) A permanent magnet with a size of 15×15×8 mm
3

and a remnant flux density of 1.2 T was put underneath the mold in order to align the

magnetic particles within the mold. The sample was left in an oven at 100
◦
C for 1.5

hours to cure the mixture (see section 4.5.6 for details). (5) The cured pure PDMS layer

with PDMS-CIPmicropillars was peeled off the mold. Finally, the staggeredMAC arrays

with the same geometry as the mold, namely a diameter of 50 µm and a height of 350

µm, were obtained (Fig. 4.1B), “standing” on a transparent PDMS base substrate.

4.4.2 Experiments on the particle transportation by the MAC

Polylactic acid particles (PLA) (micromod Partikeltechnologie GmbH) with diameters

from 400 to 800 µm were used. The volumetric mass density of these particles is in

the range of 1.1 to 1.5 g/cm
3
according to the supplier. The particle transportation

experiments done in liquid were performed using the following procedure. First, using a

plastic pipette, deionizedwaterwas injected slowly into the circular chip indicated in Fig.
4.1C1 to completely fill the channel. Then, a particle was loaded on the ciliated surface

using a plastic pipette. Subsequently, during experiments, the MAC were actuated by

an in-house developed magnetic actuation device (Fig. 4.1C2 and Fig. 4.5) to perform

the tilted conical motion shown in Fig. 4.1C3. A CMOS camera (DFK 33UX252, Imaging

Source Europe GmbH) mounted on a stereo microscope (Olympus SZ61) was used to

record the movement of the particle by taking image sequences at a frame rate of 60

fps. Finally, the movement of the particle was analyzed using ImageJ. Each data point

was obtained by averaging the results of at least 3 identically but separately performed

experiments.

The experiments done in air were performed in exactly the same way as those in liquid,

except that the injection of deionized water was omitted.

4.4.3 Modeling of the MAC and the cilia-particle interaction

In our simulations, the cilia are elastic rodswith a length L0, a circular cross-sectional area
A, and Young’s modulus E, which we discretize by a string of beads that are connected

through linkers between the bead’s centroids [43, 44]. The spatial coordinates of the

beads are denoted by xi, where i = 1,. . . ,N, andN (=181× n) is the number of beads: there

are 181 cilia in the analyzed cilia array with each cilium consisting of n beads. For all
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the beads, r i j ≡ ri j r̂ i j = x j − x i denotes the connection vector pointing from bead i to j,
where rĳ is the distance between the bead centroids and r̂ i j is the direction unit vector.

The special class of connection vectors between neighboring beads along the cilium is

denoted by t i ≡ r (i−1)i = li t̂ i , with t̂i the direction unit vector and li the distance between

neighboring bead centroids.

Each ciliary bead is subjected to a magnetic force generated by the external magnetic

field, a bonding force due to the neighboring cilia beads and an interaction force between

the ciliary bead and the particle. As a result, the total force acting on bead i can be

expressed as:

F i = F
magnetic

i + F
bonding

i + F interaction

i (4.1)

The viscous interaction with the fluid is accounted for through a hydrodynamic

interaction mobility matrix (see below). The magnetic force on bead i is due to the

magnetic interaction between dipole pi and the magnetic dipole pj in all other ciliary

beads, and can be written as [45]:

F
magnetic

i =
3µ0
4π

∑
j,i

(
p j · pi

)
r̂ ji + pi

(
p j · r̂ ji

)
+ p j

(
pi · r̂ ji

)
− 5r̂ ji

(
pi · r̂ ji

) (
p j · r̂ ji

)
r 4ji

(4.2)

with the dipoles in the beads being induced by the external magnetic field B j according

to [45, 46]:

p j =
4πa3m
3µ0

[
χ ‖tjtj + χ⊥

(
1 − tjtj

) ]
Bj (4.3)

with 1 the unity tensor and B j the external field at the location of the bead. Here, χ ‖ and
χ⊥ are themagnetic susceptibilities along and perpendicular to the cilia axis, respectively

(all cross-terms are taken to be zero), µ0 is the permeability of free space and am is the

effective magnetic radius of the beads (which is not equal to the actual bead radius ab) to
account for the dipole-dipole interaction. For details on the calculation of am,χ ‖ and χ⊥,
the reader is referred to section 4.5.2.

The bonding forces that the ciliary beads feel from theneighboring beads are due to elastic

bending and stretching [43, 44]. The total stretching energy of one cilium consisting of

n beads can be written as

H stretching =
1
2
k

n∑
i=2
(li − l0)

2
(4.4)
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with l0 the stress-free rest length between two neighboring beads and k the stretching

stiffness of an elastic rod given by EA/lo. The first bead is assumed to be rigidly connected

to the surface. Similarly, we can write the total bending energy of the cilium as:

H bending =
C

l0

n−1∑
i=2

(
1 − t̂i+1 · t̂i

)2
(4.5)

where C is the bending stiffness. The total bonding force acting on bead i can now be

obtained from:

F
bonding
i = −∇xi

(
H stretching + H bending

)
(4.6)

where ∇x i is the gradient operator with respect to the independent variable x i . A closed-

form expression for the bonding force is given in reference [43].

The interaction force F interaction

i = F adhesion

i + F friction

i accounts for the adhesive and

friction forces between the cilium and the particle. The Morse potential UM
ip is used to

model the adhesive interaction between ciliary bead i and the particle (subscript p), given
by [27, 47]:

UM
ip = D

[
1 − e−β(rip−ap−ab )

]2
(4.7)

withDand β the two Morse parameters (the adhesive strength, and the adhesive

interaction range, respectively), rip the spacing between ciliary bead i and the particle, ap
the radius of the particle and ab the radius of the ciliary bead.

The adhesive interaction force between the particle and ciliary bead i is:

F adhesion

i = −∇x i

(
(1 + дi )UM

ip

)
(4.8)

where дi = Cad

(
1 − r̂ ip · t̂ i

)
is a geometrical term added to account for the difference in

contact area between a continuous beam and a string of beads, with Cad a dimensionless

parameter (the contact area modification constant), and r̂ ip is the unit vector pointing

from ciliary bead i to the particle. In addition, we introduce a friction force F friction
to

describe the frictional interaction between the cilia and the particle, defined as [48, 49]

F friction

i = C
fr
ξ ip (4.9)
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where ξip is the sheardisplacement between ciliary bead i and theparticle in the tangential

direction defined by t̂ i , The friction develops in a stick-slipmannerwith the friction forces

and displacement irreversibly set to zero when a maximal shear displacement is attained

and with Cfr a phenomenological friction constant termed friction constant [48, 49].

The particle is subjected to gravity, buoyancy and the interaction forces with the cilia,

which can be written as:

Fp = −mдẑ −
N∑
i=1

F interaction
i (4.10)

with the summation accounting for all frictional and adhesion forces by the cilia, g is

gravitational acceleration, and m is the buoyant mass of the particle, given by:

m =
4π
3
a3p

(
ρp − ρH2O

)
(4.11)

with ap the radius of the particle, ρp the density of the particle and ρH2O the density of

water.

For low Reynolds numbers, fluid flow is fully dominated by viscosity so that inertial

effects can be neglected. In that case, the hydrodynamic coupling between the fluid, the

cilia beads and the particle is captured by the linear equations of motion [43–45]:

Ûx i =
N∑
j=p

µi jF j , i, j = p, 1, . . . ,N (4.12)

where µi j is the mobility matrix accounting for the dynamics of the beads and particle

in a viscous fluid in the neighborhood of a solid half plane (the substrate). If the beads

and particle were at a large distance relative to their sizes, the elements of the mobility

matrix would be determined by Blake’s tensor [50]. In our case, however, the condition

of large distance is not fulfilled, so that we employ the Rotne-Prager approximation for

differently sized spheres, which depends on the kinematic fluid viscosity v [43, 45, 51].

The differential equation 4.12was solved numerically using the Euler method [43, 45].

Table 4.1 gives an overview of all parameters used in the computational model. The

cilia and particle parameters ab ,ap ,p, ρp were taken directly from the experiments. The

equilibrium spring length l0 was determined by the cilium length (L0) and the number

of beads per cilium (n). The effective magnetic bead radius am was calculated from the

experimental CIP volume (see section 4.5.2 for details). The magnetic strength B and

susceptibility χ (χ ‖ along the cilium, χ⊥ perpendicular to the cilium) were taken from

the experimentally determined values from our earlier paper [41] (details can be found
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in section 4.5.2). The stretching stiffness k was taken large enough so that the cilia do

not deform axially [43]. The bending stiffness C was chosen such that the cilia perform

the same motion as in the experiments, with the same maximum bending angle of 72
◦

when exposed to the magnetic field in the experimental setup, as determined in our

earlier paper [41] (see section 4.5.3 for details). The particle-cilia interaction parameters

D, Cad and Cfr were set by fitting the computed particle transportation results to that of

the experiments for a frequency of 7 Hz (see also Fig. 4.3C). The value of β was chosen

such that the length scale over which the Morse potential falls off is much smaller than

the size of the particle, i.e. 1/β � ap [27]. The best-fitted model gave Cad=3, an adhesive

strengthD=3.2 ×10-13 J and a friction constant Cfr=1×10-1 N/m. The rotational frequency

of the magnetic field f was varied between 1 and 20 Hz.

Table 4.1. Parameters used in the numerical simulations
L0 Cilia length 350 µm
ab Bead radius 25 µm
n Number of beads per cilium 7

l0 Equilibrium spring length 50 µm
ap Particle radius 250 µm
Cad Contact area modification constant 3

am Effective magnetic bead radius 16.7 µm
p Cilia pitch 450 µm

ρp Particle density 1100 kg/m
3

ρH2O Water density 1000 kg/m
3

k Stretching stiffness 3 N/m

C Bending stiffness 1.5×10-14 Nm2

Cfr Friction constant 1×10-1 N/m

D Adhesive strength 3.2×10-13 J
β Adhesive interaction range 0.3 per µm

v Kinematic viscosity 10
-6
m

2
/s
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4.5 Appendix

4.5.1 Magnetic actuation setup

Figure 4.5: (A) Schematics of the actuation setupwithMAC integrated in a circular chip placed on a supporting

plate and underneath a microscope. The setup is comprised of a manual linear XYZ translational stage at the

bottom, an electric motor in the middle, an offset magnet mounted on the motor and a safety box containing

the supporting plane (a transparent glass plate with a thickness of 1.5 mm) on top of which a microfluidic chip

containing the MAC can be placed. The magnet, which had a geometry of 20×20×10 mm
3
with a remnant flux

density of 1.3 T, was positioned at an offset r = 6.5 mmwith respect to its rotation axis. The centre of the ciliated

area was offset by d= 7mmwith respect to the axis of the motor. The vertical distance h between the top surface

of the magnet and the MAC was set to 2 mm. In the shown position, the cilia orientation is perpendicular to

the substrate (during the effective stroke). (B) Schematic drawing of the bending cilia when the magnet rotates

180
◦
. In this position, the cilia are maximally bent (during the recovery stroke). (C) Schematic drawing of a

rotating cilium performing a tilted conical motion in perspective view, showing the effective stroke and the

recovery stroke. The direction of the effective stroke (red arrow) and the tilting direction (yellow arrow) are

indicated. (A-C) are reproduced with permission from ref. [41]. Copyright 2018, Elsevier B.V. (D-F) Snapshots from
the AutoCAD design of the magnetic actuation setup: the assembled setup, the setup without the safety box,

and the holder for the magnet, respectively.

4.5.2 The generated magnetic field and magnetic properties of the MAC

In our experiment, the magnetic field is generated by a rotating magnet with a remnant

flux density of 1.3 T. To validate the experimentalmagnetic field, we determined the three

components of the periodically changing magnetic flux density experienced by the MAC
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Figure 4.6: Magnetic field and magnetic properties of the MAC. (A) The three components of the periodically

changing magnetic flux density experienced by MAC during one actuation cycle. The circular data points

are from our previous paper [41], and the lines are multi-point fitting curves. (B) The magnetization M as a

function of the magnetic field B, both parallel and perpendicular to the cilia direction. ‘o’ are experimental

data from Ref. [41], and the line is a multi-point fitting curve.

during one actuation cycle [41]. We obtain the time-dependent values of the components

of the magnetic flux density B (Fig. 4.6A), as follows:

Bx
( t
T
)
= Bx0 + Bx1 cos

(
2π t

T
)
+ Bx2 cos

(
4π t

T
)
+ Bx3 cos

(
4π t

T
)
+ Bx4 sin

(
4π t

T
)

By
( t
T
)
= By0 + By1 cos

(
2π t

T
)
+ By2 cos

(
4π t

T
)
+ By3 cos

(
4π t

T
)
+ By4 sin

(
4π t

T
)

Bz
( t
T
)
= Bz0 + Bz1 cos

(
2π t

T
)
+ Bz2 cos

(
4π t

T
)
+ Bz3 cos

(
4π t

T
)
+ Bz4 sin

(
4π t

T
) (4.13)

with T=1/f being the period of the magnetic cycle and the values of Bx0, Bx1, etc. are

given in the table below.

Bx0 (T) Bx1 (T) Bx2 (T) Bx3 (T) Bx4 (T)

1.17×10-1 4.57×10-2 9.78×10-3 9.46×10-3 1.64×10-2
By0 (T) By1 (T) By2 (T) By3 (T) By4 (T)

1.5×10-3 1.34×10-1 -6.83×10-2 1.88×10-2 1.55×10-2
Bz0 (T) Bz1 (T) Bz2 (T) Bz3 (T) Bz4 (T)

1.9×10-1 -1.75×10-1 6.17×10-2 0 0

Due to the fabrication process of theMAC as described in section 4.4 in the main text, the

magnetic anisotropy of the cilia specified by the susceptibility tensor χ , is enhanced

because of the alignment of the magnetic particles within the cilia. This “particle

arrangement anisotropy” adds up to the “shape anisotropy” of the cilia. Fig. 4.6B
shows the measured cilia magnetization M as a function of the applied magnetic field B
in the direction parallel and perpendicular to the cilia main axis [41]. We only account

for the diagonal terms; the cross-terms in χ are zero. The fitted lines are given by:
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M⊥ (B⊥) = M⊥0 + M⊥1
1+e(B⊥+B⊥0)/B⊥1

M‖
(
B‖

)
= M‖0 +

M‖1

1+e(B‖+B‖0)/B‖1

(4.14)

with the values of the constants given in the table below.

M⊥0 (A/m) M⊥1 (A/m) B⊥0 (T) B⊥1 (T)
219.3 438.7 2.7×10-4 1.14×10-1

M‖0 (A/m) M‖1 (A/m) B‖0 (T) B‖1 (T)
226.5 453.2 1.61×10-4 2.7×10-1

We calculate χ ‖ and χ⊥ from the above equations by using χ⊥ = dM⊥ (B⊥) /dB⊥ and

similarly for χ ‖ . The current orientation of the cilia at the location of bead i is estimated

as t̂ i (which is the unit vector pointing from bead i-1 to i.

When calculating the magnetic field B in equation 4.13 for particle j, also the induced

magnetic dipoles in all other beadswill affect thefield at particle j in equation 4.3 in section
4.4. However, we found that these contributions only constitute a very small part of the

total field and we therefore ignored these (computationally intensive) contributions.

In our experiment, the weight ratio between the CIP (m1) and the PDMS (m2) is 2:1. The

densities ofCIP (ρ1) andPDMS (ρ2) are 7.86×103 kg/m3
and 0.97×103 kg/m3

, respectively.

Then we can calculate the effective paramagnetic bead radius (am) byV1 =
4π
3 na

3
m , where

V1 is total volume of CIP determined by

V1

V − V1
=

m1

m2

ρ2
ρ

(4.15)

V is total volume of one cilium and n is total number of beads of one cilium.

4.5.3 Parametrization of the bending stiffness

In the experiments, the maximal bending angle of the MACwas found to be 72
◦
[41]. By

carrying out numerical simulations of the bending cilia in the magnetic field described

in section 4.5.2, and varying the bending stiffness, we found that a bending stiffness C
= 1.5×10-14 Nm

2
was able to capture the maximum bending angle of 72

◦
(see Fig. 4.7A)

and accurately describe the motion of the MAC (see Fig. 4.7B and Fig. 4.7C). Fig. 4.7A
shows the oscillation of the cilium’s bending angle during several cycles. The comparison

between the experimental and simulation results is shown in Fig. 4.7B and Fig. 4.7C
as top-view images of the motion of the rotating MAC in water, composed of multiple

superimposed frames.

115



4

Figure 4.7: Parametrization of the bending stiffnessC. (A) The computed bending angle of the cilia as a function

of time. (B and C) Comparison between simulation (B) and experiment (C) depicting superimposed top-view

images of the motion of the rotating MAC in water over one full cycle. In (B) the different colors describe the

different heights of the ciliary beads above the substrate (yellow denotes large height, blue low).

4.5.4 The adhesive and friction forces between the particle and the cilia

The adhesive and frictional forces between the particle and the cilia play an important

role in the particle transportation [52]. The adhesive force is described by Morse

potential as a function of the distance between the surface of the bead and that of the

particle

(
rip − ap − ab

)
[27]. It accounts for repulsion under compressive forces and for

decohesion under tensile forces which are governed by the twoMorse parametersD and

β as described in section 4.4. Without, or with too low or too high adhesive interaction,

Figure 4.8: The distortion of cilia in the experiments and simulations that include frictional forces. (A) Cilia

distortion in the experiment. (B) Cilia realign to themagnetic field in the experiment. A andB are snapshots are

fromMovie ESI 4.1B. The blue arrows show viewing angle for the simulation snapshots in panels textbfC and

D. (C) Cilia distortion observed in the simulations. (D) The cilia realign to themagnetic field in the simulations.

Both (C andD) are snapshots fromMovie ESI 4.5. The distortion is essential for particle transportation, and it

is caused by frictional interactions between the particle and the cilia.
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particles will not be transported as shown in Fig. 4.3C andMovie ESI 4.7.

The friction evolves in a stick-slip manner at the moment the cilia and particle are in

contact. The friction force increases linearly with the shear displacement ξip from

the moment of initial contact onwards, as described in section 4.4. When the shear

displacement is larger than a maximal value, taken here to be ξmax
ip = 0.1ap, the contact

point is irreversibly reset and the friction force and displacements are set to zero [49].

When there is only one bead contacting the particle, adhesion is the dominant contact

force. But when multiple beads contact the particle, friction is accounted for as well.

Movie ESI 4.4 shows that particles cannot be transported if there is no friction.

Distortion of the cilia is generated by frictional forces between the cilia and the

particle.Movie ESI 4.4 clearly shows that indeed the cilia motion, in absence of friction, is

much less distorted than in the presence of friction (as shown inMovie ESI 4.5), as seen
both in the experiments (Fig. 4.8A and Fig. 4.8B) and the simulations (Fig. 4.8C and Fig.
4.8D) during particle transportation. Fig. 4.8A and Fig. 4.8C show the distortion of cilia

from their tilted conical motion through frictional interaction with the particle. Fig. 4.8B
and Fig. 4.8D show that shortly after, the cilia realign to the magnetic field direction.

The distortion of the cilia due to these frictional interactions is essential for the particle

transport.

4.5.5 Verifying the transportation mechanism using experiments

To verify the mechanism, explained in section 4.2.2 further, we performed the following

experiments. As illustrated in Fig. 4.9, we first fabricated cilia arrays featured with one

rowof non-magnetic cilia (see below for the fabrication process). Thenwe put the particle

directly behind (Fig. 4.9A), directly in front of (Fig. 4.9B), or one row of cilia ahead of

(Fig. 4.9C) the non-magnetic cilia array. All MAC arrays were subsequently actuated to

perform the same tilted conical motion – the non-magnetic cilia, obviously, do not move

due to the magnetic field. It turned out that the particle could not be transported for

situations shown in Fig. 4.9A and Fig. 4.9B, while the particle could still be transported

one more step for the case shown in Fig. 4.9C, and even if the non-magnetic pillars in

the front were completely removed as shown in Fig. 4.9D (see Movie ESI 4.6). This

proves that, for particle transportation, both the pushing forces from cilia 3 and 4, and

the pulling forces by cilia 5 and 6, are essential. In addition, the adhesion and pull of

cilia 7 and 8 is essential for continuous and effective particle transportation.

The fabrication of cilia arrays that include rows of non-magnetic cilia is based on the

fabrication process for the normal cilia arrays as shown in Fig. 4.1A. In brief, there are

6 steps (Fig. 4.10). 1) A piece of tape (STAPLES invisible adhesive tape) was put on top

of the microwells. Then the tape was cut into narrow stripes that only cover a single row

of microwells, using a sharp blade. 2) The magnetic precursor mixture was poured over

the mold, followed by a degassing procedure. 3) The top layer of the magnetic mixture

was removed. 4) The tape stripes were removed, and pure PDMS was poured onto the

mold. After degassing the pure PDMS layer was defined to a thickness of 150 µm by

spin-coating at a rotating speed of 400 rpm for 30 seconds. 5) A permanent magnet with

a size of 15×15×8 mm
3
and a remnant flux density of 1.2 T was put underneath the mold

in order to align the magnetic particles within the mold. The sample was left in an oven
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Figure 4.9: Top-view schematic drawing of the cilia arraywhich contains a column of non-magnetic cilia located

(A) directly behind the particle representing no pushing forces from behind the particle, (B) directly in front of

the particle representing no pulling forces, (C) in one row of cilia ahead of the particle representing no adhesive

forces from the front, and (D) a cilia array with the cilia in front of the particle removed, respectively. The

filled circles and hollow circles indicate the magnetic cilia and non-magnetic cilia, respectively. The red arrows

indicate the direction of the effective stroke, the yellow arrows indicate the tilting direction of the cilia, and the

blue arrows indicate the expected transportation direction which is in the bisector of the segment formed by

the other two arrows. Movie ESI 4.6 show recordings of these experiments.

Figure 4.10: Schematics of the fabrication process of the cilia array that consists of rows of non-magnetic cilia.

at 100
◦
C for 1.5 hours to cure the mixture. 6) The cured pure structure was peeled off the

SU-8 mold. Finally, the MAC featured with rows of non-magnetic cilia were obtained.
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Figure 4.11: (A) Illustration of the setup formeasuring the cilia tip displacementwith a CMOS cameramounted

on a microscope for capturing cilia deformation. The permanent magnet has a geometry of 20×20×10 mm
3

with a remnant flux density of 1.3 T. The vertical distance h and horizontal distance r between the magnet

and cilia is 2 mm and 11.5 mm, respectively. The illustration is not to scale. Reproduced with permission [41].
Copyright 2018, Elsevier B.V. (B) Bending angle of the cilia, calculated from the experiments, for different curing

durations. The error bars are the standard deviations of the calculated bending angles of 181 cilia for each

sample.

4.5.6 Relationship between cilia bending angle and curing duration

The relationship between the bending angle and the curing time of the artificial cilia is

depicted in Fig. 4.11. The bending angle θ was calculated from the cilia tips’ projected

displacement with the assumption that cilia are rigid rods that only bend at the anchor

points. Hence sin θ = (tip displacement / the length of cilia). The projected displacement

was measured as follows: first, as shown in Fig. 4.11A, a permanent magnet with a

geometry of 20×20×10 mm
3
and a remnant flux density of 1.3 T was placed at a vertical

distance of h = 2 mm under the cilia at an offset r = 11.5 mm with respect to the left

edge of the ciliated area; then a CMOS camera (The Imaging Source Europe GmbH)

mounted on a microscope was used to take images of the deformed cilia; finally the tip’s

projected displacement was measurement using ImageJ. It is clear from FFig. 4.11B that

the bending angle decreases initially with the curing time, and finally stabilizes. This is

because initially the PDMS is not fully cured yet at the shortest curing times, and when

the curing time is increased the PDMS is further cured, and after 3 hours curing, the

PDMS is fully cured.

The reasons to choose, for the used artificial cilia, for a curing condition of 100
◦
C for 1.5

hours are: (1) lower temperatures lead to a long waiting time to cure the mixture, while

higher temperatures may result in stiffer cilia and thus less bending; (2) a shorter curing

time renders softer cilia that collapse, while longer curing generates stiffer cilia which

show less bending and are less adhesive to the PLA particles.

4.5.7 Electronic supplementary information

All experimental movies are recorded from the top view at a frame rate of 60 fps using

a CMOS camera (DFK 33UX252, Imaging Source Europe GmbH). The magnetic artificial

cilia (MAC) in the movies have a diameter of 50 µm, a height of 350 µm, and they perform
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Figure 4.12: QR codes for electronic supplementary materials.

the tilted conical motion as shown in Fig. 4.1C3 and Fig. 4.1D. The particles used are

spherical polylactic acid (PLA) particles (micromod Partikeltechnologie GmbH).

All simulation movies are obtained from the computational results using Matlab. The

MAC in the movies have a diameter of 50 µm, a height of 350 µm and a pitch of 450

µm, performing the same tilted conical motion as the experimental cilia. The parameters

used in the simulations are as in Table 4.1, unless otherwise stated.

In the movies, the red, yellow and blue arrows indicate the direction of the effective

stroke, the tilting direction and the particle transportation direction, respectively.

You can access the electronic supplementary materials by clicking the title or scan the

assigned QR code in Fig. 4.12.

Movie ESI 4.1A One recorded experiment together with one simulation in deionized

water, showing that a 500 µm PLA particle is transported unidirectionally. The MAC

have a pitch of 450 µm, and the rotating speed is 1 Hz. The video is played at 2 times

the real speed. The white bubbles in the experimental video are trapped air bubbles,

indicating that the experiment is performed in a liquid.

Movie ESI 4.1B Part of Movie ESI 4.1A (duration 10 s) played at 0.5 times the real speed,

showing the particle transportation process in more detail.

Movie ESI 4.2 One recorded experiment, showing that a 500 µm PLA particle, in

deionized water, is transported along a Z-shape trajectory. The MAC have a pitch of

450 µm, and the rotating speed is 1 Hz. The video is played at 3 times the real speed.

The direction of the effective stroke and the tilting direction are changed at various time
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points during the experiment, as indicated in the movie.

MovieESI 4.3One recorded simulation, showing that a 500 µmPLAparticle, in deionized

water, is transported along a Z-shape trajectory, using the same protocol as in the

experiment of Movie ESI 4.2. The MAC have a pitch of 450 µm, and the rotating speed is

7 Hz. The video is played at 0.3 times the real speed.

Movie ESI 4.4 One recorded simulation in deionized water, showing that a 500 µm PLA

particle cannot be transported without friction force at actuation frequency of 7 Hz. In

this simulation, the friction between the particle and the cilia was reduced by assuming

a zero friction constant of Cfr. The video is played at 0.015 times the real speed.

Movie ESI 4.5 One recorded simulation in deionized water, showing that a 500 µm PLA

particle is transported unidirectionally on an 8-ciliated surface at an actuation frequency

of 7Hz for friction surface energyCfr=1×10-1 N/mand an adhesive strength ofD=8×10-13
J (i.e. using the values of Table 4.1, and therefore under the same conditions as inMovies

ESI 4.1 and 4.3). The video is played at 0.02 times the real speed.

Movie ESI 4.6AOne recorded real-time experiment in deionized water in which the cilia

array contains rows of non-magnetic cilia, showing that when cilia 3 and 4 as shown

in Fig. 4.9A are non-magnetic and thus no pushing forces are applied by the cilia, the

500 µm PLA particle cannot be transported. The MAC have a pitch of 450 µm, and the

rotating speed is 1 Hz.

Movie ESI 4.6BOne recorded real-time experiment in deionized water in which the cilia

array contains rows of non-magnetic cilia, showing that when cilia 5 and 6 as shown in

Fig. 4.9B are non-magnetic and thus no pulling forces are applied by the cilia directly

in front of the particle, the 500 µm PLA particle cannot be transported. The MAC have a

pitch of 450 µm, and the rotating speed is 1 Hz.

Movie ESI 4.6COne recorded real-time experiment in deionized water in which the cilia

array contains rows of non-magnetic cilia, showing that when cilia 7 and 8 as shown in

Fig. 4.9C are non-magnetic and thus cannot be actuated by the applied magnetic field,

the 500 µm PLA particle can still be transported one cilia grid forward by the action of

cilia 3-6, but no further. The MAC have a pitch of 450 µm, and the rotating speed is 1 Hz.

Movie ESI 4.6D One recorded real-time experiment in deionized water in which some

of the cilia are completely removed, showing that when cilia 7 and 8 as shown in Fig.
4.9D are removed, the 500 µm PLA particle can be transported after long time actuation

(around 15 s, which is 5 times the time needed to transport the particle one cilia grid

forward by the normal cilia array), but no further since the particle-cilia contact is lost.

The MAC have a pitch of 450 µm, and the rotating speed is 1 Hz.

Movie ESI 4.7 One recorded experiment in which the liquid is 1 vol% Sodium Dodecyl

Sulfonate which reduces the adhesion between the PLA particles and the cilia array [36],

showing that a 500 µm PLA particle can only rotate on top of the cilia and cannot be

transported when the cilia rotate at 1 Hz (1 to 29 s). However, the particle can be repelled

from the ciliated area when the cilia rotate at 10 Hz (from 30 s). This indicates the

importance of the adhesion for the particle transportation. The MAC have a pitch of 450
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µm. The video is played at 2 times the real speed.

Movie ESI 4.8 One recorded simulation in deionized water, in which the density of the

PLA particle is taken equal to that of the fluid, i.e. ρp = ρH2O showing that a 500 µm
PLA particle with the same mass density as water is transported directionally. Here, the

adhesive strength is set to 9×10-13 J since a different particle mass density does affect the

optimal conditions for transportation. The cilia rotate at 7 Hz; the video is played at 0.3

times the real speed.

Movie ESI 4.9 One recorded experiment in deionized water, showing that the PLA

particles with a diameter 400 µm, i.e. smaller than theMAC pitch of 450 µm, either rotate

on top of the contacting cilia, or move non-controllably, or get stuck onto the PDMS base

substrate. The MAC rotate at 1 Hz. The video is played at 2 times the real speed.

Movie ESI 4.10One recorded experiment in deionizedwater, showing that a PLAparticle

with a diameter of 800 µm, larger than theMACpitch of 350 µm, is pulled to any direction

by the surrounding cilia, and thus cannot be transported controllably. The MAC rotate

at 1 Hz. The video is played at 2 times the real speed.

Movie ESI 4.11 One recorded experiment in air, showing that the 400 µm PLA particles

(smaller than the MAC pitch of 550 µm) can be transported along the direction of the

recovery stroke on the PDMS substrate by the cilia direct push, contrary to the directional

transportation of particle with a diameter of 1 to 2 times the cilia pitch. The MAC rotate

at 1 Hz. The video is played at 4 times the real speed.
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5 | Anti-biofouling and self-
cleaning surfaces featured
with MAC

The fouling of surfaces submerged in a liquid is a serious problem for many applications

including lab-on-a-chip devices and marine sensors. Inspired by the versatility of cilia

in manipulating fluids and particles, we experimentally demonstrate for the first time

that surfaces partially covered with magnetic artificial cilia (MAC) have the capacity to

efficiently prevent the attachment and adhesion of real biofouling agents - microalgae

Scenedesmus sp.. Actuation of the MAC resulted in over 99% removal of the algae for two

different scenarios: (1) actuating the MAC immediately after injecting the algae into a

microfluidic chip, demonstrating antifouling; and (2) starting to actuate the MAC one

week after injecting the algae into the chip and leaving them to grow in static conditions,

showing self-cleaning. We showed that the local and global flow generated by the

actuated MAC are substantial, resulting in hydrodynamic shear forces acting on the

algae, which are likely to be the key to the efficient antifouling and self-cleaning. These

findings and insights will potentially lead to novel types of self-cleaning and antifouling

strategies, which may have relevant practical impact on different fields and applications

including lab-on-a-chip devices and water quality analyzers.

Based on Shuaizhong Zhang, Pan Zuo, Ye Wang, Patrick R. Onck and Jaap M. J. den

Toonder, Anti-biofouling and self-cleaning surfaces featuredwithmagnetic artificial cilia,

submitted.
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5.1 Introduction
Fouling is the accumulation of undesired contaminants such as organic molecules,

cells and microparticles on a submerged surface. Specifically, marine biofouling is the

colonization by a vast variety of marine organisms in four chronological phases [1–6]: 1)

adsorption of organic molecules that form a conditioning layer; 2) primary colonization

by unicellular microorganisms such as microalgae, diatoms and protozoa, forming a

“slime” film; 3) “soft macrofouling” consisting mainly of macroscopically visible algae

(seaweeds) and invertebrates; and 4) “hard macrofouling” of shelled invertebrates like

barnacles, mussels and tubeworms. This indicates that the prevention of the formation of

the “slime” filmwill probably deter fouling. Fouling forms serious problems to a diverse

applications including (i) biomedical and microfluidic devices since the adsorption of

microparticles, cells, or molecules to the device walls inhibits the normal operation of

these devices [7]; (ii) micro- to macroscale sensors present for example in oceans, rivers,

or lakes for environmental sensing, or in chemical and food processing operations, where

fouling leads to reduced efficiency and/or operating-lifetime and higher maintenance

cost [8]; (iii) off-shore structures and ship hulls since the buildup of a layer of marine

biofouling organisms increases the drag on the ship and hence the fuel consumption [9,

10]. In addition to economic loss, the biofouling of the hull of intercontinental ships

also causes the spread and invasion of nonindigenous marine species into the global

ecosystems [11–14]. Thus, the design of surfaces that prevent fouling and are self-

cleaning is critical to the viability of a wide range of applications and industries.

To date, there are several strategies to design and make anti-fouling surfaces, based

on chemical or physical mechanisms, which, however, cannot deter the settlement and

attachment of the whole vast variety of biofouling agents [1, 2, 7, 15]. On the other hand,

classical microfluidic chip cleaning protocols are tedious and time consuming, or they

disrupt the ongoing experiments [7]. Nature, after billions of years of evolution, has

always been an inspiration for antifouling and self-cleaning, from lotus leaves [16–19]

and butterflywings [20, 21], to cilia [22–24]. Biological cilia aremicro-hairswith a typical

length between 2 and 15 µm, which are found ubiquitously in nature [25, 26]. Bymoving

in a coordinated, non-reciprocal (not time-reversible) manner, cilia have such functions

as fluid pumping [27], cell transportation [28–30], mucus cleaning [30, 31], assisting

feeding [32–37] and self-cleaning and antifouling [22–24]. Specifically, active cilia

covering the outer surfaces of mollusks and coral can generate local currents, shielding

away sand and preventing settlement of a wide variety of marine fouling organisms

[22–24]. Inspired by the impressive functionality of biological cilia in antifouling,

researchers have been paying increasingly intensive attention to cilia. Via computational

and theoretical modelling, the group of Balazs and co-workers have demonstrated that

both active and passive artificial cilia can be harnessed to repel microparticles in their

vicinity [38–42], which lays a solid foundation for subsequent experimental research

on particle manipulation using artificial cilia. Using synthetic polymer particles as

fouling representatives, we recently demonstrated experimentally that ciliated surfaces

are capable of self-cleaning due to the substantial flow generated by the cilia motion in

combination with cilia’s direct pushing forces acting on the particles [43]. Moreover,

we also showed in Chapter 4 that these artificial cilia, by performing a tilted conical

motion, are able to transport sticky particles on top of their tips along designed directions
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with full control over speed and direction in both water and air. Another experimental

study also demonstrated particle transportation by artificial cilia in air, primarily due

to gravity induced particle motion [44]. These experimental studies form the first

proof-of-principle results that show the promising possibility to employ artificial cilia

to create self-cleaning and antifouling surfaces. However, the fouling situations created

by artificial fouling representatives used in these investigations only partially capture

real biofouling, because the latter is a dynamic and complex process involving active

fouling agents that produce metabolites such as proteins all the time. The secreted

metabolites together with algae can form a conditioning layer and a “slime” film for

subsequent attachment of larger and harder fouling agents, which cannot be reproduced

by synthetic microparticles as artificial fouling agents. Therefore, in order to bring the

concept of antifouling and self-cleaning by ciliated surfaces closer to real applications, it

is of great importance to perform research on this topic use real fouling agents, which

has not been demonstrated to date to the best of our knowledge.

Here we prove the concept of antifouling ciliated surfaces by using microalgae

Scenedesmus sp. as fouling agents since algae are common biofouling agents found in

nature. The ciliated surface consists of a central unciliated square region surrounded

by three rows of magnetic artificial cilia (MAC) on each side. The MAC are actuated

to perform a tilted conical motion at a revolution frequency of 40 Hz, induced by a

rotating permanent magnet. The results show that the MAC are able to expel almost all

microalgae from the central unciliated area after one week of actuation, i.e. MAC are

capable of antifouling. Moreover, even after one week of colonization by the microalgae

before activation of the MAC, the MAC can still clean the central unciliated surface

after two weeks of actuation, i.e. MAC are capable of self-cleaning. We expect that

the prevention of the microalgae attachment will deter the establishment of “soft” and

“hard” macrofouling. Our findings offer insights to develop novel types of antifouling

and self-cleaning surfaces for a variety of practical applications, for example, lab-on-a-

chip devices and water quality analyzers.

5.2 Results and discussion

5.2.1 Ciliated surface and experimental setup

Fig. 5.1A shows that the polydimethylsiloxane (PDMS)-based MAC used in this article

have a cylindrical shape with a diameter of 50 µm and a height of 350 µm. The MAC

were fabricated using a facile and reproducible micro-molding method [45] (see section

5.5.2). Initially, experiments were performed using “fully-ciliated surfaces” that were

covered with theMAC arranged in a staggered configuration with a pitch of 450 µm (Fig.
5.8A). The results showed a strong effect on anti-biofouling (see section 5.5.3 for details).
However, it is more desirable to have a completely clear area for devices that include

a sensor area (such as an optical sensor) where anything covering the sensor surface

may disrupt the sensing. So ciliated surfaces that were composed of a central unciliated

square region surrounded by three rows of MAC on each side (Fig. 5.1B), which are

termed “partially-ciliated surfaces”, were made and tested. The sensor would be located

in the central unciliated region. Here in the main text we show detailed analyses on the

experimental results of the “partially-ciliated surfaces”. The amount of “absent” cilia is
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Figure 5.1: Experimental system. (A) A side-view SEM image of the fabricated magnetic artificial cilia (MAC),

with a diameter, a height and a pitch of 50, 350 and 250 µm, respectively. (B) A top-view SEM image of the

ciliated surface, which consists of a central unciliated area surrounded by three rows ofMAC, termed “partially-

ciliated surface”. The MAC have a pitch of 250 µm. (C) Schematic drawing of the circular microfluidic chip

integrated with the “partially-ciliated surface”, indicating the location of the ciliated surface area and the

observation area. The height of the chip is 2 mm. The red arrow denotes the direction of the effective stroke of

the cilia motion. (D) A microscopy image of the used algae, Scenedesmus sp., which have an average length of

12 µm. (E) A top-view image of the motion of the rotating MAC at 40 Hz in water. The image is composed of

25 overlapping frames in one actuation cycle. The white dashed line indicates the cilia tip trajectory, projected

on the surface plane, the orange arrow indicates the rotation direction of the MAC, and the red arrow indicates

the direction of the effective stroke. (F) Schematic drawing of the rotating cilium performing a tilted conical

motion in perspective view, with an opening angle θ=72◦. Illustration is not to scale. Reproduced with permission
from ref. [45]. Copyright 2018, Elsevier B.V. (G) Schematics of the actuation setupwith theMAC integrated in the

circular chip, placed on a supporting plate and underneath two light bulbs (Philips GreenPower LED flowering

lamp deep red/white/far red, to provide light for photosynthesis). The magnet is placed at a distance r=6.5
mm from the rotation axis and a vertical distance h=2 mm from the bottom of the ciliated surface, and the

center of the ciliated area is aligned with the center of the magnet, i.e. d=r=6.5 mm. The inside of the growth

chamber is covered with aluminum foil to prevent light leakage.

4×4 = 16 in a full array of 10×10, so there are 84 cilia in total. The pitch of the MAC was

varied between 250 µm, 350 µm and 450 µm, which corresponds to a central unciliated

area of 1.44 mm
2
, 2.89 mm

2
and 4.84 mm

2
, respectively.

The ciliated surface was integrated in a closed circular microfluidic chip with a

rectangular cross section with a channel width of 7.5 mm and a channel height of 2

mm (Fig. 5.1C). The chip was filled with algae Scenedesmus sp. (Fig. 5.1D) suspended

in the culture medium (concentration: 1×104 cells/µL), see section 5.4 for details on the

algae culture. The MAC were actuated to perform a tilted conical motion (Fig. 5.1E
and Fig. 5.1F) by a homebuilt magnetic setup (Fig. 5.1G, see section 5.4 for details) at a

constant revolution frequency of 40 Hz. This motion cycle contains an “effective stroke”

when the cilium moves mostly perpendicular to the surface and a “recovery stroke”

when the cilium is moving close to the floor, which was demonstrated to be a simple

yet effective asymmetric nonreciprocal motion to generate net fluid flows [46]. Indeed

we demonstrated that with such a motion the molded MAC were capable of generating

substantial versatile flows in a microfluidic chip [45], which can induce hydrodynamic

shear forces on surrounding particles.
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5.2.2 Antifouling capability of the "partially-ciliated surfaces"

Experiments to study the antifouling properties of the "partially-ciliated surfaces" were

done by actuating the MAC immediately after filling the microfluidic chip with the

microalgae (see section 5.4 for details). Control experiments were also performed under

exactly the same conditions by simply replacing the MAC with non-magnetic PDMS

pillars of the same geometry so that there is no flow in the control chips.

Figure 5.2: Microscopy images of antifouling experiments of the "partially-ciliated surfaces". (A) Fluorescent

microscopy images of one recorded antifouling experiment at the observation areas indicated in Fig. 5.1C, over
a period of 28 days. The MAC have a pitch of 450 µm. All scale bars are 300 µm. In the fluorescent images,

the bright dots are the algae. (B) A broader bright-field microscopy image of the ciliated part after 28 days

of actuation, showing that the central unciliated area is almost perfectly clean, from a comparison with the

clean part of the PDMS chip. In the bright-field images, the green dots are the algae, and the color of clean

PDMS is grey. The circle with a black edge and a bright center is an air bubble. (C) A broader bright-field

microscopy image of a control experiment after 28 days, showing that the complete channel, including the

central area surrounded by non-moving cilia, is fouled indiscriminately. (D) Fluorescent microscopy images of

one recorded control experiment at the observation areas indicated in Fig. 5.1C, over a period of 28 days.
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Fig. 5.2 shows the fluorescent microscopy images of one recorded experiment and a

control experiment over a period of four weeks (see Fig. 5.9A for the corresponding

bright-field images). The MAC had a pitch of 450 µm. As shown in Fig. 5.2A, in

the ciliated chip, initially the algae cover the bottom of the ciliated chip uniformly,

and subsequently they are gradually removed from the central unciliated area. The

central area is almost completely clean after one week of actuation, and the cleanness

is maintained after another three weeks. Note that the experiment was stopped after a

period of four weeks, but we expect that the central unciliated surface will remain clean

if the experiment is continued. In contrast, the algae do attach to the bare PDMS surface

in the same chip (in the observation area opposite to the ciliated area, indicated in Fig.
5.1C), and grow healthily within the first week. After two weeks, the observed color and

morphology of the algae change which is probably due to the growth medium and CO2

level not being sufficient for the prolonged wellbeing of the algae. The algae do stay alive

though during the whole period of the experiment. Fig. 5.2B shows a wider bright-field

microscopy image of the experiment, indicating that after 28 days of actuation the central

unciliated area is almost perfectly clean (from a comparison with the clean part of the

PDMS chip, which is not in contact with the fluid). Most of the rest of the channel,

however, is fouled by the algae. As shown in Fig. 5.2C, in the control chip the algae do

attach to the central area and the bare PDMS surface indiscriminatingly, and they grow

and colonize the surface gradually, creating a fouling film. Fig. 5.2D shows a wider

bright-fieldmicroscopy image of the control experiment, showing that the passive pillars

have no influence on the colonization by algae.

The antifouling capacity was quantified using an in-house developed image processing

algorithm (see section 5.4), which uses both the bright-field and the fluorescent images.

The calculated Cleanness is plotted in Fig. 5.3 for MAC with different pitches. When

Cleanness equals 1, all algae are removed from the central unciliated area, i.e. the central

area is completely clean; when Cleanness is 0, the whole area is heavily polluted. It is

clear that the MAC are able to clean the central unciliated area within one week and

can maintain the cleanness of this area in the following weeks preventing colonization

from the algae, for MAC with all different pitches and for a central unciliated area as

large as 4.84 mm
2
, which is limited by our design and can potentially be extended by

fabricatingMACwith larger pitch than 450 µmor fabricating “partially-ciliated surfaces”

Figure 5.3: Calculated antifouling capability over time for the "partially-ciliated surfaces" covered with MAC

with a pitch of (A) 250 µm, (B) 350 µm, and (C) 450 µm, respectively. If the Cleanness equals 1, no algae are

present in the observed area; if it equals 0, the whole area is heavily polluted. The error bars are the standard

deviations of three identical but independent experiments.
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with more cilia “absent”. In contrast, the bare PDMS surface in the same chip and the

observation areas in the control chip are increasingly fouled over the recorded period,

which indicates that the algae do stay alive. Fig. 5.3 also shows that the final status

of the bare PDMS surface in the ciliated chip is worse than the surface in the control

chip, which is probably because (1) the algae expelled from the central unciliated area

accumulate on the bare PDMS surface, and (2) the algae grow faster in the ciliated chip

since the cilia-motion generated flow enables the algae to get better access to the nutrients

in the medium. Note, that the antifouling coefficient initially increases (at day 1) for the

bare PDMS surface in the ciliated chip as well as for the observation areas in the control

chip, suggesting an initial decrease in algae; this is probably the result of some algae not

surviving immediately after injecting into the chips since they have not adapted to the

closed chip environment yet. However, subsequently the algae do continuously grow in

these experiments, after day 1.

There are two predominant mechanisms underlying the antifouling effect. First, the
MAC motion induces substantial flow within the central unciliated area (see Movie ESI
5.1). The measured flow generated by MACwith a pitch of 350 µm at locations indicated

in Fig. 5.4A was plotted into Fig. 5.4B. The flow speed on the PDMS substrate surface

is approximately 3×103 µm/s, which can induce strong shear forces (around 30 pN, see

section 5.5.5 for details about the calculation) on the algae lying on the PDMS substrate.

The strong forces overcome the adhesive strength between the algae and the PDMS

surface, which results in the algae being swept away and lifted up and washed away

from the substrate. In addition, the liquid within the central area is continuously flushed

out of this area as seen inMovie ESI 5.2, which results in the lifted algae being expelled

from the central area. Second, as shown in Fig. 5.4C, the MAC motion can generate

substantial global flow (with speeds on the order of 10
2 µm/s) in the channel (see also

Movie ESI 5.3), which carries away the algae from the ciliated area along the direction

of the effective stroke. Since the algae have a larger density than the medium (since they

do settle on the bottom of the chip after been injected into the chip), they gradually settle

Figure 5.4: Fluid flow generated by the MAC. (A) A snapshot of one experiment to measure the flow generated

by the MACwith a pitch of 350 µm in the central unciliated area. The numbers (1 to 8) indicate the locations of

the measurement in the horizontal plane, and they are moving on the PDMS substrate surface, i.e. the vertical

distance between the center of the traced particles and the PDMS substrate equals the radius of these particles

(6 µm in average). The white dots are 12 µm tracing particles. See alsoMovie ESI 5.1. (B) Measured local flow

speed at locations indicated in panel A. The MAC have a pitch of 350 µm. (C) Measured global flow speed in

the channel integrated with ciliated surfaces with a cilia pitch of 250, 350 and 450 µm, respectively. The error

bars are the standard deviations of the measurements.

133

https://vimeo.com/354479562
https://vimeo.com/354479562
https://vimeo.com/354479572
https://vimeo.com/354479625
https://vimeo.com/354479562


5

when flowing downstream. Moreover, the maximal global flow speed is approximately

one order of magnitude smaller than the flow within the central area, which is probably

not sufficient to flush out the algae lying on the PDMS substrate. As a result, the algae

accumulate downstream from the ciliated area.

The antifouling capability of artificial cilia will probably deter the establishment of the

“slime” film in real devices and thus inhibit fouling by macrofouling agents; this will be

a subject of our future research.

5.2.3 Self-cleaning capability of the "partially-ciliated surfaces"

Self-cleaning experiments were done by starting the actuation of theMAC oneweek after

filling the microfluidic chip with microalgae (see section 5.4 for details). During this

week, the algae were left growing in static conditions, which offers enough time for the

algae to colonize the surface, and this period of time is termed the “culturing period”.

Control experiments were also performed under exactly the same conditions by simply

replacing the MAC with non-magnetic PDMS pillars of the same geometry.

Figure 5.5: The self-cleaning capability of the "partially-ciliated surfaces". A Fluorescent (top) and bright-field

(bottom)microscopy images of one recorded self-cleaning experiment at the observation areas indicated in Fig.
5.1C, over a period of 21 days. The MAC have a pitch of 450 µm. All scale bars are 300 µm. In the fluorescent

images, the bright dots are the algae. In the bright-field images, the green dots are the algae, and the color of

clean PDMS is grey. (B-D) Calculated self-cleaning capability over time for partially ciliated surfaces covered

with MAC with a pitch of (B) 250 µm, (C) 350 µm, and (D) 450 µm, respectively. The first 7 days form the

culturing period, and subsequent 2 weeks form the cleaning period. If Cleanness equals 1, no algae are present

in the observed area; if it equals 0, the area is heavily polluted. The error bars are the standard deviations of

three identical but independent experiments.

134



5

Fig. 5.5 shows the fluorescent microscopy images of one recorded experiment over a

period of three weeks (see Fig. 5.10 for the corresponding bright-field images). The

MAC had a pitch of 450 µm. As shown in Fig. 5.5A, during the “culturing period”, the

algae cover the bottom of the chip uniformly and grow healthily. Subsequently, when

the MAC are actuated to perform the tilted conical motion (which is termed “cleaning

period”), the algae are gradually removed from the central unciliated area. The central

area is almost completely clean after twoweeks of actuation. In contrast, the algae remain

attached to the bare PDMS surface in the same chip, and grow healthily.

The self-cleaning capacitywas quantified using the in-house developed image processing

algorithm (see section 5.4). The calculated Cleanness is plotted in Fig. 5.5B-D for MAC

with different pitches. Obviously, the algae grow and colonize the surface during the

“culturing period”, and they are gradually expelled from the central unciliated area

within the first week of the “cleaning period”, and over 99% of the algae are washed

away after one week of cleaning for MAC with all different pitches, even for a central

unciliated area as large as 4.84 mm
2
. In contract, the algae progressively continue to

colonize the bare PDMS surface and the control chip. Notably, it takes approximately

only two days to reach a cleanness of 99% for antifouling experiments, which indicates

that the algae do colonize the surface during the “culturing period”. This also indicates

that the ciliated surfaces can not only prevent algae from settling, but also clean away the

algae that are attached to the PDMS surface.

Since our MAC turned out to be capable of self-cleaning, we hypothesized that when

the MAC are actuated periodically, for example, actuated for 16 hours and in rest for

8 hours during a day, the central unciliated area can still be cleaned. This periodical

actuation mode would be meaningful for applications that need to run in intervals

and/or are incompatible with MAC actuation. To verify this hypothesis, we carried

out experiments in which the cilia were actuated for 16 hours and subsequently kept

statically for 8 hours within one day. The results are depicted in Fig. 5.11, which shows

that the periodical actuation also results in self-cleaning, although a longer cleaning time

is required compared to the continuous actuation mode.

The mechanism behind the self-cleaning is the same as that underlying the antifouling.

Although, antifouling experiments were done with immediate actuation after algae were

injected, while self-cleaning experiments allowed algae to first populate and attach to

the surfaces. We have shown here that in both of these scenarios, MAC are capable of

obtaining and maintaining a clean surface.

5.3 Conclusions
For the first time, we have demonstrated the antifouling and self-cleaning capabilities of

magnetic artificial cilia (MAC) with real biological fouling agents – microalgae, one type

of common fouling agents found in nature. We have shown this especially for ciliated

surfaces with a bare unciliated central region surrounded with rows of MAC, termed the

“partially-ciliated surface”. It was found that the MAC do remove almost all the algae

from the central unciliated area after one week of actuation, for unciliated areas at least

as large as 4.84 mm
2
, for scenarios of (1) actuating the cilia immediately after injecting

the algae into the chip, showing “antifouling”, and (2) starting to actuate the cilia one
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week after injecting the algae into the chip and leaving them grow in static conditions,

showing “self-cleaning”. We showed that both the local and global flow generated in the

central unciliated area by the actuated MAC are substantial, resulting in hydrodynamic

shear forces acting on the algae, which are most likely the key to the efficient antifouling

and self-cleaning. The prevention of the microalgae attachment is expected to deter the

establishment of the “soft” and “hard” macrofouling in real applications. These findings

and insights could contribute to the further development of a novel type of antifouling

and self-cleaning surface that can be relevant for a variety of industries and applications,

for example, marine sensors, water quality analyzers and lab-on-a-chip devices. Note

thatwhen a rotatingmagnet is impractical, electrostatic fields [47], electromagnetic fields

[48, 49], resonance [50, 51], pneumatic pressure [52], and even ambient flow [41, 53] can

serve as alternatives for generating artificial cilia motion.
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5.4 Materials and methods

5.4.1 Microalgae

Microalgae Scenedesmus sp. (Culture Collection of Algae and Protozoa, SAMS Limited,

Scottish Marine Institute) were cultured in culture medium (Modified BB Medium with

Vitamins (3N-BBM+V), see https://www.ccap.ac.uk/media/documents/3N_BBM_V.pdf
for details) in a home-built growth chamber (Fig. 5.6A), consisting of (i) a PMMA box

covered insidewith aluminumfoil toprevent light leakage, (ii)DuranErlenmeyernarrow-

neck flasks containing the algae and culture medium, (iii) a shaker running at 100 rpm to

prevent algae from settling, (iv) 2 light bulbs (Philips GreenPower LED flowering lamp

deep red/white/far red) to provide light for photosynthesis, and (v) a thermometer

to measure the temperature in the growth chamber. A commercial aquarium pump

(Superfish 4 outlets, output 2.5×4 L/min) was connected to the flasks by silicon tubes

and a sterile syringe filter (Minisart NML, pore size 0.2 µm), bubbling air to support

photosynthesis into the medium and to facilitate suspension of the algae. All flasks,

tubes, silicon stoppers and medium were sterilized in an autoclave at 120
◦
C before each

experiment. All cell transfer and handling were done within a sterile laminar flow hood.

The light provided by the two bulbs was monitored at 4000 Lux with a light-dark cycle

of 16-8 hours. The temperature in the growth chamber was regulated at 28
◦
C when the

light was on and at 22
◦
C with the light off. Cells were counted as a function of culture

time with a hemocytometer (Thoma, Paul Marienfeld GmbH & Co. KG), the results of

which are shown in Fig. 5.6B. Initial cell culture was performed for five different strains

of microalgae, before selecting Scenedesmus sp. as the strain of choice for the experiments

reported in this paper, as explained in section 5.5.1.

5.4.2 Magnetic actuation setup

The homebuiltmagnetic actuation setup (shown in Fig. 5.1G) was comprised of amanual

linear XYZ translational stage at the bottom, an electric motor in the middle, an magnet

mounted off-axis on themotor, and a safety box containing the supporting plane on top of

which the chip containing theMAC could be placed. The magnet, which had a geometry

of 20×20×10 mm
3
with a remnant flux density of 1.3 T, was positioned at an offset of

r=6.5 mmwith respect to its rotation axis. The center of the ciliated surface was vertically

aligned with the center of the magnet (when the magnet is in its rightmost position as

in Fig. 5.1G), i.e. d=r=6.5 mm. The supporting plane was a transparent glass plate of

thickness of 1.5 mm, coated with a layer of PDMS (100 µm, Base to Curing Agent weight

ratio = 10:1, cured at 80
◦
C for 3 hours). A high-speed camera (Phantom V9) mounted

on a stereo microscope (Olympus SZ61) was used to capture the movement of the MAC

from right above by taking image sequences at a frame rate of 1000 fps.

5.4.3 Characterization of the flow generated by the MAC

The flow was characterized at specific flow observation areas, indicated in Fig. 5.1C.
The liquid we used was deionized water and the flow speeds were visualized by seeding

the fluid with 12 µmpolystyrene tracer particles (micromod Partikeltechnologie GmbH).

A high-speed camera (Phantom V9) connected to a stereo microscope (Olympus SZ61)

was used to record the movement of the tracer particles by taking image sequences at a
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specific frame rate of 100 fps for the central area in the ciliated region, and 10 fps for the

bare PDMS area. The speed of the tracer particles on the PDMS substrate surface in the

central area surrounded by the MAC, and in the geometrical center of the microfluidic

channel in the bare PDMS area (i.e. at a height of 1mm above the channel floor where the

flow speeds are the highest) was measured by a Manual Tracking analysis using ImageJ.

5.4.4 Experimental process of antifouling and self-cleaning experiments

Before starting a new experiment, the microfluidic chip, the supporting glass plate and a

syringe with a needle were sterilized with 70% Ethanol and UV light. After sterilization,

the medium containing the algae with a density of 1×104 cells/µL was injected with

the sterilized syringe into the sterilized chip under a sterile laminar flow hood. Then

the sample was transferred to the actuation setup (Fig. 5.1G). In the “antifouling”

experiments, the MAC were immediately actuated at 40 Hz to perform the tilted conical

motion as shown in Fig. 5.1E and Fig. 5.1F. Light was provided by two light bulbs

(Philips GreenPower LED flowering lamp deep red/white/far red) with a light-dark

cycle of 12-12 hours and a light intensity of 9000 Lux, so that the algae could perform

photosynthesis. The temperature in the growth chamber as shown in Fig. 5.1G was

regulated at 28
◦
C when the light was on and at 22

◦
C with the light off. Another chip

containing pure (non-magnetic) PDMS pillars with the same dimension as the MACwas

placed near the chip containing the MAC, as a control experiment. Due to the fact that

PDMS is gas permeable, medium did evaporate during the experiments and bubbles

were generated from both medium evaporation and photosynthesis of the algae. To

ensure there was enough culturing medium in the chip, medium was carefully added

every 2 days into the chip to remove all of the bubbles (no algae were flushed out of the

chip) under a sterile laminar flow hood. Each type of experiment was performed at least

three times in the same way. A microscope (Keyence VHX-5000 Digital Microscope) was

used to take bright-field images of the observation areas as indicated in Fig. 5.1C. The
algae are fluorescent and therefore they can be observed and analyzed clearly using a

fluorescent microscopy. A camera (Leica DFC9000 GT) mounted on another microscope

(Leica DM4000 M) was used to capture fluorescent images of the observation areas. The

used filter cube was LEICA I3 (11513878 BZ: 01), which is composed of a bandpass

excitation filter (450-490 nm), a dichromatic mirror (510 nm), and a longpass suppression

filter (515 nm).

The only difference between the self-cleaning experiments and the antifouling

experiments was that, in the self-cleaning experiments, the actuation of the MAC was

started one week after the microfluidic chip was injected with the algae and placed

in the actuation setup, to leave the algae growing under static conditions, rather than

immediately after placing the chip in the growth chamber. During the first week of static

growth, the algae were subject to the same light and temperature condition as those

during the actuation of MAC, and the medium in the chip was refreshed every 2 days

like described above.

5.4.5 Method to quantify the antifouling and self-cleaning capabilities

The obtained bright-field microscopy images were quantitatively analyzed in the

following way. First, the RGB values of each pixel of the experimental images
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were extracted and analyzed using an in-house developed algorithm (see ESI 5.4).
Subsequently, through a systematic exploration of the most distinguishing image

features, we found that the key to identifying the degree of pollution was the ratio

between the G value and the B value, since the R value barely varied for all polluted

situations of different levels. Then, the pollution condition of the observed areas was

classified into three levels as shown in Table 5.1: unpolluted, normally polluted and

heavily polluted. We defined the pollution condition in this way because the processed

images generated with the indicated data matched best with the original experimental

images (see Fig. 5.12). The generation of the images was done in the following way. The

unpolluted area was colored white with the RGB values of (255, 255, 255); the normally

polluted area was colored greenish with the RGB values of (100, 200, 100); and the

heavily polluted area was colored completely green with the RGB values of (0, 255, 0).

Afterwards, the antifouling/self-cleaning capabilities were quantified as

Cleanness = 1 −
A
heavily

+ 1
2Anormally

A
total

(5.1)

where Atotal is the total observation area, Aheavily is the area of heavily polluted surface,

Anormally is the area of normally polluted surface. As a result, the range of the Cleanness
is [0, 1]. Cleanness = 1 means there are no algae at all within the observation area, i.e.

the observation area is completely clean; Cleanness = 0 means that the whole observation

area is heavily polluted. Finally, substitution of the pixel numbers of the three kinds of

areas into the formula, resulted in a quantitativemeasure of the antifouling/self-cleaning

capabilities of an experiment.

Table 5.1. Definition of the pollution condition of the observed areas.
Pollution Condition Bright-field images Fluorescent images

Ratio between G value to B value Range of pixel values

Unpolluted [0, 1.1) [0, 12000)

Normally polluted [1.1, 1.6) [12000, 45000)

Heavily polluted [1.6,∞) [45000, 65536]

The fluorescent images were quantified in the following way. First, the pixel values

(representing the brightness or intensity) of the fluorescent images were extracted using

the imread function in MATLAB. Subsequently, by comparing the fluorescent images

with the bright-field images, it was concluded that a higher pixel value means that this

pixel is more heavily polluted. Therefore, the pixel values can be used to distinguish

unpolluted, normally polluted and heavily polluted areas. Note that the obtained

fluorescent images are flood fill images, which have pixel values ranging from 0 to

65536. This range is much larger than the RGB value range of the bright-field images,

which contributes to a much higher precision in distinguishing the pollution condition.

Then, the pollution condition was defined and summarized in Table 5.1. Afterwards,
the antifouling/self-cleaning capabilities were quantified using the same equation as for

the bright-field images, i.e. Eq. 5.1. Finally, by substituting the pixel numbers into the
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formula, we obtained the antifouling/self-cleaning capabilities of an experiment. The

obtained data were plotted into figures. Each data point was obtained by averaging the

results of both the bright-field and fluorescent images of at least three identically but

separately performed experiments.
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5.5 Appendix

5.5.1 Algae culturing – different algae strains

Five different strains of microalgae were cultured: (1) Raphidocelis subcapitata, (2)

Scenedesmus sp., (3) Monoraphidium griffithii, (4) Scenedesmus quadricauda, and (5)

Chlorella luteoviridis. The culture medium for Raphidocelis subcapitata was EG:JM (see

https://www.ccap.ac.uk/media/documents/EG_JM.pdf). For the rest, the medium

was 3NBBM+V (see https://www.ccap.ac.uk/media/documents/3N_BBM_V.pdf). The

home-built culturing system is shown in Fig. 5.6A. The growth of these algae as a

function of culture time is shown in Fig. 5.6B. We chose Scenedesmus sp. for experiments

because they create fouling the fastest as shown in Fig. 5.6C.

Figure 5.6: A A photo of the home-built algae culture system, described in section 5.4. (B) Growth curve

of the cultured algae over a period of 5 days. The algae were counted using a hemocytometer (Thoma, Paul

Marienfeld GmbH & Co. KG). (C) Photos of the five different strains of algae in the culture flask after 1 month

of culture, showing that only the Scenedesmus sp. create fouling films on the wall of the flask.
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5.5.2 Fabrication of MAC

The MAC used in this article are the so-called LAP MAC (MAC with linearly aligned

magnetic particles along the cilia’s long axis) reported in our previous study [45].

The fabrication process of the MAC can be summarized as follows (Fig. 5.7): (1) A
mold, featured with an array of microwells of 10×10 rows with the central 4×4=16
microwells “absent”, was fabricated using standard photolithography. (2) A uniform

precursor mixture of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Base

to Curing Agent weight ratio is 10:1) and superparamagnetic microparticles (Carbonyl

iron powder, CIP, 99.5%, SIGMA-ALDRICH) was casted onto the mold, followed by a

degassing procedure. The weight ratio between PDMS and CIP was 1:2. (3) The excess

magnetic mixture outside the micro-wells was removed. (4) Pure PDMS (Base to Curing

Agent weight ratio = 10:1) was casted onto the mold. After degassing the pure PDMS

layer was defined to a thickness of 100 µm by spin-coating at a rotating speed of 500 rpm

for 50 s. (5) A permanent magnet with a size of 15×15×8 mm
3
and a remnant flux density

of 1.2 T was put underneath the mold in order to align the magnetic particles within the

mold. The sample was left in an oven at 80
◦
C for 3 hours to cure the mixture. (6) The

cured pure PDMS layer with PDMS-CIP micropillars was peeled off the mold. Finally,

the MAC with the same geometry as the mold, namely a diameter of 50 µm and a height

of 350 µm, were obtained (Fig. 5.1A), “standing” on a transparent PDMS base substrate.

By fabricating molds featured with microwells of different pitches, MAC with variable

pitches of 250, 350, and 450 µm, respectively, were molded. The magnetic properties and

the bending performance of the artificial cilia were reported in our earlier paper [45].

Figure 5.7: Schematics of the fabrication process of the MAC. The illustration is not to scale. Reproduced with
permission from ref. [45]. Copyright 2018, Elsevier B.V.

5.5.3 Antifouling capability of the “fully-ciliated surfaces”

Fig. 5.8A shows an SEM image of the “fully-ciliated surface” that is covered with MAC

arranged in a staggered configuration with a pitch of 450 µm. The total amount of cilia

was 181. The ciliated surface was integrated in a closed circular microfluidic chip with

a rectangular cross section with a channel width of 7.5 mm and a channel height of 2

mm (Fig. 5.8B). The chip was filled with algae Scenedesmus sp. (Fig. 5.1D) suspended

in the culture medium (concentration: 1×104 cells/µL), see section 5.4 for details on the

algae culture. The MACwere actuated to perform a tilted conical motion (Fig. 5.8C) by a
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Figure 5.8: The antifouling capability of the "fully-ciliated surfaces". (A) A top-view SEM image of the fully

ciliated surface covered with MAC arranged in a staggered configuration. The MAC have a pitch of 450 µm.

The total amount of cilia is 181. (B) Schematic drawing of the circular microfluidic chip integrated with the

“fully-ciliated surface”, indicating the location of the ciliated surface area and the observation area. The height

of the chip is 2 mm. The red arrow denotes the direction of the effective stroke of the cilia motion. (C) A
top-view image of the motion of the rotating MAC at 40 Hz in water. The image is composed of 25 overlapping

frames in one actuation cycle. The red arrow indicates the direction of the effective stroke. (D) Bright-filed

microscopy images of one recorded antifouling experiment (top) and one control experiment (bottom) of the

"fully-ciliated surface" at the observation areas indicated in panel B, over a period of 28 days. All scale bars are

300 µm. (E) A broader bright-field microscopy image of the antifouling experiment with the fully ciliated area

after 28 days, showing that the fully ciliated area is almost perfectly clean from a comparison with the clean

PDMS part. In the bright-field images, the green dots are the algae, and the color of clean PDMS is grey.

homebuilt magnetic setup (Fig. 5.1G), see section 5.4 for details) at a constant revolution
frequency of 40 Hz. The antifouling results of the “fully-ciliated surface” are shown in

Fig. 5.8D. Fig. 5.8E shows a broader bright-field microscopy image of the experiment

after 28 days of actuation. It is clear that the whole ciliated area is almost completely

clean after one week of actuation. This is probably because the MAC motion-generated

hydrodynamic shear forces are strong enough to overcome the adhesive strength between

the algae and the PDMS surface. Specifically, when the MAC sweep close to the PDMS

substrate (during the recovery stroke) the MAC can generate substantial local flow in the

ciliated area with a maximal speed of approximately 6×104 µm/s (the maximal speed of

the cilia tip during the recovery stroke) [45]. This is one order of magnitude larger than

the local flowwithin the central unciliated area (Fig. 5.4B), and two orders of magnitude

larger than the global flow in the chip (Fig. 5.4C); and it can impose stronger shear forces

on the algae lying on the ground.
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Based on the findings in our earlier work [43], we speculate that the “fully-ciliated

surface” is able to remove and/or exclude larger micro-fouling agents than we used here

(12 µm in average) as well as macro-fouling agents.

5.5.4 Antifouling capability of the “partially-ciliated surfaces”

Figure 5.9: Bright-field microscopy images of one recorded antifouling experiment of the "partially-ciliated

surfaces", at the observation areas indicated in Fig. 5.1C, over a period of 28 days, corresponding to the

fluorescent images in Fig. 5.2. The MAC have a pitch of 450 µm. All scale bars are 300 µm. In the bright-field

images, the green dots are the algae, and the color of clean PDMS is grey.

5.5.5 Calculation of the hydrodynamic shear force acting on the algae

The hydrodynamic shear force was derived from the following equation:

F = τA = µA
dv

dy

where τ is the hydrodynamic shear stress, A is the cross section area of the alga (it was

measured to be 60×10-12 m
2
using ImageJ), µ is the dynamic viscosity of the medium

(here we assumed it is the same as that of water, which is 8.9×10-4 Pa·s), v is the velocity

of the generated flow by the MAC motion, and y is the height above the floor (here we

took y=6 µm, halve of the average length of algae Scenedesmus sp.). We simply assumed

that the local flow speed vwas proportional to the height y. Since the flow generated by

the MAC was around 3×103 µm/s at the height of 6 µm as shown in Fig. 5.4B, thus

F =
(
8.9 × 10−4Pa · s

)
·
(
60 × 10−12m2) · 3 × 103 µms

6µm
≈ 30pN.
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5.5.6 Self-cleaning capability of the “partially-ciliated surfaces”

Figure 5.10: Bright-field microscopy images of one recorded self-cleaning experiment of the "partially-ciliated

surfaces", at the observation areas indicated in Fig. 5.1C, over a period of 21 days, corresponding to the

fluorescent images in Fig. 5.5. The MAC have a pitch of 450 µm. All scale bars are 300 µm. In the bright-field

images, the green dots are the algae, and the color of clean PDMS is grey.

5.5.7 Self-cleaning capability of the “partially-ciliated surfaces” at a
periodical actuation mode

Figure 5.11: Bright-field microscopy images of one recorded self-cleaning experiment of the "partially-ciliated

surfaces" at a periodical actuation mode, at the observation areas indicated in Fig. 5.1C, over a period of 21

dayswith a 16 hours on / 8 hours off duty cycle. The MAC have a pitch of 250 µm. All scale bars are 200 µm.

The green dots are the algae, and the color of clean PDMS is grey.

5.5.8 Verification of the image processing method

Fig. 5.12 shows a typical comparison between an original microscopy image and the

processed image using themethodmentioned in section 5.4. It is clear that the processed
image captures almost all the main characteristics of the distribution of algae in the

original image, which proves the credibility of the processing method.

5.5.9 Electronic supplementary information

All experimental movies were recorded using a high-speed camera (Phantom V9)

mounted a stereo microscope (Olympus SZ61). The magnetic artificial cilia (MAC) in

the movies have a diameter of 50 µm, a height of 350 µm and a pitch of 350 µm, and they
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Figure 5.12: Comparison between (A) an original bright-field microscopy image and (B) the corresponding

processed image obtained using the method mentioned in section 5.4. The original image is a bright-filed

microscopy image of one recorded antifouling experiment at the bare PDMS area in the ciliated chip after 7

days of actuation. The MAC have a pitch of 350 µm.

Figure 5.13: QR codes for electronic supplementary materials.

perform the tilted conical motion as shown in Fig. 5.1E and Fig. 5.1F. The white particles

are 12 µm polystyrene tracer particles (micromod Partikeltechnologie GmbH).

You can access the electronic supplementary materials by clicking the title or scan the

assigned QR code in Fig. 5.13.

Movie ESI 5.1Ahigh-speed video showing the cilia motion generated flow on the PDMS

substrate surface in the central unciliated area as shown in Fig. 5.1C. The progressive

lines with numbers (1 to 8) at the head show individual trajectories of the traced particles,

which also indicate the locations of the measured flow plotted in Fig. 5.4B. Since the

camerawas focusing on the PDMS substrate, thus the height of themeasured flow equals

the diameter of the tracer particles, which is 6 µm.

Movie ESI 5.2 A high-speed video showing the flow generated by the MAC both in and

out of the ciliated area.

Movie ESI 5.3A high-speed video showing the cilia motion generated global flow in the

bare PDMS area as shown in Fig. 5.1C. The progressive lines are the trajectories of the

traced particles at the geometric center (i.e. at the height of 1 mm) of the channel.
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ESI 5.4 The in-house developed algorithms used in this article to quantitatively analyze

the obtained microscopy images (see also section 5.4). For both the bright-field and

fluorescent images, there are three MATLAB codes named ArtificialCilia, CleanIndex

and ScreenedImage, respectively. Only the code named ArtificialCilia need to be run.

There are also a group of images for each type of image enclosed in the same folder as

examples to show how the codes work.

147

https://www.dropbox.com/s/52yjew0mticvxjz/ESI4.zip?dl=0


5

148



5

149

Bibliography
1. Kirschner, C. M. & Brennan, A. B. Bio-Inspired Antifouling Strategies. Annual

Review of Materials Research 42, 211–229. issn: 1531-7331 (2012).

2. Chambers, L. D., Stokes, K. R., Walsh, F. C. & Wood, R. J. Modern approaches to

marine antifouling coatings. Surface and Coatings Technology 201, 3642–3652. issn:

02578972 (2006).

3. Callow, M. E., Callow, J. A., Pickett-Heaps, J. D. &Wetherbee, R. Primary adhesion

of enteromorpha (chlorophyta, ulvales) propagules: quantitative settlement studies

and video microscopy. J. Phycol 33, 938–947 (1997).

4. Abarzua, S. & Jakubowski, S. Biotechnological investigation for the prevention of

biofouling. I. Biological andbiochemical principles for theprevention of biofouling.

Marine Ecology Progress Series 123, 301–312 (1995).

5. Roberts, D., Rittschof, D., Holm, E. & Schmidt, A. R. Factors influencing initial

larval settlement: temporal, spatial and surface molecular components. Journal of
Experimental Marine Biology and Ecology 150, 203–221. issn: 00220981 (1991).

6. Wahl, M. Marine epibiosis. I. Fouling and antifouling: some basic aspects. Marine
Ecology Progress Series 58, 175–189 (1989).

7. Mukhopadhyay, R. When microfluidic devices go bad. How does fouling occur in

microfluidic devices, and what can be done about it? Anal. Chem. 77, 429A–432A

(2005).

8. Delauney, L., Compare, C. & Lehaitre, M. Biofouling protection for marine

environmental sensors. Ocean Science 6, 503–511. issn: 18120784 (2010).

9. Schultz, M. P. Effects of coating roughness and biofouling on ship resistance and

powering. Biofouling 23, 331–341. issn: 08927014 (2007).

10. Schultz, M. P., Bendick, J. A., Holm, E. R. & Hertel, W. M. Economic impact of

biofouling on a naval surface ship. Biofouling 27, 87–98. issn: 08927014 (2011).

11. Otani,M. et al.Occurrence and diversity of barnacles on international ships visiting

Osaka Bay, Japan, and the risk of their introduction. Biofouling 23, 277–286. issn:

08927014 (2007).

12. Yamaguchi, T. et al. The introduction to Japan of the Titan barnacle, Megabalanus

coccopoma (Darwin, 1854) (Cirripedia: Balanomorpha) and the role of shipping in

its translocation. Biofouling 25, 325–333. issn: 08927014 (2009).

13. Pettengill, J. B.,Wendt,D. E., Schug,M.D.&Hadfield,M.G. Biofouling likely serves

as a major mode of dispersal for the polychaete tubeworm Hydroides elegans as

inferred from microsatellite loci. Biofouling 23, 161–169. issn: 08927014 (2007).

14. Piola, R. F. & Johnston, E. L. The potential for translocation of marine species

via small-scale disruptions to antifouling surfaces. Biofouling 24, 145–155. issn:

10292454 (2008).

149



5

15. Callow, J. A.&Callow,M. E. Trends in the development of environmentally friendly

fouling-resistantmarine coatings.Nature Communications 2, 210–244. issn: 20411723
(2011).

16. Barthlott, W. & Neinhuis, C. Purity of the sacred lotus, or escape from

contamination in biological surfaces. Planta 202, 1–8. issn: 0370-291X (1997).

17. Burton, Z. & Bhushan, B. Surface characterization and adhesion and friction

properties of hydrophobic leaf surfaces. Ultramicroscopy 106, 709–719. issn:

03043991 (2006).

18. Bhushan, B. Biomimetics: lessons from nature - an overview. Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences
367, 1445–1486. issn: 1364503X (2009).

19. Koch, K. & Barthlott, W. Superhydrophobic and superhydrophilic plant surfaces:

An inspiration for biomimeticmaterials.Philosophical Transactions of theRoyal Society
A: Mathematical, Physical and Engineering Sciences 367, 1487–1509. issn: 1364503X

(2009).

20. Bixler, G. D., Theiss, A., Bhushan, B. & Lee, S. C. Anti-fouling properties of

microstructured surfaces bio-inspired by rice leaves and butterfly wings. Journal of
Colloid and Interface Science 419, 114–133. issn: 00219797 (2014).

21. Bixler, G. D. & Bhushan, B. Rice and butterfly wing effect inspired low drag and

antifouling surfaces: A review. Critical Reviews in Solid State and Materials Sciences
40, 1–37. issn: 15476561 (2015).

22. Wahl, M., Kröger, K. & Lenz, M. Non-toxic protection against epibiosis. Biofouling
12, 205–226. issn: 08927014 (1998).

23. Stafford-Smith,M.G.&Ormond,R. F. Sediment-rejectionmechanismsof 42 species

of australian scleractinian corals. Marine and Freshwater Research 43, 683–705. issn:

13231650 (1992).

24. Ruppert, E. E., Fox, R. S. & Barnes, R. D. Invertebrate zoology: a functional evolutionary
approach (Brooks Cole Thomson, Belmont, CA, 2004).

25. Clifford, D. Antony van Leeuwenhoek and his "Little animals" (Russel & Russel

Publishers New York, 1932).

26. Den Toonder, J. M. J. & Onck, P. R. Artificial Cilia isbn: 9781849737098 (RSC

Publishing, Cambridge, 2013).

27. Blake, J. R. & Sleigh,M. A.Mechanism of ciliary locomotion. Biol . Rev. Camb. Philos.
Soc. 49, 85–125 (1974).

28. Fauci, L. J. & Dillon, R. Biofluidmechanics of reproduction. Annual Review of Fluid
Mechanics 38, 371–394. issn: 0066-4189 (2005).

29. Lyons, R. A., Saridogan, E. & Djahanbakhch, O. The reproductive significance of

human Fallopian tube cilia.Human Reproduction Update 12, 363–372. issn: 13554786

(2006).

30. Enuka, Y., Hanukoglu, I., Edelheit, O., Vaknine, H. & Hanukoglu, A. Epithelial

sodium channels (ENaC) are uniformly distributed on motile cilia in the oviduct

and the respiratory airways. Histochemistry and Cell Biology 137, 339–353. issn:

09486143 (2012).

150



5

31. Sleigh, M. A. Adaptations of ciliary systems for the propulsion of water and

mucus. Comparative Biochemistry and Physiology – Part A: Physiology 94, 359–364.
issn: 03009629 (1989).

32. Riisgard, H. U. & Larsen, P. S. Minireview: Ciliary filter feeding and bio-

fluid mechanics - Present understanding and unsolved problems. Limnology and
Oceanography 46, 882–891. issn: 0024-3590 (2001).

33. Romero, M. R., Kelstrup, H. C. & Strathmann, R. R. Capture of particles by direct

interception by cilia during feeding of a gastropod veliger. Biological Bulletin 218,
145–159. issn: 00063185 (2010).

34. Labarbera, M. Feeding currents and particle capture mechanisms in suspension

feeding animals. Anim. Am. Zool 24, 71–84. issn: 15407063 (1984).

35. Taghon, G. L. Optimal foraging by deposit-feeding invertebrates: Roles of particle

size and organic coating. Oecologia 52, 295–304. issn: 00298549 (1982).

36. Jumars, P. A., Self, R. F. & Nowell, A. R. Mechanics of particle selection by

tentaculate deposit-feeders. Journal of Experimental Marine Biology and Ecology 64,
47–70. issn: 00220981 (1982).

37. Fritz, L. W., Lutz, R. A., Foote, M. A., van Dover, C. L. & Ewart, J. W. Selective

Feeding and Grazing Rates of Oyster (Crassostrea virginica) Larvae on Natural

Phytoplankton Assemblages. Estuaries 7, 513–518. issn: 01608347 (1984).

38. Masoud, H. & Alexeev, A. Harnessing synthetic cilia to regulate motion of

microparticles. Soft Matter 7, 8702–8708. issn: 1744683X (2011).

39. Dayal, P., Kuksenok, O., Bhattacharya, A. & Balazs, A. C. Chemically-mediated

communication in self-oscillating, biomimetic cilia. Journal of Materials Chemistry
22, 241–250. issn: 09599428 (2012).

40. Balazs, A. C., Bhattacharya, A., Tripathi, A. & Shum, H. Designing bioinspired

artificial cilia to regulate particle-surface interactions. Journal of Physical Chemistry
Letters 5, 1691–1700. issn: 19487185 (2014).

41. Tripathi, A., Shum, H. & Balazs, A. C. Fluid-driven motion of passive cilia enables

the layer to expel sticky particles. Soft Matter 10, 1416–1427. issn: 17446848 (2014).

42. Semmler, C. & Alexeev, A. Designing structured surfaces that repel fluid-borne

particles. Physical Review E - Statistical, Nonlinear, and Soft Matter Physics 84, 1–6.
issn: 15393755 (2011).

43. Zhang, S., Wang, Y., Onck, P. R. & den Toonder, J. M. Removal of Microparticles

by Ciliated Surfaces—an Experimental Study. Advanced Functional Materials 29,
1806434. issn: 16163028 (2019).

44. Ben, S. et al. Cilia-inspired flexible arrays for intelligent transport of viscoelastic

microspheres. Advanced Functional Materials 28, 1706666. issn: 16163028 (2018).

45. Zhang, S., Wang, Y., Lavrĳsen, R., Onck, P. R. & den Toonder, J. M. Versatile

microfluidic flow generated by moulded magnetic artificial cilia. Sensors and
Actuators, B: Chemical 263, 614–624. issn: 09254005 (2018).

46. Downton, M. T. & Stark, H. Beating kinematics of magnetically actuated cilia. Epl
85. issn: 02955075 (2009).

151



5

47. Den Toonder, J. M. J. et al. Artificial cilia for active micro-fluidic mixing. Lab on a
Chip 8, 533–541. issn: 14730189 (2008).

48. Wang, Y., Gao, Y., Wyss, H., Anderson, P. & den Toonder, J. M. J. Out of the

cleanroom, self-assembled magnetic artificial cilia. Lab on a Chip 13, 3360–3366.
issn: 14730189 (2013).

49. Wang, Y., Gao, Y., Wyss, H. M., Anderson, P. D. & den Toonder, J. M. J. Artificial

cilia fabricated using magnetic fiber drawing generate substantial fluid flow.

Microfluidics and Nanofluidics 18, 167–174. issn: 16134990 (2014).

50. Oh, K., Chung, J. H., Devasia, S. & Riley, J. J. Bio-mimetic silicone cilia for

microfluidic manipulation. Lab on a Chip 9, 1561–1566. issn: 14730189 (2009).

51. Oh, K., Smith, B., Devasia, S., Riley, J. J. & Chung, J. H. Characterization of mixing

performance for bio-mimetic silicone cilia.Microfluidics and Nanofluidics 9, 645–655.
issn: 16134982 (2010).

52. Gorissen, B., De Volder, M. & Reynaerts, D. Pneumatically-actuated artificial cilia

array for biomimetic fluid propulsion. Lab on a Chip 15, 4348–4355. issn: 14730189

(2015).

53. Branscomb, J. & Alexeev, A. Designing ciliated surfaces that regulate deposition of

solid particles. Soft Matter 6, 4066–4069. issn: 1744683X (2010).

152



6

6 | Conclusions and outlook

6.1 Conclusions
Artificial cilia have been experimentally demonstrated to be a versatile tool, offering

solutions for a series of tasks and applications including particle/cell capture and

sorting [1], mechanical and chemical sensing [2–5], creating switchable wettability

[6] or reversible adhesion [7], supporting catalysis [8, 9], making superhydrophobic

surfaces [10], fluidmixing and pumping [11–13], and droplet and particle transportation

[14–17]. Through numerical simulations, artificial cilia have been shown to be capable

of expelling particles and model swimmers from the ciliated area in both active and

passive ways [18–22]. In this study, we have experimentally demonstrated that artificial

cilia are able to manipulate particles in a controllable way, focusing on particle and

microorganism removal to create a self-cleaning area, and on controlled directional

particle transportation, for example for targeted drug delivery or antifouling. These

results extend the versatility of artificial cilia, and bring the concept of controlled particle

transportation and self-cleaning and antifouling by ciliated surfaces closer to a broad

range of real life applications such as lab-on-a-chip devices, marine sensors, water quality

analyzers and submerged constructions.

In chapter 2, a novel facile, highly reproducible micro-molding process was introduced

to fabricate geometrically well-defined magnetic artificial cilia (MAC, with a diameter,

a height and a pitch of 50 µm, 350 µm and 350 µm, respectively) on a transparent,

non-magnetic base substrate. Three types of MAC were successfully created, namely

MAC with a random magnetic particle distribution (standard MAC), MAC with a

linearly alignedmagnetic particle distribution (LAPMAC), andMACwith a concentrated

magnetic particle distribution in the cilia tips (CP MAC). We found that the LAP MAC

have superior magnetic properties and corresponding actuation capabilities through

magnetization measurements in combination with the characterization of the cilia

deformation in a static magnetic field. Specifically, the LAP MAC can be actuated by

a rotating permanent magnet to perform a tilted conical motion with a maximal bending

angle of 72
◦
that is 60% and 150% larger than that of the standardMAC and the CPMAC,

respectively. This enables the LAP MAC to generate water flow speeds of up to 260

µm/s in a circular microfluidic channel, which corresponds to a pressure difference of

0.65 Pa and a volumetric flow rate of 40 µL/min. The generated pressure difference was

discovered to be constant in the same type of circularmicrofluidic devices, independent of

the channel’s geometry, as long as the ciliamotion is not diminished by the hydrodynamic

drag caused by the liquid. In a more complex chip with a branching channel network,

the LAP MAC are also capable of generating substantial circulatory flow. Our LAP

MAC outperform most of the previously published artificial cilia in terms of actuation

properties and fluid flow generation capabilities.

Moreover, the LAP MAC follow the magnetic field instantaneously, which was verified

using measurements of the speed of the cilia motion in conjunction with calculations

153



6

and COMSOL simulations of the time-dependent magnetic field that the cilia experience

during actuation. This granted the LAPMAC the capability of generatingwell-controlled

flows, e.g. direction-reversible flows, oscillating flows and pulsatile flows, which are out

of reach when using conventional pumps such as a commercial syringe pump system.

Compared to other pumpingmethods, our on-chip/in-situ cilia-basedmicro-pump does

not need tubing or electric connections, which, therefore, allows for the construction

of a more compact system, reducing the usage of reagents by reducing dead volumes,

avoiding undesirable electrical effects, and accommodating a wide range of fluids.

In chapter 3, the LAP MAC were shown to possess the capacity of self-cleaning through

removing polylactic acid (PLA) microparticles and sand grains from the ciliated surface

area due to cilia motion induced hydrodynamic shear forces and mechanical pushing

forces acting on the particles. This is demonstrated for two types of ciliated surfaces,

namely a surface region fully covered with orthogonally arranged MAC, the “fully-

ciliated surface”, and a bare unciliated central region surrounded by rows of MAC, the

“partially-ciliated surface”. The fully-ciliated surface is able to remove the vast majority

of a large size range (30 to 500 µm) of micro-particles when the MAC, with a diameter of

50 µm, a length of 350 µm and a pitch between 250 and 450 µm, perform an inclined tilted

cone (ITC) motion at 40 Hz. The direction of the effective stroke of the ITC motion has a

45
◦
anglewith respect to the edge of the ciliated area. Particularly, all particles that are too

large to enter the space between the cilia can be expelled. Only particles with a diameter

equal to or much smaller than the cilia pitch cannot be easily removed. In addition, the

fully-ciliated surface can remove all irregular-shaped sand grains in both water and air.

The partially-ciliated surface has the capacity to remove over 99% of particles from the

central unciliated region, creating an almost completely clean area, for unciliated areas

at least as large as 4 mm
2
. Besides the particle-removal capability, the LAP MAC were

also demonstrated to be capable of preventing particles from entering the ciliated area

in the first place, i.e. “particle exclusion” or antifouling. These findings provide a novel

method to create self-cleaning/antifouling surfaces.

In chapter 4, we demonstrated that the LAPMAC can be harnessed to transport particles

along designated directions on top of cilia tips by combining experiments and numerical

modeling. Specifically, by performing the tilted conical motion induced by a rotating

magnet, the MAC array is able to transport PLA particles with a diameter ranging from

1 to 2 times the cilia pitch at a speed of up to 800 µm/s along predefined directions

in water; the mechanism also works in air, at somewhat lower speed. Experiments

showed that the pushing from the cilia behind the particle and the pulling from the cilia

in front of the particle play an important role in the successful particle transportation.

Experiments and numerical simulations showed that the adhesion and friction between

the particles and the cilia are also among the crucial ingredients of the mechanism

of transportation. The transportation direction is defined by the combination of tilting

direction and effective stroke direction of theMAC,which can be controlled by tuning the

positionof the actuatingmagnet and its rotatingdirection, respectively. Wedemonstrated

the unique ability of this systemby transporting particles along designated paths over the

2D ciliated area. These findings offer great potential to enhance applications in diverse

fields in which control of particles is relevant, including drug delivery, cell analyses,

microfluidics and self-cleaning and antifouling in both dry and wet conditions.
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In chapter 5, we showed the self-cleaning andantifoulingproperties of artificial cilia using

real fouling agents – microalgae, since algae are very common fouling agents found in

nature. The ciliated surfaces used were the “partially-ciliated surface”, and the MAC

were actuated to perform the ITC motion at 40 Hz within a circular microfluidic chip. It

was found that the MAC can remove over 99% of the algae from the central unciliated

area after two weeks of actuation for scenarios of (1) actuating the cilia immediately

after injecting the algae into the chip, which we term “antifouling”, and (2) actuating the

cilia one week after injecting the algae into the chip and leaving them growing in static

conditions, which we term “self-cleaning”. We believe that the hydrodynamic shear

forces acting on the algae, induced by the flow generation by the cilia motion, are the key

to the efficient antifouling and self-cleaning we observed. These findings and insights

could potentially lead to novel types of self-cleaning and antifouling strategies, which

may create important positive impact for different fields and industries.

6.2 Outlook
Ourwork brings the concepts of a fully integratedmicropump, based on artificial cilia, as

well as particle manipulation by artificial cilia, closer to real life applications. However,

more research needs to be performed and the experimental and modelling conditions

have to be extended to fully understand the working principle and applicability of

artificial cilia, in order to further enhance the versatility and applicability of artificial

cilia.

In chapter 2, we studied the flow generation capability of MAC using water. However,

in real applications many other types of liquids are used including liquids with much

higher viscosity than water such as glycerol, and non-Newtonian liquids such as blood

and saliva. Therefore, it is necessary to study the pumping efficiency of artificial cilia

usingdifferent types of liquids. In addition,metachronalmotion,where neighboring cilia

move with a certain phase difference, has been demonstrated to be more efficient than

the employed synchronized motion in terms of fluid pumping [23, 24]. Thus, another

interesting and relevant topic is the creation of the metachronal artificial cilia motion

and the corresponding capability of fluid pumping. Furthermore, in order to implement

the concept of fluid pumping by artificial cilia, it is necessary to better understand

the relationship between the flow rate and pressure drop, and the cilia motion, and to

compare thesewithbenchmark cases ofmicrofluidic pumping that usemore conventional

pumping approaches. Theoretical or computational models will be highly valuable to

describe this relationship.

In chapter 3 and chapter 5, we used magnetically actuated artificial cilia based on PDMS

to create self-cleaning surfaces through removing PLA particles andmicroalgae from the

ciliated surface area. One issue is themagnetic actuation, which is not suitable for certain

situations such as the antifouling of the hull of a ship. In this specific situation, passive

cilia that are simplymovedby ambient flowarepreferred. Balazs et al. havedemonstrated

the particle expelling capacity of passive cilia using numerical modelling [22]. Thus,

future work can be the experimental study of the feasibility of creating self-cleaning and

antifouling surfaces with passive cilia. Another issue is the use of PDMS that is known

as a material very easily contaminated by small molecule absorption and adsorption.

However, Amini et al. have shown that silicone oil infused PDMS is very effective to
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prevent the adhesion of mussel [25], which offers a possible solution for this problem.

So one topic of future research therefore could be the use of lubricate-infused PDMS, or

alternative materials, to create artificial cilia. Related to this, particle-cilia and particle-

surface adhesion are important; in chapter 3wehave lowered adhesion by adding sodium

dodecyl sulfonate (SDS) to the fluid. In the future, this topic should be addressed further

by tuning the surface energy of the cilia and the substrate surface in a more controlled

manner, tomodifyparticle-cilia andparticle-surface adhesion andquantitatively study its

effect on particle manipulation. Furthermore, for practical applications, it is important

to study the possibility of manipulation of even smaller particles and organisms than

we used (i.e. smaller than 30 and 12.5 µm, respectively). This will require further

miniaturization of the MAC, possibly down to the size of biological cilia (namely about

10 µmlong). Specifically, hierarchical surfaces, with smaller and shorter cilia integrated in

between larger and longer cilia, are probably better capable of expelling fouling agents.

Lastly, our experiments were all done with PLA particles and algae Scenedesmus sp.
at room temperature. For practical applications other types of particles (e.g. non-

viscoelastic) and organisms (e.g. larval of tubeworm and barnacle) should be tested too.

In addition, towards applications, testing in practically relevant circumstances (e.g. at

different temperatures or in fluids with varying salinity) and on real devices, and even

field tests, should be subjects of future research.

In chapter 4, we found indications that the adhesion and friction between the particle

and the cilia are among essential ingredients of the controlled particle transportation

mechanism. However, the quantitative relation between the adhesion and the transport

speed is still not completely clear. Moreover, some of the mechanical and magnetic

properties of the cilia (e.g. mechanical stiffness and magnetic susceptibility) used in

the numerical modelling are estimations. More experiments need to be done to more

precisely measure these mechanical and magnetic properties of the cilia. Additionally,

in this study the transport direction is restricted by the arrangement of the cilia, namely

to four discrete directions. Therefore, in order to be able to transport particles along

more directions, which will offer more flexibility of the transportation, different cilia

configurations should be designed and studied. Lastly, towards real applications, a

real-time detector and/or a feedback system for the control of the particle position may

contribute to the flexibility and accuracy of the system, since in our study this was done

manually while monitoring the particle by the eye.
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Public Summary
The fouling of surfaces submerged in a liquid is a serious problem to many applications,

such as underwater constructions, the hull of ships, and water quality analyzers.

Annually, biofouling costs up to $260M to the entire US Navy fleet, which accounted

for only 0.5% of the world fleet in terms of number of ships. The anti-fouling strategies

adopted to date are based on either chemical or physical mechanisms, which, however,

cannot deter the settlement and attachment of thewhole vast variety of biofouling agents.

Nature, after millions of years’ evolution, offers us a rich source of inspiration to solve

engineering and scientificproblems. Onenature inspiredmethod for antifouling and self-

cleaning is the use of cilia. Biological cilia are slender microscopic hair-like protrusions

of cells with a typical length between 2 and 15 µm, which have been found to exist

ubiquitously in nature. This organelle has evolved to possess versatile functionalities

including sensing, pumping, particle manipulation such as cell and food transportation

and antifouling. One representative example is the removal of mucus and toxic agents

out of the respiratory tract by motile cilia lining the windpipe and the lungs of the

human body, protecting us from affection. Another representative case is the rejection

of sand grains and fouling organisms by the continuous motion of cilia covering the

outer surfaces of marine mollusks and coral. All of these favorable functionalities are

dominated by the substantial local flow generated by the asymmetric motion of cilia in

combination with the direct contacting forces applied on the particles by cilia beating.

Inspired by these examples, researchers have demonstrated the capability of artificial

cilia to manipulate particles and repel fouling agents from the ciliated surface by means

of numerical simulation. However, few experimental studies have been performed to

verify these numerical results.

In order to bring the concept of creating antifouling and self-cleaning surfaces using

artificial cilia closer to real applications, we have performed experiments detailed in

this thesis. First of all, PDMS-based magnetic artificial cilia (MAC, diameter=50 µm,

height=350 µm) were created using a highly reproducible micromolding method. These

MACwere experimentally and theoretically demonstrated to have superiormagnetic and

actuation properties. They were able to exhibit a tilted conical motion with a maximal

bending angle of 72° under the actuation of an offset-positioned rotating permanent

magnet. Such a motion were shown to be capable of generating substantial versatile

flows in a circular microfluidic channel. Compared to other pumping methods, our

on-chip/in-situ cilia-based micro-pump does not need tubing or electric connections,

which, therefore, allows for the construction of a more compact system, reducing the

usage of reagents by reducing dead volumes, avoiding undesirable electrical effects, and

accommodating a wide range of fluids.

Subsequently, the possibility to create self-cleaning surfaces with the fabricated MAC

integrated in a microfluidic chip was studied. Polylactic acid particles (PLA) with a size

ranging from 30 µm to 500 µm were used as fouling representatives. The MAC were
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actuated by the same rotating permanent magnet to perform a either vertical or tilted

conical motion. The impact of the motion of the MAC, the actuation frequency, the

arrangement of the MAC and the adhesion strength between the MAC and the fouling

agents on the repelling efficiency of the particles was investigated. It was experimentally

proven for the first time thatMAC are able to removemicroparticles and sand grains from

the ciliated area. This was shown for two MAC configurations, namely a surface region

fully covered with orthogonally arranged MAC, the “fully-ciliated surface”, and a bare

unciliated central region surrounded by rows of MAC, the “partially-ciliated surface”.

These findings demonstrate that the ciliated surfaces are capable of creating a particle-

free clean surface area, which has relevant applications in lab-on-a-chip devices, marine

biofouling, and possibly also particle manipulation including sorting and collecting.

However, PLA fouling representation only partially captures real biofouling, because the

latter is a dynamic and complex process, with the real fouling agents often being active

agents producing metabolites such as proteins all the time. The secreted metabolites

can form a conditioning layer for subsequent attachment of larger and harder fouling

agents, which cannot be reproduced by synthetic microparticles as artificial fouling

agents. Therefore, the antifouling and self-cleaning capacities of the fabricated MAC

were further studied using real fouling agents - microalgae Scenedesmus sp. with an

average length of 12 µm. It was found that the MAC can remove over 99% of the

algae from the central unciliated area after two weeks of actuation for scenarios of (1)

actuating the cilia immediately after injecting the algae into the chip, which we term

“antifouling”, and (2) actuating the cilia one week after injecting the algae into the chip

and leaving them growing in static conditions, whichwe term “self-cleaning”. We expect

that the prevention of the microalgae attachment will deter the establishment of “soft”

and “hard” macrofouling. We believe that the hydrodynamic shear forces acting on the

algae, induced by the flow generation by the cilia motion, are the key to the efficient

antifouling and self-cleaning we observed.

Beside antifouling and self-cleaning, the fabricated MAC were also demonstrated to

be capable of transporting particles along designated directions on top of cilia tips.

Specifically, by performing the tilted conical motion induced by a rotating magnet, the

MAC array was able to transport PLA particles with a diameter ranging from 1 to 2 times

the cilia pitch at a speed of up to 800 µm/s along predefined directions in water; the

mechanism also works in air, at somewhat lower speed. The transportation direction

was defined by the combination of tilting direction and effective stroke direction of the

MAC, which could be controlled by tuning the position of the actuating magnet and its

rotating direction, respectively. We demonstrated the unique ability of this system by

transporting particles along designated paths over the 2D ciliated area. These findings

offer great potential to enhance applications in diverse fields in which control of particles

is relevant, including drug delivery, cell analyses, microfluidics and self-cleaning and

antifouling in both dry and wet conditions.

The ongoing research on artificial cilia, for antifouling and self-cleaning surface and for

controlled directional particle transportation, is potentially beneficial to a wide range of

applications and industries, such as biomedical research including drug delivery and

drug testing, and marine science. And the development in this work paves the way for

future implementation and optimization of these concepts in relevant disciplines.
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