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Abstract Microscopic hair-like structures, such as cilia,

exist ubiquitously in nature and are used by various

organisms for transportation purposes. Many efforts have

been made to mimic the fluid pumping function of cilia, but

most of the fabrication processes of these ‘‘artificial cilia’’

are tedious and expensive, hindering their practical appli-

cations. In this paper, an attractive and potentially cost-

effective, magnetic fiber drawing fabrication technique of

magnetic artificial cilia is demonstrated. Our artificial cilia

are able to generate a substantial fluid net flow velocity of

water of up to 70 lm/s (corresponding to a generated

volumetric flow rate about 0.6 lL/min and a pressure dif-

ference of about 0.04 Pa) in a closed-loop microfluidic

channel when actuated using an external magnetic field. A

detailed analysis of the relationship between the experi-

mentally observed cilia kinematics and corresponding

induced flow is in line with a previously reported theoret-

ical/numerical study.

Keywords Artificial cilia � Microfluidics � Actuators �
Flow generation

1 Introduction

Microscopic hair-like organelles protruding from eukary-

otic cells such as cilia and flagella exist ubiquitously in

nature. They are typically hundreds of nanometers thick

with lengths ranging from about 10 lm (for cilia) to mil-

limeters (flagella). One of their prominent functions is to

provide propulsion or transportation in a liquid environ-

ment. The waving motion of a sperm flagellum provides

life-critical motility. Paramecium, a single cell organism

widely found in ponds and rivers, possesses some 4,000

cilia on its surface; these cilia move in a concerted fashion

and optimized to propel the organism forward. Cilia cov-

ering the interior of human lungs and windpipes help to

sweep dust and mucus out of the body, while those lining

the surface of the female fallopian tube transport the ovum

from the ovary to the uterus.

Because of the small characteristic length scales of cilia

and flagella, they usually operate in a low Reynolds

number regime, where viscosity, rather than inertia, dom-

inates. Thus, a non-reciprocal motion needs to be adopted

in order to generate a transportation effect, as concluded by

Purcell in his ‘‘scallop theorem’’ (Purcell 1977). Indeed, for

example, the motion of a paramecium’s cilium can be

divided into two parts: (1) an effective stroke during which

they are straight and sweep widely in a plane perpendicular

to the surface, thus maximizing their influence on the

surrounding fluid; this effective stroke is followed by (2) a

recovery stroke in which the cilia are bent and move close

to the surface, thereby reducing their influence on the fluid.

As a result, paramecia are capable of swimming at a speed

on the order of 1 mm (or about ten times their body

lengths) per second.

Such high efficiency is much needed in lab-on-a-chip

applications, where small amounts of fluidic reagents must
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be transported and/or mixed for chemical synthesis or

analysis. Inspired by nature, various efforts have been

made to develop microactuators that mimic natural cilia

and flagella movements and to integrate these in micro-

fluidic devices for lab-on-a-chip applications (den Toonder

and Onck 2013).

Evans et al. (2007) used sacrificial porous polycarbonate

membranes as templates to fabricate magnetic polymer

composite nanorods that resemble natural cilia both in

terms of their size and aspect ratio. Vilfan et al. (2010)

exploited the self-assembly of magnetic beads and created

magnetically linked chains as artificial cilia anchored to

electroplated nickel dots. The same process was used by

Babataheri et al. with the additional use of a polymer

coating (polyacrylic acid) to link the chains permanently to

the substrate (Babataheri et al. 2011). We have recently

published a cleanroom-free in situ fabrication method

combining a similar self-assembly of magnetic microbeads

with electrostatic polymer coating techniques, avoiding

tedious and costly microfabrication requirements and

making a step toward practical implementation of artificial

cilia (Wang et al. 2013). The artificial cilia reported above

all have slender and cylindrical shape, and they were

actuated by an external magnetic field to perform a 3D

tilted conical motion, in an effort to mimic the movement

of natural cilia. The maximum induced fluid flow speeds

that were observed were also similar, namely in the order

of micrometers per second. Den Toonder et al. (2008)

fabricated microbeams, or ‘‘flaps’’, about ten times bigger

than natural cilia from bilayer films of polyimide and

chromium using microsystems technologies. These artifi-

cial cilia were integrated directly into a microfluidic

channel and actuated electrostatically between a bent and a

flat state at frequencies up to a 200 Hz, generating a sub-

stantial net flow velocity of more than 500 lm/s. Artificial

cilia of similar geometry and dimensions, but actuated

magnetically, were made by Belardi et al. (2011) using

poly-(n-butyl acrylate) rubber, doped with superparamag-

netic particles. These cilia could generate a net flow of up

to hundreds of lm/s when actuated using an external

rotating permanent magnet (Hussong et al. 2011). Artificial

flagella, rather than cilia, were made by Dreyfus et al.

(2005) by attaching DNA connected magnetic beads to a

red blood cell. In an oscillating magnetic field, the flagella

performed a wave-like motion and could drag the cell

through liquid at a speed up to 5 lm/s. In other studies,

light (van Oosten et al. 2009) and pH (Zarzar et al. 2011)

responsive artificial flagella and cilia were also made,

providing alternative means of actuation.

In most of the previously published work on artificial

cilia or flagella, a big drawback for real application is that

the fabrication techniques adopted are tedious and costly,

as they either require microsystem techniques like

photolithography (den Toonder et al. 2008; Vilfan et al.

2010; Fahrni et al. 2009; Belardi et al. 2011; Khaderi et al.

2011), or rely on expensive sacrificial materials (Evans

et al. 2007). In order to address this issue, our research is

aimed at fabricating artificial cilia in a cost-efficient,

cleanroom-free manner, while realizing an effective

pumping function that can be practically used in lab-on-a-

chip devices. Recently, we reported a self-assembling

in situ fabrication method of artificial cilia (Wang et al.

2013) able to generate a net flow of up to 5 lm/s. Although

the fabrication process is more cost-effective than for

earlier examples, (Hussong et al. 2011; Vilfan et al. 2010;

Evans et al. 2007; den Toonder et al. 2008) expensive

magnetic beads were used and the flow generated was

rather low for practical lab-on-a-chip applications.

Here, we report another fabrication method for magnetic

artificial cilia, using a polymer/magnetic microparticle

(iron powder) composite as precursor and a permanent

magnet to directly create artificial cilia by magnetic fiber

drawing, directly onto a surface. This approach offers an

attractive fabrication alternative, and we demonstrate a

substantial flow generation capability in a closed-loop

microfluidic device, in which flow velocities of up to

70 lm/s are generated.

2 Fabrication of artificial cilia

2.1 Fabrication method

The magnetic fiber drawing fabrication process is depicted

in Fig. 1. Here, we will explain the concept—details about

materials and processes are given in the Sect. 4. First, a

precursor of polydimethylsiloxane (PDMS) doped with

iron microparticles was prepared and applied as a thin layer

onto a glass slide. For later integration into microfluidic

devices, a template can be used that defines the region in

which the precursor layer is applied, matching the area to

which the cilia should be restricted in the microfluidic

device. Then, another glass substrate was attached to a

magnet and brought close to the precursor layer, at a dis-

tance defined by spacers applied between the two sub-

strates as shown in Fig. 1b. As a result of the magnetic

dipole–dipole interaction between the iron microparticles

and the gradient force acting on the microparticles by the

presence of the magnet, chains of iron particles formed in

the precursor and these were ‘‘pulled out’’ of the precursor

film toward the magnet, forming long fibrils of iron parti-

cles surrounded by a PDMS coating. Eventually, these

fibrils broke loose from the precursor layer, flying to the

opposite substrate to which they got attached upon impact,

thus forming hairs directed along the magnetic field lines.

Then, the PDMS was cured with the magnet still in place to
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prevent the hairs from collapsing by surface tension,

thereby permanently fixing the magnetic cilia onto the

substrate, as shown in Fig. 1c. Finally, a microfluidic

device (see details below) made with a standard soft-

lithography process was placed on top of the cilia in a

manner that they were all enclosed into a dedicated ‘‘cilia

area’’ in the device (Fig. 1d).

2.2 Control over cilia geometry and distribution

density

The diameter of the artificial cilia fabricated by this method

depends on the number of bundled particle chains at the

core of the cilium and the thickness of the PDMS coating

surrounding them. While the coating thickness depends on

the viscosity of the PDMS, which, if changed, can also

influence other properties, the number of embedded chains

in each cilium can be adjusted by changing the concen-

tration of the particles in the precursor. An increase in

particle concentration generally leads to thicker cilia, as

illustrated by comparing Fig. 2a, b, where typical cilia,

formed at two different particle concentrations, are shown.

Besides the diameter, the length of the artificial cilia can

also be controlled. Although the length of cilia can be

influenced by the concentration of iron, it can also be tuned

as an individual parameter by adjusting the thickness of the

precursor layer, as illustrated by comparing Fig. 2a, c.

Moreover, if precise maximum length is required, one can

use another glass slide and press it on top of the ciliated

surface until a desired gap is reached (we used a spacer for

this purpose), thus reducing the height of the longer cilia to

the height of the gap, as shown in Fig. 2e.

Whereas the precise locations where the cilia are pulled

out of the precursor are random, control over their average

density is possible by varying the fiber drawing time, as

shown by comparing Fig. 2a with Fig. 2d, where a longer

drawing time resulted in a significant increase in cilia

density. The drawing time is defined as the time the cilia

are allowed to be formed, lifted out and attached to the

substrate in the magnetic field imposed by the permanent

magnet. Notice that the density of artificial cilia can be

significantly higher close to the edge of the magnet because

of the higher gradient at that location. Such properties can

Fig. 1 Fabrication process of magnetic artificial cilia. First a, a layer

of precursor consisting of PDMS containing magnetic microparticles

was applied onto a glass slide using a scraper with the assistance of a

template. Then b, the particles were self-assembled into chains and

pulled out of the precursor by the magnetic field from a permanent

magnet, forming artificial cilia on the opposite substrate that was kept

at a specific distance from the precursor layer using spacers. The

PDMS part of the artificial cilia was cured (c), and finally d, they were

enclosed by a microfluidic device. The microfluidic structure is a

recirculation channel that is closed in itself; the regions in which the

cilia are present and the region in which the flow was observed are

indicated in the figure. The inset shows artificial cilia made; the scale

bar is 500 lm Fig. 2 Controlling artificial cilia geometry and density. The cilia

shown in a were made with a magnetic particle concentration of

10 wt%, a precursor layer thickness of 60 lm and a fiber drawing

time (step Fig. 1b) of 10 s; increasing magnetic particle concentration

to 20 wt% in the precursor resulted in thicker cilia (b); increasing

thickness of the precursor layer to 120 lm resulted in an increase in

length (c); and increasing the drawing time to 10 min resulted in a

higher overall cilia density (d); e Side view of artificial cilia with

defined maximal length: after drawing and before curing the cilia,

another glass slide was brought close to the ciliated substrate,

vertically pressed on top of the cilia to shorten the longer cilia to a

length defined by the gap between the two surfaces; thus, a collection

of artificial cilia with well-controlled maximum lengths can be

produced. The scale bars in (a–d) are 500 lm
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be exploited to create densely ciliated surfaces, which is

desirable for example in order to maximize the induced

fluid flow rate in microfluidic applications.

2.3 Integrating artificial cilia into microfluidic channel

In order to characterize the flow generated by these artifi-

cial cilia, a closed-loop microfluidic device was used

(sketched in Fig. 1d), consisting of a chamber containing

the artificial cilia and a side channel providing a recircu-

lation pathway for the fluid. This differs from previous

studies, where tests were always performed in a closed

chamber or channel, resulting in the combination of a cilia-

driven forward flow near the ciliated surface and a recir-

culation backflow along the opposite surface and along the

periphery within the chamber or channel itself, which made

the quantification of the ‘‘net flow’’ hard to achieve (Hus-

song et al. 2011; Vilfan et al. 2010; Wang et al. 2013; den

Toonder et al. 2008; Shields et al. 2010). By reducing (not

eliminating) backflow within the main cilia chamber and

observing the flow profile in the recirculation pathway, our

device provides a straightforward manner to characterize

the ‘‘pumping efficiency’’ of our artificial cilia.

The height of the chamber was matched with the height

of the cilia in order to reduce backflow in the area above

the tips of the cilia. The total area of the cilia chamber was

8 mm2, and the width of the recirculation channel was

500 lm.

In the experiments where cilia kinematics and generated

flow were analyzed in detail (next section), the density of

artificial cilia in the chamber was intentionally kept very

low (about 3–5 cilia/mm2) by reducing the fiber drawing

time, in order to avoid magnetic interactions between cilia

which could complicate the kinematics of the cilia, thus

obscuring the relation between cilia motion and the gen-

erated flow. We expect that by increasing the cilia density,

higher flow rates (and pressure generation capacities) than

those reported here could be achieved, if desired for a

particular application.

3 Actuation and characterization

3.1 External magnetic actuation and net flow

generation

A previously developed electromagnetic setup with full 3D

time-dependent control over magnetic field strength and

direction (Gao et al. 2012) was used for actuating the

artificial cilia (Fig. 3a). By controlling the external mag-

netic field generated by the electromagnets (Fig. 3b), the

artificial cilia were driven to perform a tilted conical

movement, mimicking natural cilia action (Fig. 3c, d,

movie as online supplement material 1). It has been pre-

viously shown that such motions are highly successful in

generating net flow in a low Reynolds number environment

(Evans et al. 2007; Wang et al. 2013; Vilfan et al. 2010). In

order to further increase pumping performance, the stroke

length in each cycle of the cilia motion was increased by

making the cilia tracing an ellipsoidal cone with the long

axis parallel to the pumping direction, which was done by

setting a higher amplitude to the oscillating current driving

the electromagnet pair in that direction. A simple closed-

loop microfluidic channel consisting of a cilia chamber and

a recirculation channel (Fig. 1d) was used to study the

dynamics of the artificial cilia and characterize their

pumping effect during actuation.

For evaluation of pumping performances of artificial

cilia in different viscosity environments, the experiment

was performed firstly in water (dynamic viscosity

g = 1 mPa�s) and then in 87 % glycerol solution (dynamic

viscosity g = 100 mPa�s) with the same device. The arti-

ficial cilia exhibited strong bonding to the glass substrate

and had excellent structural stability; we never observed

any change in cilia number or structure in any of our

experiments. One sample was usually used for several

days, for several hours in each run. During actuation, the

reciprocal nature of the cilia motion caused the flow to be

oscillatory, but the average flow profile was stable. To

quantify the induced flow, we measured the net flow speed

in the geometrical center of the cross section of the recir-

culation channel, where the speed was maximal, as a

Fig. 3 Actuation of magnetic artificial cilia. a 8-pole magnetic setup

used for full 3D control of the magnetic field. b Magnetic flux density

in each direction during actuation (frequency 1 Hz), which, super-

posed, result in a tilted conical motion of the artificial cilia. c Top-

down view during actuation of the artificial cilia; this image is

composed of the superposition of 50 images taken during one

actuation cycle and shows the projected area swept by the cilium.

d Schematic perspective view. The net flow generated is in the

direction of the effective stroke, which is the (-x) direction
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function of actuation frequency. The obtained value can be

used to calculate the volumetric flow rate and the pressure

difference generated by the cilia chamber, assuming lam-

inar flow conditions. The results, depicted in Fig. 4a, b, and

in the movie of online supplement material 2 (in water) and

3 (in glycerol) show that the flow speed first increased in

the lower frequency range, until it reached a maximum of

about 70 lm/s in water at around 45 Hz and about 5 lm/s

in glycerol at around 10 Hz and then started to decline with

further increasing actuation frequencies.

For evaluation of the pumping performance of artificial

cilia, it is useful to look at the generated flow rate and

pressure difference versus the volume occupied by the

pump, in our case the size of the cilia chamber, compared

to other types of micropumps. (Laser and Santiago 2004)

For water, the maximum pressure difference DP and the

flow rate Q across the recirculation channel can be calcu-

lated assuming laminar flow conditions (see ‘‘Appendix’’)

to be 0.04 Pa and 0.6 lL/min, respectively. The cilia

chamber of the closed-loop device has a volume Sp of

4 mm3, which gives this particular device a ‘‘self-pumping

frequency’’, Q/Sp, of 0.15/min, similar to or larger than

many of the other types of micropumps reported in the

literature (electroosmotic, piezoelectric and (thermo)

pneumatic pumps) (Laser and Santiago 2004), even for this

particular device where the density of artificial cilia was

kept low on purpose. Note that a higher performance can

be achieved when the configuration of artificial cilia is

optimized for flow generation (i.e., by increasing the cilia

density).

3.2 Characterization of the fluid flow induced

by artificial cilia

The existence of a maximum value of the flow speed has

also been observed in another artificial cilia system in our

previous study, where an ‘‘optimal’’ actuation frequency

was observed, albeit at a lower frequency (Wang et al.

2013). In order to understand the reason for the existence of

Fig. 4 Flow characterization and the dynamics of artificial cilia. a,

b Measured flow speed and the theoretical prediction fa(sinHsin2U) at

different actuation frequencies f fitted by scaling, in which H is the

cone tilt angle and U is the cone opening angle measured on the short

axis of the ellipsoidal shaped cone, with a in water and b in glycerol.

Change of the aspect ratio of the ellipsoidal cone at different

frequencies is shown in the embedded graphs. Snapshots at various

frequencies show the change in the trace of cilia during one actuation

cycle, see Fig. 5 for more detail. The error bars on the data of

fa(sinHsin2U) come from measurements from several different cilia

of different lengths ranging from 220 to 310 lm. The error bars on

the flow speed are too small to be visible (results are very stable)

Fig. 5 Top-view images of artificial cilia captured with a high-speed

camera during actuation, in a water and b glycerol. Each image is a

composition of 50 frames during one actuation cycle. A clear trend of

diminishing in the size of the cone traced by artificial cilia during

actuation can be observed. The data extracted from the images are

used to calculate the cone tilt angle H, its opening angle U and the

aspect ratio a of the base of the cone for predicting the flow speed

using Eq. (1) (Fig. 4)
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such a maximum, we captured the motion of the cilia at

different frequencies using a high-speed camera. Figure 5a,

b shows pictures composed of superposed snapshots of the

cilia within one actuation cycle at varying frequency in

water and glycerol solution, respectively. The images are

taken from a top view perspective, and therefore, the fig-

ures represent the projected area swept by the cilia, which

show that the amplitude of the cilia movement, in terms of

the opening angle of the cone, decreases as the actuation

frequency is increased.

The reason for the decrease is that the cilia motion is

caused by the competition of two effects: The magnetic

torque on the cilia that causes the rotational motion and the

torque due to viscous drag acting on the cilia that coun-

teracts the motion. The magnetic torque is proportional to

sin(2d) (d is the angle between the direction of the cilia and

the direction of the magnetic field at any given moment),

which has to increase in order to balance the increased

viscous torque due to a higher absolute speed of the cilia

when the actuation frequency goes up. The increase in the

angle d results in a higher phase lag between the driving

magnetic field and the cilia, which effectively causes the

cilia to trace increasingly smaller cones.

Next, we attempt to link the measured flow velocities

quantitatively to the observed motion of the cilia. In a

previous study, Downton and Stark (2009) found that for

artificial cilia performing a circular conical movement in

low Reynolds number conditions, the volume of fluid

transported in each cycle is proportional to sinHsin2U, with

H being the tilt angle of the cone axis and U the cone

opening angle (Fig. 3d). In our experiments, the path traced

by the cone is ellipsoidal rather than circular, with the long

axis parallel to the pumping direction. To correct for this

effect, we multiply the pumped volume by the aspect ratio

a of the two axes. The model also assumes a semi-infinite

space with only a bottom non-slip boundary but without an

upper ceiling, which in our case obviously is not valid. In

our experimental setup, the lengths of the cilia were about

300 lm and the total height of the chamber was 420 lm, so

the upper ceiling should have an effect on the flow.

Although more sophisticated modeling will be more

accurate in predicting flow speed, this is beyond the scope

of this paper; in the following we therefore apply the above

model to obtain a semi-quantitative analysis. The flow

speed v observed in the recirculation channel can thus be

expressed as:

v ¼ cf a sin H sin2 U ð1Þ

with c being a constant depending on the geometry of the

cilia and the configuration of the flow chamber, and f is the

actuation frequency of artificial cilia. The opening angle U
was measured in the short axis direction.

To quantitatively study this relationship experimentally,

based on the top-down images shown in Fig. 5 and the

known parameters such as the measured cilia lengths, we

calculated H, U and a for each actuation frequency f. Note

that the aspect ratio a of the cone increased with the

actuation frequency, making the cone more and more

ellipsoidal (Fig. 4a, b inserts). We assume that the cilia

move like rigid rods that only bend at the anchor points,

although in reality they showed various degrees of bending,

albeit much smaller than the bending occurring at the

anchor points. Multiplying sinHsin2U with f and a, the

results can be fitted by adjusting c in Eq. (1) to collapse on

the measured bypass flow speed in both cases (in water and

in glycerol solution) by fitting the two data sets with proper

scaling (Fig. 4a, b).

Although the experimentally measured flow speed and

the theoretically predicted value f a sin H sin2 U based on

observed cilia motion can be fitted well for the experiments

done in both water and glycerol solution, in a purely vis-

cous system the flow rate should be determined by the

kinematics of the cilia, which means the scaling factor (c in

Eq. 1) is expected to be a constant, independent of vis-

cosity. However, as observed from Fig. 4a, b, in order to fit

the two data sets, we have to use a somewhat different

scaling factor, namely in water c = 10 and in glycerol

c = 6 (units neglected). The reason for this difference

remains unclear. However, as described above, the model

is for flow generated by cilia moving along a circular

shaped cone and does not take into account the effect of the

upper ceiling.

As the results show, the total flow speed always has a

maximum at a certain frequency for different viscosity

mediums, which indicates the importance of determining

the optimal actuation frequency for flow-generating appli-

cations using magnetic artificial cilia. Furthermore,

because the attenuation of the cilia motion depends on the

viscosity of the surrounding fluid, pre-calibrated artificial

cilia may serve as in situ viscosity sensors and well-char-

acterized pumps at the same time, which may find useful

applications in lab-on-a-chip systems for biological detec-

tion and chemical synthesis.

4 Materials and methods

The closed-loop channel was made by soft lithography,

using PDMS (Sylgard 184, Dow Corning). In order to get

a sufficiently high chamber to accommodate the length of

the cilia, spin-coating and pre-baking of photoresist (SU-8

2050, Microchem) were repeated several times. The

height of the chamber used in the experiment here was

420 lm.
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The magnetic artificial cilia need to be sufficiently

flexible to allow for large deformations, in order to gen-

erate a substantial flow. PDMS (Sylgard 186, Dow Corn-

ing) was chosen as the cilia matrix material mainly because

of its low elastic modulus resulting in large cilia flexibility

and bio-compatibility, which would enable devices to be

employed in biomedical applications.

For preparing the precursor for artificial cilia, a high

concentration mixture consisting of 1.5-g iron microparti-

cles (carbonyl iron powder, 1 lm, BASF) and 3-g PDMS

base was mixed in a twin screw mixer at 50 �C for 12 h to

achieve a homogenous distribution of particles, which

helps to increase batch-to-batch reproducibility. Although

small clusters of iron particles were still present after

mixing, they were small enough to have no observable

effect on the fabrication process. Before applying the

precursor to the substrate, additional PDMS base and a

corresponding amount of curing agent (10 wt% of PDMS

base) were added to achieve the desired final concentration

of iron particles, which was varied between 10 and

20 wt%, and this was mixed thoroughly by hand for 1 min

to achieve a homogeneous distribution of both particles and

curing agent. An area slightly smaller than the cilia

chamber of the closed-loop channel was laser-cut out of a

polycarbonate film (100 lm, Sabic), which was then used

as a template for application of the precursor layer. The

precursor was applied into the cut-out area using a scraper

with a flat edge to obtain a film with a default thickness of

100 lm as defined by the polycarbonate template. The

precursor film thickness was also varied between 30 and

100 lm by varying the thickness of the template film

(Fig. 1a). A 2-mm-thick PMMA sheet was used to create

spacers that were placed between the precursor layer and

the final substrate for the artificial cilia.

A neodymium magnet (15 9 15 9 8 mm, remanence

flux density about 1.25 T) was used to pull artificial cilia

out of the precursor layer. The duration of this process was

varied between 10 s and 10 min to control the spatial

density of the cilia. Then, the cilia were cured either at

room temperature (overnight) or at a slightly elevated

temperature (\50 �C, for 2 h); higher temperatures were

avoided in order to circumvent demagnetization of the

magnet.

For flow characterization, 1-lm fluorescent particles

were dispersed either in deionized water or in a 87 wt%

glycerol solution (Sigma-Aldrich); hence, we obtained two

fluids with different viscosities, namely 1 mPa s and about

100 mPa s. We used a high-speed camera (Phantom V9.0,

Vision Research) mounted on an optical microscope to

capture the motion of artificial cilia and the fluorescent

particles. The flow speed was calculated from the sequence

of images of fluorescent particles by manually tracing their

positions between images.

The pictures in Figs. 1 and 2 and the lengths of the cilia

were taken and measured in a scanning electron micros-

copy (FEI Quanta 600) in low vacuum mode.

5 Conclusions

We have fabricated magnetic artificial cilia with a simple

and cost-effective method using a novel magnetic fiber

drawing approach. Our new method enables a precise

control over both the geometry and the spatial density of

the produced cilia. The fluid pumping effect of the artificial

cilia was tested in a closed-loop microfluidic device, where

external actuation was provided by an electromagnetic

setup to obtain a tilted conical cilia motion. A maximum

flow velocity of water of 70 lm/s, was achieved in a low

cilia density setting and detailed analysis of the cilia

motion and the induced flow was performed. The pumping

efficiency was found to be as good as or better than that of

many reported micropumps and could be significantly

improved by increasing the cilia density. The results

showed attenuation in the amplitude of cilia movement

with increasing actuation frequency, which in turn resulted

in a drop in flow velocity above a characteristic actuation

frequency. The observed relationship between cilia motion

and generated flow was in line with predictions of a pre-

vious theoretical study (Downton and Stark 2009). The

existence of maximum flow speeds for different viscosity

media clearly indicates that an optimal driving frequency

exists for flow-generating applications of magnetic artifi-

cial cilia.
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Appendix: Solution for the pressure drop and flow rate

in recirculation channel

For fully developed laminar Newtonian flow in a rectan-

gular channel, the analytical solution for the pressure drop

is given by White (1991):

DP ¼ lVz x; yð ÞLp3

4h2
P1

i¼1;3;...
�1ð Þ

i�1
2

i3
cos ipy

h

� �
1� cosh ipx=hð Þ

cosh ipw=2hð Þ

h i ð2Þ

where l is the dynamic viscosity, Vz x; yð Þ is the flow speed

at the point x; yð Þ, L is the total length of the recirculation

channel (8.4 mm), h is the channel height (420 lm) and

w is the channel width (500 lm). At the central line (x,

y) = (0, 0) of the channel, the maximum flow speed Vz is

measured to be 70 lm/s from the experiments, so DP is

about 0.037 Pa.
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The flow rate in the recirculation channel can be cal-

culated from both the flow speed and the pressure drop,

here we use the latter with the following equation (White

1991):

Q ¼
wh3 1� 192h

p5w

P1
i¼1;3;5;...

tanh iph=2wð Þ
i5

h i

12 lL
ð3Þ

which gives the flow rate of about 0.6 lL/min. The cilia

chamber of the closed-loop device has a volume Sp of

4 mm3, which gives the performance or ‘‘self-pumping

frequency’’, Q/Sp (Laser and Santiago 2004) of the mag-

netic artificial cilia at about 0.15/min.
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