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Abstract

A new biomimetic pumping method of beating artificial cilia is investigated. The artificial cilia were
actuated externally with an external magnetic field in a micro channel. Micro-PIV measurements were
performed to quantify the cilia-induced fluid transport. Cilia actuated with a spatially homogeneous
magnetic field induced an oscillatory fluid motion in the micro-channel, but no significant fluid transport.
We believe that this is due to the fact that the cilia are stiff and only perform a rotational motion around
their fixation point. On the other hand, cilia actuated in an inhomogeneous magnetic field induced a time-
averaged net flow of approximately 100 um/s in a plane 60 um above the channel wall was measured at
20Hz actuation. It is anticipated that a net fluid transport takes place due to a combination of an
asymmetric beat cycle and a temporary-induced phase lack between beating cilia. Phase locked
measurements showed that the flow is strongly oscillatory during each actuation cycle exhibiting a
temporary flow reversal at a cilia close measurement plane. A cilia-induced volume flow rate was
calculated from the velocity profile that was measured over the channel height. If no back-pressure is
build up the cilia-induced volume flow rate is in the order of 10-20 ul/min.

1. Introduction ‘;"

The rapid development of miniaturization in chemical
synthesis, bio-medical research and other applications
generates a growing need for alternative methods of
manipulating fluids on sub-millimeter scales. In WA
technical applications fluids in micron-sized channels A

are normally driven by volume or mass flow controlled : //
external mechanical pumps. However, nature teaches us  Fig.1: Propulsive row of cilia
that there exist other, very efficient ways to on a pleurobrachia (Dauptain
mechanically pump fluids in micron-sized channels et al., 2008)
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such as by a peristaltic motion of the channel walls or by the beating of micron sized,
wall-attached hair-like cell extensions, so-called cilia. Cilia occur in organs such as the
trachea to transport liquids and they are often used by aquatic microorganisms for
propulsion (see Fig. 1).

Cilia have been studied for almost 200 years. Investigations done by Purkinje and
Valentin in the 19th century have been thoroughly reviewed by Teich et al. ( 1970). Due
to length scales, natural cilia can be interpreted as a Stokes flow pump. They perform a
paddling motion which consists of an effective stroke where the cilium is stretched and
a recovery stroke during which the cilium bends to reduce its drag while moving back to
its initial position. This induces a net fluid transport in viscous flows (Purcell, 1977).

In nature, adjacent cilia beat slightly out of phase. The phase shift of the beat circle of
neighboring cilia results in traveling waves that move over the cilia tip surface, called
metachronal wave. Experimental studies on cilia propulsion in the airways has been
performed by Knowles and Boucher (2002); Matsui et al. (1998); Kummer et al. (2009)
and others. The flow induced by a frog’s upper digestive tract has been shown to
generate flow in water up to several hundreds of micrometers above its surface (Wilson
et al.,, 1975) and recently, rapid cilia-driven bead transport has been measured over
dissected and mucus freed trachea sections of mice (Koenig et al., 2009; Klein et al.,
2009).

A huge number of numerical investigations were performed on cilia propulsion and
pumping and can be divided according to three main groups of models: the discrete cilia
models, the cilia envelope models and the cilia sublayer models. Most discrete cilia
models served to exploring the interaction and metachronal coordination of cilia in the
Stokes regime (Gueron et al., 1997; Gueron et al., 1998; Lenz and Ryskin, 2006; Vilfan
et al., 2006; Niedermayer et al., 2008). In discrete models that focus on the flow field,
cilia forces are implemented into the momentum equations making use of the Immersed
Boundary Methods (Dillon et al., 2006; Dillon et al., 2007; Dauptain et al., 2008; Heys
et al., 2008). The envelope models are based on the infinite waving sheet theory
developed by Taylor (1951) and they are usually used to simulate multi-cilia systems
(Blake et al., 1971; Tuck et al., 1968; Nielsen and Larsen, 1993; Brennen, 1974; Katz,
1974). Sublayer models represent a cilia covered surface as fully submerged interlayer
of beating structures. The first discrete sublayer model by Blake (1972) was soon
extended (Liron and Mochon, 1976; Liron, 1978) and used to simulate mucociliary
transport (Smith et al., 2007). The continuum sublayer model is also called traction
layer model and was used in early stages by Barton and Raynor (1967), Keller and Wu
(1977) and Blake and Winet (1980). Non-Newtonian effects of the mucus layer were
considered in later traction layer models by King et al. (1993) and Smith et al. (2007).
By nature inspired an increased effort is nowadays undertaken to investigate artificial
cilia-induced fluid manipulation and transport. Numerical studies have been performed
by Wilderbeek and Khaderi which show that artificial cilia actuated by an external
electromagnetic field can induce mixing and pumping (Wilderbeek et al., 2007; Khaderi
et al., 2009; Khaderi et al., 2010). Cilia-like structures of micrometer scale have been
built by different groups (Singh et al., 2005; Nonaka et al., 2005; Van Oosten et al.,
2009; Oh et al., 2009). Anyhow, it was just lately that artificial cilia have could be
successfully externally actuated to manipulating fluids on micron scales. Those studies
can be divided into two main groups according to the type of produced artificial cilia.
The first group of artificial cilia is assembled by a photolithography (Toonder et al.,
2008; Fahrni et al., 2009; Schorr et al., 2010; Belardi et al., 2010). Those artificial cilia
are of square shape, with a thickness being approximately one order of magnitude less
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than width and length such that bending will mainly take place around one axis. Those
cilia are oriented parallel to the surface in a totally stretched. The second type of
artificial cilia is linear chain of super-paramagnetic particles that are linked with DNA
and which have first been used as artificial flagella (Dreyfus, R., 2005). Those
structures have similar lengths of up to 30 micro meters while their macroscopic shape
is approximately cylindrical. Vilfan et al. (2009) measured the flow induced by the non-
reciprocal beating of super paramagnetic particle chains performing an 3D -paddling
like motion. Locally induced time averaged velocities could be measured of
approximately three micro meters per second at a cilia tip close plane for 1 Hz
actuation. Gauger et al. (2009) performed simulations of the flow induced by such
beating particle rods indicating that the phase shift of the cilia beat of neighboring cilia
significantly influences the pumping performance. Downton et al. (2009) concluded
from their numerical investigations that a 3D stroke is much more effective for pumping
fluid than a planar stroke.

Anyhow we show that a significant time averaged flow can be induced in a micro
channel with a mainly 2D cilia beat cycle that induces significantly faster flow rates
than reported by Vilfan et al. (2009). We will show how rotating inhomogeneous
magnetic fields induce a cilia beating that leads to a considerable fluid transport.

2. Experimental set-up

The experimental set-up consists of a cilia sample integrated within a channel device; a
magnet system is used to actuate the cilia. The measurement set-up enables the
measurement of both the cilia motion and the cilia-induced fluid motion during the cilia
actuation.

2.1. The measurement set-up

An upright microscope with long working-distance objectives is used for the
measurements to enable optical access to the cilia during the actuation. The cilia are
observed from the top. Bright-field recordings of the cilia motion and microscopic
Particle Image Velocimetry (uPIV) measurements of the cilia-induced fluid motion are
performed. A Pegasus-PIV dual head laser serves as light source. Images are recorded
with a 12 bit camera of high pixel resolution (1376x1040 pixel) and 9.9 Hz double
frame recording rate. The laser and the camera are synchronized with a trigger and
timing unit to the actuation phase.
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2.2. The cilia sample

The cilia are produced on a silicon wafer by photolithography. Iron oxide (Fe;O.)
particles are embedded in the polymer matrix (PnBA) of the approximately 52+1um
long artificial cilia. Cilia of two different widths are investigated, sketched in Fig. 2a-b.
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Fig.2 a) Sketch from a top view of cilia that were used for actuation 1 (see section
2.3). The cilia expand over the whole channel width (I mm). The cilia tips point to
the right. b) Sketch of artificial cilia as used for actuation 2 (see section 2.4) from a
top view. Approximately 20 cilia of 10 mm width and 7 mm spacing are arranged in
spanwise direction. The cilia tips point to the right. ¢) Sketch of a cilia sample.

The channel is assembled around the sample after the production of the cilia (see Fig.
2¢). It consists of three components: (i) the silicon substrate with the cilia, which form
the bottom of the channel, (ii) a flexible cartridge which defines the micro channel’s
width, and (iii) a glass cover with integrated in and outlet connections and a viewing
window for good optical access. The cilia are embedded in a sacrificial layer that
protects them during the transport and that will be dissolved during the filling of the
channel. After the release the cilia are ready for actuation.

3. Experimental procedure

In the so-called release process, the micro channel is filled with the working fluid
(ethanol or distilled water). The sacrificial layer around the cilia dissolves when getting
into contact with the fluid and the cilia are ‘released’ from their matrix. The filling of
the channel takes place such that the cilia root is wetted first and the cilia are
horizontally stretched while the sacrificial layer around the microstructures dissolves.
After a successful cilia release Rhodamine-B-coated tracers with a 0.91 um diameter are
added to the fluid and micro-PIV measurements are done. The actuation of the magnetic
field and the recording sequence are synchronized so that the cilia position is identical at
each recorded phase of the actuation cycle.
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4. Results

4.1. Actuation system 1

The actuation system 1 as shown in Fig. 3 consists of a four-coil field generator with
amplifiers and a function generator. The micro channel with the cilia substrate is placed
in the center between the four pole tips (see Fig. 3.), which create a homogeneous
magnetic field that actuated the whole cilia array.

Fig.3: Electromagnet with cilia sample placed
between the four pole tips. The actuation
system creates rotating and spatially
homogenous magnetic fields to actuate the
cilia in a synchronic fashion.

The induced field rotates around an axis aligned along the spanwise (y) channel
direction. The horizontal and vertical field components shown in Fig. 4a) and 4c) were
measured with an ampere meter.

2 3
time [s]

2 3
time [s]

Fig.4: a) Actuation 1a: Magnetic field components during one actuation cycle (T=5
s). b) Actuation la: Magnetic field orientation during one actuation cycle. c)
Actuation 1b: Magnetic field components during one actuation cycle (T=5s). d)
Actuation 1b: Magnetic field orientation during one actuation cycle.

0° equals a horizontal magnetic field orientation along the x-axis.

The horizontal (Byx) and vertical (By) field components as well as the resulting field
orientation are shown in Fig. 4. For both actuations the magnetic field rotates counter-
clockwise with time-varying angular velocity and strength.

4.2. Cilia-induced fluid motion by a uniform, rotating magnetic field

The cilia are actuated at a frequency of 0.2 Hz. Twenty image pairs are recorded during
each actuation circle. Velocity fields are computed using PIV by correlation-averaging
over a time series of 50 images, which corresponds to 50 actuation cycles. The cilia-
induced velocity field in the vicinity of the cilia was measured 50, 100 and 150 um
above the bottom of the channels. Fig. 5a-b shows the median fluid velocities that are
calculated for each ensemble averaged vector field.
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During one actuation cycle of 5 seconds 2 or 3 velocity peaks occur. These short phases
of fast fluid motion correspond to a collective, rapid motion of the cilia. They can be
understood by comparing the field orientation given in Fig. 4 with the induced fluid
motion shown in Fig. 5. While the magnetic field rotates 360°, a cilium can align with
the field lines only in a restricted way. The bottom allows them a maximum orientation
angle which is between 0°<a<180°. At a certain moment the cilia stops following the
field because it is obstructed by the wall. Since the field continues rotating, the cilia will
perform a rapid motion against the field rotation sense in order to align with the field
again. These phases are reached at T=1.25 s and T=3.75 s which are sketched in Fig. 6
for actuation la and 1b. Blue vectors indicate the field orientation, red vectors the cilia
orientation. The rapid anticlockwise cilia motion takes place when the magnetic field is
oriented between 120°<0<180°. In Fig. 5a we also recognize a fast fluid motion in
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positive x-direction. This is due to a fast collective cilia stroke following the field which
rotates at increased speed at this phase (T=2.5 s) as illustrated in Fig. 6a for T=2.5 s.
The estimated Reynolds numbers based on the cilia tip velocity and cilia length during
the fast stroke is of the order of magnitude of Re~O(107?). Fig. 5c¢ shows the net
velocities averaged over the actuation cycle. It is evident that the net fluid transport
rates in all three measurement planes are close to zero. This is due to the fact that the
synchronized cilia motion mainly induces a forward-backward motion of the fluid. It is
anticipated that a net fluid transport does not take place because the cilia beat cycle
lacks the required asymmetry between the forward and the backward stroke.

4.3. Actuation system 2

The actuation system 2 consists of a disc that rotates under the sample as shown in Fig.
7. On the disc 5 mm cubic permanent magnets are placed at a middle radial distance of
2.8cm to the rotation axis at an angle interval of 60°.

Fig.7: Actuation system 2 consists of
permanent magnets that are placed
on a rotating disk. The magnetic
field actuates the artificial cilia
inside the channel, which is placed
off axis above the rotating magnets.

The array of cilia experiences a time and space varying magnetic field. The horizontal
and vertical field components during an actuation circle are shown in Fig. 8. Note that
the magnetic field given in Fig. 8 was measured on the centerline of the magnets. The

60

40 4 + vertical field
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field strength [rriT]
o

orientation angle [°]

Fig.8: Magnetic field components during the rotation of the disc. Due to the
alternating orientation of the magnets, the field has a periodicity of 120°.

field felt by cilia upstream or downstream will be slightly different due to the small
radius of the rotating disk. At certain actuation phases, the field direction and strength
induced by the permanent magnet is not constant over the array of cilia. This is different
from the field induced by the electromagnet, which is homogeneous in direction and
strength at any phase of the actuation cycle. The cilia response to the external actuation
is illustrated in Fig. 9. The cilia are shown from a top view and are visualized by
fluorescent tracers sticking to the edges of the cilia. Figure 9a-9e shows the that the cilia
perform simultaneously a downward motion, while the upward stroke shown in Fig. 9f-
Oh is less coordinated, leading to a temporal phase lack of the cilia motion.
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Fig. 9: a-g: different phases of the cilia actuation: a-e) active stroke to the
left, f)-h) recovery stroke. The cilia length is approximately 50 pm.

4.4. Cilia-induced fluid motion by a non-uniform, rotating magnetic field

For this experiment the cilia geometry as shown in Fig. 2b was used in the set-up.
Phase-locked measurements have been performed such that the actuation frequency was
always a multiple of the recording rate. 400 images were acquired in each plane and
measurements were performed in 12 equidistantly spaced measurement planes 30um
apart. The resulting magnetic field at the middle of the micro channel is given in Fig.8.
The rotation direction of the field with respect to the cilia orientation is identical as in
the first experiment (see Fig.10b), such that cilia will follow the field until they are
stretched and perform a rapid counter-clockwise motion against the sense of rotation of
the field (Fig. 9). The cilia are now individual elongates structures, such that they can
twist out of the xz plane. Furthermore, the magnetic field is inhomogeneous along the
micro channel during certain periods of the actuation. The cilia therefore do not move
synchronously throughout the actuation cycle. Fig.10a shows the cilia-induced flow
over a channel height of 0+15 um <z < 290+15 um. The cilia orientation and magnetic
field rotation sense are indicated in sketch Fig. 10b. Fig. 10a shows that the spanwise
velocities (in y-direction) and the variations of the velocity magnitudes decrease with
increasing spacing to the cilia. The flow reverses approximately 3 cilia lengths above
the channel bottom (z = 150um) as can be seen from Fig. 10c which shows the resulting
velocity profile over the channel height. The backflow occurs since the inlets and outlets
of the channel are closed during the experiment which results in a reverse flow. The
measured velocity profile shows that the artificial cilia induce a fluid transport in the
lower half of the micro channel.
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Fig.10: a) Vector fields of the cilia-induced flow for increasing distance to the cilia
root position. b) Sketch of the cilia orientation with respect to the rotation sense of
the magnetic field; ¢) median velocities of all measurement planes: Horizontal error
bars indicate the median absolute deviation, while vertical error bars indicate the
correlation depth of the measurement plane.

5. Discussion

A significant artificial-cilia induced fluid transport was achieved by a large numbers of
actuated cilia that are integrated into a micro channel. The cilia move in a coordinated
fashion and the generated beat cycles is steady over a long time-period.

In this work artificial cilia have been actuated in two different ways. A rotating, spatially
homogenous magnetic field was applied to explore cilia-induced fluid transport by a
shape asymmetry of the cilia beat. In a second experiment a rotating, spatially
inhomogeneous magnetic field was applied to explore cilia-induced fluid transport by
metachronal coordination of the cilia beat.

When all cilia move synchronized in a homogeneous field, the flow is dominated by
fluid fluctuations. The measured fluid velocities reverse with the forward and backward
motion of the cilia and seem to be proportional to the velocity of the cilia beat. The fluid
displacement averaged over one cycle is insignificant, indicating that the motion of the
shape of the cilia during the forward and backward stroke must be identical. This is
confirmed by bright field measurements where no asymmetry in the cilia beat could be
observed.

When the cilia are actuated with a rotating, inhomogeneous magnetic field, a continuous
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net fluid transport was observed. We anticipate that a net transport effect is induced by
the phase lag of the beating of neighboring cilia which is only present during the
upward stroke. Since such a local phase shift is absent during the downward motion an
asymmetry in the global beating is induced even though individual cilia perform a
symmetric beat. The experimental findings are supported by numerical investigations
that show that a special phase shift between beating cilia leads to a net fluid transport in
the viscous regime even when the individual cilia beat is reciprocal (Hussong et al.,
submitted 2010).

6. Outlook

Time resolved measurements will give insight in the cilia and fluid motion during a beat
circle. Fluid fluctuations during the actuation circle can be quantified and compared
with the net fluid motion and total as well as the effective drag induced by the beating
cilia can be estimated. A detailed study on the cilia motion will allow quantifying the
phase lag between the cilia beats and the out-of-plane motion and its dependence on
different actuation frequencies.

7. Conclusions

Artificial cilia induced fluid transport was shown in a micro channel. We anticipate that
the transport is induced by a combination of phase lagged beating and a week 3D
paddling motion of the cilia.

In contrast, when the cilia beat in a synchronous way an oscillatory fluid motion in the
micro-channel is induced which leads to no significant fluid transport. We believe that
this is due to the absence of a beat asymmetry in the beat circle.
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