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Due to their small dimensions, microfluidic devices operate in the
low Reynolds number regime. In this case, the hydrodynamics is
governed by the viscosity rather than inertia and special elements
have to be introduced into the system for mixing and pumping
of fluids. Here we report on the realization of an effective pump-
ing device that mimics a ciliated surface and imitates its motion to
generate fluid flow. The artificial biomimetic cilia are constructed
as long chains of spherical superparamagnetic particles, which self-
assemble in an external magnetic field. Magnetic field is also used
to actuate the cilia in a simple nonreciprocal manner, resulting in
a fluid flow. We prove the concept by measuring the velocity of a
cilia-pumped fluid as a function of height above the ciliated sur-
face and investigate the influence of the beating asymmetry on
the pumping performance. A numerical simulation was carried out
that successfully reproduced the experimentally obtained data.
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fficient pumping and mixing of fluids in microscopic channels

is paramount in microfluidic applications (1, 2). Small char-
acteristic dimensions of such devices result in very low Reynolds
numbers and one encounters hydrodynamics that is conceptu-
ally different from the turbulent macroscopic world. As stated
by Purcell’s “scallop theorem,” nonreciprocal motion is required
for generation of fluid flow or directed swimming (3). This is
clearly manifested in biological systems, for instance in bending
waves of sperm tails or in corkscrew motion of bacterial flagella.
Another example are cilia, flexible protrusions on the surface of
many eukaryotic cells with a typical length of several micrometers.
In humans, ciliated surfaces are found, for example, in the respi-
ratory tract where they sweep mucus, or in the Fallopian tubes
where they move an ovum to the uterus. The motion of the fluid
above a ciliated surface is generated by periodic beating of cilia.
Experimental observations have shown that the beating pattern of
an individual cilium is asymmetric and composed of two phases:
the effective stroke, during which the outstretched cilium propels
the fluid like an oar, followed by the recovery stroke, when the
bent cilium returns to the initial position sweeping along the sur-
face in a way that produces as little backward flow as possible (4).
Although each cilium can beat independently, cilia densely cover-
ing a surface synchronize their cycles and form metachronal waves,
thus increasing their fluid pumping efficiency (5). It is believed
that the metachronal waves occur as a result of hydrodynamical
interactions between the cilia (6, 7).

The efficiency of the ciliary pumping mechanism leads to the
idea of using the same principle for designing artificial cilia that act
as microscale pumps and mixers. An important step towards bio-
mimetic cilia was made by Darnton et al., who created a bacterial
carpet by attaching bacteria to a solid surface (8). Due to symmet-
ric rotation and weak coordination between bacterial flagella, the
flow patterns were rather complex and ever-changing. Better con-
trol over artificial cilia is obtained by driving them externally, for
example, by magnetic or electric fields. The first attempt to fab-
ricate artificial cilia was based on nanorod arrays manufactured
from magnetic-polymeric composite materials (9). By using a mov-
ing permanent magnet, it was demonstrated that the nanorods
can perform a simple periodic motion. Furthermore, den Toon-
der et al. have proven that electrostatically driven cilia made of
metal-coated polymer films can act as mixers and—outside the low
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Reynold’s number regime—even as pumps (10, 11). Similar light-
driven microactuators have recently been manufactured using azo-
benzene doped liquid crystals (12). As an alternative approach,
soft lithography enables fabrication of regular arrays of cilia that
could be actuated by an electron beam (13). Despite progress
in this area, there has been no experimental demonstration of
directed fluid motion induced by artificial cilia so far.

Here we report on the realization of self-assembled artificial
cilia and prove that their asymmetric beating, which resembles
the beating of biological cilia, generates a directed fluid flow. The
artificial cilia are formed as flexible yet stable chains of superpara-
magnetic colloidal particles. They are held together by an external
magnetic field, which not only gives structural stability to a cilium,
but is also used to induce motion of cilia and thus delivers energy
into the system. We show that a simple non-reciprocal beating
pattern induced by conical rotation of the magnetic field results
in nearly uniform fluid motion above the ciliated surface.

Results and Discussion

Formation of Cilia and Pumping of Fluid. Artificial cilia were formed
in a homogeneous external magnetic field as shown in Fig. 1. The
external field induced magnetic dipole moments in the superpara-
magnetic beads that were parallel to the direction of the field. The
attractive forces between the magnetic dipoles resulted in the for-
mation of stable colloidal chains. We avoided additional bonding
between individual beads [for instance by DNA fragments (14)]
and retained the option of controlled disassembly of the chains in
the course of the experiment.

Assembly of artificial cilia was done in two different ways: the first
was to individually trap the beads by optical tweezers and arrange
them into a chain (Fig. 24), whereas the second was to let the beads
self-assemble in external magnetic field (Fig. 2 B). In this case,
trenches in a surface coating layer were used to guide the assembly
process and to control the length of the assembled chains. The
trenches are clearly visible in Fig. 2B. While the practical value of the
first method is limited due to the slow bead assembly and require-
ment of optical tweezers, the manually controlled cilia assembly is
ideal for demonstration of the concept and for testing agreement
with proposed theoretical models. The second method, however,
has a potentially greater practical value as it enables production of
large arrays of artificial cilia and only requires a varying external
magnetic field. Moreover, the system is self-healing: shorter cilia can
be “repaired” with the supplementing beads that are present in the
surrounding fluid. Even though the self-assembled cilia do not yet
reach the level of uniformity compared to the cilia assembled with
optical tweezers, they show excellent pumping ability as well.

Once the colloidal chains were formed, their orientation fol-
lowed the direction of the external magnetic field. By changing the
magnetic field, we were able to drive the cilia in a nonrec-
iprocal asymmetric manner, which is required for starting and
sustaining fluid flow in the sample [see supporting information (SI)
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Fig. 1. Artificial cilia were assembled in an external magnetic field. (A) Detail
of the experimental setup, which was used for creating and manipulating
artificial cilia. Three orthogonal pairs of coils that generated a homogeneous
magnetic field of arbitrary direction and varying magnitude were integrated
into an optical microscope (not shown) equipped with optical tweezers. (B)
Artificial cilia were made by assembling superparamagnetic colloidal parti-
cles into chains that were held together and attached to the nickel anchoring
points only by the magnetic field. The external field was also used to rotate
the cilia along a tilted conical path with the angular frequency o = @/t
and the conical motion resulted in the generation of fluid flow. Tilt angle of
the cone 9§ was chosen to be equal to the semi-cone angle y. By varying the
angle, we were able to change the pumping performance of the artificial cilia.

Movie S1 for assembled cilia and Movie S2 for the self-assembled
cilia]. The simplest yet effective example of asymmetric nonreci-
procal motion is a tilted conical path (15). We chose the tilt angle
of the cone’s symmetry axis 9 to be equal to the semi-cone angle
y, so that at one point in each cycle cilia reached vertical posi-
tion (Fig. 1B). Theoretical calculations of the motion based on
the resistive force approximation show that the pumping velocity
is proportional to wL” sin® y sin 9, with L being the length of a cil-
ium and o the angular velocity of rotation, yielding the maximum
velocity for y ~ 55° and § = 35° (16).

Pumping Velocity Profile. To monitor the generated flow in the
fluid, we introduced non-magnetic silica spheres into the sample
as tracer particles. The tracers were much smaller than the beads
that formed artificial cilia and their sedimentation was negligible
during the course of the experiment. We were able to follow the
tracer particles at a given height 4 above the ciliated surface and
obtain a pumping velocity profile simply by shifting the focal plane
of the microscope.

Fig. 2. Assembly of artificial cilia. (A) Superparamagnetic beads were indi-
vidually trapped by optical tweezers and assembled into chains. They were
anchored to the surface via nickel anchoring sites. (B) The beads self-
assembled into chains in an external magnetic field. Rectangular trenches in
a photoresist layer guided the self-assembly process of chain formation and
ensured that all chains had approximately the same length and width. The
trenches measured 45 pm x 5 um and had a depth of 5 um. The bead diam-
eter was 2a = 4.4 pm. Micron-sized non-magnetic spheres, which are visible
in both figures, were added to the system as tracer particles to visualize the
generated flow and measure its velocity.
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Fig. 3. Visualization of the fluid flow generated by the artificial cilia. (A)
Paths of four tracer particles (diameter 1 um) at the height h = 40 um. The
cilia with length L = 31 pm were rotated in a conical manner at the fre-
quency of 1 Hz and the cone tilt angle § = 30°. The pumping direction was
chosen to deviate by « = 30° from the direction of the square array of cilia
anchoring points. (B) Paths of tracer particles shown in A projected onto the
chosen pumping direction. The net flow velocity is obtained from a linear fit
to the obtained data. The average velocity was 3.3 + 0.2 um/s. An offset in
the coordinate was added for clarity.

The paths of some tracers are shown in Fig. 3 4 for 4 = 40 pm
and the cilium length 31 pm (see also Movie S3). One clearly sees
a net migration of the particles in the direction that corresponds
to the direction of motion of the cilia when in upright position. In
addition, tracers exhibit circular motion that directly follows the
circular motion of the cilia. We obtain a net migration velocity by
projecting the particle traces to the pumping direction (Fig. 3B).
For the example shown, the L = 31 pm long cilia generated a
flow velocity of v = 3.3 £ 0.2 pm/s for 4 = 40 pm, 8§ = 30°, and
frequency of rotation 1 Hz.

The net migration velocity of the tracer particles depends
strongly on the height & above the ciliated surface (Fig. 44).
It reaches its maximum value just above the cilia (4 = L) and
decreases with increasing height. We were able to detect the fluid
flow approximately 100 pm above the surface. For larger heights
h, the motion of tracer particles was dominated by the Brown-
ian motion and the influence of cilia was negligible. An important
parameter in the pumping performance of the ciliated surface is
the cone tilt angle 9. Consistent with the theoretical predictions,
the net pumping velocity was zero if there was no tilt, as in this case
no asymmetry was introduced into the system. The magnitude of
the flow velocity increased approximately proportionally to sin® 9,
which is in very good agreement with the theoretical predictions
by Smith et al. (16).

Numerical Model. We carried out a numerical simulation of the
system of artificial cilia that would corroborate the experimental
results. Our numerical model assumed exactly the same conditions
as in the experiment: this includes the same sample geometry,
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Fig. 4. Induced flow velocity depends on the height h above the ciliated
surface. (A) Flow velocity generated by rotating cilia as a function of h for
different tilt angles (rotation frequency was 0.5 Hz). Experimental data (sym-
bols), and data obtained by a numerical simulation (lines): = 20° (e and solid
line), 9 = 30° (¢ and dashed line), 9 = 40° (M and dotted line). One should
note that there were no free parameters in the simulation. (B) Schematic view
of the numerical simulation that was done for exactly the same configur-
ation as in the experiment and for the same parameter values. Tracer particles
were randomly distributed through the sample and their average velocity
was calculated. The arrow denotes the direction of the external magnetic
field.

the same parameter values, e.g. the bead size and density, cilia
length, separation between the cilia, bead magnetization and the
external magnetic field density. Each bead was subject to grav-
itational, buoyant, magnetic, contact, and constraint forces. Based
on the Stokes hydrodynamics, we calculated the mobility matrix
for a group of particles in the presence of a solid boundary. This
allowed us to determine the particle velocities at any time.

The fluid velocity was then obtained by extending the mobility
matrix to include the tracer particles, which were subject to viscous
forces only. A schematic view of the simulated system is shown in
Fig. 4B and the animation of the system in Movies S4-S6. As in the
experiment, we followed the tracer particles and calculated their
average velocity at a given height 4 above the ciliated surface in
order to obtain the pumping velocity profile. While the velocity
field between the cilia, i.e. for 4 < L, was vortical, it changed into a
homogeneous flowing layer for larger elevations above the
surface. The obtained data are shown in Fig. 44 as lines.

If one compares the experimentally obtained data with the
results from the numerical simulation, a very good agreement is
found. One should note that the simulation was not a fit to the
experimental data but rather an independent calculation with no
free parameters. The observed minor discrepancy likely results
from inhomogeneities in the velocity profile and from the uncon-
trolled background flow.

In summary, we have created ordered arrays of self-assembled
artificial cilia and demonstrated that they can be used to gen-
erate fluid flow in a microfluidic chamber. Both the assembly
of beads into chains and their attachment to the surface are
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Table 1. Parameters used in the numerical simulation

N Number of magnetic beads 63

a Bead radius 2.2 pm

n Water viscosity 0.001 Pa's

X Magnetic susceptibility of beads 1.63

p Mass density of beads 1, 600 kg m~3
d Ciliary array lattice size 28 um

B Magnetic field amplitude 1.8 mT

o Pumping direction 30°

o/2n Rotation frequency 0.5 Hz

driven by induced magnetic forces, thus enabling disassembly—
or reassembly—of the cilia during the experiment. Although the
synchronized tilted conical motion of the artificial cilia in our sys-
tem is very simplified in contrast to the beating pattern of real
cilia, we have demonstrated that the pumping ability of such arti-
ficial ciliated surface is effective and thus suitable for microfluidic
applications.

Materials and Techniques

Experimental Setup. An experimental setup that allowed precise control
over the magnetic field was built around an inverted optical microscope
(Zeiss, Axiovert 200M, Achroplan 63/0.9W objective) equipped with optical
tweezers (17, 18). For tweezing Nd:YAG laser (Coherent, Compass 2500MN)
was steered by acousto-optic deflectors (A.A. Opto-electronic, DTSXY-250-
1064-002) and a beam steering controller (Aresis, BSC-160). Three orthogonal
pairs of water-cooled nearly Helmholtz coils were used to generate a homo-
geneous magnetic field within the sample. The currents through the coils
were individually regulated by a six-channel current source, which enabled
us to generate a homogeneous magnetic field of arbitrary direction and vary-
ing magnitude (Fig. 1 A). The typical magnetic field used in the experiments
was 1.8 mT.

To ensure interaction via the external magnetic field, we used monodis-
perse superparamagnetic beads (Dynabeads Epoxy M-450, Dynal Biotech,
diameter 4.4 um; coated with SDS (sodium dodecyl sulfate), 5 mg/ml, 5 hrs
in ultrasonic bath) (19). In order to create an array of colloidal chains that
would resemble a ciliated surface, the bottom ends of the bead chains were
anchored to the glass surface by an array of ferromagnetic nickel dots via
magnetic attraction (Fig. 1 B). We used standard microscope glass slides that
were coated with a 500-nm-thick nickel layer by sputtering and etched to
create nickel anchoring sites that were 5 ym in diameter and arranged in a
square lattice with 28 pm between nearest neighbors.

The tracer particles were nonmagnetic silica spheres (Bangs Laborato-
ries, diameter 1 pm). Their movement was recorded with a CMOS camera
(PixeLINK, PL-A741) and analyzed off-line using a custom-written particle
tracking software to obtain their trajectories.

Guided Self-Assembly of Artificial Cilia. In order to guide the self-
assembly process and to control the cilia length, we fabricated trenches in
a 5- pm-thick layer of photoresist SU-8 2025 (Microchem, standard coating
procedure, adhesion promoter Tl Prime, Microchemicals GmbH). Direct illumi-
nation of the structures on the photoresist was done with a UV laser (Omikron
Laserage GmbH, Bluephoton LDM375.20.CWA.L, 375 nm). The laser beam
was steered by acousto-optic deflectors (A.A. Opto-electronic, DTSXY-400-
405) controlled by a beam steering controller (Aresis, BSC-160) and focused
by Zeiss LD Plan-neofluar 20x/0.4 Korr objective.

Depth and width of the trenches were 5 um, i.e. slightly larger than the
diameter of the beads, so that a single chain was formed in each trench when the
beads were left to sediment. The trench that was 45 pm long determined the
length of an individual cilium, although some of the trenches did not fill
up completely. The position of the trenches corresponded to the position of
the nickel dots, so that one end of each trench had one anchoring point. Glass
plates with structured photoresist were coated with BSA (bovine serum albu-
min, Sigma-Aldrich, 10 mg/ml in ultrapure water) to prevent adhesion of the
spheres. We used 200-um spacers to ensure uniform separation between the
glass slide and a coverslip, and the cell was sealed to prevent the evaporation
of the fluid.

Numerical Simulation. We numerically simulated the dynamics of N beads with
radii a. All model parameters are listed in Table 1. We denote the position
coordinates of bead j with x;. The vector ry = x, — x; denotes the distance
vector between beads j and k, rj = Iryl the distance between them and
Ti = rjx/rjx the unit vector pointing from bead j to bead k. Each bead is subject
to the gravitational, magnetic, contact and constraint force that can be
expressed as

Fj = —mge, + kX: Frkr}agnetlc + kX: Fﬁ/c_mtactrkj + Fjgonstralnt. [1]

# #
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Here m denotes the buoyant mass of a particle

4na3
m :T(p_szo)' [2]

The magnetic force

magnetic
Fij

- > 5 7

4n & i
results from the dipole—dipole interaction between induced magnetic dipoles
in beads, which are proportional to the external magnetic field acting on each

bead

_ &(,fki(mk-mf) + M (mj.rg) +m;(Merig) g (Meig) (mf~rki)> B3]

m; = (4na’/3)xB;/uo. [4]

In this expression B; denotes the sum of the external field and the contribu-
tions of all other particles at the site of particle j:

B,:Bext+%z<—%+3rk’(":7:“’)) (5]
k5 \ Tk ki

For a given configuration of particle positions x;, the magnetic moments m;
can be determined in a self-consistent manner by solving the system of Eqs. 4
and 5.

The contact forces act between all pairs of beads in contact, whereas the
constraint forces act on surface-anchored beads at the bottom of each chain.
The contact forces can be determined in a self-consistent manner so that the
radial component of the relative velocity of neighboring beads is never nega-
tive and ry; - (v; — vi) = 0 for all pairs of beads in direct contact (k, j). Likewise,
the constraint forces is determined from the requirement that the velocity of
each anchored bead (the bead at the bottom of each cilium) is zero: v; = 0.

With known forces F; on all beads, the bead velocities v; follow as

vi=Y [61
)

where i is the mobility matrix describing the dynamics of particles in a viscous
fluid in the proximity of a solid boundary. With the notation we use here it
is a N x N matrix (number of particles), whose elements are 3 x 3 matrices
(number of spatial dimensions). The diagonal terms p;; describe the mobility
of a single sphere in the vicinity of a wall, for which we use the following
expression (20, 21)

1 (B 00

= “oo |, 71
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where 1 is the fluid viscosity and z; the height of the particle i above
the surface.

Off-diagonal terms describe the velocity of particle i, induced by a force
acting on particle j. If the two particles are small in comparison with the
distance between them, they are given by the Blake tensor (22)

1 . - -
polake = %(Gs(xi -%) = G (xi — X)) + 222G (x; - X;) — 22,G*" (x; —xj)> [10]

with
3 ryf,
Goy(r) ="+, (1
D a (r,
Gey(n) = (1 —ZSaZ)a—m(r—;), [12]
GP(r) = (1-26,)-2GS [13]
.,p(") *( - ﬁz)ﬁTB oz(1)-

Here X; denotes the mirror image of the position of particle j: if x; has the
coordinates x; = (x, y, 2)7, it is defined as X =(x ¥ —z)T. For finite-sized
particles, a better result is obtained using the Rotne-Prager approximation
(23). In the presence of a wall, we follow the approach from ref. 21 and
calculate the off-diagonal mobility matrix elements as

a? @ 5\, Blake
w= (1 VE ) (1 Ve e [14]

We give the explicit form of these expressions in S/ Text: Mobility Matrix.
As in the experiment, the magnetic field followed the time dependence
described with the following expression

cosa —sina 0 cosd 0 sind
Bext(t) =| sina  cosa 0 | x 0 1 0
0 0 1 —sind 0 cosd
—sin Y cos(wt)
X sin Y sin(ot) . [15]
cos ¥

The resulting system of differential equations was solved numerically using
the Euler method.
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