












theoretical predictions is found, according to which the flow velocity should be proportional to

frequency of the rotation of the cilium.

All the data shown so far have been recorded at a given height z above the glass plate that

was chosen to be 30% of the cilium length above the tip of the cilium in the vertical position.

The generated fluid flow and the net pumping velocity, however, depend strongly on the height

z above the surface. This is best seen in Figs. 4(a)–4(c) where fluid flows are mapped at three

different heights z. The average velocities corresponding to the data are shown in Fig. 4(d), and

a clear decrease in the velocity is observed with increasing z (cilium length is L¼ 30.8 lm).

We estimate that the maximal height at which a measurable net flow is observed reaches

FIG. 4. Mapping of fluid flow around one beating artificial cilium as a function of height above the surface z. The cilium is

fixed at (0,0) and the black solid line denotes the calculated path of the cilium tip. (a) z¼ 40 lm; (b) z¼ 50 lm; (c) z¼ 60 lm.

All other parameters remain the same: L¼ 30.8 lm, w¼ 49.6�, # ¼ 30:4�, x=2p¼ 2 Hz. (d) shows the measured average

velocities in the pumping direction (dots) and values obtained from the simulation (line).

FIG. 5. A photograph of an array of three artificial cilia made of superparamagnetic spheres and attached to the glass sur-

face on one side via nickel anchoring sites (dark dots, some are unoccupied). Smaller fluorescent tracer particles (bright

spots) were used to map the fluid flow around the beating cilia. The length of each cilium is L¼ 30.8 lm.
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beyond 100 lm. For larger heights, we expect that the average flow reduces to zero and the

tracer particle movement is governed by the Brownian motion.

C. Array of cilia

The next step towards an artificially ciliated surface is to create a linear array of individual

cilia. For this purpose, we assembled three cilia on a glass plate as seen in Fig. 5. Here the

motion of all cilia contributes to a combined fluid flow in the sample and the measured flow is

shown in Fig. 6. Two phenomena are observed: first, the maximal fluid velocity is larger than

in the case of one cilium only; and second, the flow is much more uniform. Vortical flow is

only observed around one cilium (far right in Fig. 6) as this is where the array ends. Between

the cilia, where two unequal competing flows collide, the net flow is in the direction of the

larger flow but slightly reduced in comparison with the flow of one cilium only. At the other

end of the array, however, the flow in the pumping direction is enhanced in comparison with

one cilium only, and the flow around this cilium is much more uniform.

From this image, it is quite clear that an even larger (or 2-dimensional) array of cilia would

result in an unvarying flow above the ciliated surface. This would not be true for the flow at

the boundaries, where on one side vortices are expected and on the other side an increased flow

velocity would be observed.

IV. CONCLUSIONS

To summarize, we have observed and measured the fluid flow generated by a single artifi-

cial cilium, or a small number of them. We could confirm that a symmetrically rotating cilium

only generates a rotating flow and that the amplitude of the directed flow depends sensitively

on the tilt angle of the cilium. We could also demonstrate directly that by increasing the num-

ber of cilia one gradually obtains a region of nearly homogeneous directed flow and that carpets

of artificial cilia are suitable as pumps in microfluidic applications.
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24J. Kotar, M. Vilfan, N. Osterman, D. Babič, M. �Copič, and I. Poberaj, Phys. Rev. Lett. 96, 207801 (2006).
25J. R. Blake, Proc. Camb. Phil. Soc. 70, 303 (1971).
26J. Rotne and S. Prager, J. Chem. Phys. 50, 4831 (1969).

034103-9 Flow generated by artificial cilia Biomicrofluidics 5, 034103 (2011)

Downloaded 02 Sep 2011 to 193.2.6.10. Redistribution subject to AIP license or copyright; see http://bmf.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1119/1.10903
http://dx.doi.org/10.1098/rsif.2007.1306
http://dx.doi.org/10.1016/S0006-3495(04)74253-8
http://dx.doi.org/10.1021/nl070190c
http://dx.doi.org/10.1039/b717681c
http://dx.doi.org/10.1063/1.2762206
http://dx.doi.org/10.1002/adma.200801432
http://dx.doi.org/10.1073/pnas.0906819106
http://dx.doi.org/10.1073/pnas.0906489107
http://dx.doi.org/10.1073/pnas.1005127107
http://dx.doi.org/10.1140/epje/i2008-10388-1
http://dx.doi.org/10.1103/PhysRevE.79.046304
http://dx.doi.org/10.1209/0295-5075/85/44002
http://dx.doi.org/10.1103/PhysRevE.82.027302
http://dx.doi.org/10.1039/c0lc00411a
http://dx.doi.org/10.1039/c0lc00722f
http://dx.doi.org/10.1039/b908578e
http://dx.doi.org/10.1021/am100244x
http://dx.doi.org/10.1016/j.jmmm.2005.01.041
http://dx.doi.org/10.1063/1.3176969
http://dx.doi.org/10.1103/PhysRevLett.96.207801
http://dx.doi.org/10.1017/S0305004100049902
http://dx.doi.org/10.1063/1.1670977

