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trostatically between a bent and a flat state at frequencies up to

200 Hz, generating a substantial net flow velocity of more than

500 µm/s. Magnetic flap-like artificial cilia of similar dimensions

were made by Belardi et al.9 using an acrylic elastomer doped

with superparamagnetic particles, and they could generate a net

flow up to hundreds of µm/s when actuated using a rotating mag-

net.10 Dreyfus et al.11 made artificial flagella by attaching DNA

connected magnetic beads to a red blood cell. In an oscillating

magnetic field the flagella could perform a wave-like motion and

drag the cell through liquid at a speed up to 5 µm/s. In other

studies, light12 and pH13 responsive artificial flagella and cilia

were also made, providing alternative means of actuation.

Besides being used to create fluid flow in microfluidics,

ArtC can also be used for other applications such as mechani-

cal/chemical sensing14 and control of surface wettability.15 Elas-

tic micropillars such as artificial cilia made with PDMS with a

well-defined geometry and known modulus can be used to mea-

sure mechanical forces induced by flow or by contact with solid

substances. In fact some of the earliest artificial cilia were con-

structed for stress sensing in cell mechanics studies.14,16 Similarly

coherently patterned flexible micropillars made of PDMS were

used for measuring wall shear stress and for characterization of

turbulent flow patterns.17 Chemical changes in the surrounding

environment can also be detected by specially designed artificial

cilia. Using a hydrogel that changes its volume upon pH changes

as the base material for ArtC, pH values can be detected by mon-

itoring the amplitude of magnetically actuated movement.18 Mi-

cropillar arrays on a surface can also exhibit superhydrophobicity

by minimizing the contact area between the surface and droplets

on it. Due to the large contact angle of water droplets and the cor-

responding ease of droplet roll-off on such surfaces, self-cleaning

surfaces inspired by the lotus leaf can be created.19

In most of the previously published work on ArtC, a big

drawback for real applications is that the fabrication techniques

adopted are tedious and costly, as they either require microfab-

rication techniques such as photolithography,6,8,9,20,21 or rely on

expensive sacrificial materials.5 In order to address this issue, our

research is aimed at fabricating artificial cilia in a cost-efficient,

cleanroom-free manner, while realising an effective pumping

function that can be practically used in lab-on-a-chip devices. Pre-

viously we reported two different cleanroom free techniques for

the fabrication of artificial cilia. One described the fabrication of

latex coated self-assembled ArtC, which were able to generate a

net flow velocity of a few micrometers per second when actuated

in a modest magnetic field (below 14 mT).22 Later another fast

and robust fabrication technique was presented, in which ArtC

were created by magnetically drawing high aspect-ratio filaments

out of a precursor layer. These ArtC were able to generate a net

flow velocity of around a hundred micrometers per second with

magnetic actuation using the same field strength.23 Both tech-

niques are more cost-effective and less tedious than the previously

published fabrication approaches for artificial cilia, but they are

still unsuitable for implementation in controlled large-scale fab-

rication. Especially scaling up to large area and continuous pro-

duction is difficult, since the two methods rely on the generation

of large magnetic field gradients which is in practice difficult to

achieve over a large surface area.

In this paper, we present a completely new cleanroom-free

high-speed fabrication technique, in which magnetic artificial

cilia are produced in a continuous manner by point-wise drawing

from a liquid precursor layer using a surface-modified roll,

thereby significantly reducing fabrication cost and time, and

allowing for scale up to continuous large area production. In

this method, which shows some similarities with the roll-to-roll

gravure printing process,24 the cilia geometry depends on the

breakup and retraction of the formed liquid bridge of precursor

material. The latter processes can be tailored by means of the

rheology of the precursor material and the processing conditions.

The resulting ArtC can be magnetically actuated using a rotating

magnet and can generate a significant flow in a microfluidic chip.

2 Fabrication of artificial cilia

2.1 Fabrication process and precursor material composition

An in-house developed setup was used to fabricate artificial cilia,

as shown in Fig.1(a,b). The setup features a synchronized move-

ment (through a rigid string) and an adjustable gap between a 10

cm long aluminium roll and a substrate holder, so that the line

speed of the surface of the roll and the substrate are the same

without any friction induced between them. The substrate can

move at a speed between 2 mm/s and 1 m/s. A PDMS sheet

with cylindrical micropillars made with soft-lithography (Fig.1c)

is attached to the surface of the roll after plasma treatment; the

micropillars are typically 200 µm wide and 300 µm long, and the

base of the sheet is about 150 µm thick. A 200 µm thick liquid

magnetic precursor layer was applied on a 75 mm by 75 mm glass

substrate, which was then placed onto the substrate holder in the

setup and fixed by vacuum. The composition of the precursor ma-

terial is described below. As the substrate travels underneath the

rotating roll, the micropillars touch the precursor film and pull

out thin filaments from the film; these filaments reach a certain

critical length before breaking. The extension rate of the fila-

ments, determined by the diameter of the roll and the relative

speed between the roll and the substrate, is typically in the or-

der of hundreds per second. More details on the extension rate

can be found in Supplementary Information. Subsequently, the

remaining parts of the filaments on the substrate are thermally

cured in an oven to produce ArtC. A pair of vertically aligned

electromagnetic poles (surface area 10 cm x 10 cm) is fixed in

the setup above and below the moving parts, in such a way that

a uniform magnetic field up to 300 mT can be imposed in the

area where the ArtC are formed. Fig.1d shows the final result of

the roll pulling process, demonstrating that it is indeed possible

to achieve large-area production of ArtC. The full scale image is

shown in ESI.

The precursor material for the artificial cilia consists of a base

fluid of thermally curable PDMS and a curing agent (Sylgard 184,

Dow), a high molecular weight PDMS gum (molecular weight

(MW) > 500,000, Gelest), iron particles (carbonyl iron pow-

der, 99.5%, BASF), a PDMS-poly(ethylene oxide) block copoly-

mer (PEO-b-PDMS, MW≈3000, Polysciences) and fumed silica
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cations, for example in mixing of different fluids in a low Reynolds

number environment, or in anti-fouling for submerged sensors by

actively repelling contaminants from their surfaces. It is also in-

teresting to study the performance of ArtC in non-Newtonian flu-

ids, which could be important for applications that involve biolog-

ical fluids. One distinction of using ArtC against other pumping

methods is that they can create local flow fields without physi-

cal connection to the device, such as fluid inlet/outlets and elec-

trodes, which could provide potential benefit for creating flow in

closed systems. With regard to the process itself, the geometry

of ArtC may be further optimised by formulating alternative pre-

cursor materials and by carrying out more extensive rheological

studies, preferably using extensional rheometers that can reach a

high rate of deformation.
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