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A continuous roll-pulling approach for the fabrication
of magnetic artificial cilia with microfluidic pumping
capability’

Ye Wang,*?< Jaap den Toonder,**¢ Ruth Cardinaels,” and Patrick Anderson°

Magnetic artificial cilia are micro-hairs covering a surface that can be actuated using a time-
dependent magnetic field to pump or mix fluids in microfluidic devices. This paper presents a novel
fabrication method to realize magnetic artificial cilia using a roll-pulling process, in which a cylinder
decorated with micro-pillars rolls over a liquid precursor film that contains magnetic particles at a
speed up to 1 m/s, while a magnetic field is applied. Due to the interaction between the pillars and
the liquid film, micro-hairs are pulled out of the film. In this way, surfaces with slender cone-shaped
magnetic artificial cilia were produced. When integrated in a closed-loop channel, the artificial cilia
were shown to be capable of generating substantial microfluidic pumping using external magnetic
actuation. The spatial arrangement of the cilia can be varied by altering the layout of the micro-
pillars on the roll surface. In addition, the final geometry of the individual cilia depends on the
rheological properties of the precursor material in combination with the processing parameters of
the roll-pulling process. A rheological study and fabrication tests were carried out for a range of
precursor material compositions to obtain insight into the relation between precursor rheology and
processing conditions on the one hand, and cilia geometry on the other hand. The development
of this cleanroom-free, high speed and potentially large area method of production of artificial cilia

is another step towards their implementation in real-life applications.

1 Introduction

In nature, microscopic hair-like structures are ubiquitous and per-
form varies functions such as fluid actuation, mechanical and
chemical sensing, temperature regulation, and surface energy
modification. A prominent example of such structures are eukary-
otic cilia, which have hair-like geometries with a typical width of
200 nanometer and a length of 2 to 15 micrometer that can be
found on the surface of certain cells.! Paramecium, a waterborne
single cell organism, uses cilia covering its body to swim in water
at a speed up to 1 mmy/s, or ten times its body length per second.
The epithelial cilia present in the inner linings of human lungs
and trachea can sweep out mucus to prevent infection. Another
example are flagella, which are longer but fewer than cilia, and
can also provide motion for cells, e.g. sperm cells. Other types of
‘micro-hairs’ can have different functions. For example flies have
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hairy pads that allow them to cling on vertical or even inverted
surfaces, > while water-striders have micro-hair covered legs that
allow them to travel swiftly over water surfaces.®

Inspired by nature, micro-structures resembling cilia, typically
referred to as ‘artificial cilia’ (ArtC), have been developed in re-
cent years, most notably for microfluidic applications.* Evans et
al. used track-etched membranes as sacrificial templates to fab-
ricate Poly(dimethyl siloxane) (PDMS) based magnetic nanorods
with a size close to that of natural cilia.” Vilfan et al. exploited
the self-assembling ability of magnetic beads and created ArtC
consisting of magnetically linked chains which were anchored to
electroplated nickel dots. ® The same mechanism was used by Ba-
bataheri et al. with the addition of a polymer coating (polyacrylic
acid) to link the chains permanently to the substrate.” The ArtC
reported above have cylindrical shapes, and they were actuated
by external magnetic fields to perform a 3-D tilted conical mo-
tion, in an effort to mimic the movement of natural cilia. The
maximum induced fluid flow speeds are in the order of microme-
ters per second. Using cleanroom microfabrication technologies,
den Toonder et al.® fabricated electrostatically actuated beams,
or ‘flaps’, about ten times bigger than natural cilia, and consist-
ing of bilayer films of polyimide and chromium. These ArtC were
integrated directly into a microfluidic channel and actuated elec-
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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 um/s. Magnetic flap-like artificial cilia of similar dimensions
were made by Belardi et al.? using an acrylic elastomer doped
with superparamagnetic particles, and they could generate a net
flow up to hundreds of um/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 um/s. In other
studies, light!2 and pH!3 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 sensing 14 and control of surface wettability. 1> 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. 1416 Similarly
coherently patterned flexible micropillars made of PDMS were
used for measuring wall shear stress and for characterization of
turbulent flow patterns.!” 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. 1?

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, ©8:9-20:21 or rely on
expensive sacrificial materials. ® 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).2? 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
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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,?4 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 um wide and 300 um long, and the
base of the sheet is about 150 um thick. A 200 um 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 c¢m) 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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Fig. 1 (a) Schematic of the fabrication process; (b) picture of the
fabrication setup showing the moving parts and an endoscope which is
mounted on a high speed camera to capture the drawing of the
filaments during the fabrication process; the synchronization string is
used to drive the roll, so that the surface speed of the roll is
synchronized with that of the substrate; the bottom electromagnetic pole
can also be seen (top pole is removed in order to show the roll}; (c)
snapshot from high-speed imaging showing the PDMS micropillars on
the surface of the roll serving as contact points; individual filament being
pulled out from the substrate can be seen. A movie of the pulling
process can be found in the Electronic Supplementary Information
(ESI). (d) An array of artificial cilia taken from a 60 degree tilting angle
using SEM (see full scale image in ESI).

nanoparticles (0.007 um, no surface treatment, Cabot). The rhe-
ology of the precursor material was studied combined with fabri-
cation experiments, which will be discussed in section 2.3, in or-
der to produce sufficiently long ArtC. The hygroscopic silica par-
ticles were heated at 110 °C under vacuum for 1 hour to remove
water before compounding. The mixture was mixed by hand for
10 min, and then degassed using a Thinky mixer (AR250, Artisan)
at 2000 rpm for 2 min. The nominal size of the silica nanoparti-
cles is 7 nanometers and they form aggregates of about 1 gm,2°
which is similar to the size of the iron particles and therefore can
be considered sufficiently small for this application. The mixture
was applied onto the 75 mm x 75 mm glass substrate using a
film applicator (Erichsen GmbH & Co.), forming a precursor layer
of typically 200 um thick. The thickness of the precursor layer
affects the length of the artificial cilia, therefore it was kept con-
stant in the experiments in order to reduce the number of vari-
ables that affect the results. After filament drawing, the substrate
was placed in an oven at 80 °C for 2 hours to thermally cure the
PDMS and thus permanently fix the cilia shape.

2.2 The effect of an external magnetic field on the geometry
of ArtC
As mentioned earlier, a pair of fixed electromagnets is placed sym-
metrically above and underneath the moving substrate. This al-
lows to generate a magnetic field up to 300 mT perpendicular to
the substrate at the location where the filaments are pulled out
(see Fig.1a). The magnetic field applies an alignment force for
the cilia to remain straight and perpendicular to the substrate.
Fig.2 shows that with the field turned off, the tips of the artificial

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 The effect of the external magnetic field during roll pulling
fabrication of artificial cilia. (a) Significant curling and collapsing
happened when the electromagnets were turned off, which reduced the
overall length; (b) artificial cilia remained straight and became longer
when a vertical magnetic field (about 200 mT) was applied in the
fabrication area (see the schematic in Fig. 1a). Both scale bars are 500

um.

cilia tilted more and even curled back, which can cause a decrease
in the length of the cilia and reduce their effectiveness during ac-
tuation. Therefore, in all results discussed here, a 200 mT field
was applied during the fabrication of the ArtC, as in Fig.2b.

2.3 The effect of material composition and processing con-
ditions on the geometry of ArtC

The aspect ratio is an important geometrical property of the mag-
netic artificial cilia. Generally, a high aspect ratio is desired, as it
helps for the cilia to achieve a bigger deflection during actuation
and to generate larger flow speeds or better mixing.2° The length
of the generated cilia depends on two aspects namely the length
of the filament at breakup and the amount of filament retraction.
The former can be enhanced by introducing strain hardening or
extension/shear thickening into the material whereas the latter is
affected by the precursor elasticity as well as its surface tension.
Because the precursor material is a liquid during the roll-pulling
process, the surface tension works against the effort of making
high aspect ratio cilia: after the pulled-out filament breaks up,
the remaining part collapses under the effect of surface tension.
Although the exact pressure field exerted by the surface tension
depends on the changing geometry of the cilium and a numerical
approach is required to obtain it, a rough estimation can be made
based on the Laplace pressure P = 26/r, where ¢ is the surface
tension and r is the radius of curvature. If the surface tension of
PDMS (roughly 20 mN/m) is taken for o, a typical 20 ym diam-
eter filament will experience a Laplace pressure of roughly 4000
Pa. Such a high pressure can dull the tip into a rounded shape
while pushing the filament back into the precursor layer, thereby
effectively reducing the length of the filament and flattening the
surface in a short amount of time. For example if standard PDMS
Sylgard 184 (with a viscosity of 3.5 Pa-s) is used, it takes only a
fraction of a second for the cilia with the shape of a filament of
such size to disappear, as was observed in the experiments. Such a
small time window adds complexity to the process, because then
the curing of the artificial cilia will have to be done very quickly.
Moreover, entangled polymers behave viscoelastically during ex-
tension and will cause strain recovery after filament breakup.2°
So the combined effect of surface tension and elastic recovery
needs to be countered for the resulting ArtC to maintain a suffi-
cient aspect ratio.
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PDMS gum was added to the precursor material to enhance its
elongational viscosity, and possibly introduce strain hardening,
thereby stabilising the filament against breakup.2’ However, only
a marginal effect was observed. To stabilise the generated fila-
ments, silica nanoparticles and PEO-b-PDMS were added to the
base PDMS to provide the mixture a yield stress, i.e. under low
stress, the material behaves like an elastic solid whereas viscous
flow occurs above a certain stress value. In addition, after flow
cessation, the material regains its yield stress due to the recovery
of the particle network. This rheological property of the mixture
helps the formed ArtC to resist collapsing after their formation
under the joint effects of fluid elasticity and surface tension, and
it makes the process more robust as the curing of the cilia does
not need to happen instantaneously. Therefore, it is essential to
study the rheology of the material with different compositions, in
order to be able to evaluate and improve the fabrication results
of ArtC.

In principle, the precursor filament undergoes a combination of
shear and extension during the pulling process, with shear prob-
ably being more important during the initial stage of the filament
generation and close to the substrate. Based on the observations
of Khandavalli et al.?* for gravure printing, that the initial shear
rate is a more relevant strain rate governing liquid pickup as com-
pared to the initial extension rate, in combination with more ex-
tensive possibilities to study time effects, we opted to characterize
the precursor materials by means of shear rheology. It should be
noted that the shear and extension rates occurring in the pro-
cess are beyond the measurement range of typical commercial
rheometers for shear as well as extension. Nevertheless, charac-
terization of important rheological parameters such as viscosity,
yield stress and storage modulus allows to gain qualitative insight
in the effects of precursor rheology on the geometry of the gener-
ated cilia. Furthermore, fabrication tests were performed with dif-
ferent precursor materials and different processing speeds, while
the formation and breakup of the filaments was recorded in situ
using a high-speed camera.

2.3.1 Shear rheology of different compositions

A stress-controlled shear rheometer (Anton Paar MCR501) with
cone-plate 25 mm — 1° was used to characterize the rheological
effect of adding silica particles and PEO-b-PDMS copolymer to
the precursor mixture. No slip was observed during these tests.
In a typical test, first a constant shear rate of 1 s'' was applied for
a fixed period of time to remove the shear history of the sample
loading, then a small amplitude oscillation was applied, and the
evolution of storage and loss modulus over time was recorded.
Finally, a step increasing shear stress was applied to the sample
to obtain the yield stress (creep tests), with each step lasting for
at least 20 minutes. To study the effect of the composition on the
precursor rheology, the effect of the silica particle concentration
at fixed concentration of PEO-b-PDMS copolymer (11 %vol) and
that of the PEO-b-PDMS concentration at a fixed silica concentra-
tion (5 %vol) were separately investigated.

The silica particles are known to form a network structure in
the PDMS matrix because of their hydrophilic surfaces. This struc-
ture brings certain rigidity to the matrix, and can only be broken
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Fig. 3 Results of shear rheological study of precursor materials with
different silica concentrations. (a) Shear viscosity at 1/s and yield stress
of precursor mixtures with 11.5 %vol PEO-b-PDMS copolymer and
varying amount of silica nanoparticles; (b) the change of storage
modulus G’ over time measured with 1 rad/s angular frequency and 0.05
% amplitude oscillation.

down when a sufficient amount of stress is applied.2® As shown
in Fig.3a, the yield stress of the mixture increases with increasing
concentration of silica particles. The observed power law increase
of the yield stress with silica concentration has been reported be-
fore, with an exponent of 3.3 +0.5,%° which is smaller than the
value of 11.5 observed here. The higher value of the power law
exponent could be the result of the presence of the PEO-b-PDMS
copolymer (see below). Too many particles may lead to large ag-
gregates, >0 which negatively affect the homogeneity of the pre-
cursor mixture and are undesirable in the process of producing
micro-structures such as the ArtC. Also from Fig.3a, the viscosity
of the precursor increases with more silica particles, and there
appears to be a power law relation between the viscosity and the
silica volume percentage with an exponent of about 4.3. The vis-
cosity values (Fig.3a) were taken after 5 minutes of shear at a
shear rate of 1571

Besides the absolute value of the yield stress, the kinetics of the
structure build up is also important in determining the outcome
of the fabrication process. After filament breakup, if the structure
(hence the yield stress) inside the filament takes too long to build
up to a sufficient value to withstand the surface tension, it will
not be able to effectively prevent the collapsing of the filament,
leading to very small aspect ratios of the ArtC. In order to probe
the timescale of the structural buildup inside the precursor mix-
ture using shear rheology measurement, we applied a constant
shear rate of 151 resulting in structure breakdown, followed by
small amplitude oscillatory shear (SAOS) and recorded the evolu-
tion of the storage modulus G, which reflects structure buildup.
Fig.3b shows the G’ buildup after the cessation of shear for the
precursor material with different silica concentrations. A few ob-
servations can be made from the graph. First, it is evident that
with the increase of the amount of silica particles, the absolute
plateau value of G’ increases, which corresponds to the increase
of the yield stress. Although the time to reach the plateau value of
G’ is approximately the same indicating similar buildup kinetics,
the slopes of the increase in G’ become steeper when more silica
particles are added. Hence, the yield stress required to counter
the surface tension will be reached faster, which helps to gener-
ate cilia with a longer and more slender shape. Second, it can
be seen from Fig.3 that the time scale for the yield stress build-

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Geometries of the magnetic artificial cilia with different silica
concentrations. As shown from (a-c), the aspect ratio of the artificial cilia
increases with increasing loading of silica particles in the precursor
mixture, which is 3.3, 4.0 and 4.6 %vol respectively for a, b and ¢. The
PEO-b-PDMS concentration is kept at 11.5 %vol. All scale bars are 200

um.

up is typically in the order of tens of seconds, which makes the
yield stress unable to counter the elastic effect. As we observed
from high speed imaging of the filament pulling process, the elas-
tic snap-back of the filament after breakup happens in a small
fraction of a second, which is manifested as a rapid decrease in
the length of the filament immediately after breakup. Therefore,
the yield stress of the mixture can have little effect on the initial
decrease of the filament length caused mainly by the elastic ef-
fect, but only works against the surface tension, which is more
dominant at a later stage.

Fig.4 shows the typical shapes of the ArtC made with different
concentrations of silica particles. With low silica concentrations,
the precursor material has a lower yield stress that also builds
up slower, so that the filament can not hold its geometry against
the surface tension, resulting in a bulged shape (Fig.4a). With
more particles added, the final shape became more slender and
the total length also became longer (Fig.4b,c), which is beneficial
for the magnetic actuation.

In the presence of silica particles, the concentration of PEO-b-
PDMS copolymer can also affect the yield stress. The PEO side
chains in the PEO-b-PDMS copolymer experience attractive inter-
action (through hydrogen bonds) 3! with the silica particles, and
it is expected that with multiple side chains in a single molecule,
bridging between particles is created, thereby effectively reinforc-
ing the structure, leading to a higher yield stress, which is con-
firmed in Fig.5a. The PDMS backbone of the PEO-b-PDMS makes
it miscible with the PDMS base, 32 which could also help to dis-
perse silica particles in the matrix more homogeneously, prevent-
ing excessive aggregation, thus being beneficial for creating fine
ArtC structures. One the other hand, because the PEO-b-PDMS
has a smaller molecular weight (about 3000 g/mol) and hence a
lower viscosity than that of the PDMS 184 base, increasing its vol-
ume percentage reduces the viscosity of the matrix fluid, which
then manifests itself as a drop in the shear viscosity of the mix-
ture. Steady shear viscosity values are shown in Fig.5a.

As increasing the concentration of both the silica nanoparticles
and the copolymer can increase the yield stress of the mixture,
their opposing effects on viscosity can provide a useful tool to
tune the viscosity of the mixture while maintaining the level of
yield stress, or vise versa. This is beneficial for the fabrication
process as it provides the possibility to fine tune some of the most
important rheological parameters. Moreover, as shown in Fig.3a,

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Results of shear rheological study of different PEO-b-PDMS
copolymer concentrations. (a) steady state viscosity at 1/s and yield
stress of mixtures with 5 %vol silica and varying amount of copolymer;
(b) the change of storage modulus G’ over time measured with 1 rad/s
angular frequency and 0.05 % amplitude oscillation.

a relatively small increase in the concentration of silica particles
can result in a big jump in both the yield stress and the viscosity,
while Fig.5a show a more gradual change of the two parameters
when the copolymer concentration is changed. Therefore, the
concentration of the silica particles can first be fixed to coarsely
set the range of viscosity and yield stress of the mixture, while the
copolymer concentration can be changed later on to fine tune the
rheological properties. From preliminary experiments, we have
found that the silica concentration of 5 %vol provides a suitable
range of viscosity and yield stress, and the following fabrication
tests were carried out to identify a level of copolymer concentra-
tion for 5 %vol of silica that can be used to create ArtC with good
geometry. Note that it was not meant to be an exhaustive test to
find the optimum composition, but rather to provide an example
of the selection process, and the resulting composition found here
could potentially be improved even further.

2.3.2 Fabrication tests with different compositions and pro-
cessing speeds

Apart from the concentration of different components, the speed
of fabrication is also an important parameter. It is clear that the
rheological response of the precursor material is non-linear and
thixotropic, i.e. its viscosity is highly dependent on the value of
the applied stress or strain, and on how long these stresses or
strains have been applied. Therefore, the substrate speed is also
important, as it determines the extension rate of the filaments
(see Supplementary Information), hence influences the deforma-
tion of the filaments pulled out from the precursor layer and their
subsequent break-up, which eventually influence the geometry of
the resulting ArtC. In order to obtain a more comprehensive un-
derstanding of the effect of the substate speed, in situ fabrication
tests using different precursor mixtures with various concentra-
tions of PEO-b-PDMS at different speeds were performed.

For the realtime observation and measurement of the filament
formation and breakup, a high speed camera (Phantom V9, Vision
Research) equipped with a microscope probe lens (Imago Group)
was used for image capturing, and the length of the filaments
at the point of breakup was measured. In order to obtain clear
images, a single row of 200 um in diameter and 300um long
micropillars was used to provide the filament pullout points, and
a mercury lamp equipped with a fibre-optic light guide was used
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to provide sufficient illumination in the gap between the roll and
the substrate, where the filaments were pulled out.
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Fig. 6 Results of the fabrication test with precursors of different
PEO-b-PDMS concentration at varying processing speeds. (a) Average
length of the filaments at the point of break for samples with different
amounts of PEQ-b-PDMS copolymer. The standard deviation values of
the data points are about 20 % (not shown in the graph to avoid
excessive overlapping). (b) Comparison of the lengths of the filaments
at the time of breakup and after 1 week with the same samples. The
substrate speed during the roll pulling process was 0.5 m/s in this case.
(c-e) Snapshots of high speed image recordings during the fabrication
tests of samples with different amount of PEQ-b-PDMS copolymer: (c)
no copolymer with a substrate movement speed of 0.6 m/s, (d) 8 %vol
copolymer with the same speed, and (e) an example of multiple
filaments created from a single contact point at 1 m/s subsirate speed
with the same sample as (d).

Fig.6a shows the average length at the time of breakup (the
breakup length) for precursor materials of varying concentration
of PEO-b-PDMS at different processing speeds. It can be seen
that the breakup lengths of precursors with lower PEO-b-PDMS
copolymer concentrations are larger and increase more signifi-
cantly when the substrate speed is increased. Note that with low
copolymer content, the mixture does not have a high yield stress
and can flow more easily. In this case, the mixture can be seen
as a viscoelastic fluid and the relation between filament exten-
sion limit and the extension rate can be explained by different
timescales, e.g. the breakup length increases with the exten-
sion rate when the rate of filament extension exceeds the rate
of viscoelastic recovery, which was well studied in the past for
viscoelastic fluids.®3:3% On the other hand, for precursors with
higher PEO-b-PDMS concentrations, the materials become more
rigid at rest and higher stresses are needed for flow to occur
(higher yield stress). In this case the extension of the filament
is more localized in the area with the highest stress, e.g. the area
with the smallest cross section, which usually is in the middle part
of each filament. This results in a more non-uniform extension,
and the filaments will break up earlier, as less material “partic-
ipates” in the extension. Moreover, elastic behavior emerges at
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higher speeds for mixtures with higher copolymer loading, a phe-
nomenon also discussed in the literature. 33 Fig.6e shows a typ-
ical manifestation of this phenomenon, in which multiple short
filaments instead of a single long one were pulled out by one con-
tact point. This type of instability occurs more frequently with the
increase of fabrication speed, leading to unstable pulling results
and causing a decrease in the average breakup length.

Immediately after the filaments break up, they start to collapse
under the combined effect of surface tension and fluid elastic-
ity. Meanwhile, the material starts to build up an inner structure
which results in a yield stress that resists the flow and helps the
ArtC to maintain a certain length. Therefore, as shown in Fig.6b,
although the breakup lengths of the filaments for precursors with
less PEO-b-PDMS copolymer were initially longer, the precursors
with higher copolymer content were able to retain more of that
length and eventually resulted in longer artificial cilia, owing to
their higher yield stress and faster structure buildup to counter
collapsing. The final lengths were measured after 1 week, to en-
sure the ArtC had reached their equilibrium length. Note that in
these experiments the precursor materials do not contain curing
agent, therefore the geometry stabilization was caused solely by
their rheological properties. This is important for the robustness
of the fabrication process, as the ArtC do not need to be immedi-
ately cured to maintain their shapes, instead they can be cured at
a later stage of the process.

From the results of the rheological and fabrication studies, it
can be concluded that the rheological parameters such as the
yield stress, viscosity and elasticity all influence the final geom-
etry of the ArtC from the roll-pulling process. The yield stress in
particular plays a dominant role in maintaining the cilia length
after filament breakup, and the cilia length can be increased by
increasing the amount of silica nanoparticles and PEO-b-PDMS
copolymer. In addition, high concentrations of these additives
also increase the elasticity of the mixture, which can lead to in-
stabilities during filament pull-out, particularly at high speeds,
and reduce the average length of the ArtC. In the above rheologi-
cal and fabrication study, the effects of the concentration of silica
particles and copolymer and the speed of fabrication are investi-
gated, and they have provided better understanding of the pro-
cess. However, a complete optimisation of the precursor material
needs to take more factors into consideration, such as the viscos-
ity of the PDMS base and the amount of curing agent. Moreover,
other aspects related to processing could also affect the end result,
such as the method of applying the precursor layer onto the sub-
strate, the rest time between the moment the layer is made and
the moment the filaments are pulled, the magnetic field intensity
during the fabrication process and the curing temperature/time.
A complete optimisation of the whole fabrication process is there-
fore out of the scope of the current study.

Based on the above findings, in the following actuation exper-
iments for the flow generation in a microfluidic chip, a compo-
sition of 5 %vol silica particles, 8 %vol PEO-b-PDMS copolymer,
1 %vol silicone gum, 6 %vol iron particles, 73 %vol Sylgard 184
and 7.3 %vol Sylgard 184 curing agent was used for preparing
the precursor mixture, and a substrate speed of 0.8 m/s was used
during fabrication.

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Actuation scheme of the magnetic artificial cilia. (a) Microfluidic
chip with a cilia chamber and a circulation channel for flow observation
placed above a rotating magnet with a maximum rotating frequency of
20 Hz; the rotation axis of the magnet is offset by a distance d with
respect to the centre of the cilia chamber, and the magnet is placed at a
distance r from the rotation axis; The total area of the cilia chamber is 8
mm2, and the width of the recirculation channel is 500 um; (b) top view
image of the motion of one rotating artificial cilium showing the tilted
cone rotation, composed of 25 frames in one actuation cycle at 1Hz; (c)
schematic drawing of cilia rotation in perspective view; (b) and (c) have
arrows indicating the effective stroke, when cilia are moving in a more
upright position, the recovery siroke, when they are closer to the
substrate, and the resulting overall flow direction; (d) simulation result of
the three components of the periodically changing magnetic flux density
experienced by artificial cilia during one actuation cycle, with d = 6 mm, r
=6 mm and h = 2 mm, actuated using a 10 mm high, 20 mm diameter
cylindrical magnet with a remnant flux density of 1.3 T. lllustrations are
not to scale.

3 Actuation and flow generation

As shown in Fig.7a, a recirculation microfluidic chip made of
PDMS was used to characterize the flow generation capacity of
the artificial cilia, similar as described in our earlier work.23 The
chip contains a cilia chamber, in which the ArtC are integrated in
various configurations, and a recirculation channel in which the
generated flow can be observed. A rotating magnet was placed
underneath the cilia with its rotation axis at an offset (Fig.7a)
with respect to the centre of the cilia chamber. This way, a time-
dependent magnetic field was generated (Fig.7d) that actuates
the cilia to perform a tilted conical motion, which is similar to the
motion of some natural cilia and that in several previous stud-

This journal is © The Royal Society of Chemistry [year]
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ies on artificial cilia.?%233% In this motion, the paths of the cilia
are not time-reversible because of their asymmetry with respect
to the normal of the surface. Such a so called non-reciprocal mo-
tion is able to generate a net fluid flow in low Reynolds number
environments. 3¢ In a typical experiment, the length of the cilia is
around 250 pm, and the inner height of the chip is 420 ym. The
complete ArtC fabrication process, as well as the fluid actuation
experiment, are illustrated in an animation in the online Video
Abstract.

The effect of ArtC configuration and fluid viscosity on the flow
generation was studied, as shown in Fig.8. The flow speeds were
characterized for two fluids with different viscosities, namely
deionized water (1 mPa-s at room temperature) and a 60 wt%
glycerol solution (10 mPa-s at room temperature). The flow was
visualized by seeding the fluids with 3 yum polystyrene particles
and the speeds were measured in the recirculation channel indi-
cated in Fig.7a. A high speed camera connected to a stereo micro-
scope was used to record the seeding particle movement and the
fluid flow speed was obtained by calculating the average speed
of the particles in the geometrical centre of the channel over 120
seconds. The number of cilia was varied by changing the number
of rows and columns from 3 to 5 resulting in 9,14 or 25 cilia in
the cilia chamber.

Several observations can be made from the results of the mea-
sured fluid flow velocities in these settings. First, the flow speeds
generated in glycerol solution were lower than that in water, be-
cause the ArtC experienced higher viscous drag in glycerol solu-
tion and hence followed a smaller cone, which caused the de-
crease in the generated flow speed. As shown in previous stud-
ies, the flow speed generated by the tilted conical motion of ArtC
is proportional to fasin®sin¥, with f being the actuation fre-
quency, o being the aspect ratio of the cone, @ the tilt angle of
the cone and W the cone opening angle.?3:37 With a larger viscous
torque applied to the moving cilia by either a faster movement or
a higher viscosity of the medium, the opening angle of the cone
¥ becomes smaller and thus the flow speed decreases.?® Second,
a larger number of cilia generate higher flow rates at the same
actuation frequency, which can be naturally explained by the fact
that there are more cilia to drive the flow. However, the results
also show that the flow increased less from the 4 x 4 setting to the
5 x 5 setting than for an increase from 3 x 3 to 4 x 4. This means
that with increasing cilia number the gain of the flow speed is di-
minishing, and the relationship between the number of cilia and
the induced flow rate is non-linear. This may result from hydro-
dynamic interactions between the cilia, which may suppress the
effectiveness of flow generation of each beating cilia. Or it could
result from the geometry of the device, which is tapered at the en-
trance of the recirculation channel. This geometry could make the
cilia closer to the sides less effective than the ones in the middle in
sending the flow into the recirculation channel. Hence, a change
in the layout of the cilia may further enhance the flow speeds.
Such an optimisation is however beyond the scope of the present
work. Finally, the flow generated with water has a larger than
linear increase with respect to the actuation frequency, which is
different from the glycerol solution, for which the relationship is a
little less than linear. The latter is consistent with the flow speeds
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generated by the artificial cilia in a previous study.?3 One possible
explanation for a greater-than-linear increase of flow speed with
respect to the actuation frequency could be the presence of iner-
tial effects. If we compute the local Reynolds number Re = pvL/n
using the density of water for p, dynamic viscosity of water for
1 (1 mPa-s), the length of cilia for L (250 ym) and the moving
speed of the cilia tips at 20 Hz for v (around 0.02 m/s, as ob-
served from high speed imaging), the result for Re is around 6,
which is in the range where inertial effects can indeed influence
the flow generated by the cilia, as reported in another study. 38
We expect that the flow speed will start to decrease if the rota-
tion frequency becomes larger than a certain threshold value, like
in the case shown in our previous work.23 The reason for this
decrease is that the cilia experience an increasing hydrodynamic
drag as the rotation frequency becomes larger, which causes the
motion of the cilia to diminish, and the flow generated by the ArtC
will peak at a threshold frequency.??22 However in this study, a
different magnetic actuation setup from our previous work?? is
used and the highest frequency reachable of the current actua-
tion setup is 20 Hz, and the threshold frequency was not reached,
which means that still higher flow rates are possible by using an
improved magnetic actuation setup.

It is worthwhile to compare the performance in flow generation
of the ArtC developed in this study with other microfluidic pump-
ing methods. One important criterion is the maximum flow rate
Qmax, which can be roughly estimated based on the flow speed
observed in the recirculation channel.?? For the 5 x 5 ArtC config-
uration in watet, a Oy, of about 0.7 uL/min was obtained in the
recirculation channel. This is comparable to the flow rate gener-
ated by electrohydrodynamic and electroosmotic pumping meth-
0ds.3? As mentioned, it can be improved by optimising materials
and geometrical design, and by using an improved magnetic ac-
tuation setup. Another characteristic measure is the self-pumping
frequency fsp, which is Qpax divided by the total size of the pump
Sp. 39 If we take the size of the cilia chamber as Sy, which is about
8 x 1073 cm?, then an f;), of about 0.2 min™! is obtained, which is
also comparable to other methods, especially for pumps that are
only able to generate a small pressure difference, such as the arti-
ficial cilia. 3® See the Supplementary Information for more details
about the comparison.

4 Conclusion

In this paper, a novel magnetic field assisted roll-pulling process
for magnetic ArtC fabrication is presented. Slender cone-shaped
ArtC were produced, with their spatial arrangement pre-defined
by the micropillars on the roll surface. The size of the cilia array,
which is mostly restricted by the length of the roll, can poten-
tially be scaled up to facilitate large area production, as has been
demonstrated in Fig.1d and ESI. The fabrication speed can go up
to 1 m/s in our experiments, which is restricted by the speed limit
of the substrate. Such a high speed combined with the large pro-
duction area provides the opportunity to scale up the fabrication
of artificial cilia towards the realization of industrial applications.

In order to understand the effect of material composition and
processing parameters on the geometry of ArtC, the shear rhe-
ology of a variety of precursor compositions was investigated.
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Fig. 8 Flow speeds observed in the recirculation channel versus the
actuation frequency in (a) water and (b) 60 wi% glycerol solution.
Movies of the actuation as well as the flow generated in the recirculation
channel, are presented in the ESI. It can be seen from the movies that
at lower frequencies, the flow in the channel shows pulsatile behavior
but on average forms a net flow, and at higher frequencies the pulsatile
nature becomes insignificant and a continuous flow is observed.

Shear viscosity, yield stress and storage modulus buildup after
cessation of shear were measured and the underlying mechanisms
for the observed differences were discussed. It was found that
higher PEO-b-PDMS content resulted in a lower steady shear vis-
cosity while having higher silica content increased the viscosity.
Meanwhile, increasing either PEO-b-PDMS or silica content re-
sulted in higher storage modulus and higher yield stress. More-
over, in situ fabrication tests were carried out and the correla-
tion between fabrication results and the rheology test results was
assessed. It was found that artificial cilia made with composi-
tions that have higher PEO-b-PDMS content retain more of their
lengths after breakup of the pulled-out filaments, although their
initial filaments breakup lengths were smaller, which resulted in
higher aspect ratio ArtC.

The ArtC fabricated in this process are capable of generating
fluid pumping in a closed loop microfluidic channel with external
magnetic actuation. Using a rotating magnet, a maximum flow
speed of about 120 um/s was achieved in the centre of the recir-
culation channel with a cross section of 500 ym wide and 420 um
high when the ArtC were actuated in water at the frequency of 20
Hz. The flow rate and self-pumping frequency of ArtC are compa-
rable to those obtained by other microfluidic pumping methods in
the literature. The advantages of artificial cilia pumping are that it
is a fully integrated solution, it allows for local flow control, and
the effect is obtained by an external magnetic field without the
need for any physical connection to the microfluidic chips (e.g.
pneumatic or electrical).

It is worth mentioning that apart from a 3D rotational motion,
the ArtC can also be actuated into a 2D planar motion, where the
effective and recovery strokes have different paths, resulting in
an asymmetric motion which can generate a net flow.° In fact,
a combination of the two types of asymmetry would potentially
be more effective for flow generation, meaning that the ArtC re-
mains straight during the effective stroke but curls back during
the recovery stroke in the rotational motion shown in this paper.

The effectiveness of the ArtC and the scalable and cost-effective
production process make this work a promising technological
platform for application development. Besides pumping, the abil-
ity of ArtC to manipulate fluids could also be used in other appli-

This journal is © The Royal Society of Chemistry [year]



Page 9 of 9

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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