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Microscopic artificial cilia - a review+
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Cilia are microscopic hair-like external cell organelles that are ubiquitously present in nature, also within the human
body. They fulfill crucial biological functions: motile cilia provide transportation of fluids and cells, and immotile cilia
sense shear stress and concentrations of chemical species. Inspired by nature, scientists have developed artificial cilia
mimicking the functions of biological cilia, aiming at application in microfluidic devices like lab-on-chip or organ-on-
chip. By actuating the artificial cilia, for example by a magnetic field, an electric field, or pneumatics, microfluidic flow
can be generated and particles can be transported. Other functions that have been explored are anti-biofouling and
flow sensing. We provide a critical review of the progress in artificial cilia research and development as well as an
evaluation of its future potential. We cover all aspects from fabrication approaches, actuation principles, artificial cilia
functions - flow generation, particle transport and flow sensing - to applications. In addition to in-depth analyses of
the current state of knowledge, we provide classifications of the different approaches and quantitative comparisons
of the results obtained. We conclude that artificial cilia research is very much alive, with some concepts close to
industrial implementation, and other developments just starting to open novel scientific opportunities.
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Cilia are slender protrusions of cells, which are ubiquitously
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cilia can be viewed as micro-hairs or flexible rods, which can
have a typical length between 1 and 30 pm. They cover the
outer surface of many micro-organisms, such as paramecia,
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Cilia are also present in our body, enabling transport - for

Professor Jaap den Toonder of Eindhoven University of Technology and
Professor Patrick Onck of the University of Groningen are pioneers in the
field of artificial cilia. Their collaboration on this topic started when they
Jointly initiated the European project ARTIC in 2006, and they have
continued to expand their joint artificial cilia research up to the present
day. Their approaches are perfectly complementary. In the Microsystems
research section of den Toonder, novel concepts are designed, innovative
materials and microfabrication methods are developed, and
experimental prototypes are tested and demonstrated. Jaap den Toonder
received an ERC Advanced Grant on the subject in 2019. In the Onck
research group, advanced numerical models are developed and applied
to steer the conceptual design and to understand the observed
phenomena. This review paper is written by the artificial cilia team from
both groups, including PhD students and postdocs as well as assistant
professor Ye Wang (Eindhoven University of Technology) who has been
working on artificial cilia since 2011. First author Tanveer ul Islam is
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example in the fallopian tube cilia transport the ovum along
the ovary duct, and in the trachea they clear the airways from
During embryonic development, cilia in the
embryonic node induce fluid flow, which is critical to the
determination of the vertebrate left/right body axis.”> Cilia
also provide sensing, for example in the inner ear, acting as
sensors for sound and gravity, or in the kidney as shear stress
sensors.>”

Inspired by nature, scientists have developed artificial cilia
mimicking the functions of biological cilia. The research on
artificial cilia started over a decade ago and is still rapidly
expanding. Many research groups have developed
microscopic actuators resembling cilia, actuated to move
under the influence of different stimuli such as electrostatic
fields, magnetic fields,’ " and even light'® and pH."
Mimicking the impressive functionalities of biological cilia,
researchers have been exploring the capabilities of the
developed artificial cilia in applications such as
microrobots,*®*2° microsensors,>** the manipulation of
light, droplets and particles,”> self-cleaning and
antifouling  surfaces,*?® microfluidic ~mixing,® and
predominantly, microfluidic pumping with integrated on-
chip artificial cilia in microfluidic devices.”® Many of the
results of this research are highly promising, especially with
regard to application in microfluidic chips such as lab-on-
chip (LOC) and organ-on-chip (OOC) devices, and it seems
just a matter of time until artificial cilia will be integrated
into commercial microfluidic products. At the same time,
novel applications such as biological cell manipulation
including on-chip mechano-stimulation of cell cultures and
tissues are being explored.

The current stage of development of this exciting field,
therefore, asks for a critical review of its progress as well as
an evaluation of its future potential. This is what we provide
in this review. Different from existing reviews of artificial
cilia,***° we carry out comprehensive and in-depth analyses
of the current state of knowledge, providing classifications of
the different approaches as well as quantitative comparisons
of the results published. The focus is on functions and
applications relevant to microfluidic devices: transport of
fluids and particles, as well as flow sensing.

We start with a brief overview of cilia in biology with the
aim to review the appearance and function of natural cilia.
Then, we describe how these biological functions can be
mimicked, in a general sense, to create functions relevant to
microfluidic applications. Subsequently, we review, classify
and compare the various principles that have been proposed
to actuate artificial cilia. Next, we give an overview of
fabrication approaches used to create artificial cilia, and we
evaluate their pros and cons. We then review the functions
studied the most, namely flow generation and particle
manipulation, respectively, and assess the published results
quantitatively. The use of artificial cilia as flow sensors,
which historically was actually the first application developed
but has not experienced a widespread introduction in the
microfluidics field up to date, is included in this review as

mucus.
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well. Most of these aspects concern experimental
developments, but modeling artificial cilia using numerical
approaches is important to understand the experimental
results and to guide future experiments; hence, we also give a
brief overview of the main computational approaches to
model artificial cilia. We close the review with a general
summary and an outlook in which we describe the steps that
need to be taken for further development, as well which
future exciting opportunities artificial cilia can offer.

2 Cilia in biology

In 1675, Antonie van Leeuwenhoek first observed hair-like
external cell organelles which we now know as cilia.*!
Biological cilia are ubiquitous, occurring in many different
organisms and tissues. After their discovery, not much was
further established about their role and existence for a very
long period of time. With the development in microscopy
and imaging techniques, the beating/motile nature of cilia
began to be observed in the 1930's.*> From that moment
onwards, a great deal of work has been done deepening the
understanding of cilia in all their aspects. Cilia fulfill many
different roles and exhibit widely varying attributes such as
length, motility or molecular structure. The fact that cilia
have survived evolution and appear in such a variety of places
and shapes suggests that these sub-cellular structures are
highly efficient at carrying out tasks at the micro-scale.

2.1 Size and location

Cilia can be found at the smallest scales of life, having first
been discovered on protozoa.>® Having persisted during
evolution into complex organisms, cilia have been observed
in many animals including zebrafish,***> rats®® and
humans;*”*° some examples are shown in Fig. 1. Cilia
appear in nearly every tissue of the human body, with varying
functions in different organs, such as the lungs,*”
kidneys*>*!' or reproductive systems.’®** Non-motile cilia
have lengths varying from 1 um in chondrocytes to 30 pum on
kidney epithelial cells.*> Some of the smallest motile cilia
exist in the embryonic node of mice with a length of around
3-5 um and a diameter of 0.3 um beating at a frequency of
10 to 15 Hz.>“** The biggest motile cilia in different
mammals grow longer than the non-motile cilia with 10's of
microns in length such as the singular cilia called flagella
present on sperm cells.*'

2.2 Structure and function

The molecular structure and function of biological cilia are
closely related. On the molecular scale, a cilium is comprised
of a basal body and an axoneme, see Fig. 2(a). The basal body
consists of 9 triplets of microtubules which turn into
doublets at the distal end, and serves as a connector of the
axoneme to the cell membrane. The axoneme itself consists
of 9 peripheral pairs of microtubules, either with (9 + 2) or
without (9 + 0) two central singlet microtubules. Despite this
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Cilia on microbes

(a)
(i)

Ciliai
i
’2.2';

Fig. 1 Cilia in nature: (a) (i) ciliary pattern on the body of Leptopharynx costatus. Reproduced from ref. 45 with permission from John Wiley and
Sons. (ii) Cilia on the body of Platyophrya bromelicola. Reproduced from ref. 46 with permission from Elsevier. (iii) Closely spaced cilia on
Spathidium spathula. Reproduced from ref. 47 with permission from Elsevier. (b) (i and ii) Cilia in the mouse embryonic node at an embryo age of
7.5 days. Reproduced from ref. 48 and 49 respectively with permission from Elsevier. (iii) Ciliated mouse embryonic node. Reproduced from ref. 50
with permission from Springer Nature. (c) (i) Stereocilia staircase structure in mouse cochlear. Reproduced from ref. 51 with permission from
Springer Nature. (ii) Cilia on mouse tracheal epithelial cells. Reproduced from ref. 52 with permission under open license CC BY. (d) (i) Human
tracheal epithelial cilia. Reproduced from ref. 53 with permission under open license CC BY. (ii) Cilia on human nasal epithelial cells. Reproduced
from ref. 54 with permission under open license CC BY. (iii) Sensing cilia in the renal tubule (kidney). Reproduced from ref. 39 with permission
from John Wiley and Sons.
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IA\// Basal body

Triplet MT
Centriole

Fig. 2 (a) Schematic representation of the molecular structure of a cilium. The main components (basal body and axoneme) consist of
microtubule (MT) doublets or triplets. For motile cilia, the axoneme possesses two central microtubules as well as upper and lower dynein arms.
(b) Image showing a cilium performing a tilted conical motion along with the tracer lines of nodal cilia where the positions of the root are
indicated in black, and the different tips in blue, green, and orange. Presence of cilia base/root close or on to the cilia tip trajectory indicate a tilted
conical motion. Reproduced from the open access ref. 55. (c) Cilia on the epithelium of a flatworm (planarian) are shown here to display a
metachronal motion, where individual cilia exhibit a whipping motion with consecutive cilia moving slightly out of phase. Reproduced from ref. 56
with permission from the American Society for Cell Biology. (d) Wavy motion of a flagellum shown in a sequence of frames of a sperm cell
performing wavy motion. Reproduced from ref. 57 with permission from Elsevier.
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generally simple molecular buildup, cilia exists in a wide
variety of shapes and sizes, allowing them to perform a great
number of tasks.

As indicated in Fig. 2(a), cilia can be subdivided into two
categories: primary (non-motile) cilia (9 + 0 axoneme) and
motile cilia (9 + 2 axoneme). Primary cilia are involved in
mechanosensing and chemosensing, relaying information
about blood flow, compressive forces or Ca** concentration
by triggering intracelular signaling pathways.*"**¢* Motile
cilia provide active forces to a cell's surrounding liquids,
either through rotational motion or planar whip-like motion,
see Fig. 2(b and c).°®> To achieve this motion, the axonemes
of motile cilia possess two central microtubules as well as
dynein arms (motor protein complexes). It is quite common
for motile cilia to have macro-scale coordination, in which,
in larger patches of cilia, consecutive cilia beat slightly out of
phase to create metachronal waves, Fig. 2(c). This type of cilia
allows for instance the clearance of mucus in the airways*’ as
well as the transportation of oocytes through the fallopian
tube.’® Additionally, some single-cell organisms as well as
sperm cells have singular motile cilia called flagella with
lengths of 50 to 60 microns.*" These flagella feature motor
complexes on their basal bodies to generate wavy or
rotational corkscrew motion, as shown in Fig. 2(d).®?

Cilia function is clearly crucial for our health, and many
studies have shown that ciliary defects can cause a wide
range of medical conditions and diseases called
ciliopathies.®* For example, malfunction of the motile cilia in
the embryonic node during embryonic development can lead
to situs inversus,®® having the heart or even multiple internal
organs mirrored to the wrong side of the body; defective cilia
in the airways can lead to chronic airway disease; and
malfunctioning cilia in the fallopian tube or flagella on
sperm cells cause infertility.®®®®

In moving fluids, cilia in nature operate under so called
‘low Reynolds number’ or ‘Stokes flow’ conditions due to
their small size and relatively low frequencies of operation.
This means that inertial effects are not important and the
flow is dominated by viscous effects.®® Consequently, to
generate any net flow, the motion of the cilia must be
asymmetric, ie. having a different forward trajectory
compared to the backward trajectory during one cycle. This is
indeed apparent in the various ways natural cilia move - in
rotational motion, cilia rotate along a tilted cone, moving
closer to the surface during the backward stroke than during
the forward stroke (Fig. 2(b)); the whipping motion made by
other cilia is also asymmetric: they move forward with a more
straightened shape and backward in a more bent state
(Fig. 2(c)). If their motion was symmetric, cilia would just
displace fluid back and forth without any net flow, even in
the case of temporal asymmetry (moving faster forwards than
backwards).

The abundant persistence of cilia in biology indicates that
these hair-like structures are highly efficient at moving
liquids and sensing ion concentrations or shear forces on the
micrometer-scale, with cilia sizes ranging between 2 and 60

This journal is © The Royal Society of Chemistry 2022
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um.** These attributes of cilia provide a good motivation for
the use of artificial cilia in microfluidic devices.

3 Artificial cilia: microfluidic
applications

Microfluidics is the science and technology of manipulating,
processing and analyzing small volumes of fluids.
Microfluidic devices typically contain chambers connected by
microchannels of sizes between micros and millimeters.
Originally developed in the 1990's for miniaturized chemical
analysis, microfluidic technology has advanced to
applications in medical diagnostics, high-throughput
screening, and as a research tool to study biological and
biochemical processes.”””  Microfluidics is especially
suitable for ‘lab-on-chip’ devices, and for analyzing processes
at the level of single cells,””® or the behavior of micro-
tissues that mimic the (patho-)physiological response of
human organs, ‘organ-on-chip”.”*7°

Even though microfluidics-based applications are being
commercialized especially in medical diagnostics, the field of
microfluidics is still in development with different
technological approaches, materials, and principles being
explored simultaneously. In the last two decades, many
researchers spent much effort to develop single microfluidic
components such as micropumps,””  microvalves,’®
micromixers,” and microfluidic liquid handling devices in
general. However, a consistent fabrication and interfacing
technology as a prerequisite for the efficient development of
microfluidic systems is often still missing. This gap can only
be bridged by establishing a microfluidic platform approach,
which allows the fast and easy implementation of (bio-)
chemical protocols based on common building blocks within
a well-defined fabrication technology. Mark et al.®" have given
an overview and evaluation of microfluidic platforms under
development, the most important ones being droplet-based,
centrifugal,  electrokinetic, capillary, acoustic, and
microfluidic large-scale integration platforms. The latter is
the most advanced platform, based on pneumatically driven
elastomeric microvalves®" integrated in a microfluidic
channel network.*?

In biology, as we have discussed in the previous section,
cilia provide a ubiquitous and consistent solution to fluid
and particle manipulation at the micrometer scale, ie. they
form a biological microfluidic platform. Their size of tens of
pm is in perfect match with requirements in microfluidic
devices, and they provide in nature many of the functions
needed in microfluidic applications, such as pumping,
mixing, particle and cell transport, and sensing. Hence,
mimicking these functions by artificial cilia that are
integrated in microfluidic chips may offer an attractive novel
microfluidic platform. For example, nano-scale artificial cilia
can be used in microfluidic chips to increase the surface area
in an immuno-assay and enhance the limit of detection of a
crucial marker in myocardial infarction (¢TnI).** In another
study, magnetic artificial cilia are used to eliminate the

9
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biofouling in a desired area in a microfluidic device that
results from the growth of algae.”® This system can be
potentially used to clean sensors to detect environmental
factors in micro-organism culture dishes. Orbay et al. also
used an acoustic field to actuate cilia in a microfluidic chip
and induce micro-mixing on demand.’® Advantages of
artificial cilia compared to conventional approaches may be
that they provide a fully integrated solution that does not
require direct connection to external sources using tubing or
wires in particular if magnetic field or light is used for
actuation, that they enable local, in addition to global, active
control of fluids and particles, and that they are biomolecule-
and cell-friendly in contrast to some existing micro-pumps.
However, artificial cilia development is still very diverse with
different actuation principles and fabrication approaches
used, hence we are still far off from a commercial artificial
cilia-based microfluidic platform technology. In the
remainder of this review we will explore which approaches
may be most promising towards eventual implementation,
and whether artificial cilia could in the end form the basis of
a versatile microfluidic platform or if they would rather be
more suitable to serve particular niche applications.

It is important to note here, that the inspiration by nature
to develop artificial cilia does not imply that we literally copy
the biological cilia; we rather borrow the general principle.
Hence artificial cilia may be larger (or smaller) than their

View Article Online
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biological counterparts, they may have different shapes (e.g.
flap-like rather than hair-like), they may move faster or in a
different way, and so forth. Taking this freedom means that
we can even overcome limitations of the biological cilia that
could hamper microfluidic applications. One such limitation
is the restriction to the Stokes flow regime, explained in
section 2. For artificial cilia, both the size and, especially, the
speed of motion can be designed to be larger, which takes
them out of the Stokes regime so that inertial effects become
relevant and can be exploited (in addition to motion
asymmetry) for fluid manipulation. In the following, we will
see a number of examples of such effects.

4 Artificial cilia actuation principles

A variety of principles have been proposed for the actuation
of artificial cilia, ranging from the use of magnetic field, to
light, to electric field, to pneumatics. This section reviews
and evaluates these principles, or sources of energy, while
listing their pros and cons. Next, we will analyze how
artificial cilia actuation scales with size, which is relevant for
the application in microfluidics. The type of artificial cilia
motion that can be generated is strongly related to the
actuation principle used and therefore these are discussed in
the last part of this section.

Bent cilia (P2
Field lines

Vﬁ’//

(a) Magnetic actuation (b) Light actuation
\ . ’é’ht(,]
)
v/ L.
7 < Polymer-1 //ght(/i / 1*,1 \‘\\\\ J
S W Swept
Coil / // Polymer-2 /’/r/ ’//’// \\ "/ Area
Core ZZZZZZZZZ M \ f\\ \‘
T \\ 4
Bemtalla / Backward stroke
Field direction
" Unactuated  Partially Fully Partially Complete
Cilium actuated actuated actuated cycle
\{ . (c) Electric actuation
(i) Electro-magnetic actuator !
Materlal-l\
Bent cilia (P1) Material-2 Applied charge

Unactuated cilia

Base
material

‘Actuated cilia

(d)

Eccentricity | Position-2 (P2)

Unequal wall thickness

Pneumatic actuation Fluid filled in

Cilium body

Hollow section Yz

Position-1(P1)  xis of rotation =

(i) Permanent magnet for actuation

Unactuated cilia

Fluid inf;t Actuated cilia

Fig. 3 Actuation principles of artificial cilia. (a) Magnetic actuation with (i) electromagnets and (ii) a moving permanent magnet; the cilia
orientation follows the magnetic field direction. (b) Light driven motion of artificial cilia; two segments of the cilia body can be made to deflect
under two different wavelengths of light irradiation, creating an asymmetrical motion with an appropriate sequence. (c) Electrostatic cilia can be
made to deflect with an electric field, and they relax elastically when the field is removed; these cilia can be actuated relatively fast (up to
hundreds of Hz). (d) Pneumatic or hydraulic actuation. Hollow, elastic cilia with asymmetric structures can be made to deflect and relax back
when gas or liquid is pumped in a pulsating manner; when individually addressed, they can create a metachronal wave.
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4.1 Energy sources for artificial cilia actuation

With the exception of some applications as sensors, artificial
cilia need some form of energy input to create active motion
for applications such as flow generation, mixing or other
types of active manipulation of substances. We will next
discuss these one by one.

4.1.1 Magnetic field. The most common way to actuate
artificial cilia is by using an external magnetic field,
schematically depicted in Fig. 3(a). This has a number of
advantages. First, it does not require any mechanical
connection from the artificial cilia to the external source,
providing design flexibility and reducing the risk of
contamination. Second, flexible magnetic artificial cilia can
be made in a relatively straightforward way, including
molding with a mixture of magnetic micro- or nanoparticles
and a polymeric matrix, usually an elastomer such as
polydimethylsiloxane ~ (PDMS),">'*%>  self-assembling of
dispersed magnetic particles in a dispersion utilizing
magnetic dipole interaction in an external field,'>'*®® or
direct photolithography processes®®” - more details can be
found in section 5. Third, most microfluidic components,
cells and chemicals do not interact with magnetic fields,
making it possible to treat magnetic artificial cilia and their
external actuators as an auxiliary system, and providing a
level of freedom in designing and integration of artificial cilia
into an application environment.

However, when designing devices that make use of
magnetic artificial cilia, compromises have to be made
between versatility in cilia motion and the accessible space
and field strength. A set of electromagnets (see Fig. 3(a))
can provide the most versatile control over the direction
and strength of the time-dependent field, able to facilitate
a wide range of motions (see section 4.3), but the size of
the working space that has a unidirectional and
homogeneous field is usually small, and it can be difficult
and/or costly to obtain strong, high frequency fields

because of inductance, core losses, flux through
neighbouring poles and unfavorable scaling of field
strength over the size of the coil. Moreover, the

arrangement of the electromagnetic poles can easily block
optical access or hinder sample handling. These restrictions
make it necessary to take careful considerations when
designing an electromagnetic actuator for artificial cilia,
where some compromises are often made. Using a rotating
permanent magnet to generate the field, on the other hand
(see Fig. 3(a)), provides much cheaper access to a strong
and high frequency field, and leaves a largely free space for
easier access to the microfluidic device, but at the same
time this approach severely reduces the flexibility in
controlling the amplitude and shape of the time-dependant
magnetic field. Hence an actuator solution employing a
permanent magnet often needs ‘design for purpose’,
meaning that the end application needs to have a clear
and largely fixed requirement over the cilia motion and the
corresponding field.

This journal is © The Royal Society of Chemistry 2022
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4.1.2 Light. Light responsive liquid crystal polymers have
also been used for making cilia-like structures.'® These
polymers contain photoresponsive components such as
azobenzene that reversibly change molecular conformation
upon exposure to light, usually in the UV-range. Through the
aligned network of liquid crystal molecules, these molecular
changes present themselves macroscopically in bending of
the film-like artificial cilia, as schematically shown in
(Fig. 3(b)). In addition, these artificial cilia may have two
sections along their length, each responding to a different
wavelength of light by design of the photoresponsive
component. By inducing bending of these two sections with
the appropriate wavelengths in the right sequence, the cilia
can be driven to mimic asymmetrical motion of natural cilia.
The use of light is attractive since, like for magnetic
actuation, it can be applied without any mechanical
connection to the cilia or to the chip in which they may be
integrated. However, the frequency at which they can be
driven is relatively low, i.e. in the order of 1 Hz or lower,
which is not sufficient for meaningful flow generation fitful
for microfluidic applications.

4.1.3 Electric field. One of the first examples of artificial
cilia used in microfluidics was made to respond to electric
field.® The principle is depicted in Fig. 3(c). The artificial cilia
consist of a bi-layer of a polymer film (polyimide) and a
conductive film (chromium), and they are curled upwards in
the non-actuated state. When applying a voltage between the
chromium film and an electrode embedded in the surface,
the cilia roll out due to the electrostatic force acting on them.
After switching off the voltage, the cilia curl back up due to
elastic recovery. They can be driven at a high frequency up to
hundreds of Hz, and generate high fluid velocities and
perform highly effective mixing in a microfluidic channel. In
contrast to biological cilia, the electrostatic artificial cilia
show hardly any motion asymmetry, and it turned out that
inertial effects play a crucial role owing to the high speed of
cilia motion in combination with their relatively large size
(100 pum in length).®® An important disadvantage of the use
of electrical field, however, is that high electric fields are
needed for actuation (up to 100 V), limiting the use of
electrostatic artificial cilia in conductive medium, and in
applications involving handling of biological samples.

4.1.4 Pneumatic actuation. Hollow artificial cilia made
from elastomeric polymers can be driven pneumatically
through connected tubes, and bend back and forth in a
predetermined direction thanks to asymmetrical internal
structures, as sketched in Fig. 3(d).*>°° By connecting the
neighbouring cilia separately and addressing them in a
sequence, a metachronal wave can be created to generate a
flow. Asymmetrical motion can also be realized by having
multiple pressure channels that facilitate different modes of
bending in one cilium and addressing these channels in
sequence.” With tunable individual control, these cilia can
help in understanding the relation between fluid propulsion
and metachronic patterns.”” The pneumatically driven
artificial cilia have been shown to be able to generate large
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fluid flow velocities. However, it is difficult to miniaturize
such hollow structures, and so far only millimeter sized cilia
have been demonstrated in literature.

4.1.5 Other actuation principles. Acoustic, temperature,
pH and capillary force are also used to create motion of
artificial cilia. Acoustically actuated cilia can assist in mixing
fluids in microfluidic channels with the use of a piezoelectric
actuator.** In the cases of temperature and pH, cilia
deflections are picked up as sensing signals'’ or used in a
feedback loop for mimicking homeostasis,” rather than used
as a mechanism for creating fluid flow. In the case of
capillary force, carefully engineered cilia-like structures can
self-assemble into different configurations during drying of
the surrounding fluid, and can grab small objects during that
process.”

4.2 Scaling of the forces acting on artificial cilia

It is worthwhile to briefly discuss the forces on the cilia, Ze.
the resistance forces of fluid drag and elasticity of the cilia,
as well as the actuation forces which drive the cilia motion.
Since magnetic artificial cilia are the predominant type, and
the only one having practical examples across different
length scales, we will limit the discussion to the magnetic
actuation.

For the purpose of a general discussion, we employ here a
reduced-order approach. More in-depth analysis can be found
in the literature, including detailed theoretical and numerical
modeling of the motion of cilia, see section 9. Here we focus
on how the forces scale with the dimensions of the cilia,
which is particularly relevant for microfluidics and LOC
applications.

4.2.1 Fluid drag. The fluid drag on the cilia in a
microfluidic environment, which usually has a low Reynolds
number so that we can neglect inertia effects, can be
approximated by the drag force on a slender cylinder:”

Fdrag — 471:—/4[11 (1)

In(l/r)

where [ and r are the length and the radius of cilia, ¢ is the
fluid dynamic viscosity, and v is the relative speed of the cilia
with respect to the surrounding fluid, which can be
approximated by half of the speed of the cilia tip and hence
scales with the length (when the frequency and the shape of
the motion are kept the same when scaling). Note, that eqn
(1) provides a first order approximation, and a numerical
treatment is typically required for obtaining a more accurate
result.”®

It can be seen from eqn (1) that, keeping the aspect ratio
of the cilia the same, Fyr, scales with I?, assuming one wants
to achieve similarity in the shape of cilia during motion,
regardless of length scales, and maintain the same frequency
of movement. In such case, the fluid speed close to the cilia
body will also scale with /, meaning larger cilia will generate
larger flow speed. However, the volumetric flow rate will be
more complicated, since one also needs to take into account

1656 | Lab Chip, 2022, 22, 1650-1679

View Article Online

Lab on a Chip

the channel dimensions, cilia arrangement and the overall
flow resistance.

4.2.2 Elastic force. Bending creates an elastic shear force
in the cilium at location x, which indicates the distance from
the base of that cilium, which can be estimated by classical
Euler-Bernoulli beam theory:

Felastic = _Elds_w (2]
dx3
where E is the elastic modulus, I is the second moment of
area of the cilium cross section equal to nr*/2, and w is the
deflection perpendicular to the cilia length direction. Here
we assume that the cross section of the cilia does not change
along the length, and the material has a constant modulus E.

It can be deducted from eqn (2) that Fejagc scales with 7%,
if the deflection of the cilia w is made to scale with [, i.e. the
shape of the motion remains the same, and keeping the cilia
aspect ratio constant. Hence, the scaling with cilia size of the
elastic shear force is analogous to that of the fluid drag.

4.2.3 Magnetic actuation force. The response of magnetic
cilia, which are usually much smaller than the source of the
field (either electromagnetic coils or a permanent magnet),
and with relative small curvatures during actuation, can be
approximated by:”

Fpnag = (m-V)B (3)
and
Tiag =m X B (4)

where Fp,,, is the translational magnetic force acting on a
cilium, Ty, is the magnetic torque acting on a cilium, m is
the magnetization of a cilium and B is the magnetic flux
density measured at the location of the cilium. Fp,,, is usually
too small for cilia actuation, as the field gradient VB is only
big enough close to the surface of the magnetic source and
decreases quickly with distance. Instead, the motion of most
magnetic artificial cilia is driven by the torque Ti,,g.

The magnetization m depends on the material and
geometry of the cilia. The magnetic component in these cilia
can be superparamagnetic particles, such as ferrite or
magnetite  nanoparticles®*®°®  and  carbonyl  iron
microparticles,"®'> or ferromagnetic particles, such as
neodymium powder.’®® For superparamagnetic cilia, m is
determined by the magnitude of the external field B and its
angle with respect to the long axis of the cilia, with the
largest torque T,.x generated at an angle around 45°.%
Ferromagnetic cilia, on the other hand, can be pre-
magnetized in a field much larger than the actuation field
and carry a remanent magnetization. The maximum torque

1 A slender magnetic body such as a cilium has different susceptibility along
different axes because of geometry-based demagnetization factors,”® with the
preferred magnetization direction along its length. Assuming an angle 6 between
the cilium and the external field, it can be deducted that Ty, scales with sin 26,
with a maximum at 45°.
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Timax is then generated when the cilia remanent field and the
actuation field are at an angle of 90°.

For the scaling analysis on magnetic force with respect to
cilia size, we assume that the same external magnetic field B
is always applied and that the cilia are always made of the
same material. In this case the torque Tp,.e scales with m
regardless of the type of magnetic materials, which in turn
scales with the volume of cilia, or I* (keeping the cilia aspect
ratio constant). For easier comparison with other forces, we
convert the magnetic torque to force,

Fmagnetic = |Tmag|/l7 (5)
which then scales with /%

4.2.4 Scaling for magnetic cilia. We can now draw a
conclusion that, for magnetic artificial cilia, the actuation,
fluid drag and elastic forces all scale with [, meaning that
similarity in the motion of cilia can be obtained on different
scales. This property of magnetic artificial cilia is important
for applications on different length scales, where the
flexibility and frequency in motion are usually important,
and the magnetic actuation force cannot be easily increased
by other means, e.g. the apparent susceptibility of magnetic
particles is usually comparable for different materials (a few
times greater than that of air), their concentration cannot be
too high, and the magnetic field is usually constrained in the
range from tens up to a few hundreds of milliTesla in all
practical situations.

The above arguments are based on maintaining the aspect
ratio of cilia on different scales. It is a valid assumption,
based on the observation from literature and our own
experience, that the aspect ratio of the magnetic artificial
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cilia for practical applications is always in the order of 10,
despite large differences in their overall sizes.”" > An
aspect ratio much smaller will make the cilia too rigid, while
an aspect ratio too large will make the cilia behave like
flagella, with a much reduced tip movement, which is
interesting in itself,®® but can result in reduced effectiveness
if one's purpose is to actuate fluids."*

4.3 Types of artificial cilia motion and shapes

Due to their small sizes, just like biological cilia, microscopic
artificial cilia often operate in low Reynolds number
environments, where inertia plays an insignificant role.®® In
order to generate net flows, which are required for pumping
and mixing applications, some form of spatial asymmetry in
motion is therefore necessary. Such asymmetry can be from
non-reciprocal, individual cilia motion, such as a tilted
conical motion or a 2D asymmetric motion, or it can be
realized by creating a metachronal wave, in which an array of
cilia beat with a regular phase difference between
neighbours. All these types of motion are inspired by nature
(see Fig. 2), and in some studies, flow generated by artificial
cilia is used to understand the mechanism of their natural
counterparts.

On the other hand, as mentioned in section 3, both the
size and the speed of motion can be larger for artificial cilia,
which takes them out of the Stokes regime so that inertial
effects become relevant and can be used (in addition to
motion asymmetry) for fluid flow generation.

Two types of cilia shapes are commonly seen in the
literature. One is more cylindrical, the other is shaped like a
flap. Both of them have been shown to effectively generate

(a) Tilted Conical Motion (b)

Asymmetric motion

(c) Metachronal wave motion

Forward stroke

! . "
;... Wiedconeraxs Backward stroke

U L
Cilium posmon?s /

~ - ~

i)

Bent cilia

Fig. 4 Artificial cilia motion types. (a) (i) Tilted conical motion; (ii) time-lapse image showing top-view of cilia under tilted conical motion, where
the red arrow indicates the direction of effective stroke and the yellow arrow indicates the rotation direction. Reproduced from ref. 27 with
permission from John Wiley and Sons. (b) (i) 2D asymmetric motion with the swept area between the dotted lines representing forward and
backward stroke; (i) side-view image where the solid line indicates the effective stroke and the dashed line indicates the recovery stroke.
Reproduced from ref. 101 with permission from the Royal Society of Chemistry. (c) (i) Metachronal wave motion and (ii) time-sequence images
from showing the wave propagation. Reproduced from ref. 19 with permission under open license CC BY.
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flow and mixing with appropriate actuation. Cylindrical
shaped cilia can be actuated to exhibit both 2D or 3D
motions, while flap-like cilia can only be actuated to perform
2D motion. Below, we will discuss these different types of
motion.

4.3.1 3D tilted conical motion. Tilted conical motion is
mostly employed by magnetic cilia. A 3D rotating field is
used to drive the cilia into a conical motion with a tilting
angle, as illustrated in Fig. 4(a). In this way, the cilia push
more fluid when they are moving in a more upright
position - the ‘effective stroke’, and pull less fluid back
when they are moving in a more inclined position, hence
the ‘recovery stroke’. Spatial asymmetry in the motion is
achieved, which creates a net flow in the effective stroke
direction.

4.3.2 2D asymmetric motion. There are two types of
asymmetry in 2D asymmetric motion, namely (1) spatial
asymmetry, meaning cilia move in different shapes for
different parts of the motion cycle; and (2) temporal
asymmetry, in which the speed is different, depending if cilia
are moving forward or backward.

2D spatially asymmetrical motion is achieved by all the
above-mentioned actuation principles, i.e. magnetic, light,
electrostatic and pneumatic actuation, in which the cilia
move in a more straightened up posture in one direction (the
effective stroke), pushing more fluid forward, and in a more
curled shape when they move in the other direction (the
recovery stoke), pulling less fluid backwards, as illustrated in
Fig. 4(b). For light and pneumatic actuation, this mechanism
is built in the structure of the cilia, as explained in the earlier
section 4.1.2 and 4.1.4.

For magnetic cilia, spatial asymmetric 2D motion can be
achieved by using rotating magnetic fields.'> During the
effective part of the motion cycle, the cilia follow the
direction of the field in more straight-up conformation. As
the cilia bend further and accumulate elastic energy, they
eventually overcome the magnetic torque and move back in
the recovery stroke, which is typically in a more curled-up
shape. A similar mechanism is also at work for the
electrostatic cilia, contributing to the net flow generation.®

Temporal asymmetry is a result of the different speeds
during the two strokes, and this typically happens with
magnetic cilia that are a few hundreds of micrometers long
or larger. The local Reynolds number can be larger than 1,
especially during the elastic stroke, where cilia tend to move
more abruptly. The electrostatic cilia® also showed similar
behavior, resulting in a significant inertial effect.

Note that for 2D actuation of large cilia, quite often the
two types of asymmetries coexist. This can result in some
cases for them to cancel out their effects on flow generation,
even leading to flow reversal at different scales.'®

Natural cilia sometimes exhibit both 3D tilted conical
motion and 2D asymmetric motion,”® achieving a
maximized efficiency in generating flow and locomotion.
This level of optimization in motion is not yet realized in
artificial cilia.
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4.3.3 Metachronal wave motion. Even if individual cilia
move with complete reciprocity, a net flow can still be
generated if an array of cilia moves in a metachronal wave, as
illustrated in Fig. 4(c). This has been achieved in
pneumatically actuated cilia by actuating them individually.®
Metachronal wave motion of smaller cilia has also been
achieved by magnetic actuation using two different methods.
One is to allow the neighbouring cilia to have different
magnetic torque in the same magnetic field, by pre-
magnetization,'® internal particle alignment,*® or cilia having
different shapes.' The other one is to actuate with a locally
varying magnetic field.'>'°®

The direction of the flow, however, is less straightforward
to predict than for the above two types of motion. Numerical
and experimental studies show that both symplectic (in the
direction of wave propagation) and antiplectic (the opposite)
flow are possible, and this is determined by the interplay
between multiple factors including the cilia pitch, wave
speed, and channel geometry. There is not yet a general rule
that can be used to predict the flow direction, although it
appears that antiplectic flow occurs more often than
symplectic flow in nature.

5 Artificial cilia fabrication

Appreciating the diverse shapes, sizes and functionalities of
cilia existing in nature, a number of different artificial cilia
fabrication methods have been developed over the last couple
of decades. The fabrication methods have not only improved
and gotten closer to mimicking different aspects of cilia but
have also resulted in the development of a range of
engineering devices with applications stretching beyond the
ones observed in nature. The earliest attempts to fabricate
cilia involved the use of ‘micro electro mechanical systems’
(MEMS) techniques to achieve a functioning (deflection
sensitive) artificial cilia structure as sensor.'*”'® Combining
different MEMS techniques like thin film deposition,

MEMS/ Lithography
Template based 3D printing
fabrication
Needle punching
Cilia fabrication Lithographyless
fabrication PCTE molds

Methods
Micromachining

—— MEMS/ Lithography

Self assembly/ growth
Template free

fabrication Part assembly

Lithographyless

Cilia pullin,
fabrication pulling

3D/ 4D Printing

Fig. 5 Flow chart showing the classification of the artificial cilia
fabrication methods. The fabrication is broadly divided into template-
based and template-free fabrication which is further divided into
MEMS based (mostly involving lithography processes) and
lithographyless fabrication methods. All the methods shown here are
further represented in a tabular form in the ESI{ Table S1 along with
the referred papers.
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3D/ 4D Printing

Pulling
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(a) (b) MEMS based (c) Self assembly
Base Source
element
| Pole-B
Cilia ———
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Intermediate
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Fig. 6 Schematic representation of different fabrication methods: (a) template-based fabrication where the mould is on the bottom side and the
demoulded cilia on the top side with the base material made of either the same as cilia material or a different one. (b) The template free fabrication
based on MEMS processes like thin film deposition, photolithography and etching, accompanied by other chemical treatment processes are used
to mostly fabricate in-plane flap-shaped cilia structures. The source element shown here may either be a UV source or a source for metal coating
etc. The mask may either be a separate unit or one deposited on the device surface itself. (c) The poles in the self assembly process are permanent
or electro magnets used to align and assemble magnetic cilia structures, or can form an electric field aligning conducting material. (d) In 3D
printing, the nozzle dispenses a material to form the cilia while, optionally (‘4D’), an external magnetic field imposes alignment of magnetic
particles in the cilia during fabrication. (e) In cilia pulling, the pulling posts shown here may either be formed by solid structures (mostly PDMS) or
by electrodes, which pull out hairlike structures from a liquid precursor film either by direct contact or by a localized electric field. (f) In part

assembly, different units of the entire cilia structure are assembled to form a fully functional unit.

photolithography, thermal oxidation, coating, reactive ion
etching (RIE) and deep reactive ion etching (DRIE) etc., and
deploying them on a flat silicon substrate, thin rectangular
strips of typically 10 pm thickness and 100 s of microns long
and wide were obtained. Continuing with the MEMS based
fabrication methods, the thin rectangular shaped artificial
cilia were succeeded by cylindrical ones'®>'® and often
integrated with a sensing element to act as a sensor. After a
short period of a few years, the MEMS based fabrication of
primary artificial cilia as sensors was followed by the
fabrication of a motile cilia structures capable of inducing
flow and mixing in the surrounding fluid medium.® This
property of the artificial cilia structures to act as actuators,
reported in a key publication® that employed electrostatically
actuated polymer structures, would go on to become a
representative property of the artificial cilia. The complexity
of inducing motion capabilities in structures at micro and

This journal is © The Royal Society of Chemistry 2022

nano scales has resulted in a wide range of fabrication
methods developed for obtaining motile artificial cilia
structures while other methods have focused on making
sensory cilia structures. A complete classification of cilia
fabrication methods is shown in Fig. 5, and schematic
representations of the methods are depicted in Fig. 6. In
general, the cilia fabrication methods can be broadly
classified into template-based and template-free fabrication
methods.*

5.1 Template-based fabrication methods

In Fig. 6(a), the template based fabrication methods are
summarized in a single panel since these all employ cilia
fabrication using a mould. In both the template based
and template free fabrication approaches, the wuse of
MEMS processes has been adopted to produce primary
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and motile artificial cilia of different sizes and aspect
ratios. A main MEMS process is photolithography, used to
pattern different material layers on a substrate followed
by etching of sacrificial layers to release the final
structures,®'®” as well as to produce templates/moulds in
photo-polymers like SU8."> Another is the use of DRIE to
create master moulds in a silicon substrate."""''*> The
techniques to prepare moulds through lithographyless
methods include 3D printing,'>'"® the creation of tapered
holes in a base material using sewing needles,""* using
commercially available ‘polycarbonate  track etched
membranes’ (PCTE) with different pore sizes,”*® micro-
machining processes like micro milling and drilling,"**""
and laser machining.''® 3D printing has recently been
used to create molds for fabricating cilia structures of
defined geometries with however sizes in the millimeter
range."”'”” The needle punching method of mould
preparation allows fabrication of tapered as well as
inclined cilia structures and has been utilized to make
moulds in a material like polyethylene (PE).''* The PCTE
membrane based fabrication method has proved very
successful in fabricating cilia structures of the smallest
sizes equivalent to ones found in nature.”°® The PCTE
moulds are commercially available with extremely small
pore sizes of 10 s of nanometers in diameter and allow
the release of moulded structures by their dissolution in
chemical solvents like DMSO (dimethylsulfoxide) and
chloroform, therefore making it the right candidate for
fabricating the smallest artificial cilia capable of
undergoing extreme deflection and motility. The
dissolution/sacrificing of the PCTE moulds bypasses the
need to demould the cilia structures through a commonly
used lift/peel-off process employed in many other methods
that involve a non-sacrificial mould. Employing a lift/peel-
off process to demould cilia structures with extremely
small sizes is either not compatible with the materials
used to fabricate motile cilia, or puts the cilia under
extreme stresses therefore resulting in their wear and tear.
Another class of fabrication methods used to create the
moulds is micromachining, such as micro-milling or
drilling"***"® and laser machining."’® The cilia fabricated
through micromachining usually result in sizes larger than
the ones fabricated through the other template based
methods discussed above, but they allow for the seeding
of directionality (e.g magnetization alignment varying
between individual cilia in an array) and therefore enable
complex motion profiles displayed by fabricated cilia
structures such as metachrony.

5.2 Template-free fabrication methods

In the template free fabrication method, the use of MEMS
techniques has been used to directly fabricate in-plane flap-
shaped artificial cilia structures and not for preparing
moulds as done in the template based method. The cilia
fabricated here are mostly thin strips/flaps with a rectangular
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shape and they are made from materials actuated through a
magnetic'®*'%® or electric® field. Through this method it is
easy to control the relative sizes of the individual
rectangular flaps using a mask as shown in Fig. 6(b)
which is for example utilized to achieve metachronal
motion of the artificial cilia."®>'%* Another greatly used
template-free method of fabricating artificial cilia is the
self-assembly method involving the use of a magnetic or
electric field to shape the material into long strands as
schematically shown in Fig. 6(c). The external applied
magnetic field is either used to align magnetic micro-
particles into chains followed by their bonding with each
other,’™'>'® or to align a magnetic fluid, a mixture of
magnetic particles and a fluid polymer, into multiple thin
spikes,"*** which subsequently are solidified to make
the artificial cilia structure. The self-assembly method has
the advantage of employing simple steps to shape the
magnetic particles or fluids into micro hair-like spikes but
lacks in controlling the precise placement, shape and size
of the cilia structures produced. Cilia fabricated through
the self assembly method have been shown to be capable
of generating net flow in the surrounding fluids."** Self
assembly through electrically induced processes have been
shown to produce branched artificial cilia.'*® To precisely
control the shape and location of cilia structures, the 3D/
4D printing method has been employed,'*®'*” Fig. 6(d).
When printing polymers containing magnetic
microparticles for creating magnetic artificial cilia, “4D”
printing involves inducing directionality in the magnetic
chains/field in individual cilia while printing them using a
conventional 3D  fabrication method."””*'*”  Seeding/
programming directional behaviour to the external
magnetic field helps in achieving complex motion profiles
of the cilia, enabling to mimic crawling and metachronal
motions. The cilia pulling method, schematically shown in
Fig. 6(e), involves pulling a fluid film at multiple points
simultaneously, by means of micropillars that are in touch
with the fluid surface and are subsequently moved
upwards,'* or by localizing an electric field by means of
conducting needles to pull a polymer film up in the form
of elongated streaks or cilia."*® The cilia pulling method is
an effective method to produce cilia over a large surface
area, but careful tuning of the fluid properties is critical
to achieve the final shape of the artificial cilia fabricated.
Some of the artificial motile cilia actuated by principles
like electro-osmosis and thermal actuation have been
demonstrated to work for relatively large scale cilia and
were therefore fabricated wusing a  part-assembly
method,"****° see Fig. 6(f). This method is mostly used to
assemble different parts like the sensing or actuating
mechanisms, the cilium structure, etc., to make fully
functional cilia units. A complete -classification of the
fabrication methods along with related papers is shown in
ESIt Table S1. Images of artificial cilia fabricated using
the different methods, collected from different papers, are
shown in Fig. 7.
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Fig. 7 Images of artificial cilia made with different fabrication approaches. (a) SEM image of cilia (i) fabricated from a mould prepared from SU-8 using
photolithography (MEMS) process. Reproduced from ref. 15 with permission from Elsevier. (ii) shows cilia fabricated using PCTE as template/mould to
shape a magnetic polymer into micro/nanoscale cilia structures. Reproduced from ref. 98 with permission under open license CC BY-NC-ND. (b) SEM
image of an actuable polymer cilia structure (i) fabricated using different MEMS process like vapour deposition, sputter coating, lithography etc.
Reproduced from ref. 6 with permission from the Royal Society of Chemistry. (ii) shows an array of rectangular shaped nickel-iron magnetic artificial
cilia fabricated using two-mask lithography process. Reproduced from ref. 105 with permission from the American Chemical Society. Magnetic artificial
cilia of different sizes fabricated using a photolithographic process from a photoreactive copolymer are shown in (iii). Reproduced from ref. 87 with
permission from John Wiley and Sons. (c) Cilia in (i) are made from super-paramagnetic beads by self-aligning them using an external magnetic field.
Reproduced from ref. 10 with permission from Proceedings of the National Academy of Sciences. Cilia fabricated by aligning cobalt particles mixed with
an elastomer by a magnet are shown in (ii). Reproduced from ref. 131 with permission from the American Chemical Society. (iii) shows cilia fabricated by
placing iron particles dispersed in a thermo-plastic polyurethane between two magnets to shape into the cilia structures. Reproduced from ref. 121 with
permission from John Wiley and Sons. (d) (i) shows the alignment of iron-carbonyl particles in different directions in the cilia structures fabricated using
4D printing process. Reproduced from the free access ref. 127. 3D printed cilia structures with each cilium having particles aligned in different directions
is shown in (ii). Reproduced from ref. 126 with permission under open license CC BY. (e) (i) and (ii) show cilia fabricated from a polymer by pulling them
out of the plane using field effect spinning. Needles used to pull the cilia are shown in (i). Reproduced from ref. 128 with permission from the American
Chemical Society. PDMS posts (iii) on a roller used to pull a precursor material to shape them into cilia structures shown in (iv). Reproduced from ref. 14
with permission from the Royal Society of Chemistry. (f) The cilium structure fabricated separately shown in (i) is one part of a complete unit.**° (ii)
Shows cilia made from PMMA attached to the base through an epoxy resin to complete the device assembly. Reproduced from the open access ref.
130. A bistable buckled beam held between two clips that forms the cilium structure when attached to a fixed base is shown in (iii). Reproduced from
ref. 132 with permission from the Institute of Electrical and Electronics Engineers.

6 Flow generation by artificial cilia

As explained in section 3, fluid pumping and mixing are of
paramount importance in microfluidic applications.”®
Conventional microfluidic pumping relies either on large
peripherals, such as pneumatic control systems or syringe
pumps, or on expensive and/or cumbersome components.
Efficient microfluidic mixing, on the other hand, is very
challenging. This is due to low Reynolds number conditions
resulting from the small channel sizes which prevent the
flow from becoming turbulent, while the channel size is
often too large for molecular diffusion to be effective in
mixing within a reasonable time. Inspired by the highly

This journal is © The Royal Society of Chemistry 2022

efficient fluid manipulation capabilities of biological cilia,
researchers came up with the idea of using artificial cilia to
create on-chip integrated micro-pumps and micro-mixers.*’
Table 1 summarizes most previously reported artificial cilia
in terms of fluid pumping. A dimensionless parameter, the
normalized flow speed ¢, is used to fairly compare their
pumping efficiency. This parameter is defined as:

5:ﬁ (6)

In this equation, v is the velocity of the generated fluid
flow, fis the cilia beating frequency, and [ is the cilia length.
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Hence, ¢ represents the flow velocity generated per beating
cycle scaled by cilia size. We will see that the most efficient
artificial cilia reported so far are the self-assembled
microscopic magnetic artificial cilia by Vilfan et al. in 2009:*
even though the absolute fluid velocities induced are low (5
um s™') so that they may be unsuitable for many microfluidic
applications, relative to their size and beating frequency they
perform best.

6.1 Fluid pumping

Net fluid pumping by artificial cilia can be achieved by
actuating them in various ways, which are possibly
combined, as explained in section 4 and schematically shown
in Fig. 4. First, like biological cilia, the shape of the artificial
cilia. motion may be non-reciprocal, i.e. with an effective
stroke during which the effect of the cilia on the fluid is
maximized and a recovery stroke during which the effect is
minimized. The cilia beating may be 3-D, often exhibiting a
tilted conical motion as sketched in Fig. 4(a); this was
demonstrated by Downton and Stark in 2009 to be a simple
yet effective non-reciprocal motion to generate net fluid
flows."** The cilia beating may also be 2-D, ie. in a single
plane usually perpendicular to the surface as in Fig. 4(c).
Using numerical simulations, Khaderi et al. found that, for
such 2D cilia motion, the net fluid flow generated scales with
the so-called swept area, which is the area enclosed by the
path traced by the cilia tip in one beating cycle, shown as the
dashed curve in Fig. 4(c)."** Second, for relatively large cilia,
inertia can play a role if there is temporal non-reciprocity in
the cilia beating in which one of the strokes is much faster
than the returning stroke. A net flow may then be generated
in the fast stroke direction; such inertial flow generation does
not happen for biological cilia (see section 2). Third,
metachronal beating with neighboring cilia beating out of
phase (see Fig. 4(c)) may contribute to fluid flow generation;
the specific metachrony is termed symplectic, antiplectic and
laeoplectic when the metachronal wave travels in the same,
opposite and perpendicular direction as the effective stroke,
respectively.”*> Finally, it should be noted that tot total flow
generated is influenced by the number and areal density of
the artificial cilia. The net flow increases with the number of
cilia, however depending on the areal density this increase is
not proportional (i.e. sub-linear) due to hydrodynamic
interactions between the cilia.'*

The earliest artificial cilia for creating flows, reported by
us in 2008, were micro-flaps fabricated from bilayer films of
polyimide and chromium on the surface of ITO glass using
MEMS technologies, see Fig. 8(a).° These 100 um sized cilia
were able to generate a translational flow speed up to 500 pm
s in a microfluidic chamber when actuated electrostatically
by applying an AC voltage of 75 V/1 kHz with on-off
frequencies at 50 Hz. The main mechanism at work was
inertia, since the cilia beating speed was very high.*® In 2007,
Evans et al. reported the first magnetic artificial cilia with a
size similar to biological cilia (with diameters ranging from
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(a)
(i)

Mm pitch 450 um pitch 0 um pi
(12x10=120cilia) _ (9x10=90ciia) _ (8x10=80ciia) __ (8x10 =80 cilia)

= =

Fig. 8 Artificial cilia used for fluid pumping. (a) Fluid flow generated by inertia effects of 2D reciprocal motion of electrostatic artificial cilia. () SEM
image of the electrostatic artificial cilia; (ii) top view schematic of the layout of an array of electrostatic artificial cilia: the cilia are arranged in 5
columns of 20 cilia, and they are covered with a 0.5 mm thick film of silicone oil (viscosity 9.3 mPa s), containing TiO, tracer particles; and (iii)
snapshot of the flow generated by the electrostatic artificial cilia, the red arrows indicate the flow direction, the black dots are TiO, tracer
particles. Reproduced from ref. 6 with permission from the Royal Society of Chemistry. (b) Fluid flow generated by 2D non-reciprocal motion. (i)
Overlay of experimental images showing magnetic cilium motion over one beating cycle, the blue and red dashed lines indicate the cilium tip
trajectory during the effective stroke and recovery stroke, respectively, which also demonstrate the difference in swept area by the cilium during
the two strokes. Reproduced from ref. 104 with permission from the Royal Society of Chemistry. (ii) Superimposed images of the dye tracing test
of the initial situation and the situation after 130 beating cycles for 2D non-reciprocal motion of pneumatic artificial cilia, showing the generated
net flow in the same direction as the effective stroke (indicated by the blue curve). Reproduced from ref. 90 with permission from John Wiley and
Sons. (c) Fluid flow generated by 3D non-reciprocal tilted conical motion. (i) Schematic of the cilia motion. Reproduced from ref. 8 with permission
from the National Academy of Sciences. (ii) Traces of particles above the cilium. The cilium is fixed at (0, 0) and the black solid line denotes the
calculated path of the cilium tip. Reproduced from ref. 124 with permission from the American Institute of Physics. (iii) Trajectory of tracer particles
above the tips (z = 30 m), showing unidirectional flow. Reproduced from ref. 8 with permission from the National Academy of Sciences. (iv) Traces
of 1 um fluorescent tracer particles in the horizontal plane, 40 mm above the bottom substrate, showing a net flow. The scale bar is 100 pm.
Reproduced from ref. 12 with permission from the Royal Society of Chemistry. (d) Fluid flow generated by 2D metachronal motion. (i) Snapshots of
a metachronal motion of one row of MAC during one beating cycle at 1 Hz in water. (ii) Trajectories of tracer particles in both water and glycerol.
The arrows indicate the relative speed and direction of the generated flow. Reproduced from ref. 20 with permission under open license CC BY-
NC-ND.
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200 nm to 1 um and aspect ratios as high as 125) fabricated
with track-etched polycarbonate membranes as templates.”
In 2010, these bio-mimetic cilia were demonstrated to be able
to simultaneously generate two sharply segregated regimes of
fluid flow: directional flow above the cilia tips, with
generated flow speeds of 8 um s, and mixing flow below the
tips, when they were actuated using an off-axis rotating
permanent magnet to perform tilted conical motion at 34 Hz
(Fig. 8(ciii)).® The first self-assembled magnetic artificial cilia,
having a typical length of 31 pm, were reported by Vilfan
et al. in 2009, and were able to induce a net flow of 5 pm s™
by performing a tilted conical motion at 0.5 Hz.'” In our
group, we optimized the fabrication process of cylindrical
microscopic magnetic artificial cilia and enhanced the fluid
pumping properties from 2013 to 2018 to bring the idea of
using the cilia as on-chip integrated micropumps closer to
real life applications,"” reaching induced flow speeds of

1664 | Lab Chip, 2022, 22,1650-1679

260 um s for 350 um long cilia performing tilted conical
motion. In 2018, Hanasoge et al further increased the
pumping efficiency of microscopic magnetic artificial cilia to
a maximum flow speed of 1350 pm s~ when the 200 um long
cilia performed a 2D non-reciprocal motion (Fig. 8(bi))."**

All above-mentioned artificial cilia beat in phase and
synchronously. However, as explained in section 2, biological
cilia often exhibit metachronal motion. Numerical modeling
has demonstrated that metachronal motion can be more
efficient than synchronous motion in terms of fluid
pumping.'?>10%136137 " These findings have motivated
researchers to explore manmade analogs of natural cilia that
are capable of performing metachronal motion. The
mechanism of creating metachronal cilia can be summarized
into two categories (see also section 4.3.3): (i) applying
different forces to each cilium within an array of cilia, and
(ii) designing an array of cilia with different responses to a

This journal is © The Royal Society of Chemistry 2022
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uniformly applied stimulus such as a uniform magnetic
field. In 2020, Zhang et al. experimentally demonstrated the
first metachronal microscopic magnetic artificial cilia (350
um long) that could generate a flow speed 30 times higher
than that generated by a synchronous motion, namely up to
3000 um s™', but inertial effects played an important role
too.”*® The reported metachronal motion was realized by
applying a non-uniform but periodical magnetic field using,
however, a relatively cumbersome actuation setup with a
moving belt containing many small permanent magnets. To
solve this issue, in 2021, Zhang et al. reported an array of
metachronal microscopic magnetic artificial cilia where
neighboring cilia have different magnetic properties, and
thus beat out-of-phase in a simple uniform rotating
magnetic field (Fig. 8(d)).”® These metachronal magnetic
artificial cilia showed 3 times higher fluid pumping
capabilities than synchronously beating cilia, with generated
fluid velocities of 220 um s'. Gu et al reported
magnetically actuated artificial cilia carpets that exhibit
metachronal in dynamic magnetic fields. The
metachronal waves are achieved by programmable
magnetization patterns coming from stretching and folding
onto curved templates.”® Milana et al. developed pneumatic
cilia performing metachronal waves by pressurizing with a
dedicated pressure source. The net flow speed increased by
50%, compared to synchronous beating, when cilia move in
an antiplectic wave with phase shift of —n/3 but the flow
decreased for symplectic waves (Fig. 8(bii)).”° Dong et al.
investigated  the  quantitative relationship  between
metachronal coordination and the induced fluid flow, and
found that only antiplectic metachronal waves with specific
wave vectors could enhance fluid flows compared with the
synchronized case.®” Fig. 8 shows representative examples of
artificial cilia and the typical flow patterns and/or velocities
they can generate.

Table 1 summarizes the fluid pumping capabilities of the
artificial cilia published up to date. Fig. 9 shows both the

waves
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absolute flow speed and the relative flow speed as a function
of the cilia length for all the publications listed in the table.
The data should be compared with care, since these include
both local flow measured closely above the cilia tips and
global flow measured far away from the ciliated area, as
indicated in the figure. Clearly, there is a correlation between
the cilia size and actuation frequency on one hand, and the
absolute value of the generated fluid flow speed on the other
hand, with higher speeds for larger or faster artificial cilia.
The highest absolute speed is generated by the pneumatically
controlled artificial cilia of Gorissen et al,*® namely 19000
um s~', but their large size (8 mm) prohibits application in
microfluidic devices. The relative flow speed (Fig. 9(b)), on
the other hand, does not show a clear correlation with cilia
size. The artificial cilia most effective in generating flow,
relative to size and beating frequency as measured by the
normalized flow speed J, are the small artificial cilia
developed by Vilfan et al.’® since these have the largest ¢ of
0.323; however the absolute value of the fluid velocity
generated by these artificial cilia, 5 um s, is too low for
many practical microfluidic applications. A good compromise
is offered by the various mid-sized (100 s of um) magnetic
artificial cilia that can generate typical fluid flow velocities of
100 s of um s™', which is the range relevant for microfluidic
devices.

6.2 Mixing

Compared to microfluidic pumping, research on microfluidic
mixing using artificial is more limited. The earliest report is
by den Toonder et al in 2008, shown in Fig. 10(a).® The
reported electrostatic cilia could create efficient mixing in a
Y-shape microfluidic device. Oh et al. created resonance-
actuated artificial cilia in 2009,"*° and showed in 2010 that
the cilia mixer reduced the mixing time by 8.0- and 1.4 times
compared to diffusion- and vibration mixers, respectively."*’
Chen and co-workers experimentally and theoretically studied

(b) 0.40 {pirpie - 3D asymmetric motion o - local flow
Green - 2D asymmetric motion Y - global flow
-Blue - 2D symmetric motion Solid fill - metachrony
o

2 o 2
N W W
a o o
®

Normalized Flow Speed (v/7)
o o
- N
GIH o
[ )

0.10- *
* °
0.05 **
* o %
*
0.00{ _ o . * i .
10 100 1000 10000

Cilia Length (um)

Fig. 9 Summary of the net flow generated by previously reported artificial cilia listed in Table 1. (a) Absolute flow speed as a function of cilia
length. The color of the symbols indicates cilia motion with purple, green and blue indicating 3D non-reciprocal motion, 2D non-reciprocal motion
and 2D reciprocal motion, respectively. The circle and star symbols indicate whether the associated publication reports the local flow above the
cilia tips or the global flow measured far away from the ciliated area, respectively. Solid filled data indicate the existence of a metachronal wave.
(b) Normalized flow speed, 6 = v/fl, as a function of cilia length (see Table 1 for the corresponding references). The symbols have the same

meaning as in panel (a).
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(b)

-

Fig. 10 Fluid mixing with artificial cilia. (a) Fluid mixing with electrostatically actuated artificial cilia: (i) design of Y-shape microfluidic channel, (ii)
optical image of the Y-shaped microfluidic device with two inlets for pumping in liquids and one outlet, (iii and iv) snapshots from a mixing
experiment using dyed silicone oils; the mixing is complete within 1.5 cycles traveling distance in the main flow direction. Reproduced from ref. 6
with permission from the Royal Society of Chemistry. (b) Fluid mixing with MAC: (i) design of T-shape microfluidic channel, (ii) and (ii) SEM image
of the MAC, (iv and v) snapshots from a mixing experiment using glycerol aqueous dye solutions; the insert shows the trajectory made by the cilia
tip. Reproduced with permission from Chen 2013. Reproduced from ref. 141 with permission from the Royal Society of Chemistry.

the effect of microscopic magnetic artificial cilia motion on
the mixing efficiency."*>'*"**> Superior mixing performance
could be achieved when the cilia perform a figure-of-eight
motion, as shown in Fig. 10(b)."*" Finally, studies have shown
that metachrony potentially enhances microfluidic
mixing.*>**

7 Particle and droplet manipulation by
artificial cilia

The manipulation of particles and droplets is an important
function to realize in microfluidic devices for a number of
applications, such as bioanalysis, disease diagnostics, drug
delivery and self-cleaning surfaces.””?®'*  Recently,
researchers have found inspiration in the ways that biological
cilia manipulate particles, and have created versatile particle
and droplet manipulation approaches using artificial
cilia,>*?72830:120,1447146 1itially, numerical studies showed
that artificial cilia are promising for manipulating
particles."”” " In recent years, increasingly experimental
studies have been published exploring the particle
manipulation capabilities of artificial cilia, where especially
magnetically  actuated  artificial cilia have been
used.>*?%?7:28:30,120,1447146, 1547161 The reported artificial cilia
can not only remove particles, grains of sand, and
microalgae®”*® (see Fig. 11(a)) to create self-cleaning and
anti-biofouling surfaces, but they can also transport particles
(see Fig. 11(b))."****¥1%° Moreover, by tuning the artificial
cilia motion, more intricate control of the motion patterns of
particles or droplets can be achieved (see Fig. 11(c)).>>'>>'%8

7.1 Particle removal, self cleaning, and anti-biofouling

Quite a number of numerical studies have shown the
potential of using artificial cilia to create self-cleaning and
antifouling surfaces by removing particles,?®"4771°0:152,153,162
Based on these results, some experimental studies have been

1666 | Lab Chip, 2022, 22,1650-1679

reported in recent years. In 2019, Zhang et al. demonstrated
that their magnetic artificial cilia can remove viscoelastic
polylactic acid (PLA) particles from the ciliated surfaces when
the artificial cilia perform the tilted conical motion in water,
as shown in Fig. 11(a1);*” the size range of the particles was
30 um to 500 pm. The main mechanism for this self-cleaning
effect, proposed by the authors, is that the actuated cilia
induce strong hydrodynamic and mechanical forces on the
particles, overcoming the adhesion force between the
particles and the substrate or the cilia. In addition, the
authors studied the efficiency of the self-cleaning for
particles with different sizes. They demonstrated that the
cleanness was above 80% for all particle sizes except for the
particles with a diameter similar to the pitch between the
cilia. Moreover, in both water and air the artificial cilia could
remove naturals and grains, which have arbitrary shapes and

higher density (Fig. 11(a2)). In 2020, Zhang et al
demonstrated that the same magnetic artificial cilia can
remove real biofouling agents, microalgae, due to

hydrodynamic shear forces acting on the algae, hence
creating anti-biofouling surfaces, see Fig. 11(a3). This was a
meaningful step towards real life applications.>®

7.2 Particle and droplet transportation

Transporting particles and droplets on a surface is another
important application of artificial cilia. To control the
interaction between the particles or droplets and the artificial
cilia, the cilia surface can be treated to modify their surface
energy. In particular, they can be turned superhydrophobic
by various treatments such as superhydrophobic spraying,
immersion in a solution, and femtosecond laser
modification,'¢15%158159 Making use of  the
superhydrophobic nature of a magnetic artificial cilia array
treated by coating of carbon nanoparticles, Kim et al.'’
studied the transportation of ice particles. As the cilia bend
along the magnetic field direction, they form an open

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 Particle and droplet manipulation by artificial cilia. (a) Particle removal, self-cleaning and anti-biofouling by artificial cilia exhibiting tilted
conical motion (upper left panel). Reproduced from ref. 27 with permission from John Wiley and Sons. (al) Use of magnetic artificial cilia to
remove PLA particles in water. (i) SEM image of the MAC used in the article. (ii) shows the state of the surface before cleaning, (iii) is the state of
the surface after actuating MAC for 60 s. (a2) Removal of natural sand grains by magnetic artificial cilia. (i)(iii) show the cleaning process after 0 s
16 s and 30 s, respectively. al and a2 reproduced from ref. 27 with permission from John Wiley and Sons. (a3) Anti-biofouling by magnetic artificial
cilia. (i) Broader bright-field microscopy image of the ciliated part after 28 days actuation, showing that the central unciliated area is almost
perfectly clean. (ii) Broader bright-field microscopy image of a control experiment after 28 days, showing that the complete channel is fouled
indiscriminately. Reproduced from ref. 28 with permission under open license CC BY-NC-ND. (b) Particle transport by artificial cilia exhibiting tilted
conical motion (upperleft panel). (bl) Transport of ice particles by magnetically responsive film-like cilia. Because of the superhydrophobic wetting
properties, ice particles form with nearly perfect spherical shapes. Reproduced from ref. 159 with permission under open license CC BY. (b2) (i)
Transporting droplets back and forth on a superhydrophobic magnetically responsive microplate array. (ii) Process of directional propulsion,
merging, and mixing of water droplets on the surface. (iii) A simple chemical reaction based on the rapid droplet horizontal propulsion and
microscopic positioning and merging. (iv) A water droplet (volume around 3 pL) climbing up an inclined superhydrophobic magnetically responsive
microplate array surface at an inclination angle of around 5.4°. Reproduced from ref. 158 with permission from the American Chemical Society.
(b3) (i and ii) Morphology and corresponding water droplet contact angles of the magnetic microcilia before and after superhydrophobic
modification, respectively. (iii) A water droplet can be switched between states of rolling down and pinning on an inclined surface by changing the
magnetic field. (iv) Oil droplet manipulation in water on an inclined surface. Reproduced from ref. 146 with permission under open license CC BY.
(c) Particle control by artificial cilia exhibiting metachronal motion (lower middle panel). Reproduced from ref. 155 and 158 with permission from
the American Chemical Society. (c1) (i) Magnetic artificial cilia with size of 50 um in diameter, 350 um in height. (i) Top view of tilted conical
motion shown by actuated cilia. (iii and iv) Top-view time-lapse trajectory of a particle transported along controlled directions. Reproduced from
ref. 25 with permission under open license CC-BY-NC-ND. (c2) Water droplet capture and on-demand release by a superhydrophobic magnetically
responsive microplate array surface. Reproduced from ref. 158 with permission from the American Chemical Society. (c3) (i) Water droplet moves
reciprocally on a magnetic responsive cilia surface. (i) Two droplets moving in parallel on a surface. (i) Merging of droplets. (iv) Directional stable
transportation of a droplet along a circular orbit. Reproduced from ref. 155 with permission from the American Chemical Society.

channel on the surface. Combined with the
superhydrophobicity of the surface, droplets are then

underneath the ciliated surface. In this way, they successfully
transported droplets on a horizontal surface and they even

transported smoothly. The ice particles form nearly perfect
spherical shapes on the superhydrophobic surface, which can
also be easily removed by actuating the cilia as shown in
Fig. 11(b1). Artificial cilia can also be actuated to exhibit
metachronal motion (see section 4), which can be used to
transport particles or droplets. Hu et al."*® actuated magnetic
artificial in the form of microplates treated with hydrophobic

spraying, by moving an array of connected magnets

This journal is © The Royal Society of Chemistry 2022

realized simple chemical reactions on the surface (see
Fig. 11(b2) (i)-(iii)). In addition, they were able to transport a
droplet upward on a tilted surface, against gravity (see
Fig. 11(b2) (iv)). The successful transportation relied on the
metachronal cilia motion, droplet inertia and the local high
adhesion to the microplates. Also Jiang et al'*® realized
droplet transportation by artificial cilia on an inclined

surface. In this case, not only water droplets but also oil
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droplets could be transported. By immersing the cilia array
in different solutions, either a superhydrophobic or a
superoleophobic  surface could be obtained (see
Fig. 11(b3) (i and ii)). For the transportation (b3(iii and iv)),
the force balance between the left and right side of the
droplets was crucial.

7.3 Particle and droplet control

Beyond transportation in one direction, more intricate
particle control can be realized by controlling the artificial
cilia motion, enabling to move particles along a designated
orbit. Zhang et al®> employed magnetic artificial cilia
exhibiting a tilted conical motion to control the motion of
PLA particles placed on top of the cilia tips. As illustrated in
Fig. 11(c1), the particles could be transported by the
coordination of the pulling force provided by the anteriorcilia
and the pushing forces applied by the posterior ones, guided
by the rotation of the external magnetic field. By changing
the rotation and/or the tilting direction of the cilia, the
particles could be transported along any designed route over
the ciliated area. These experiments were confirmed by
numerical simulations.> Artificial cilia can also be used to
capture and release droplets,"®'®" as shown in Fig. 11(c2). A
magnetically responsive array of microplate-shaped artificial
cilia was treated with superhydrophobic spray so that the
cilia obtained local high-adhesion spots, key to capturing
droplets, and thus the cilia array could be used to capture
water droplets. The water droplets could be released by
deforming the microplate array with an external magnetic
field. Finally, cilia arrays exhibiting metachronal motion
caused by the translation of a permanent magnet have been
shown to induce stable transportation of droplets. This
means that, by controlling the direction of the magnetic array
translation causing a unidirectional wave, droplets can be
transported along any wanted route or stopped on
demand.'*®'3>138159 por instance, the droplets can move
along a straight or arch orbit as shown in Fig. 11(c3).
Moreover, two droplets can also move in a parallel way or
merge. This precise control was achieved by the ingenious
design combining the anisotropic characteristics of
microgrooves and the active oscillation of the artificial cilia.
ESIt Table S2 compares the reported artificial cilia particle
and droplet manipulation techniques quantitatively.

8 Flow sensing by artificial cilia

In nature, the majority of the cilia types present ubiquitously
inside and outside bodies of living organisms exist as
sensory/primary cilia (see section 2). The sensing impetus
may either be a mechanical deformation (called
mechanosensing) or a change in the chemical concentration/
species around or on the cilia surfaces (called
chemosensing). The earliest research works on artificial cilia
were in fact inspired by the sensing properties of the cilia
specifically present on insect bodies or in the fish lateral
line."*”'%® In these first publications, a rectangular cantilever
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type structure (in-plane or out-of-plane) acts as a signal
receptor while the base to which the cantilever/cilium is
connected was modified to act as a piezoresistive sensing
unit (strain gauges)'*”'®® as schematically shown in
Fig. 12(a) and the SEM images in Fig. 13(a). Soon after the
development of this strain gauge based artificial cilia sensor,
capable of measuring flow of air and/or water when
immersed, the sensing receptor was modified through
micromachining processes to a cylindrical geometry, and the
sensing base was further modified to sense low frequency
vibrations thus increasing its sensitivity. This property was
exploited to develop an artificial cilia system capable of
sensing sound vibrations underwater, therefore acting as a
hydrophone, as well as the direction of the sound wave
propagation, by arranging the piezoresistive units circularly
at the base around the sensing cilium.'®*'** Use of artificial
cilia to create hydrophones with improved sensitivity and for
specific applications, accompanied with improvements of
their ease of fabrication, continued to grow over the
succeeding years."®>'®” With the use of piezoresistive units
to convert the mechanical input into an electric signal, the
artificial cilia based sensors were designed to also mimic a
specific configuration of cilia where a bundle of cilia are
covered with a signal transferring accessory structure called
cupula.’®® This type of artificial system contains a flexible
cilia bundle made of a compliant polymer, embedded in a
liquid/gel with an integrated sensor together making a
sensing unit capable of detecting changes in the surrounding
environment. The majority of the cilia based sensors
developed have chosen the piezoresistive devices as the
sensing units for their very fast response time, see ESI Table
S3. Recent modifications in the piezoresistive sensing units
have come in the form of carbon nanotubes (CNT) based
piezoresistors with high sensitivity to low deformations®*'”°
and graphene based flexible strain gauges for making all
flexible cilia sensors.””'”" In terms of the sizes of the
piezoresistive based cilia sensors, because of the fabrication
processes involved, most of them have cilia lengths falling in
the milliscale range (above 1 mm) and only a very few of
them in the sub-mm range, see ESIt Table S3. The very few
micro-cilia sensors based on piezoresistive sensors have been
fabricated from stiff materials with stiff and brittle silicon
substrates making them less suitable for microfluidic
applications in which low flow speeds must be measured for
which flexibility is required.'®” %1%

Attempting to avoid the use of brittle silicon as a
substrate, the polymer PVDF (polyvinylidene fluoride)
integrated with electrodes working as piezoelectric units has
been proposed to be wused in artificial sensory cilia
systems.””” In the form of micro and nano fibers, the
piezoelectric PVDF was linked to multiple cilia tips in a
hydrogel cupula making a highly sensitive sensing system
with threshold detecting flow limit of 8 um s."”®> Another
configuration of piezoelectric PVDF fibres and a co-polymer
of PVDF as a sensor in a cilia system involved its use in
rather simplified fabrication processes with the fibers

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 Schematic representation of: (a) piezoresistive and piezoelectric cilia sensors where the cilium structure may be attached to one or
multiple sensors/elements arranged either in its base or within the cilium structure. The sensors may experience deflection like represented by the
bent configuration A and B depending on their type of arrangement around the cilium structure. (b) A capacitance based sensor integrated in the
cilium base may be triggered by the bending of the cilium in the same manner as shown for the piezo sensors (configuration A and B). (c) A GMR
or GMI sensor is placed under the cilia made from a magnetic material. Minute change in the magnetic field due to the deflection of magnetic cilia
bought about by the surrounding fluid flow or vibrations is sensed by the sensor placed in the base.

typically present around the central cilium base as Along with the development of piezoresistive and

schematically shown Fig. 12(a)."**'®” More recently, an
artificial cilium has been presented working as a hydrophone
using leadzirconate titanate (PZT) as a piezoelectric sensor."”*
Apart from the sensor with cilia tips connected with the
PVDF fibers in a cupula,'’? the cilia lengths of other
piezoelectric based sensors are again larger than 1 mm, but
since the cupula has multiple cilia covered in a hydrogel
drop, the effective size of this sensor also falls in the
millimeters scale. This makes these artificial cilia sensors
less suitable for application in microfluidics.

piezoelectric cilia sensors, capacitance based sensors have
been proposed simultaneously to mimic the ‘arrayed’ nature
of the cilia as acoustic'”® and flow sensors.'”® The capacitive
sensors are integrated in the base of each cilium, as shown
in Fig. 12(b) and 13(b) and these generate an electric
response to the mechanical stimuli. These sensors were
initially made in a silicon substrate and the cilia themselves
from the stiff SU-8 polymer.’”>"”7 An entirely compliant cilia
sensor using an internal core of liquid metal as a capacitive
unit surrounded by a soft silicon body has also been

Magnetism based sensor

(a) Piezoresistive/ electric based cilia sensors | (b)

Capacitance based sensor (c)

= E

RIS

Fig. 13 Artificial cilia based sensors: (a) SEM image of a piezoresistive sensor based cilium with the piezoresistive element in the base (image-i)
designed as per the configuration B shown in the schematic Fig. 12(a). Reproduced from ref. 108 with permission from the Institute of Physics. In
image-ii the sensing element is integrated within the cilium structure. Reproduced from ref. 165 with permission from Elsevier. (b) SEM images of
arras of cilia with a capacitive sensor integrated in the base both in image-i and ii, reproduced from ref. 175 and 176 respectively with permission
from the Institute of Physics. (c) Magnetic artificial cilia containing magnetic nanowires embedded in PDMS (image-i) and SU-8 (image-ii) for
measuring flow. Image-i reproduced from ref. 180 with permission from the Royal Society of Chemistry. Image-ii reproduced from ref. 184 with
permission from the Institute of Electrical and Electronics Engineers.
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developed,'”® but its size also falls well into the millimeter
scale, again not fitting to microfluidic applications.

To develop a truly micro/nanoscale artificial ciliary sensor,
the concept of measuring changes around a magnetic sensor
brought about by the deflection of a micro/nano magnetic
cilia like structure as schematically shown in Fig. 12(c) has
been shown to be highly promising. Using a giant
magnetoresistive (GMR) under a thick carpet of iron-gallium
nano wires, a transducer was developed with however a
complex packaging procedure.’’® Mixing iron nanowires with
poly(dimethylsiloxane) (PDMS) and casting it into the pores of
a poly(methyl methacrylate) (PMMA) mold, flexible micro-
sized cilia for flow sensing have already been developed,'®
see Fig. 13(c). The mold was prepared in a PMMA sheet using
a CO, laser and the deflection of the magnetic artificial cilia
was sensed by giant magnetoimpedance (GMI) sensors. The
use of GMR and GMI sensors along with the magnetic
composites suitable for molding into smaller and smaller
cilia sizes could be seen as the right candidate for developing
microfluidic flow and sound sensors.

Apart from the types of sensors discussed above, sensing
of the cilia received inputs have also been achieved by the
use of other sensors like force sensitive resistors (FSR),'
ionic polymer metal composite (IPMC)'®> and more recently,
resonance based sensors'® as listed in the ESIf Table S3.
The cilia sizes in all these sensing systems are however equal
to or above 1 mm. Cilia with sizes falling in the micro range
are listed in Table 2, along with the relevant details.

9 Modeling artificial cilia

Modeling the motion of artificial cilia under the influence of
an applied stimulus and its effect on the surrounding fluid
and/or neighbouring or contacting particles is challenging.
This is due to the complexity of the problem, which involves

View Article Online
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the coupled interactions between multiple physical domains,
such as solid mechanics, fluid mechanics, involving fluid
structure-interaction, electromagnetism, etc. Hence, only a
few theoretical models that go beyond the scaling analyses
presented in section 2 have been reported.

One theoretical model describes the bending of magnetic
artificial cilia containing paramagnetic particles by balancing
the applied magnetic torque (Tmag) With the opposing
deformation torque Ty.s."”" The magnitude of the magnetic
torque is given by:

- Jﬂ' |B” sin(2(0 - ¢)), (7)

which assumes a negligible magnetic gradient as well as a
cilium aspect ratio dominated induced magnetic moment,
which holds if the magnetic susceptibility is high."*>"" In
the above expression, v is the total volume of magnetic
particles in the cilium, n, and n, are the geometry
demagnetization factors along and perpendicular to the
cilium long axis respectively, and B is the magnetic flux
density. ¢ and 6 are the angle of the magnetic field and the
angle of the cilium from the vertical, hence B makes an angle
(¢ — 6) with the long axis of the cilium. Ty, is balanced by
the counteracting deformation torque, of which the
magnitude is given by:

nErt0
i ®)

‘Tdef‘ =

where r is the cilium radius, [ its length, and E its Youngs
modulus.”® Eqn (8) assumes that the cilium bends with a
radius of curvature while undergoing large
deformation.” Magnetic cilia bending experiments have
shown good correspondence with this model.”®***

The flow generated by artificial cilia performing a known
tilted conical motion, as shown in Fig. 4(a) and 8(c), has been

constant

Table 2 Sensing artificial cilia based on different sensing principles and with biggest feature size less than 1 mm are listed here. The list is sorted as per
the cilia sizes, from smallest to largest. A more complete list is given in the ESI Table S3

Flow sensing Size*

Flow measurement

Ref. principle Material O:Ixwxtum, O:Ixdyum  Medium Flow velocity resolution
185 Magnetic PPy NW 1 % 0.08-0.2 Air — —

186 Magnetic Fe-Ga NW 5x0.1 Air — —

179, 187 Magnetic Fe-Ga NW 25-100 x 0.02-0.2 Liquids 400 Hz-10 kHz —

188 Magnetic Co NW 50 x 0.7 Water/air 6 mL min~" 136 pL min™"
173 Piezoelectric SU-8 400-800 x 50 Water 1-5 Hz —

177 Capacitive SU-8 500 x 50 Air — —

180,184  Magnetic Fe NW, PDMS/SU-8 500 x 100, 20 X 5 Water 0.6ms " 0.56 mm s "
109 Piezoresistive =~ SUS8 600 x 80 Air/water  — <1ms*'
165 Piezoresistive  AIN; + Mo (200-600) x 100 x 0.7 Water 0.3 bar 0.025 bar
107 Piezoresistive =~ — 800 x 400 x 250 Air 10sofecms to2ms" —

108 Piezoresistive ~ Permalloy 820 x 0-10 x 100 Water 1ms™ —

176 Capacitive SU-8 900 x 50 Air — —

189 Piezoresistive = Red wax 1000 x 100 x 40 Water — 184.2 dB
190 Magnetic Fe-Ga NW — % 0.001-0.1 Air 300 Hz-5 kHz —

172 Piezoelectric PVDF — X 25 Air — —

175 Capacitive SU-8 1000 X — Air 0.1-1ms" —

Size* O = flap like cilia, O = cylindrical/conical cilia, : length, w: width, ¢ thickness, d: diameter.
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described by a semi-quantitative theoretical model that is
valid in low Reynolds number conditions. In this model, the
volume of fluid transported in each cycle is proportional to
sin @sin® @, with O the tilt angle of the cone axis and @ the
cone opening angle."*® This model has been extended to the
situation in which the path traced by the cone is ellipsoidal
rather than circular by including the aspect ratio « of the two
ellipsoid axes, resulting in a generated fluid velocity of v =
cfasin @sin® @ with ¢ being a proportionality constant and f
the actuation frequency of the artificial cilia."® This semi-
quantitative model has been shown to describe experimental
results well.>"??

More complex situations, such as different artificial cilia
motions than tilted conical rotation, or cases that include
nonlinear interactions, cannot be sufficiently captured in
purely theoretical models to make quantitative predictions.
Over the years, therefore, various computational techniques
have been utilized to model the actuation of artificial cilia
and the associated fluid dynamics. Such models are relevant
for understanding the observed phenomena, but also for
providing guidance to the design of novel artificial cilia
systems for specific applications. It is challenging to resolve
the coupled dynamics of fluid-cilia interaction in numerical
models, which is due to the computational complexity
attributed to the non-linear nature of the equations to be
solved as well as the requirement of two-way coupling
between the cilia deformation and fluid flow to be accounted
for. The fluid dynamics is governed by the Navier-Stokes (NS)
equations and the non-linearity of the problem depends on
the Reynolds number (Re). As mentioned in the previous
sections, many applications fall in the category of low Re flow
and that plays a significant role in the solution strategies. For
instance, at low Re (<1) the inertial effects are negligible and
the non-linear terms (i.e. the advection terms in the NS
equations) vanish. Therefore, the basic nature of fluid flow is
dominated by viscous effects and in that case one has to
solve the Stokes equation, which relieves some of the
computational complexity. The structural dynamics of the
artificial cilia, however, still exhibits non-linear behaviour
because large scale deformation is observed while the cilia
are subjected to externally applied loads such as magnetic
and fluid forces.

We briefly discuss the computational techniques that are
employed to tackle different classes of problems involving
fluid-cilia  interaction. The method of regularized
Stokeslets is widely used to compute the Stokes flow
generated by beating cilia."®® A cilium is approximated by
regularized Stokeslets along its centreline'®® and to satisfy
the no-slip boundary condition at the plane wall, image
Stokeslets are used.'®>'°® The distribution and strength of
Stokeslet varies with time and position on the cilium."®* The
exact solution of the Stokes equation is determined by the
Stokeslet, the primary Greens function of Stokes flow and the
superposition of these solutions provide the flow field."*® The
method was used, for instance, to study the mixing and
transport by an asymmetrically beating cilia carpet by
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considering the 2D kinematics of the cilia under the
influence of metachronal waves as shown in Fig. 14(a)."**

To numerically mimic the beating pattern of magnetically
actuated artificial cilia, bead-spring models'®'°*"**'%” have
been developed to represent the actual cilium for
applications like pumping,'® swimming'®” and particle
transport.> Fig. 14(b) shows examples. The spherical
superparamagnetic beads are linked by springs to form a
cilium. The springs account for bending and stretching
forces between neighboring beads and the magnetic dipolar
interactions subject to the external magnetic field are
accounted for. The hydrodynamic interaction is considered
between beads,'**'®” assuming Stokes flow. The equations of
motion of the cilia comprise all the forces acting on the
beads (elastic, magnetic and hydrodynamic). The
hydrodynamic interaction is accounted for by including the
contribution of the Rotne-Prager mobility matrix."”” To
account for the no-slip boundary condition at the plane wall,
Blakes tensor’*>'® is used.'”” The bead-spring model
coupled with the analytical solution of the Stokes equation is
quite efficient in terms of computational cost for low Re
applications;*>*°*'%7 large-scale cilia deformation due to an
external magnetic field can be captured in three dimensions,
but is limited to non-inertial fluid-cilia interaction.
Computational modeling of particle manipulation and fluid
pumping applications have also been carried out by
combining lattice Boltzmann based flow solvers with lattice
spring models representing the cilia in a similar manner as
the bead-spring models, except that the connected beads or
lattice nodes are non-magnetic,>®1471°0:152,153,198-200

Fully coupled fluid-structure interaction (FSI) models to
resolve the structural dynamics of magnetically actuated
artificial cilia interacting with the fluid have also been
reported,'03134201.202 The FSI model utilizes a coupled
Eulerian-Lagrangian framework to solve the fluid-structure
interactions. The Navier-Stokes equations are discretized by
using a finite-element formulation on a Eulerian mesh, and
the velocity and pressure are interpolated quadratically and
linearly, respectively."** The cilia are modeled by using
Euler-Bernoulli beam elements in a Lagrangian framework
that fully accounts for the geometric nonlinearity. The
overall formulation is based on the principle of virtual
work. A monolithic approach is employed to solve the
fluid-structure dynamics simultaneously by incorporating
the no-slip boundary condition at the fluid-cilia interface
with the use of Lagrange multipliers.””®> The magnetic
actuation forces, acting as an external load to the cilia (that
can be either permanently magnetic as well as
superparamagnetic), are determined by solving the
Maxwells equations. This FSI model has been employed to
study two-dimensional microfluidic propulsion by using
magnetically-driven artificial cilia in an open-loop and a
closed-loop channel,'®® the effect of metachronal beating
within the Stokes regime,'®® and the effect of fluid inertia
on the propulsion performance, as illustrated in
Fig. 14(c).>°"?%
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(a) Stokeslets: Fluid transport
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Fig. 14 Computational techniques utilized to resolve the fluid—cilia interaction. (a) The method of regularized Stokeslets is used to account for
fluid transport: the shown velocity fields correspond to (i) synchronized cilia beating (i) symplectic metachronal beating (iii) antiplectic
metachronal beating. Reproduced from ref. 194 with permission from Cambridge University Press. (b) The bead-spring model is widely used to
study particle transport and fluid pumping applications. (i) A schematic representation of an artificial cilium by spherical beads connected through
springs. Reproduced from ref. 100 with permission from Springer Nature. (i) The numerical results of particle transportation by magnetically
actuated artificial cilia (top and side views first two rows) are compared with the experimental result (top view third row). Reproduced from ref. 25
with permission under open license CC BY-NC-ND. (iii) A soft particle transported by adhesive cilia. Reproduced from ref. 26 with permission from
the American Chemical Society. (iv) The beating kinematics and pumping performance of a magnetically actuated artificial cilium. Reproduced
from ref. 133 with permission from Europhysics Letters. (v) The flow velocity generated by rotating artificial cilia. Reproduced from ref. 10 with
permission from the National Academy of Sciences. (c) Finite element based fully coupled 2D and 3D FSI solvers (i) a schematic of the problem in
which magnetically actuated artificial cilia are used to generate the flow in a channel. (i) The velocity fields are compared in the absence (left one)
and in the presence of fluid inertia (right one). Image-i and ii are reproduced from ref. 205 with permission from the Royal Society of Chemistry.
(iii) metachronal beating of 3D plate-Llike cilia: the magnetically actuated thin plate or shell like artificial cilia immersed in a semi-infinite fluid for
generating the flow. (iv) The velocity field generated by the in-phase beating of 3D cilia. Image-i and ii are reproduced from ref. 206 with
permission from Cambridge University Press.

A three-dimensional FSI model to study magnetically  to discretize the cilia and the low-Re fluid dynamics is
actuated plate like superparamagnetic cilia interacting within ~ accounted by using Greens functions'®® in combination with
a semi-infinite fluid in the Stokes regime has been developed a boundary element approach. The no-slip boundary
by Khaderi and Onck.”® Triangular shell elements are used  condition is imposed at the fluid-cilia interface, and the drag
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force acts as an external point force distributed over the cilia
surface. The model has been applied to study the effect of
metachronal waves on fluid transport (see Fig. 14(c)),>*® the
swimming of artificial flagella**” and pneumatic cilia.”

10 Outlook and opportunities

Our review shows that most efforts in artificial cilia research
have been aimed at generating fluid flow (section 6). Clearly,
magnetic actuation is used the most for microfluidic
pumping, and this indeed is the most promising approach
for application in microfluidics since it offers many
advantages:

e it does not require any physical connections such as
tubes or current wires;

e the interference with fluids, molecules, cells, or tissues
generally used in microfluidic applications is negligible,
because these are not influenced by the magnetic field and,
the other way around, the artificial cilia actuation is not
influenced by them; the magnetic artificial cilia pumping is
cell-friendly;

o the method is versatile: by control of the magnetic field,
the flow can be controlled in space and in time such that, for
example, pulsating flows or flow reversal can be achieved in a
straightforward manner;"®

o the artificial cilia pumping forms an integrated part of
the device itself; and by design of the layout and location of
artificial cilia in combination with the magnetic actuation
protocol, local flow patterns can in principle be created,
which is almost impossible to achieve with microfluidic flow
driven by an external pump.

As we have shown in section 6, the mid-sized magnetic
artificial cilia (100 s of pm) can generate flow speeds of 100 s
of pm s, which is a range relevant for microfluidic devices,
and the size of these cilia is compatible with integration in
microfluidic devices for many applications. We are convinced
that particularly for creating recirculating flows in
microfluidic devices, magnetic artificial cilia can provide an
optimal solution; such flows are for example required in
organ-on-chip applications where fluids, containing nutrients
and often cells, need to be recirculated over cells or between
tissues, to mimic blood flow, provide nutrients, or to
exchange factors between tissues.

Proof-of-principle of microfluidic flow generation by
magnetic artificial cilia has been convincingly shown, as
evidenced by the results summarized in section 6. However,
towards implementation in real-world applications and
commercial devices, work is needed on:

o fabrication methods that enable to produce the cilia, in
the end, on an industrial scale. This means that current
fabrication approaches need to be scaled up. This is, in
principle, possible for a replication process such as the
molding methods that are used often, but also for MEMS-
based processing since this is already an established
industrial approach;

This journal is © The Royal Society of Chemistry 2022
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e materials: currently, the basic material for many
artificial cilia is PDMS. Even though this material has great
advantages such as easy processability and flexibility, it also
has disadvantages. Processing times are mostly long,
absorption by PDMS of small molecules may be an issue in
some applications (e.g. in drug testing), and the hydrophobic
nature of PDMS can lead to practical issues such as bubble
formation. Hence, work on other material opportunities is
needed for further development of artificial cilia;

e in the research on magnetic artificial cilia, the
magnetic actuation setups that are used to generate the
required magnetic fields are still rather bulky, which is not
convenient for a commercial product; therefore,
miniaturization of the magnetic actuation device is needed
to obtain a compact instrument that can interface with the
microfluidic device;

e assembly steps in fabrication processes are often costly,
and these are minimized as much as possible in industrial
manufacturing; for artificial cilia, the assembly and
integration in microfluidic devices therefore requires more
attention.

Compared to microfluidic pumping, microfluidic mixing
by artificial cilia has not been studied much (section 6). We
believe that magnetic artificial cilia mixing could provide a
good solution for mixing in microfluidic devices, especially
when fluids must be mixed in microchambers with initially
stagnant fluids, ie. in the case when no flow is generated
using external means. Examples are micro-reaction chambers
in which biochemical reactions must take place, in which
binding events must happen between targets and labels, or
in which agents must be homogeneously distributed for
optimal detection. By design of the artificial cilia
configuration in such a chamber, in combination with a
tuned magnetic actuation protocol, time-dependent flow
patterns can be created that lead to effective micromixing by
the generation of chaotic advection or stretching and folding
flow patterns.”*® Also, the use of metachrony can be powerful
for enhancing mixing.”> To design the optimal cilia
configuration and actuation protocol, numerical simulations
will be of great help.

Particle and droplet manipulation (section 7) have been
shown for relatively large cilia and particles. For meaningful
applications in microfluidic devices, in which smaller
particles such as cells need to be transported, further
miniaturization is needed. Magnetic artificial cilia with
suitable dimensions have already been developed (see section
5), and towards controlled cell manipulation the challenges
are to create ciliated surfaces with sufficient areal density of
cilia, and to obtain sufficient control of the motion of the
cilia using a carefully designed magnetic actuation device.
Anti-(bio)fouling, for example of sensor surfaces, is another
possible microfluidic application of actuated cilia (section 7).
Initial results show, indeed, that magnetic cilia motion can
remove microalgae from surfaces, but in real life biofouling
is a complex time-dependent process and more (field)
experiments are needed mimicking realistic biofouling

Lab Chip, 2022, 22,1650-1679 | 1673


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1lc01168e

Open Access Article. Published on 04 April 2022. Downloaded on 6/17/2026 4:43:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

conditions to further tune and prove the anti-biofouling
capacity of artificial cilia.

Even though flow sensing was the first application to be
inspired by biological cilia, research into artificial cilia-based
microfluidic flow sensing has been quite limited (section 8).
Nevertheless, we believe that this is a very promising
application especially, again, for magnetic artificial cilia for
which the read-out of cilia deformation under flow is done
using integrated magnetic sensors such as GMR or GMI.
Such an approach is potentially very sensitive, does not
interact with the environment, is non-invasive and has low
noise. The challenges here are to further miniaturize and
integrate smaller and smaller cilia as well as GMR or GMI
sensors in the microfluidic devices. Being fully integrated in
the device and providing real-time monitoring, the artificial
cilia flow sensor signal can be part of a feedback loop that
enables to fully control flow using an integrated artificial cilia
pump. Such a possibility will be of great use for example in
OOC applications where controlled fluid flow is essential.

The recent development of motile magnetic artificial cilia
with truly biological sizes (tens of um long)’® opens
opportunities  beyond technological applications for
microfluidic  control, namely for understanding the
properties and behavior of biological cilia systems. Research
on this topic can range from fundamental behavior at the
cilia-level, to understanding (patho-)physiological function of
human ciliated systems. An example of the former is the
emergence of metachrony or even more complex collective
dynamic behavior of ciliated systems; the question whether
this is caused by hydrodynamic interactions between cilia, or
by (mechanical) interaction through the common surface on
which the cilia are located, is still not answered.?’
Engineering artificial cilia experiments, carefully designed to
study this effect, can help to gain understanding. An example
of the latter, understanding (patho)physiological function of
ciliated systems, is the study of the clearance of human
respiratory tract induced by mucociliary transport. An in vitro
microphysiological model based on artificial cilia, mimicking
the structure and dynamics of the human mucociliary
clearance apparatus could not only help understand this
process, but could also be used to test potential treatments
for individuals in which this process is impaired. A first
model has been demonstrated,>'® but this is still based on
relatively large artificial cilia, and the challenge here is to
shrink these to physiological dimensions and to include the
layered structure of fluid representing the mucus film. A
similar approach could be used to understand the clearance
function of motile cilia present in the middle ear.>'" Another
example is to create an artificial embryonic node, to
systematically investigate how the left-right asymmetry of the
human body is induced by flow generated by the nodal cilia,
a phenomenon that is also not fully understood.>'* Artificial
cilia models could also be used to understand mechanisms
of sensing by primary cilia such as those in the kidney
tubules by systematically studying cilia deformation due to
applied flow.
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Further, devices with integrated biologically sized artificial
cilia could be applied as a tool to study mechanotransduction
at the cellular level. Culturing individual cells, or layers of
cells, on carpets of biologically sized artificial cilia would
provide the opportunity to apply, in a controlled manner,
local forces to cells (at subcellular scales) and measure
reaction forces from the cells. This would facilitate the
fundamental study of cellular mechanotransduction with
unprecedented resolution, but it may also provide new
insights into steering cell behavior, properties, or even
differentiation, through applying mechanical stimuli.

Finally, in the present article we have focused on artificial
cilia functions and applications related to microfluidics. But,
beyond this field, there are many other areas in which
artificial cilia can contribute, for example: control of friction
and adhesion, tactile feedback surfaces, controlling optical
surface properties, application in rheometry, for locomotion
and propulsion in micro-robotics,’**° target capture in
biomedical assays, microbiology,>™® (photo)catalysis and
energy harvesting.*°

11 Conclusions

The past decade has shown great progress of artificial cilia
research, especially on the development of fabrication
methods and on the control of cilia motion during actuation
for fluid flow generation. Using magnetic actuation, which is
used most, artificial cilia have been demonstrated to generate
substantial fluid flow relevant to microfluidic applications,
and at a scale that facilitates integration in microfluidic
devices. Hence, microfluidic flow generation by magnetic
artificial cilia is now ready for the transition towards
implementation and wuse in real-world microfluidic
applications such as LOC and OOC. This requires further
development of fabrication methods and materials towards
industrial levels, miniaturization of magnetic actuation
devices, and effective assembly and integration methods.

Other microfluidic applications of artificial cilia such as
particle manipulation, anti-(bio)fouling and flow sensing,
have been convincingly demonstrated in academic research
settings, but these ask for more basic and conceptual
research before the transition to industrial implementation
can be made.

The most recent developments open new opportunities, in
particular those that have led to biologically sized magnetic
artificial cilia with high motility. These artificial cilia could
be used to create realistic in vitro models of biological cilia
and ciliated systems, which then can be applied to
investigate the functioning and the (patho)physiological
behavior of natural cilia, important for understanding and
eventually treating diseases related to cilia dysfunctioning,
known as ciliopathies. Another application is the use of
biologically sized artificial cilia to study
mechanotransduction at the cellular level, or even to steer
the behavior of biological cells in vitro.

This journal is © The Royal Society of Chemistry 2022
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In conclusion, artificial cilia research is very much alive,
with some concepts close to industrial implementation, and
other developments just starting to open novel scientific
opportunities.
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