Artificial cilia - bridging the gap with nature
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Human ingenuity has found a multitude of ways to manipulate fluids
across different applications. However, the fundamentals of fluid
propulsion change when moving from the macro- to the microscale.
Viscous forces dominate inertial forces rendering successful meth-
ods at the macroscale ineffective for microscale fluid propulsion.
Nature however has found a solution; microscopic active organelles
protruding from cells that feature intricate beating patterns: cilia.
Cilia succeed in propelling fluids at small dimensions, hence they
have served as a source of inspiration for microfluidic applications.
Mimicking biological cilia however remains challenging due to their
small size and the required kinematic complexity. Recent advances
have pushed artificial cilia technology forward, yet discrepancies with
natural cilia still exists. This work identifies this gap by analyzing
artificial cilia technology and benchmarking them to natural cilia, to
pinpoint the remaining design and manufacturing challenges that lay
at the basis of the disparity with nature.
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1. Introduction

The modalities through which organisms and systems interact
with the world change drastically with the length scale
they operate at. Although the same physical laws apply
at both the small and large scale, their effects can differ
dramatically. In fluid dynamics this discrepancy originates
from two major forces that scale differently with length.
Inertial forces act on volume (~ L*), while viscous forces
act on the surface (~ L?). The relative importance of both
is captured by the Reynolds number Re = LU /v, where L
is a characteristic length scale, U the fluid speed and v the
fluid’s kinematic viscosity. For large organisms that typically
work in high Reynolds numbers (Re >> 1), inertial forces
dominate, meaning that fluid flows only die out slowly over
time. However at very low Reynolds numbers (Re << 1),
the time-dependency of Navier-Stokes equation is negligible,
which means that viscous forces dominate and all movements
die out instantly (6). Reciprocal motion, where the shape
of the organism’s body remains unchanged between forward
and backwards stroke, has no net result in a low Reynolds
environment as everything is reversible. Hence to propel
fluids at the small scale, different solutions are required.
Natural selection produced hair-like cell organelles, beating in
a non-reciprocal manner to propel fluid at these microscales,
called cilia and flagella. Flagella usually exhibit a very
high aspect ratio and provide the ability for propulsion of
unicellular organisms by beating in a whip-like or corkscrew
pattern (7). Cilia are usually shorter and tend to appear in
large carpets, where they emerged as an efficient mechanism
for fluid propulsion at low Reynolds number conditions in and
on diverse organisms: on the tentacles of ctenophores (1, 8)
(Fig.1 A1), inside the tracheae of mammals (Fig.1 A2) (9-11),
and on the membranes of eukaryotes like the paramecium
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Fig. 1. Ciliated surfaces are nature’s way to propel fluids at small scales, and can be
found on the tentacles of ctenophores A1(1), inside the lung tract of mammals A2(2),
or on the cell membranes of eukaryotes like the paramecium A3(3). B: To propel
fluids, symmetry breaking strategies are deployed that can act on the global cilia level
by introducing a phase shift between neighboring cilia, called metachronal asymmetry,
or on the level of the individual cilium by following a different path between effective
and return stroke, encapsulating a swept area 'SA’ (spatial asymmetry), by tilting away
from the surface normal with an angle '’ (orientational asymmetry) or by altering
the speed between effective and return stroke, where At. and At,. is the time to
complete the effective and recovery stroke (temporal asymmetry). C Schematic of the
cilia structure, showing the sliding mechanism in microtubule, where 'walking’ dynein
motor proteins instigate a relative motion between two microtubule doublets, based
on (4) and (5). The relative sliding can be distinguished on the left and right inset
figures, showing a changing nexin link orientation.

(Fig.1 A3) (12), to give a few examples. The behavior of
cilia and flagella has attracted research interest for centuries,
accelerated in recent years by the potential application of
biomimetic artificial ciliary systems in fields like microfluidics.
Consequently, the nomenclature used in the remainder of this
manuscript exlusively describes cilia, both natural - where a
collective behavior of large carpets can be seen - and artificial
cilia that attempt to approach their natural counterparts in
various ways.
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The orchestrated movement of these natural cilia
has attracted attention from the scientific community, ever
since their first observation by Antoni van Leeuwenhoek in
1675 (13). This continuing fascination by biologists (14) has
led to accurate descriptions of the form and beat of cilia
throughout the natural world (15-18), focusing on both
individual and collective ciliary beat patterns. A remarkable
variety in patterns is shown across different organisms,
however all patterns need to break symmetry to instigate
fluid flow at low Reynolds numbers, avoiding reciprocal
motion. Four different asymmetries can be distinguished
in ciliated systems, as schematically depicted on Fig.1 B,
where three of them act on the level of a single cilium:
spatial, orientational and temporal asymmetry. The fourth,
metachronal asymmetry, acts on the level of the cilia array as
a whole. A single cilium beats rhythmically and its motion can
be divided into two phases, the effective (with the flow) and
the recovery (against the flow) stroke (12, 15). Nonreciprocity
occurs when the two strokes follow a different trajectory
so that the tip of the cilium sweeps an enclosed area, SA
(swept area) in Fig.1 B. This nonreciprocal motion particular
to beating cilia is known as spatial asymmetry and can be
attributed to their complex inner structure that is composed
of microtubules and motor proteins (5). Depending on the
organism, the microtubules are organised in a specific pattern
where on Fig.1 C, we have depicted a 942 configuration.
In this architecture 9 microtubule pairs, called doublets,
encircle a central doublet. In between these outer doublets
are dynein motor proteins that are able to instigate a relative
local sliding between neighbouring doublets. When locally
activating or inhibiting dynein activity between doublets on
one side of the cilium, a force imbalance is generated across
the cross-section of the axoneme, causing a the cilium to
locally curve. This local dynein activation or inhibition, and
induced curvature, progressively moves over the length of the
cilium, thus generating a characteristic bending deformation
pattern. Motion nonreciprocity and thus spatial asymmetry
is the result of the targeted generation of a traveling wave
of activation or inhibition of the motor proteins that goes
from the base of the cilia to its tip (4, 19, 20). Orientational
asymmetry refers to the global orientation of the cilium,
characterized by the average angle the cilium makes with
respect to the surface normal (6 in Fig.1 B at the bottom
middle) (17). Temporal asymmetry occurs when effective and
recovery stroke happen at different speeds, where usually
the time to complete the effective stroke is smaller than the
time to complete the recovery stroke (At. < At,, as shown in
Fig.1 B). On a global level, metachronal asymmetry indicates
a phase difference between neighbouring cilia, resulting in a
traveling wave with wave speed V,,,, that can move in the same
direction as the fluid (symplectic) or in the opposite direction
(antiplectic) (3). Usually, ciliary carpets combine these
different types of asymmetry in complex beating patterns.

These biological observations are paralleled by computa-
tional models (see Fig.2 A1-A5), that are used to analyse
the contributions of different forms of asymmetry on fluid flow
and how these asymmetries are created in nature (21, 32-37).
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On the level of a single cilia, it has been shown that spatial
asymmetry is essential to achieve low Reynolds fluid flow
(6), where a bigger swept area results in higher fluid flow
(38). In this regime, fluid flow is enhanced by orientational
asymmetry, however orientational asymmetry alone does not
suffice to propel fluids (38). Temporal asymmetry is irrelevant
at Re << 1 (39), where the fluid flow is typically normalized
by the time it takes a complete a full stroke, as displaced
fluid scales linearly with the number of completed strokes
(25). At high Reynolds number, any asymmetry enables
fluid flow (40), orientational asymmetry influences the flow
direction (38) and more spatial asymmetry leads to higher
flow rates (32). Even fully symmetric motions are able to
propel fluids in the direction of the cilium axis (41). Although
asymmetries at the single cilium level are mostly the result
of mechano-transduction inside the cilia (42), hydrodynamic
interactions with the fluid have also shown to influence the
deformations of the cilium that instigates the flow (43). On
the level of the cilia array, even a small phase difference
between neighboring cilia drastically increases flow speeds
at low Reynolds numbers, where highest flows rates have
been reported for antiplectic metachrony (25, 44). At high
Reynolds numbers symplectic metachrony led to the highest
absolute flowrates while flow reversal was observed when
switching from symplectic to antiplectic wave propagation
at certain actuation frequencies (40) without changing the
bending direction of the cilia. Although these investigations
provided insights in the effect of metachronal asymmetry,
they did not explain where this collective behavior originates.
In contrast with the single cilium, where mostly internal
mechanisms coordinate deformation patterns, interactions
between cilia via the viscous fluid dictate the coordination
throughout the array. These fluid-structure interactions were
studied by Taylor in 1951 (45) who reported emerging lateral
waves of flexible sheets in a high viscous fluid flow and the
synchronisation of such waves in neighboring sheets. Com-
putational hydrodynamic models corroborated these results
using highly simplified models of ciliary carpets, where cilia
are represented by arrays of rotating (46—48) or translating
(49) beads, where metachronal waves spontaneously emerged.
More realistic beating patterns were simulated by Hines et al.
(50) by mimicking the microtubular structure of natural cilia
arranged in two-dimensional arrays, again leading to emerging
waves (51, 52). These results are corroborated by computa-
tional cilia with more complex individual beating patterns,
grouped together in two-dimensional arrays (53-55) and
three-dimensional 5x5 carpets of cilia (56) and even hundreds
of cilia(24). To allow synchronisation and wave emergence, all
previous simulations include mechanism to adapt the phase
difference between cilia (47, 55). Consequently a similar
mechanism needs to present in nature, better known as the
’geometric clutch hypothesis’ (57), which postulates that an
internal mechanism in the axoneme, controlled by external
viscous fluid forces, is able to alter the transmission of the
internal stimuli that instigates the cilium’s deformation.
This seems to lie at the base of the non-equilibrium state
of cilia phase-locking and -unlocking in which metachronal
waves emerge. Besides the hypothesis that viscous fluid
interactions enable this spontaneous coordination, it has also
been postulated and simulated that the elastic connection
between basal bodies of adjacent cilia play an important role
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Fig. 2. Natural cilia have been analysed using numerical techniques that study the the influence of asymmetries on fluid flow A1(21), particle trapping capabilities A2(22), the
emergence of synchronisation A3(23), mixing capabilities A4(24) and metachronal effects A5(25). In parallel, artificial ciliated surfaces have been developed that: show droplet
manipulation B1(26), are magnetically actuated B2(27), are manufactured using dip molding B3(28), are able to propel particles B4(29), are self-assembled B5(30), are used to

make micropumps and climbing robots B6(31).

in the intra-cilia connection (58). Further, it has been found
that the theoretical optimal motion of a single computational
cilia coincides with natural ciliary motion when optimising for
efficiency (59). On a carpet level, fluid propulsion efficiency
optimisation led to disjoint conclusions with optimal beating
patterns that are either similar (60) or dissimilar (61) to
nature.

In addition to biological observations and computational
models, experimental research (see Fig.2 B1-6) has created
artificial ciliary systems. Some are directed towards
validating the theory behind cilia-mediated fluid flow, both on

the individual cilium (62, 63) and collective system level (64).

To corroborate earlier findings from biology or computational
models, these experimental setups attempt to recreate the
Stoke’s flow natural cilia operate at, mostly by working with
similar Reynolds number which enables relaxation of the
constraints on absolute cilia size. In contrast, the main focus
of artificial cilia research is directed towards the development
of microscopic devices (65), where by definition absolute
size does matter. Research groups have created crawling
robots employing the coordinated motion of artificial cilia
arrays actuated by a magnetic field (31, 44, 66), or surfaces
of artificial cilia that are able to manipulate particles or
droplets, resulting in self-cleaning properties (67, 68). The
most obvious biomimetic application of artificial ciliary
systems however, is their use in microfluidics, for mixing
(69, 70) and/or pumping (71). Here the constraint of their
use in microfluidic channels often dictates the low Reynolds
conditions they operate at. Regardless of whether these
artificial ciliary systems are directed towards researching
fluid-flow or target microscopic applications, they need to be
compatible with microfabrication techniques, while displaying
large deformations that continuously and gradually change
over the length of the cilia. Whereas the first requirements is
needed to ensure low Reynolds flow conditions, comparable
fluid-instigating performances to natural cilia demand the
second requirement. Because of these requirements, artificial
cilia are being shaped using soft actuator technology where
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low stiffness materials (72) are used to create actuators
with complex deformation modes (73). In this paper, we
analyse literature spanning observations and analyses in
multiple domains of cilia research, in an attempt to gather
insights in the state-of-the-art of artificial cilia. Rather than
from an applied technology point-of-view, which has already
been provided by Islam et al (65), this manuscript critically
analyses literature in a fundamental way, along two axes. In a
first, purely technological axis, we focus on the technology
behind artificial cilia, how they are actuated, fabricated,
and how closely their morphology resembles natural cilia,
both on the individual and collective level. The second axis
discusses the biomimicking properties of artificial cilia by
benchmarking them against natural cilia, using key metrics
that unveil the behavioral (dis)similarity between the two.
Both axes will be combined in a concluding section where we
will address pressing challenges in future research working
towards creating artificial ciliary systems that approach the
capabilities and semblance of their natural counterparts.

2. Actuation technologies

The development of artificial cilia that mimic biological cilia
involves several fundamental challenges. (i) Biological cilia
have features across different length-scales, with individual
cilia having diameters in the sub-micrometer range and lengths
in the 10’s of micrometers, and with carpets that measure
100’s of micrometers to even multiple millimeters in length
(74). (ii) Across these different length-scales, intricate mo-
tion patterns can be distinguished with nonreciprocity at the
local cilium level and globally at the cilia carpet level (75).
(iii) These motion patterns are able to adapt to the fluidic
environment they perceive (76). In an attempt to fulfill these
challenges, different actuation principles were proposed in the
past decades to drive the needed large deformations. We will
use these actuation principles to discern trends in artificial
cilia development. Figure 3 gives an overview of key develop-
ments in time with their associate length scale, where we make
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Fig. 3. Timeline overview of the advances in artificial cilia. Cilia length is expressed in the vertical axis, while the year of publication in the horizontal axis. The color code
represents the actuation technologies, as depicted in more details in the color legend on the right hand side. Each icon resembles a breakthrough in the field, where above the
inset figure we report the first author of the publication and below the Reynolds number of the experiment in the same publication. When the Reynolds number is not directly
reported but it can be calculated from data in the paper, we add the symbol "~". If no relevant data on Reynolds number was included, we indicated it with "not known". The raw

data of this plot, as well as the references, are reported in Table S1.

a distinction between different driving technologies that are
schematically depicted on the right. Each symbol represents
a significant development in the area; above the inset figure,
we list the publication’s first author, and below that, the ex-
periment’s Reynolds number. Throughout the remainder of
the manuscript, we will employ the same colour coding for the
different driving technologies.

A. Electric field actuation. By employing the electrostatic at-
traction between oppositely charged surfaces or repulsion be-
tween likely charged surfaces, conductive slender objects, cilia,
can be bent towards or away from a ground electrode that
typically coincides with the substrate on witch the cilia are
implanted. Den Toonder et al. (77) employ this mechanism
to create artificial cilia systems that consist of an array of mi-
crocantilevers (L = 100 pm) that curl when an electric field is
applied. The microbeams are 1 pm thick polymide structures
with a 20 nm coating of chromium as electrode. An indium-tin-
oxide electrode is patterned on the glass substrate and covered
with a layer of dielectric silicon oxide-nitride with a thickness
of 1 pm. These cilia are able to induce net flows up to 500 pm/s
in silicone oil. However the developed cilia exhibit no path
asymmetry and net flow is only observed at high Reynolds
numbers that are possible due to the high actuation frequency
of up to 200 Hz. In an alternative approach, the voltage medi-
ated migration of ions through a porous structure is used to
create a bending deformation, instigated by an excess of ions
that lead to swelling and a lack of ions that lead to shrinking.
When applied in soft materials, electro-active polymers have
been used to create artificial cilia, where spatial asymmetry
was achieved by patterning mulitple electrodes along the cilia
length. As such, Sareh et al. (62) developed a three-segments
64 mm long artificial cilium, where each segment is directly
controlled and consists of an ionic polymer metal composite
(IPMC) containing a Nafion 115 membrane. The artificial
cilium’s tip sweeps a large area, comparable (if normalized)
with the one of the algae Volvox. However, no fluid propulsion

testing was done. Another electrical actuation mechanism is
induced charge electro-osmosis (ICEO). Sugioka et al. (78)
demonstrated the metachronal motion of three ICEO cilia
with different lengths, when an AC electric field is applied.
The metachrony is induced by a delayed response time of the
cilia with the shortest length. At a smaller scale, Wang et al.
(79) used electrochemical actuators to create cilia metasurfaces
that can be directly controlled. Those actuators (50 pm in
length, 5 pm in width and 10 nm thick) are realized through
a lithographic process and consist of a platinum cantilever
covered on a side with a passive layer of titanium. Actuation
in a neutral phosphate-buffered saline (PBS) solution occures
by imposing a potential of 1 V, which induces an oxidation
reaction of the platinum film with the PBS, such that it ex-
pands and causes the whole structure to bend. Oppositely, a
decrease in voltage to -0.2 V triggers the reduction reaction
that restores the actuator to its original state. The authors
demonstrated a pumping speed of 60 pm/s at an actuation
speed of 40 Hz, corresponding to a Reynolds number of approx-
imately 2-1073. Recently, Ren et al. (80) fabricated arrays
of independently controlled polypyrrole bending actuators on
deformable 3D substrates. These arrays exhibit various forms
of metachronal asymmetries and succeed in substantial fluid
propulsion in various configurations at intermediate Reynolds
numbers. The absence of a spatial asymmetry does seem to
limit their low-Reynolds capabilities.

B. Light-driven actuation. Artificial cilia can be fabricated out
of Liquid Crystal Elastomers (LCEs), a rubbery material com-
posed of a crosslinked polymeric chain of liquid crystal units
(mesogens). Since the polymeric chain follows the order of
the mesogens, a global deformation of the material appears
when the orientation of the mesogens changes locally. This
change in orientation corresponds to a phase change of the
liquid crystal from an ordered to a disordered configuration, as
a response to an external stimulus such as light. Van Oosten
et al. (81) shaped 10 mm long artificial cilia with spatial

Peerlinck et al.



asymmetry through an inkjet printing technology combined
with self-organizing LCE structures. The spatial symmetry
is broken due to the bi-segment configuration of the cilium,
where each segment bends in response to a different wave
length of the light source. Further, van Raak et al. (82)
developed micro-sized ciliary carpets made of a photorespon-
sive LCE. The bending motion is programmed by applying
an electric field with a variable intensity across the length
of the pillars, so that the mesogens follow a splay alignment.
The cilia exhibit an oscillating movement as a response to an
on-off stimulus of a UV light source. Given their symmetric
movement, those cilia are not foreseen to be used for fluid
propulsion but rather micro object transport or self-cleaning
surfaces. Cilia-inspired micropillars have been developed by
Li et al. (83) using a photosensitive LCE. The micropillars
exhibit a complex combination of a bending and twisting de-
formation caused by the interplay between light direction,
mesogen orientation and the variation of the geometrical axis
during deformation. This interplay induces a nonreciprocal
motion of the single pillar. Moreover, multiple pillars impose
a travelling-wave trigger across the cilia surface, caused by
shadow casting of neighbouring cilia. Despite showing self-
regulated nonreciprocal motion at a sub-mm scale (the pillars
dimensions are 150 pm in length and 30 pm in width), the
authors do not report on fluid propulsion capabilities. A re-
cent and novel approach to LCE-based actuator technology
showed a self-regulating behavior and was fabricated by Deng
et al. (84). They proposed a piecewise self-oscillationg LCE
filament, excited by two lasers beams. The laser spot causes
local bending, generating a self-imposed shadow initiating an
oscillating motion. Because of the double bending, a non-
reciprocal periodical beat is generated. Two adjacent LCE
strips showed a phase locking behavior when submerged in
water and their respective initial beating frequencies differed.
The mutual interaction between the structures, light field and
surrounding fluid yielded behavior resembling natural cilia.
This particular behavior diverges from the general trend in
light-driven actuation, as the self-oscillating principle enables
the actuators to function in a non-equilibrium state instead
of being externally coordinated. Gelebart and colleagues (85)
developed a photoresponsive fiber array consisting of high
aspect ratio LCE pillars of 70 pm diameter. By directing a
UV light-source, a 3D spatially asymmetric beat is created.
Repeating this pattern resulted in an induced fluid flow in
low Reynolds conditions, indicated by the propulsion of solid
particles on the surface of a paraffin oil bath. In a similar
manner, Liu et al. (86) fabricated light tracking and light
guiding fiber array that exhibits a substantial bending angle
when exposed to different wavelengths of light. By manipu-
lating the direction of the light source, a cilia-like beat can
be generated, and the fibers’ bending angle are shown to not
be greatly influenced by being submerged in water. No fluid
propulsion tests were conducted in this work.

C. Magnetic field actuation. Ferromagnetic materials have the
tendency to align themselves with external magnetic fields.
By incorporating magnetic dipoles in flexible materials that
have a changing dipole orientation throughout, an external
magnetic field can be used to impose non-uniform deforma-
tions in a flexible material. And even when a single dipole
orientation is chosen throughout, rigid body motions can be
induced where cilia are rotating around the attachment point

Peerlinck et al.

with the substrate. Evans et al. (27) manufactured an array
of 25 pm long microrods with diameters ranging between 0.2-1
pm, made of PDMS-ferrofluid composite material. When a
rotating magnetic field is applied, the rods describe a tilted
conical swept area. As opposed to the planar spatial asym-
metry described earlier, these conically beating cilia induce
flow in low Reynolds fluid conditions on the basis of asymmet-
ric boundary conditions. During the recovery stroke of the
cilium, of which the trajectory is closer to the surface from
which the structure protrudes, the affected fluid encounters
a higher resistance (attributed to the no slip condition of the
stationary surface) than during the effective stroke. The same
authors (87) showed that a flow is generated on top of the
cilia with an average velocity varying across the distance be-
tween the cilia and the measurement plane, varying between
-2 and 8 pm/s. Artificial cilia with similar conical rotations
have been developed by Vilfan et al. (30), using an array of
superparamagnetic beads held together by the same field used
for actuation. An average flow velocity up to 4 pm/s was
demonstrated. Conical beating cilia have also been developed
by Wang et al. using a different out-of-the-cleanroom fabrica-
tion process (88-91). The developed rod-like cilia with lengths
ranging between 30 and 300 pm, generate fluid flow velocities
up to 120 pm/s at the largest lengths. These artificial cilia
have actuation frequencies up to 40 Hz. Alternatively, Hus-
song et al. (92) developed a different morphology of magnetic
cilia, more similar to the cantilever structures of electrostatic
cilia (77), with a length of 70 pm and a width of 20 pm. The
material is a composite of superparamagnetic nanoparticles
embedded in a polymeric matrix and instead of a conical beat,
the cilia tip sweeps an area in a plane. Motion asymmetry
is achieved by to the interplay between the cilium stiffness
and the applied magnetic torque. However, there is no control
over the cilia motion and no metachronal effect is observed.
Flow measurement showed a maximum average flow velocity
of 130 pym/s at 10 Hz. Hanasoge et al. (93) made 200 pm
long artificial cilia with the same configuration using thin NiFe
films. Those cilia have a significant swept area and are able
to generate fluid speeds up to 1350 pm/s. In another work
they show the programming of a metachronal wave in arrays
of cilia with varying lengths (94), where a variation in length
corresponds to a variation of the bending stiffness, which is
the parameter that determines at what magnetic angle the
recovery stroke takes place. However no experiment was con-
ducted that relates the metachronal phase shift to the fluid
flow. Tsumori et al. (95) made an array of 2 mm long magnetic
cilia that exhibit metachronal asymmetry. These cilia consist
of PDMS with embedded chainlike clusters of ferromagnetic
particles (iron powder). Each cilium is made at a different
step so that it can be magnetized along a different orientation
compared to its neighbour. When a rotating magnetic field is
applied, the cilia moves with a phase shift proportional to the
angle between the magnetization direction of the neighbouring
cilia. In a follow-up study (96), the same authors use their
cilia with a slightly larger length (3 mm) to propel fluid in a
channel filled with silicone oil to ensure low Reynolds condi-
tions. They tested antiplectic and symplectic configurations
at 30° and 45° phase shift, finding a maximum average flow
velocity of 60 pm/s at 0.5 Hz. In a similar approach, Gu et
al. (97) developed a magnetic ciliary array (L = 4 mm) with
pre-programmed metachronal waves, where here the magneti-



zation is done in one step by wrapping the cilia carpet around
a curved support. The degree of curvature of the support
defines the phase shift of the metachronal wave. The rod-like
cilia are composed of silicone rubber (Ecoflex 00-30) mixed
with NdFeB microparticles. Fluid flow tests at low Reynolds
are conducted only for antiplectic waves between 0° and 40°,
showing a maximum average flow velocity in proximity of
the cilia of about 100 pm/s for an actuation period of 12 s
and a phase shift of 40°. The same materials were used by
Dong et al. (44) to make a ciliary array with metachronal
motion patterns. After fabrication, each cilium (L = 1 mm) is
inserted into a template jig to induce different orientations for
subsequent magnetization. The cilia are afterwards manually
glued to a substrate and, when actuated, a metachronal wave
occurs according to the defined magnetization profile. The
study characterizes the generated fluid flow in function of
different metachronal configurations, reporting higher flows
for the antiplectic wave, consistently with (25). Where the
previous studies use either a changing magnetisation or geome-
try throughout the cilia length, metachronal waves can also be
induced through non-uniform magnetic fields. Zhang et al (98)
used an array of external rod-shaped magnets where neighbour-
ing magnets have opposite magnetic dipole orientations. This
magnetic array translates under the ciliary surfaces similarly
to a conveyor belt, inducing a phase shift across neighboring
cilia. The advantage of this method is that it does not require
additional fabrication steps to magnetize single cilia, facili-
tating the production of densely packed ciliary carpets (cilia
are 350 pm in length). More recently, Demirors et al. (99)
created a soft magnetic ciliary carpet composed of a mix of
silicone rubber (Ecoflex 00-20) and NdFeB particles, using a
self-assembly process based on the Rosensweig instability. The
length of the cilia varies between 0.6-2 mm and they follow
a cone-like trajectory when activated by a rotating magnetic
fields. The authors demonstrated not only fluid propulsion but
also the transport of solid objects that are larger and heavier
than the cilia. At a larger scale (L = 10 mm), Panigrahi et
al. (100) developed an analogue fabrication technique to make
multi-segment magnetic cilia, in the perspective of program-
ming the bending motion of each cilium in the array. Miao et
al. (101) used the geometry of pine needles as inspiration for
creating a dense carpet of bending pillars, exhibiting a varying
degree of spatial asymmetry and capable of transporting solid
particles and droplets. Besides these technologies employing
actuation by magnetic field for biomimetic ciliary propulsion,
it is worth mentioning that microscopic artificial swimmers
have been created (102) that rely on the same principles. Here,
two transverse magnetic fields are used: one for aligning a
linear chain of colloidal magnetic particles linked by DNA and
attached to a red blood cell to act as an artificial flagellum, and
a second oscillating magnetic field to induce a cyclic beating of
that chain. This results in a beating pattern that propels the
structure, relying on similar fluidic principles as the mentioned
artificial ciliary carpets.

D. Pressure-driven actuation. Large deformations in soft ma-
terials can be created through inflation with fluids (gases or
liquids), where an elevated fluid pressure is used to deform a
surrounding polymer materials. These inflatable voids can be
situated at the base, leaving the protruding cilia to tilt as a
rigid body. This concept was materialized by Rockenback et
al. (103), where a series of pneumatic membranes sequentially

inflate to create a wave-like base deformation. Regarding this
work, it should be noted that instead of rod like-cilia, plate-like
cilia are positioned on top of the membranes, that mimic the
propulsion system of biological ctenophores. Each plate thus
stands on a thin membrane which can be pressurized or de-
pressurized. The variation of pressure deflects the membranes
and consequently changes their curvatures, tilting the attached
plate-like cilia. The plates are made out of PDMS using soft
lithography, by means of two moulds, one to make the plates
and one to form the pneumatic connections. The fabricated
plate measures 500 pm high and 50 pm thick, standing on a
membrane which is 175 pm thick and 600 pm wide. In order
to create additional orientational asymmetry, the plates in
resting position are tilted 45° with respect to the surface nor-
mal. Experiments were conducted in DI water at a Reynolds
number of 5, showing the ability to create both spatial and
metachronal asymmetry, including shifting between symplectic
and antiplectic waves at various frequencies and duty cycles.
This ciliary system gives reliable results for frequencies up
to 5 Hz where the net flow is always moving in the same
direction when metachronal asymmetry is changed. Besides
rigid cilia deformations that are instigated via base deforma-
tions, inflatable voids in the protruding cilia itself can also be
used to create bending deformations. Gorissen et al. (104)
designed and fabricated a soft fluidic bending microactuator
which when pressureizd, approaches the reciprocal motion of
natural cilia. The artificial cilium consist of a PDMS cylinder
with a length of 8 mm and a diameter of 1 mm, which has
an inner cylindrical void with a diameter of 0.6 mm that is
placed eccentrically with respect to the outer structure. Due
to this eccentricity, the structure bends when the inner void
is pressurized, generating the effective stroke of the artificial
cilium. In this single void configuration, the cilium tip fol-
lows a symmetric trajectory during deflation, without spatial
asymmetry. In a follow-up research (40), an array of six of
these microactuators, equispaced at 8 mm, forms the artifi-
cial ciliary system, where each cilium is individually actuated
through a block pressure waveform of 2 bar. By individually
addressing the cilia, this setup was used to study the influence
of metachronal phase difference and actuation frequency on
high Reynolds fluid flow. Below 11 Hz and for all applied
phase differences, a flow directed in the opposite direction
of the effective strokes of the cilia is observed, which leads
to the conclusion that metachrony is not as relevant as for
biological cilia. However, above 11 Hz, the change in the
orientational asymmetry induces a flow reversal, instigated by
inertial effects. On a smaller scale, the same research group
focused on downsizing of similar actuators to sub-mm dimen-
sions (450 pm in length) by fabricating micromoulds through
a soft lithography process. The pneumatic microactuator can
bend up to 30° when pressurized at 1 bar (105). To create
more spatial asymmetry, Milana et al. (25, 63) introduced a
second eccentric bending channel in the same cilia, enabling
programmable spatial asymmetry on top of programmable
metachronal, orientational and temporal asymmetry. To as-
sess the role of the asymmetries, the cilia propulsion was tested
in glycerol to experience low Reynolds number flow conditions.
This setup was used to corroborate theoretical results, identi-
fying multiple-vortex structures in the flow to reduce overall
fluid velocities and confirming that antiplectic waves are the
most efficient at propelling fluid at low Reynolds. One of the
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major drawbacks of this system is large amount of needed
fluidic valves, where twelve valves are needed to instigate the
deformations of six cilia. In an attempt to limit the amount
of fluidic valves, the same research group harnessed nonlinear-
ities in a new design of bistable inflatable cilia to create both
spatial asymmetry and metachronal asymmetry with only one
pressure supply line, at a larger scale (106). However, no fluid
propulsion tests were carried out. Becker et al. (28) used
a dip molding process to create large-scale and high aspect
ratio inflatable bending actuators, featuring the possibility
of a metachronal asymmetry. However, these cilia only have
a single internal void, excluding the possibility of creating a
non-reciprocal motion.

E. Mechanism driven actuation. Where for fluidic cilia, pres-
sures on internal voids are used to impose deformations, artifi-
cial cilia can also be more directly manipulated by imposing
contact forces on flexible structures. Again we can make
the distinction between base-induced actuation, and the case
where forces are directly transmitted to the protruding mem-
bers. In the latter case, Nonake et al. (107) created rigid cilia
out of wire, where a conical movement of these wires by means
of stepper motor rotations, imposed a conical swept area that
can be set by titling the motors away from the surface normal.
Flow speeds of up to 8mm/min were registered for a cilia
length of 6mm and a Reynolds number of 4.6x107%. On a
larger scale, Miller et al. (108) actuated flexible beams by
means of a wire connected to a camshaft to impose a certain
bending profile, showing fluid flow from the base to the tip
of the cilium. Regarding base-induced actuation, Keissner
and Brucker (109) imposed undulatory base deformations by
pulling a ball chain under a series of flexible membranes with
implanted cilia. The moving ball chain thus produces a trav-
elling wave (metachronal asymmetry) of the artificial cilia
with an orbital tip trajectory. The body of the cilium doesn’t
deform and stays straight during the motion. The artificial
cilia are cylindrical PDMS micropillars, 1 mm long and 0.1
mm in diameter, manufactured through a micromoulding pro-
cess based on chemical deep etching of silicon to make the
micromould. When placed in a microchannel, fluid flow capa-
bilities are evaluated through PIV measurements, where the
actuation is performed at three different beating frequencies,
1 Hz, 2 Hz and 3 Hz. In all cases, a flow directed in the same
direction of ball chain with flow speeds proportional to the
driving frequency is observed. As no orientational asymmetry
is present, flow reversal occurs when the speed of the ball-chain
is reversed.

F. Inertial actuation. In a last method, cilia deformations are
imposed by introducing high frequency vibrations to the
cilia carpet as a whole. Whereas in contact force actuated
cilia deformations are directly imposed to the cilia, here the
dynamic behaviour of the carpet as a whole determines the
actual output deformations. Typically, vibrating cilia beat at
very high frequencies, often even higher than biological cilia
where motion asymmetries are hard to implement. Vibrating
cilia were reported by Oh et al. (41), who made PDMS
micropillars with micromoulding fabrication method similar
to the one used by Keissner and Brucker (109). These cilia
are 400 pm long, with a rectangular cross-section of 10 pm
x 75 pm, equispaced at 200 pm apart. A PZT piezo-electric
microstage with an excitation amplitude of 20 pm is used

Peerlinck et al.

to actuate the cilia array at a frequency of 65 Hz, which
equals the resonance frequency of the cilia. Fluid flow
experiments show the presence of rotational flows and a
propulsive flow parallel to cilia length. The flow velocities
are found to increase with increasing excitation amplitude.
This system has been optimized in a subsequent work done
by Lee et al. (110) where the impact of cilia spacing on
the mixing performances is studied, with individual cilia
measuring 800 pm x 45 pm x 10 pm. For large interciliary
distances (>400 pm), small localized vortices above the
cilia tip impede macro-mixing, while below a spacing of
300 pm, a large single vortex drastically improves mixing
efficiency. Brucker and Keissner (111) developed vibrating
cilia where the base is actuated using a magnetically driven
piston. 36 micropillars of PDMS with a diameter of 50 pm
and a length of 500 pm were patterned in a “V” structure
on top of a PDMS membrane that is agitated by the driving
piston. The motion of the piston is in the same direction
of the cilia axis, generating vertical displacements of the
membrane with an oscillation frequency of 50 Hz and an
amplitude of 300 pm. The vertical movement of the piston
induces a curvature of the supporting membrane, tilting
the cilia radially outward and inducing lateral effective and
recovery strokes. As such, fluid flow can be created. Another
solution consists of exploiting acoustic waves as reported
by Orbay et al. (112), who bonded a piezo-actuator to a
supporting structure with integrated microchannel and cilia.
To fabricate the cilia, a solution of photo-curable polyethylene
glycol (PEG) polymer is injected in the microchannel and
exposed to UV light using a mask with a patterned array of
holes. Cylindrical flexible micropillars (170 pm in length and
30 pm in diameter) are thus formed. Acoustic excitations
generated by a piezo transducer with a frequency of 4.6 kHz
induce an oscillation of the artificial cilia with a maximum
displacement of 55 pm, which was used to mix a solution of
DI water and fluorescein. Dillinger et al. (113) developed
ultra-sound activated ciliary bands, composed of two cilia
arrays (L = 0.1 mm) that face each other. They used this
technique to transport fluid and to propel a microrobot.
According to the reciprocal orientation of the cilia array, the
actuated band can attract or repel surrounding fluid, when
actuated at very high frequencies (kHz range). The acoustic
actuation induces a small-amplitude oscillation of the cilia
that, despite the symmetric motion, can produce a net fluid
displacement due to the high inertia caused by the ultrafast
motion. Interestingly, the authors reported that they did not
observe any net fluid displacement at lower frequencies (less
than 100 Hz).

All the presented technologies are able to actuate artificial
cilia, with varying degrees and types of asymmetry and col-
lective behavior, as summarized in table S2 in SI. For further
reference, we direct readers interested in advanced materials
and actuation technologies for artificial cilia to the review
by Zhang et al. (114). There are however some general ob-
servations that can be made and that are fundamental for
the future of artificial cilia research. A first important ob-
servation is the locality of actuation. Optical and magnetic
field actuation are generally globally imposed, where the cilia
array as a whole experiences the same driving force. This
global actuation approach drastically simplifies the control



strategy, as asymmetries are physically encoded in the me-
chanical structures, either through the implantation direction,
or through a varying magnetization across the cilia length.
Inertial actuation also acts globally, where the mechanism of
propulsion is not based on spatial asymmetries but rather on
high driving frequencies, which cause the Reynolds number
to be high in the proximity of the cilia. Localized actuation
on the other hand enables a higher degree of control of the
collective behavior, as the beat of neighboring cilia can be
tuned to create tailored metachronal patterns. This approach
can be seen in some pressure-driven and electrically actuated
cilia, but necessitates either a multitude of peripherals or a
way of multiplexing control signals, which is an uphill task
when large cilia arrays are envisioned. Secondly, the amount
and degree of tethering is vastly different between technologies.
For actuation by contact force or inertial effects, there is a
rigid connection between the cilia and the peripheral equip-
ment. For actuation by pressure or electric fields a physical
connection to an energy source is still needed, however this
can be done through flexible routing. Actuation by light or
magnetic field by contrast allows to break all contact. A third
observation is the presence of bulky peripheral systems in
general. Actuation by magnetic field requires big magnets or
coils, a multitude of valves is needed to control pressure-driven
cilia and light-driven cilia are actuated using light sources and
optics. This seems to be a general fundamental problem in
current artificial cilia arrays, and further research is needed to
move the presented technologies to stand-alone systems.
Owverall, the trend in artificial cilia technologies seems to be
towards higher aspect ratio, more densely packed and more
elastic actuators in forced external fields in a strive towards
better performing microfluidic propulsion systems. This evo-
lution diverges from the most fundamental principle of the
behavior of natural ciliary carpets. These natural systems
exhibit no central coordination. On the contrary, the beating
patterns emerging in ciliary carpets are the result of sponta-
neous phase-locking and -unlocking of the structures under
the influence of external and self-imposed stimuli, only sup-
plied by an uncoordinated energy input. This non-equilibrium
state has only sparsely been replicated in an artificial cilia
technology (84) and this void in the state-of-the-art lies at the
basis of the gap between artificial and natural cilia.

3. Fabrication technologies

Different production processes have been developed to fabri-
cate artificial cilia. Although some techniques are more suited
for a certain actuation technology, we have identified four
basic processes that are regularly used for producing artificial
cilia across the actuation spectrum. In this section we will
elaborate on these techniques and give details on their specific
implementation. Next we will qualitatively compare the fitness
of different production processes to shape carpets of artificial
cilia. The comparison is based on three characteristic metrics
that are crucial for the overall fluid-driving performance, but
are highly constrained by the production method. As a bench-
mark, naturally occurring cilia have been evaluated using the
same three metrics.

A. Micromoulding. Micromoulding is regularly used to fabri-
cate cilia carpets, as schematically shown on Fig. 4A. The
process starts with the fabrication of the mould, defining the
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Fig. 4. Comparison of different fabrication technologies for artificial cilia, that are
schematically depicted in A. These fabrication technologies are benchmarked against
natural cilia in B along three axes: aspect ratio [-], number of cilia, and cross section
of different artificial cilia [m?]. The general trend for natural cilia is to lean towards
the right side in each of the axes, however artificial cilia generally lack in at least one
of the axes. The methodology that was used to populate this figure is detailed in S|
(section S1C), along with enlarged versions of this figure. Raw data and references
are reported in Table S5.

negative shape of the cilia. Typically, this mould is filled with
a liquid prepolymer, that undergoes a cross-linking reaction
inside. The actual geometry of the cilia thus depends on the
mould dimensions. This process is heavily applied in conven-
tional soft robotics (115), albeit on a larger scale. In literature,
the moulds are fabricated through either conventional (mi-
cro)machining (104), lithography (105, 116), 3D printing (97),
or by using materials that feature elongated pores (27). As cilia
are high aspect-ratio structures, their release from the mould
is particularly challenging. Alternatively, dissolving moulds
has been used in literature to eliminate mechanically loading
the cilia after curing (27). After demoulding, the geometrically
defined cilia structures often need to follow a post-processing
step, depending on the actuation principle. Compatibility
with fluidic actuation is achieved through defining inflatable
voids (117) within the structure of the cilia, whereas the com-
patibility with magnetic actuation is enabled by embedding
ferromagnetic particles in the pre-polymerized blend that are
subsequently magnetized in the preferred directions (118).

B. Lithography. Using lithographic processes, highly accurate
cilia carpets can be made that are compatible with magnetic
actuation (93), electric actuation (77, 79), and fluidic actuation
(119). Here it should be noted that while some moulded
cilia use lithographically produced moulds (40, 105), here
lithography is used to directly shape the cilia, increasing the
overall accuracy. Whereas moulded cilia are typically cast in
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an upright position, sharing a common support layer, cilia
that are fabricated by means of lithography typically show a
planar architecture (79) (see Fig. 4A).

C. Self-assembly. In addition to using processes that directly
define the shape of the cilia, self-assembly processes use stochas-
tic principles to produce carpets of cilia, without precise control
on material deposition or removal. Magnetic or electrostatic
fields, or a combination of both have been employed as the
driving forces of these stochastic principles. A static magnetic
field has been combined with solvent casting on multiple occa-
sions in literature to autonomously grow a carpet of cilia with
susceptibility for magnetic field actuation. (86, 99, 120, 121).
To do so, magnetic and polymeric particles are first mixed into
a solvent. A static magnetic field then is applied while the
solvent is evaporated. After the solvent has fully evaporated,
pillars consisting of magnetic and polymeric particles have
grown vertically upwards from the bottom of the container
which serves as a substrate. A post-processing step may be
necessary to transform these pillars into mechanically stable
cilia. Alternatively, a static magnetic field can be applied
to support a process where strands of cilia are pulled from
a film of liquid polymer. Wang et al. (90) proved that the
presence of a magnetic field improves the shape of the pulled
cilia, since magnetic particles were mixed into the polymer film
beforehand. Sugioka et al. (78) utilize an electrostatic field to
have a single cilium grow from a graphite rod. To this end,
the rod is first placed in deionized water where an electrostatic
field is induced using two parallel plate electrodes. The cilium,
a mesh of interconnected carbon fibers, is formed under these
conditions through the induced-charge electro-osmosis process
(ICEO), without further external manipulations. Wang et al.
(88) combine a magnetic and electrostatic field into a hybrid
process in which a carpet of cilia is created from ferromagnetic
beads and latex nanoparticles that are suspended in a liquid.
The beads form chains and connect to a rigid surface by apply-
ing an external magnetic field, while electrostatic attraction
between the beads and latex nanoparticles causes the latex
to attach to the beads and enclose the chains completely. A
subsequent heating step ensures that the latex particles form
a continuous coating, without tears or other imperfections.

D. 3D printing. Recent studies have shown that 3D printing is
a suitable method for cilia fabrication as well. Examples exist
of cilia that have been produced by means of stereolithography
(SLA), in which photopolymer resin is selectively exposed to
UV light in a layer-wise fashion to construct multiple cilia
simultaneously. The resulting array of cilia can be made
compatible with magnetic actuation, when magnetic particles
are introduced in the printing resin (122, 123).

Fabrication processes impose constraints to downsizing of
artificial cilia without loss of functionality. There is thus an
intricate entanglement between fabrication capabilities and
the ability to instigate fluid flow at small scales. In order to
assess this entanglement, we benchmark different production
processes in literature to the geometrical characteristics of
natural cilia. This benchmarking is done using three metrics.
First, we take into account the actual size of the cilium, where
we use the cross-sectional area as a defining metric, to cap-
ture both plate-like and rod-like cilia. This cilia size directly
influences the Reynolds number at which they operate. The
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number of cilia in the carpet is employed as a second metric
which represents the capabilities of the manufacturing process
to work across different length-scales and reflects the pumping
ability of a carpet; usually the larger the carpet, the more fluid
can be displaced. Lastly, we employ the aspect ratio of the
produced cilia (L/z, where L is the length of the cilia and x
the diameter of circular cilia or the width of rectangular ones)
to assess the inherent capabilities of the production process
to create slender objects, disregarding the actual size. The
aspect ratio is an important feature of these structures, as
it influences its bending resistance and ultimately how well
viscous forces transfer onto the elastic structure of the cilium.
Figure 4B displays the data of different artificial and natural
cilia for each of the three metrics on separate 1D plots with log-
arithmic scales. Straight lines between the different 1D plots
connect data from a single literature reference. According to
these metrics, natural cilia (marked in green colored circles)
have aspect ratio’s of about 15-75. They have a broad range of
carpet sizes, with the number of cilia being highly depending
on the size of the organism, ranging from a few 100’s 1000’s
for eukaryotes to 10k’s for large invertebrates. This is a direct
consequence of the size of the cilia that doesn’t scale with the
size of the organism, as hydrodynamic interactions need to be
preserved. The cross-sectional area of natural cilia are in the
order of 1x107* — 1x10™*m?2. As a conclusion for natural
cilia, we see that they combine high aspect ratios, with large
carpet sizes and a small cross sectional area. When comparing
this to the different fabrication technologies that are used to
shape artificial cilia (triangles for moulding, squares for lithog-
raphy, pentagons for 3D printing and circles for self assembly,
on Fig. 4 B), the following conclusions can be ma