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Cilial pumping is a powerful strategy used by biological organisms to control and
manipulate fluids at the microscale. However, despite numerous recent advancesin
optically, magnetically and electrically driven actuation, development of an
engineered cilial platform with the potential for applications has remained difficult to
realize' ®. Here we report on active metasurfaces of electronically actuated artificial
ciliathat can create arbitrary flow patternsinliquids near asurface. We first create
voltage-actuated cilia that generate non-reciprocal motions to drive surface flows at
tens of microns per second at actuation voltages of 1 volt. We then show that acilia
unit cell canlocally create a range of elemental flow geometries. By combining these
unit cells, we create an active cilia metasurface that can generate and switch between
any desired surface flow pattern. Finally, we integrate the cilia with a light-powered
complementary metal-oxide-semiconductor (CMOS) clock circuit to demonstrate
wireless operation. As a proof of concept, we use this circuit to output voltage pulses

with various phase delays to demonstrate improved pumping efficiency using
metachronal waves. These powerful results, demonstrated experimentally and
confirmed using theoretical computations, illustrate a pathway towards fine-scale
microfluidic manipulation, with applications from microfluidic pumping to
microroboticlocomotion.

Ciliary pumping is one of the most important and ubiquitous fluidic
transport methods in the microscopic world”**; however, it is challeng-
ing to engineer artificial cilia platforms that can be widely adopted®™.
Several pioneering studies have demonstrated methods for fabricating
artificial ciliawith actuation based on pressure®, light'*”, electrostatic'®
and magnetic® interactions; however, these systems have severe limi-
tations. For example, cilia that are pressure-driven or optically driven
canbelocally actuated. These systems have, however, been challenging
toimplement at the microscale®”. Moreover, there is no clear pathway
forintegrating them with mobile micromachines while retaininglocal
actuation®. Electrostatically actuated cilia has been shown as a powerful
method for rapid pumping and mixing'®. The actuators demonstrated
thusfarare, however, driven by large voltages. This large voltage makes
themincompatible with complementary metal-oxide-semiconductor
(CMOS) electronics for untethered control. In addition, they cannot be
operated inaqueous solutions, owing to hydrolysis at voltages above
approximately 1.2 V. Finally, there has been much excitement about
making artificial cilia out of magnetically responsive materials. Various
groups have demonstrated pumping’, metachronal waves***?* and mix-
ing?. In such magnetic systems, however, it is difficult to localize the
actuation or change the magnetization of the ciliain situ to reconfigure
the flows. Thus, to obtain wide adoption for this transport method in

engineered systems, there remainsa critical need for development of
novel artificial cilia platforms.

Here we show that recently developed surface electrochemical
actuators®?® can be used to overcome many of these challenges.
Each artificial cilium consists of a lithographically fabricated strip
that is approximately 50 pm long, 5 um wide and only about 10 nm
thin, attached to the substrate at one end, as showninFig. 1a. The strip
comprises a 7-nm-thick platinum (Pt) thin film capped on one side by
apassive layer of titanium (Ti) (Fig. 1a, left; see Methods and Extended
DataFig.1for the fabrication process). Actuation of the artificial cilium
in phosphate-buffered saline (PBS; 1x, pH 7.45) is induced by raising
its potential to about 1V relative to the Ag/AgCl reference electrode,
triggering electrochemical oxidation of the exposed Pt surface while
avoiding bubble formation. The oxidation expands the Pt surface? and
causes the actuator tobend (Fig. 1a, red reaction pathway, left - right).
Applying avoltage of approximately —0.2 Vreduces the Pt film, which
returns the actuator to its initial state (Fig. 1a, blue reaction pathway,
right > left). The current density is approximately 1 mA cm™ (Extended
DataFig. 2), which means that alcm x 1cm device fully covered by
artificial cilia would only consume about 1 mW of power at a sweep
rate of 1V s™. To prevent twisting of the actuator we pattern three
horizontal polymer pads spaced at 15-umintervals along each cilium.
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Fig.1|Artificial ciliabased on surface electrochemical actuators. a, Each
cilium consists of athinsurface electrochemical actuator made of a platinum
strip capped on onesside by a titanium film*2°, b, SEM image of released
artificial ciliaarrays with each row connected by a single busbar. ASTEM image
ofacilium cross-section showing the platinum (white) and titanium (black) is
presentedinthebottom-rightinset. c, Experimental results for pumping
velocity versus frequency for asingle ciliaarray such as the one shownin the
top-leftinset. The velocities are obtained for tracer particlesina 20 pum by

20 um by 5 pmregion surrounding the cilia tips. The data points show the mean
pumping velocity over five different measurements at differentactuation
frequencies and the shaded regionsindicate the standard deviation. The
highest pumping velocity of 60 pms™isachieved for ciliaoflength 50 pmanda
driving frequency of 40 Hz. d-g, Non-reciprocal motion of one 50-pm-long

Because surface electrochemical actuators can be lithographically
fabricated, millions could be fabricated on one 4-inch wafer; the actua-
tion of ciliaarrays with 80 ciliais shownin Supplementary Video 1. We
show a scanning electron microscope (SEM) image of a small region
of the released ciliain Fig. 1b. Each cilia array is connected through a
busbar that enablesindependent actuation. Inthe bottom-right inset
of Fig.1b, we show an annular dark-field scanning transmission electron
microscope (STEM) image of a fabricated cilium cross-section. This
ciliary platform enables an advantageous combination of features
includinglocal electrical actuation, operationin aqueous solutions, and
compatibility with CMOS electronics to generate complex switchable
microfluidic manipulations.

A critical requirement for these cilia to function at the low Reyn-
olds numbers characteristic of microscale flows is that they should
be sufficiently compliant so that viscous forces acting on theminduce
shape changes that break time-reversal symmetry”?°. To determine
the optimal cilia length and conditions for pumping, we fabricate an
artificial cilia array consisting of 10 cilia spaced horizontally by half a
ciliumlength (Fig. 1c, top left) and use tracer particles to determine the
pumping speed as a function of the frequency of the applied voltage
for ciliawith four different lengths (35 pm, 50 pm, 65 pum and 80 pm).
These lengths are chosen so that the cilia whose Young’s modulus
is approximately 150 GPa operating in water with viscosity of about
107 Pa-s achieves adimensionless Sperm number (characterizing the
ratio of viscous to elastic stresses acting on each cilium)® greater than
oneatafrequency of afew Hz. We find that for one array with this cilia
design, amaximal pumping speed of about 60 um s is achieved when
the cilia are 50 pum long and are driven at 40 Hz, corresponding to a
Reynolds number of approximately 2 x 1072, This pumping speed could
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ciliumdrivenat40 Hz. Magnified trajectories of the tip are shown at the top
right. Tis the period of actuation cycle. The yellow cross symbolsindicate the
positions of the ciliumtipattimest=0(d), t=T7/4 (e), t=T/2(f)and t =3T/4

(g), corresponding to different momentsin the stroke cycle. We observe that
thetrajectorytraced out by thetipiselliptical, indicating that the ciliumis
executing anon-reciprocal stroke capable of driving flows even at low Reynolds
numbers. h, Numerical simulation of acilium stroke cycle. The colours, dark to
light, indicate the cilium morphology at different moments along the stroke
cycle. Theblueand greenarrowsindicate the tip trajectory during the
expansion and contraction of the cilium upper surface. We find excellent
correspondence between the simulated cilium shapes and the experimentally
determined cilium morphologiesind-g. Scale bars: 50 pm (b), 5 nm (b, inset),
10 pm(d).

be maintained for thousands of cycles (Extended Data Fig. 3). Further,
for all cilia lengths, optimal pumping is achieved for a Sperm number
range between 3 and 5 (Extended Data Fig. 4d). This range of Sperm
numbers reflects the conditions under which the area sweptby acilium
islargest™ (Extended Data Fig. 4c), and is consistent with classical work
onartificial microswimmers®** and biological cilia®.

To further explain the origin of the time-reversal symmetry break-
ing, we observe the full stroke pattern for a single cilium. Specifically,
we built a hinged stage so that we could observe a cilium’s pumping
stroke from the side (Fig.1d-g, Extended Data Fig. 5 and Supplemen-
tary Video 2). We capture the locations of the cilium tip over a full
stroke and find that it does indeed sweep out an elliptical trajectory,
indicating non-reciprocal motion. This motion results from theinter-
play between viscous forces and the elasticity of the cilia. Specifically,
the forced chemical reactions induce internal elastic stresses. The
relaxation of elastic stresses starts from the free end and propagates
towards the clamped end on a timescale controlled by the viscous
forces, usually referred to as the elastohydrodynamic timescale. In
our devices, the period of the forcing is set to be comparable with the
elastohydrodynamic timescale of the cilia resulting in a continuous
lag between the tip (free end) and the root (clamped end) of the cilia,
which gives rise to non-reciprocal motion. Theoretical calculations
based on a numerical implementation of resistive force theory®*>¢,
show very similar trajectories and corresponding ciliumshapes (Fig.1h
and Supplementary Video 3). The agreement between the simulations
and experiments indicates that a uniform expansion and contraction
of the platinum layer along the entire length of the cilia is sufficient
for obtaining non-reciprocal motion in this range of Sperm numbers.
Finally, we note that it is possible to design our cilia to have internal



Fig.2|Elementary flow patterns generated by cilia units. a, An extensional
flow generated by a programmable cilia unit. Each unit consists of eight cilia
arrays, witheach array consisting of eight cilia50 pminlength spaced laterally
by 25 pm (shownininset, top right). Theyellow tracks indicate the trajectories
of fluorescent particlesin the fluid. b, 3D flow generated by surface-driven
extensional flow. Acomposite experimental and simulationimage showing the
extensional flow measured in the experiments froma (bottom), the simulated
3D flow geometry projected onto the surface ofa3/4 cuboid (middle), and the

degrees of freedom. Although more complicated, such cilia can break
time-reversal symmetry without the need for elastic deformations due
to hydrodynamicforces (see Extended Data Fig. 6 and Supplementary
Video 4).

This platform can be used to create active cilia metasurfaces that
are able to generate and switch between arbitrary flow patterns. To
construct these metasurfaces, we fabricate artificial cilia units com-
prised ofindependently actuatable cilia arrays configuredinasquare
geometry (Fig. 2a, top right). We fabricate two arrays on each side to
enable bidirectional pumping. By actuating different cilia arrays to
generate flows into or out of the square along different sides, we are
abletogenerate awide range of elemental surface flow geometries. An
illustrative experimentally measured extensional flow patternis shown
Fig.2a. Thisimage shows the trajectories of fluorescent tracer particles
(yellow) transported by the induced flows in ahorizontal plane near the
ciliatips (see Methods for details of the experimental measurements,
and Supplementary Video 5foravideo of induced flow). Although the
flows are generated at the ciliametasurface, they extend into the fluid
bulk, withafree surface boundary roughly 1 mmabove the metasurface.
Todetermine the three-dimensional (3D) flows generated by the actuat-
ing surface, we perform simulations in which each ciliumis modelled
by alocalized force acting on the fluid (stokeslet®; see Methods for

Depth-averaged
simulation

Simulation

Scaled velocity

-2

simulated flow averaged over the entire depth (top). The scaled velocity in the
simulationsis F/Lu (see Methods for details) and the colour scale indicates the
logarithm of the flow magnitude. The upper-left schematic of the cilia unit
highlights the active ciliaarrays (orange) and resulting flow directions (red
arrows) for this elementary flow geometry. c-e, Additional composite
experimental and simulationimages for expansion (c), transport (d) and
turning (e) elementary flow geometries. Scale bars, 50 pm.

details) and plot the 3D streamlines for heights ranging from 0.8 to 4
cilialengths (roughly 40 pmto 200 pmabove the surface for cilia that
are 50 pmin length). To provide intuition for the generated flows, we
presentacomposite image thatillustrates the experiment results, the
3Dsimulationresults depictedin a3/4 cuboid geometry on the external
faces of the depicted volume, and the depth-averaged simulation flow
pattern (Fig. 2b). In addition, we depict the active cilia arrays in each
unit (orange highlights) and the direction of the flows they induce (red
arrows). We find excellent correspondence between the simulations
and the experiments. Moreover, the simulations clearly show that the
cilia, in addition to pumping flows parallel to the metasurface, act as
tethering points for drawing in fluid from higher planesinto the actu-
ated flows. Additional composite images for expansion, transport, and
turning flows are shownin Fig. 2c-e, respectively. Similar patterns are
generated whenan additionalupper boundaryisincluded (see Methods
and Extended Data Fig. 7 for details). Collectively, these measurements
and simulationsillustrate that the cilia units can generate awide range
of elementary flow geometries.

To demonstrate aciliametasurface can generate arbitrary and switch-
able flows, we fabricate a fully wired surface with 16 programmable
ciliary units, where each of the 64 ciliaarrays canbeindependently con-
trolled. Here, each array is wire-bonded to asingle pin of a chip carrier
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Fig.3|Ciliametasurface capable of generating arbitrary and switchable
microfluidic flows. a, The ciliametasurface consists of achip with 4 x 4 arrays
of cilia units. Shown are animage of the chip (left), and the 4 x 4 cilia units tiling
(right). The 64 individual ciliaarrays are wire-bonded to the chip carrier, which
isinturn connected toadata-acquisition device driven by LabVIEW. b, Two
independent flow trajectories generated by the ciliametasurface. We plot the
experimentally measured particle velocimetry data (left), aschematic of the

(ceramic pingrid array (CPGA) or side-brazed dual in-line ceramic pack-
age (DIP) package) as shown in Fig. 3a. The voltages of the individual
chip carrier pins were controlled via a data-acquisition board driven by
LabVIEW (Extended DataFig. 8). For each flow patternin Fig. 3b-e we
present at left the particle velocity data, plus the designed flow in the
upper right, and the simulated flow in the bottom right. In Fig. 3b we
demonstrate our ability to drive two independent spatially separated
flow trajectories. For further clarity we include an individual particle
track for each flow trajectory. Using the same cilia metasurface we are
abletodrive awide range of additional flow patternsincluding localized
rotation (Fig. 3c), localized transport across the entire region (Fig. 3d)
and trajectories that split and merge (Fig. 3e). In each case, we obtain
excellent fidelity between the designed, simulated and experimentally
measured flows. Additionally, these flows canbe switched on command.
Asasimple example, weshowin Supplementary Video 6 that the rota-
tiondirectioninFig.3ccanbereversed. These studiesillustrate the vast
range of flow manipulations that can be achieved using this platform.
Tovisualize any of the possible flows, we have created a MATLAB appli-
cation (see Supplementary Code 1) that plots the simulated flows for
active cilia array patterns chosen by the user.

A major advantage of these artificial cilia is that they can be inte-
grated with CMOS-based microcircuits for untethered control. We
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activated ciliaarrays (upper right), and the simulated flow pattern (lower
right). For clarity, we alsoinclude anindividual particle track for each flow
trajectory.c-e, Additional flow trajectories generated by the ciliametasurface
includinglocal rotation (c), localized transport across the metasurface (d), and
trajectories thatsplitand merge (e). Scale bars: 5mm (a), 50 pm (a, inset),

100 um (b-e).

demonstrate this integration by fabricating a photovoltaic-powered
CMOS clock circuit (Fig. 4a) to drive metachronal waves in the cilia
arrays (Fig. 4b; see Methods and Extended Data Fig. 9 for fabrication
process). The wireless CMOS clock circuit contains over 1,000 transis-
tors and is fabricated by X-FAB Silicon Foundries with a180-nm node
CMOS process on asilicon-on-insulator wafer. It uses a proportional
to absolute temperature (PTAT) current source, arelaxation oscillator
to generate a clock signal, a frequency divider to select the output
frequency, and a phase shifter to get different phases. These com-
ponents work together to generate a series of phase-shifted voltage
signals at a selected frequency when illuminated with light (Fig. 4c
and Extended Data Fig.10a, b). We estimate that for a light intensity
of approximately 1 sun (1kW m™) this circuit with 25 pm by 25 pm
photovoltaics would provide 140 nA (Extended Data Fig.10c), which
isenough to actuate about 130 ciliaat 1V s™. Further details relating
tothe clock circuit design and operation can be found in the Methods
section. The cilia and interconnects were added via eight layers of
lithographic postprocessing. The clock signals were used to drive
metachronal waves in the artificial cilia (Supplementary Video 7).
Given a separation of about 1.4 cilia lengths between the arrays we
expect considerable coupling between the induced flows®®. Indeed, we
find that pumping is optimal when adjacent ciliaarrays have a phase
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Fig.4 |Metachronal waves generated by untethered control of CMOS
integrated artificial cilia arrays. We use a CMOS circuit powered by
photovoltaics (PVs) to drive metachronal wavesin the artificial cilia. a, Circuit
layoutindicating circuit components. PTAT, proportional to absolute
temperature currentsource. b, Opticalimage of the CMOS circuit integrated
with four artificial ciliaarrays. c, Measurements of four voltage outputs from
the CMOS circuit showing a phase delay ¢ of m/2 between the voltage pulses

delay of roughly 1/2 (Fig. 4d), a result that is consistent with prior
literature®. Furthermore, because non-reciprocal behaviour is built
intothe /2 clock cycle, this phase delay can enhance non-reciprocal
behaviour even at low driving frequencies. More broadly, this result
demonstrates the vast potential for untethered control by embedding
electronicsin this platform.

Collectively, the experiments and simulations presented here fore-
cast the excellent prospects for using this artificial cilia platform to
achieve untethered control and arbitrary switchable microfluidic
manipulations in aqueous media. For example, optically powered
CMOS circuits with integrated sensors could be used to measure the
chemical, optical and thermal state of the surrounding fluid, in order to
choosethe appropriate microfluidic manipulation. As such, we envision
anear future where ciliametasurfaces could enable numerous fluidic
applicationsinlightweight devices under simple exposure to the sun.
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Methods

Experiments
Fabrication of artificial cilia. The fabrication process consists of grow-
ing Ptand Ti, etching these layers, and fabricating polymeric panels.

1) A release layer of 180 nm aluminium was deposited on Borofloat
glass using athermal evaporator (CVC SC4500). To protect thisrelease
layer during fabrication, an additional 20 nm Al,O, was grown at 110 °C
using atomic layer deposition (ALD) by Oxford ALD FlexAL. To pat-
terntheserelease layers, a positive photoresist (Microposit S1813) was
spin-coated and exposed using a contact aligner from ABM Industries,
and the wafer was then developedina developer (MicroChemicals AZ
726 MIF). The exposed release layers were etched by an aluminium
etchant. Then, the photoresist was stripped by an organic remover
(Microposit Remover 1165) with sonication, followed by oxygen plasma
clean for 3 min (Oxford PlasmaLab 80+).

2) Tofabricate the cilia, 3 nm of Ti was sputtered onto the sample at
3 mTorrand 400 W (AJA sputter tool).

3) Then,a7-nm Pt layer was grown using ALD (Arradiance GEMStar)
at250°C.

4) A positive photoresist S1813 was spin-coated, and the cilia pattern
was defined by photolithography.

5) The Tiand Pt layers were then etched by anion mill tool at 600 V
(AJAionmill). Thenthe photoresist was stripped in the organic remover.

6) A negative photoresist (MicroChemicals NLOF 2020) was
spin-coated and patterned as the rigid panels to regulate the defor-
mation of artificial cilia.

7) Tobalance the prestress in Pt/Tilayers, the top surface of Pt layer
was oxidized by 1-min oxygen plasma. This step enables us to control
the shape of the cilia upon release so that they do not get damaged
during the various fluid-exchange processes.

8) Finally, the sample was baked at 170 °C for 30 min to strengthen
the adhesion between the Pt layer and polymer panels.

Fabrication of cilia metasurface. Between the aforementioned
steps 5) and 6), metal electrodes (10-nm Ti and 60-nm Pt) were pat-
terned to interconnect the cilia to the soldering pads. The chip was
then packaged into a chip carrier with a dualin-line ceramic package
(DIP; CSB06428D) and ceramic pin grid array (CPGA; CPG06858) from
Spectrumusing aluminium wires via wire bonding (Westbond 7400A
Ultrasonic Wire Bounder) after the fabrication of artificial cilia. Finally,
the aluminium wires were protected by optical adhesive (NOA 60,
Norland Products).

Design of the control circuit. The optically powered CMOS circuits
that drive the actuators are designed in Cadence and fabricated by
X-FAB Silicon Foundries with a 180-nm node CMOS process. The
circuit has two sets of silicon photovoltaics (PVs), one to power the
surface electrochemical actuators and one to power the circuit. The
electronics consist of a proportional to absolute temperature (PTAT)
current source, arelaxation oscillator, afrequency divider consisting
of D-type flip-flops that reduces the frequency of the relaxation oscil-
lator to a usable range (approximately 2 Hz to 256 Hz, which can be
set by hard-wiring the circuit in post-processing), a phase shifter that
produces square waves with a phase offset, and a driver that uses the
phase-shifted waves from the circuit to control the voltage applied to
the artificial cilia.

Fabrication of CMOS-integrated artificial cilia. Integration of CMOS
electronics represents a major advance over our previously reported
work?®, in which photovoltaics, in conjunction with a user-guided
laser, were used to control actuation. This device was built on the
silicon-on-insulator substrate with a CMOS circuit from X-FAB.

1) The SiO, layer ontop of the CMOS circuit was first thinned by induc-
tively coupled plasma etching (Oxford PlasmaLab 80+).

2) A180-nmaluminium (doped with1%silicon) layerand a30-nm ALD
AlO; layer were deposited and patterned as release layers.

3) The electrical contacts were made by selectively etching the top
SiO, layer.

4) Metal wires (10-nm Ti and 60-nm Pt) were patterned to intercon-
nect the CMOS circuit and artificial cilia.

5) A300-nmsilicainsulation layer was then patterned on top of the
CMOS circuit, preventing short circuits among the circuit, the subse-
quent layers and the electrolyte.

6) Chrome was deposited and patterned as the light shielding layer
ontop of the CMOS circuit, leaving only the photovoltaics exposed to
light. Finally, the artificial cilia were fabricated following the recipe in
Methods subsection ‘Fabrication of artificial cilia”.

SEM imaging. To obtain the SEM images of the artificial cilia (Fig. 1b),
the sample was released from the substrate in 2.38 wt% tetramethylam-
monium hydroxide (TMAH) aqueous solution. Then, the sample was
washed by deionized water and isopropanol sequentially, and dried in
acritical pointdrier (Leica CPD300). Finally, the sample was sputtered
with a thinlayer of gold, and imaged in an SEM tool (Zeiss Supra 55).

STEM imaging. Toimage the actuator using STEM, 3-nm Tiand 7-nm Pt
were grown on abaressilicon wafer. Then, anamorphous carbon protec-
tive layer was smeared on top. Then, the top lamina was milled using
anion beam (Thermo Fisher Helios G4 UX FIB). The device was then
attached to a copper grid using a nano-manipulator. Finally, we thin
the top laminausing afocused ion beam to make it transparent under
electrons. The recorded signal is proportional to the mass thickness
and atomic number, such that the Pt layer, as the strongest scatterer,
showed as white, and the lighter Ti capping layer showed as dark grey.

Characterization of the actuation and pumping velocity of artifi-
cial cilia. Aninverted microscope (Olympus IX71) integrated with a
three-axis micromanipulator (Sensapex) and a video camerawas used
to visualize the actuation of artificial cilia. A Pt/Ir probe coated with
parylene was attached to the artificial cilia to apply voltage. An Ag/
AgClelectrode was used as the reference electrode. A function genera-
tor was used to generate the voltage signals. A video camera was used
to capture the actuation of artificial cilia in Fig. 1. To release the cilia
from the substrate, the devices were immersed in 2.38% TMAH aque-
ous solution for several hoursto etch the aluminium and Al,O, release
layers, thereby releasing the ciliainto the solution. The ciliawere then
washed using deionized water several times and transferred into 1x PBS
solution. To track the fluid motion, 2-um polymer tracer particles were
addedtothesolvent. The fluid velocity datareportedin this paper are
theaveraged velocity of the tracked particles. We estimate ameasure-
ment error of approximately 20% in the velocity.

Characterization of the flow patterns generated by an artificial cilia
unit. To obtain high fidelity particle tracks we used 4-pm yellow-green
fluorescent particles (FluoSpheres Sulfate Microspheres) in combina-
tion with an optical filter. The filter ensures that only the fluorescent
particles are visible. The resulting videos were processed using MAT-
LAB to obtain the trajectories of the fluorescent particles shownin the
experimental images of Fig. 2.

Characterization of remotely controlled artificial cilia. Amicroscope
inreflection mode with ahalogenlight and red laser (660 nm) with tun-
ableintensity were used to visualize and power the circuit and artificial
cilia. A video camera was used to record the actuation of the artificial
cilia. The microscale polymer particles were put into the solvent to
track the resulting fluid flows.

Working environments. Although the measurements reported here
were conducted in PBS, the artificial cilia work in a broad range of pH
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conditions ranging from 0.5 to 13.4 (see Supplementary Video 8). Be-
cause the redox reaction of Pt only requires a conductive aqueous
solution with trace electrolyte (Na*, K*, Mg?', and so on), the artificial
ciliacanbeoperatedin environmentsideal for biological/biomedical
applications.

Design of two-hinge cilium.Importantly, these ciliacan be designed to
haveinternal degrees of freedomthat can vastly increase the swept area
and hence the pumping efficiency. We demonstrate this concept using
aciliadesign comprised of two hinges that are actuated independently
witha phase delay, as shown in Extended Data Fig. 6. The fabrication of
these ciliais very similar to the fabrication steps for the single-hinge
cilia. Here, however, weinclude asecondary wire that passes through the
firsthinge and activates the second hinge (Extended Data Fig. 6a). A3D
rendering of the two-hinge ciliumis shown in Extended Data Fig. 6b.Its
operation can be characterized by the two hinge angles, 6,; and 6,,. To
maximize the pumpingefficiency, we use ageometric calculationto tune
theinitial and final angles for each hinge so that the swept areaover one
cycle, which consists of four actuations steps, is maximized (Extended
DataFig. 6¢). Assuming equal length panels, the hinge angles at the start
ofthe stroke that maximize the sweptareaare 6, =2.02rad, 6,,=2.23rad.
We implement this stroke in our fabricated two-hinge cilium and find
that the mean pumping distance per cycle is about 4.9 + 0.5 pm (Ex-
tended Data Fig. 6e and Supplementary Video 4). This result is larger
compared to the pumping distance reported in the text, whichisabout
2.9 um per cycle (Extended Data Fig. 6e). Moreover, the two-hinge cilia
canbe made muchlarger and operated at much lower frequencies than
their single-hinge counterparts. These results highlight the versatility of
our system for creating ciliawith internal degrees of freedom.

Theory and simulations

Model of a single cilium. To elucidate the physical mechanism behind
the motion of the cilia, we develop a simple theoretical model that
capturesall theimportant dynamical features that are experimentally
observed. We model asingle artificial cilium as aslender, inextensible
elastic rod with a centerline X(s, t), at time ¢, parameterized by its arc
length s. In the experiments, the motion is driven by expansion/con-
traction of one side of the cilium caused by chemical reactions due to
an applied oscillating electrical potential. We model this forcing as a
periodic variation of the natural curvature of the centerline and assume
itisuniform alongits length

Ko(t) =K+ Asinwt, (1)

where A and Kare constants and wis the actuation (angular) frequency.

Therest ofthe modelis based on astandard approach for micro-sized
slender, elastic filamentsimmersedin aviscous fluid, at low Reynolds
number®. The elastic forces are computed using a classical Kirch-
hoffrod model (linear elasticity) with prescribed natural curvature*°,
whereas the hydrodynamic forces are based on the standard resistive
force theory of slender filaments® that assumes that the drag force
density f,(s) is local and anisotropic and can be found as

£9)=- et om0, @

where nand t are a local unit normal and a tangent to the centreline,
and £, = 2§, are the drag coefficients in the said directions.

For the boundary conditions, we assume that the rod is clamped
atone end (s=0) and that there is no force or torque applied at the
other end (s =L). For simplicity, we non-dimensionalize the govern-
ing equations by scaling length by the length of a cilium L, time by the
elastohydrodynamic timescale t = £, L*/B, where Bis the elastic bending
modulus of the effective cross-section that we assume is constant in
time and uniform along the length. Also, as we assume that the shape

remains two-dimensional, it is most convenient to use the tangential
angle 0(s, t), whichis the angle between alocal tangent to the centreline
and the clamping direction at the fixed end.

Finally, the modelis then described by the following set of equations

6, = — O, — 3A,0,+ (— A + 2K0, + 966, A3)

Ass - %Hfll = 30?5 + (ZKO + %GSJBSSS + %(KO - 95)02' (4)

with boundary conditions

0(0,0=0; 6,1, 1) =ko(£); O(1,0)=0; AL D=0, )
0,..(0, 1) + 6,00, DIA(0, ) + (ko - 66,1 = 0, (6)
A0, £) - (2Ko +36)0,=0, )

where A(s, t) is aLagrange multiplier that ensures the inextensibility of
the centerline and lettersin subscript denote a partial derivative with
respect to the variable written in the subscript.

The governing equations (equations (3), (4)) represent the local
balance between the viscous drag and the internal elastic forces*°, alge-
braically manipulated to be most suitable for numerical simulations®®.
Theboundary conditions shownin equation (5) are those imposed by
the assumptions thattheroot (s = 0)is clampedinafixed direction and
thetip (s=1)isfree of any external forcesand moments and thus, aswe
are in the inertia-less limit, free of any internal forces and moments.
Theremaining boundary conditions (equations (6), (7)) represent the
vanishing elastic force density at the root. The elastic force vanishes
becauseitis balanced by the viscous drag, which vanishes because the
rootis not moving.

Besides the initial shape of the centerline and the dimensionless
mean and amplitude of the natural curvature (Kand A inequation (1)),
the evolution of the model centerline depends on the above-mentioned
dimensionless Sperm number Sp = (wD)"* =L(w& B)"*. Interms of the
equations, the Sperm number comes inthrough the natural curvature
forcing asits dimensionless frequency.

The equations are evolved in time by a backward time-stepping
scheme as described in ref. 3¢, Results of an example simulation with
Sp=2.8,K=A=1.1areshowninFig.1h. The relationship between pump-
ing efficiency and Sperm number is shown in Extended Data Fig. 4c.

Flow simulations. To simulate the flow, averaged over a fast beating
period, we model each cilium as a point force of strength F, acting on
the surrounding fluid. The flow of a point force is adjusted for the pres-
ence of arigid surface towhich the ciliaare attached®. Tobest capture
the time-averaged flow, point forces are placed at height of 0.7L above
the substrate, where L is the length of a cilium. The value was chosen
based on the average height above the surface of the tip of a cilium
throughout its beat. Throughout the paper, we present the results of
flow simulations as dimensionless velocities, non-dimensionalized by
the typical velocity of the model F/Lu, with u the dynamical viscosity
ofthe surrounding fluid.

Owing to the linearity of the Stokes equations that describe the
motion of the fluid, we obtain the full model flow by superposition of
allthe point-force flows that model each actuated mechanical cilium.
We compute the flow on arectangular grid of points with a horizontal
footprint similar to the field of view of the experiments, whereas the
vertical coordinate ranges from 0.8L to 4L. For the illustrations of 2D
streamlines compared to the experiments, we formulate acompressible
2D flow by averaging the 3D flow along its height above the surface.

Finally, we determine whether such elementary flows can be gener-
ated whenthereis anadditional boundary parallel to the substrate. The
flow due toapoint force canbe approximated in this case*. The leading



order of the flow, averaged over the wall-to-wall distance, is parallel
to the walls and has the same streamline structure for any value of the
channel height. However, this leading-order flow is singular near the
horizontal locations of the active cilia, so we regularize the singulari-
ties*? by an algebraic blob of size 0.45 cilia lengths.
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Extended DataFig.1|Fabrication process of an artificial cilium.180-nm Al polymer panels were patterned on the actuator to prevent twisting of the
and 20-nm Al,O, were first grown and patterned as therelease layer.3-nm Ti cilium.
and 7-nmPtwere then grown and patterned as the actuator. Finally, several
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Extended DataFig. 2| Cyclic voltammetry of artificial cilia. The cyclic
voltammetry curve foranartificial ciliumactuated between-0.2Vto1Vata
sweep rate of 1Vs™, the peak current density isabout1mA cm™.
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Extended DataFig. 3 | Durability of artificial cilia. Shownis therelative
velocity versus the number of actuation cycles. The relative velocity is scaled
by theinitial pumping velocity. We find no obvious decay after 1,000 actuation
cycles. Thelinear fitto the dataindicates that the relative velocity will decrease
by 50% after approximately 20,000 actuation cycles.
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a,Aciliumbeating ataround1Hz, corresponding toaSperm number of 1. At
these low Sperm numbers, the viscous force is not large enough to break the
actuationsymmetry. b, A ciliumbeatingataround 230 Hz, correspondingtoa
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actuation frequency for cilia with different lengths. The blue shaded region
roughlyindicates the maximal pumping velocities measured in the
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Electrode 1

Extended DataFig.5| A microscopic device for measuring the trajectory of
onecilium. We at first apply a fixed voltage on the hinge through electrode 1to
make the hinge bend up to about 90°, then apply another oscillating voltage
through electrode 2 to actuate the cilium.
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Extended DataFig.7| Comparison of the streamlines for various cilia
activation patterns. Included are open channels without a top wall (top) and
closed channels withatop wall (bottom). All the figures are obtained through
numerical simulations. We find that the qualitative features of the streamlines
arepreserved when the top wallisadded. The parts of the streamlines that

deviate fromthe single-wall case the most are located exactly where the
regularized singularities arelocated, and therefore where the simulation error
islargest. The biggest change occurs for the expansion flows, which are

inherently 3D. These simulation results suggest thus that the tessellationidea
willworkinachannelgeometry aswell.
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Extended DataFig. 8| An experimental set-up of computer-controlled cilia data-acquisition device was connected to the ciliametasurface through a
metasurface chip. We used aLabVIEW programmeto generate voltagesignals ~ breadboard and a chip carrier.
and send these signals to the data-acquisition device. The output of the
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Extended DataFig. 9 |Fabrication process for untethered artificial cilia
integrated with CMOS circuit. The orange and yellow zones represent the
photovoltaics and the output pins that are used to set the frequency and
interconnectto the cilia. Both structures are prefabricated by X-FAB.180-nm Al
and 30-nm Al,O; were first grown and patterned as the release layers. The metal
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contactswere then etched and exposed. Ti/Ptinterconnects were patterned to
wirethe contacts. A protective SiO, layer was grown and patterned to prevent
electricalshorts and currentleaks. A Crshielding layer was fabricated to
protectthe circuit fromthelight. Actuator layers that consist of Tiand Pt were
grown and patterned. Finally, polymer panels were patterned on the actuator.
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Extended DataFig.10|CMOS circuit.a, Anopticalimage of theintegrated
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theactuators. We set the frequency by hard wiring, the available frequency
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