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            Abstract
Cilial pumping is a powerful strategy used by biological organisms to control and manipulate fluids at the microscale. However, despite numerous recent advances in optically, magnetically and electrically driven actuation, development of an engineered cilial platform with the potential for applications has remained difficult to realize1,2,3,4,5,6. Here we report on active metasurfaces of electronically actuated artificial cilia that can create arbitrary flow patterns in liquids near a surface. 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 1â€‰volt. We then show that a cilia unit cell can locally 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 metalâ€“oxideâ€“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 microrobotic locomotion.
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                    Fig. 1: Artificial cilia based on surface electrochemical actuators.[image: ]


Fig. 2: Elementary flow patterns generated by cilia units.[image: ]


Fig. 3: Cilia metasurface capable of generating arbitrary and switchable microfluidic flows.[image: ]


Fig. 4: Metachronal waves generated by untethered control of CMOS integrated artificial cilia arrays.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Fabrication process of an artificial cilium.
180-nm Al and 20-nm Al2O3 were first grown and patterned as the release layer. 3-nm Ti and 7-nm Pt were then grown and patterned as the actuator. Finally, several polymer panels were patterned on the actuator to prevent twisting of the cilium.


Extended Data Fig. 2 Cyclic voltammetry of artificial cilia.
The cyclic voltammetry curve for an artificial cilium actuated between âˆ’0.2â€‰V to 1â€‰V at a sweep rate of 1â€‰Vâ€‰sâˆ’1, the peak current density is about 1â€‰mAâ€‰cmâˆ’2.


Extended Data Fig. 3 Durability of artificial cilia.
Shown is the relative velocity versus the number of actuation cycles. The relative velocity is scaled by the initial pumping velocity. We find no obvious decay after 1,000 actuation cycles. The linear fit to the data indicates that the relative velocity will decrease by 50% after approximatelyÂ 20,000 actuation cycles.


Extended Data Fig. 4 Pumping efficiency in simulation and experiment.
a, A cilium beating at around 1â€‰Hz, corresponding to a Sperm number ofâ€‰1. At these low Sperm numbers, the viscous force is not large enough to break the actuation symmetry. b, A cilium beating at around 230â€‰Hz, corresponding to a Sperm number ofâ€‰7. At these high Sperm numbers viscous drag is too large, diminishing the motion of the cilia. c, The relationship between pumping efficiency, displaced volume, and Sperm number. The pumping efficiency is defined as the ratio between the area covered by the cilium tip and the square of the length of cilium. d, The relationship between Sperm number and the actuation frequency for cilia with different lengths. The blue shaded region roughly indicates the maximal pumping velocities measured in the experiments.


Extended Data Fig. 5 A microscopic device for measuring the trajectory of one cilium.
We at first apply a fixed voltage on the hinge through electrodeâ€‰1 to make the hinge bend up to about 90Â°, then apply another oscillating voltage through electrodeâ€‰2 to actuate the cilium.


Extended Data Fig. 6 Two-hinge cilium.
a, Optical image of a fabricated two-hinge cilium. b, A 3D rendering of the two-hinge cilium that defines the segment lengths and hinge angles. c, The actuation sequences that maximize swept area (blue shaded region) for the two-hinge cilium. d, The positions of several representative particles (marked with yellow, red, and green circles) after 0, 1 and 2 cycles of actuations (from left to right). e, The pumping distance per cycle for a two-hinge cilium operating at 0.5â€‰Hz and a one-hinge cilium operating at 10â€‰Hz.Â The dataÂ show the mean pumping distanceÂ averaged over five separatemeasurements. The error bars indicate the standard deviation. Scale bars, 20â€‰Î¼m.


Extended Data Fig. 7 Comparison of the streamlines for various cilia activation patterns.
Included are open channels without a top wall (top) and closed channels with a top wall (bottom). All the figures are obtained through numerical simulations. We find that the qualitative features of the streamlines are preserved when the top wall is added. The parts of the streamlines that deviate from the single-wall case the most are located exactly where the regularized singularities are located, and therefore where the simulation error is largest. The biggest change occurs for the expansion flows, which are inherently 3D. These simulation results suggest thus that the tessellation idea will work in a channel geometry as well.


Extended Data Fig. 8 An experimental set-up of computer-controlled cilia metasurface chip.
We used a LabVIEW programme to generate voltage signals and send these signals to the data-acquisition device. The output of the data-acquisition device was connected to the cilia metasurface through a breadboardÂ and aÂ chip carrier.


Extended Data Fig. 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 interconnect to the cilia. Both structures are prefabricated by X-FAB. 180-nm Al and 30-nm Al2O3 were first grown and patterned as the release layers. The metal contacts were then etched and exposed. Ti/Pt interconnects were patterned to wire the contacts. A protective SiO2 layer was grown and patterned to prevent electrical shorts and current leaks. A Cr shielding layer was fabricated to protect the circuit from the light. Actuator layers that consist of Ti and Pt were grown and patterned. Finally, polymer panels were patterned on the actuator.


Extended Data Fig. 10 CMOS circuit.
a, An optical image of the integrated circuit. The circuit outputs up to eight square waves with phase delays to drive the actuators. We set the frequency by hard wiring, the available frequency ranges from 2â€‰Hz to 256â€‰Hz. b, Block diagram of the circuit. c, Current versus time outputs from the circuit under different light intensities. The output current ranges from 140â€‰nA under a light intensity of 1â€‰kWâ€‰mâˆ’2 equivalent to 1â€‰sun, to about 880â€‰nA at a light intensity of 5 suns. Scale bars: 20â€‰Î¼m (a), 0.3â€‰Î¼A (c, vertical), 0.05â€‰s (c, horizontal).





Supplementary information
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Supplementary Code 1
This MATLAB app allows the user to determine the flow patterns that result from any combination of active cilia arrays on the metasurface. This code works in MATLAB 2020 and newer versions.


Supplementary Video 1
| Real time video of actuating cilia arrays. The cilia are actuated at 2 Hz by sweeping the voltage between âˆ’0.2 V to 1 V during each cycle.


Supplementary Video 2
| An experiment showing the trajectory of a 50-Âµm long cilium driven at an actuation frequency of 40 Hz. The hinged stage at the bottom rotates the cilium stroke plane by 90Â° so that we can observe it from the side.


Supplementary Video 3
| The simulated trajectory of a 50-Âµm long cilium driven at an actuation frequency of 40 Hz.


Supplementary Video 4
| The pumping of a two-hinge cilium at an actuation frequency of 0.5 Hz. This video is presented in real time.


Supplementary Video 5
| The trajectories of fluorescent tracer particles in an extensional surface flow geometry. The focal plane resides near the cilia tips. This video is presented in real time.


Supplementary Video 6
| A rotational flow switching its direction from clockwise to counter-clockwise by programming the actuation of the cilia metasurface. This video is presented in real time.


Supplementary Video 7
| CMOS integrated artificial cilia arrays actuated with Ï€/2 phase delay, particles are used to track the flow field. This video is presented in real time.


Supplementary Video 8
|The actuation of actuators in a broad range of pH conditions. This video is presented in real time.
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