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            Abstract
Living systems are capable of locomotion, reconfiguration and replication. To perform these tasks, cells spatiotemporally coordinate the interactions of force-generating, â€˜activeâ€™ molecules that create and manipulate non-equilibrium structures and force fields of up to millimetre length scales1,2,3. Experimental active-matter systems of biological or synthetic molecules are capable of spontaneously organizing into structures4,5 and generating global flows6,7,8,9. However, these experimental systems lack the spatiotemporal control found in cells, limiting their utility for studying non-equilibrium phenomena and bioinspired engineering. Here we uncover non-equilibrium phenomena and principles of boundary-mediated control by optically modulating structures and fluid flow in an engineered system of active biomolecules. Our system consists of purified microtubules and light-activatable motor proteins that crosslink and organize theÂ microtubules into distinct structures upon illumination. We develop basic operationsâ€”defined as sets of light patternsâ€”to create, move and merge theÂ microtubule structures. By combining these operations, we create microtubule networks that span several hundred micrometres in length and contract at speeds up to an order of magnitude higher than the speed of an individual motor protein. We manipulate these contractile networks to generate and sculpt persistent fluid flows. The principles of boundary-mediated control that we uncover may be used to study emergent cellular structures and forces and to develop programmable active-matter devices.
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                    Fig. 1: The light-switchable active-matter system enables optical control over aster formation, decay and size.


Fig. 2: Moving and merging operations of asters with dynamic light patterns.


Fig. 3: Aster creation and moving operations are combined to make different desired patterns and trajectories.


Fig. 4: Advective fluid flow is created and controlled with patterned light.
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Video 1
3D aster 100-Âµm excitation disk.Â 3D projection of aster formed with a 100-Î¼m excitation disk. Scale bars are 30 Î¼m. X, Y and Z axis are represented by the red, green, and blue bars, respectively.


Video 2
3D aster 30-Âµm excitation disk. 3D projection of aster formed with a 300-Î¼m excitation disk. Scale bars are 30 Î¼m. X, Y and Z axis are represented by the red, green, and blue bars, respectively.


Video 3
Aster formation and decay. Formation and decay of an aster with a 50-Î¼m disk. Yellow disk indicates when and where light pattern is being projected. Time stamp is in min: sec.


Video 4
Aster with moving disk. Aster following an excitation disk moving at 100Â nmÂ sâˆ’1. Time stamp is in min: sec.


Video 5
Aster merger. Asters spaced 375 Î¼m apart are linked together with light. Light pattern is indicated in yellow. Time stamp is in min: sec.


Video 6
Patterned asters. Asters of different sizes and positions are simultaneously patterned.


Video 7
Simultaneous movement of asters. Two asters simultaneously following disk patterns that are moving at 200 nmÂ sâˆ’1. Time stamp is in min: sec.


Video 8
Spiralling aster. Aster following aÂ spiralling disk pattern moving at 200 nmÂ sâˆ’1. Time stamp is in min: sec.


Video 9
Active flow with labelled microtubules. Fluorescent microscopy time lapse of flow generated with a 750 Ã— 20-Î¼m bar. Time stamp is in min: sec.


Video 10
Active flow with tracer beads. Brightfield microscopy of flow generated with a 700 Ã— 20-Î¼m bars. Sample contains 1-Î¼m beads for measuring advective flow. Time stamp is in min: sec.


Video 11
Plus-shape excitation and flow. Flow generated with a plus-shape pattern. The â€˜+â€™ is composed of two 350 Ã— 20-Î¼m bars. Time stamp is in min: sec.


Video 12
T-shape excitation and flow. Flow generated with a T-shape pattern. The â€˜Tâ€™ is composed of two 350 Ã— 20-Î¼m bars. Time stamp is in min: sec.


Video 13
L-shape excitation and flow. Flow generated with an L-shape pattern. The â€˜Lâ€™ is composed of two 350 Ã— 20-Î¼m bars. Time stamp is in min: sec.


Video 14
Active stir bar. Dynamic flow pattern made with a rotating 450Â Ã—Â 30-Î¼m bar. The ends of the bar rotate at 200 nmÂ sâˆ’1. Time stamp is in min: sec.
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