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The development of new forms of artificial micro/nanomachines has moved closer to
reality as witnessed by some remarkable progress in a field known as active matter.
Current research activities in many labs around the world covering different disciplines
address the design, fabrication, and manipulation of individual active units as well as
swarms of micro/nanoscale particles, machines, and robots.*?

One focus of the research in active matter is to understand and apply propulsion
mechanisms in solution to achieve versatile and efficient artificial micro/nanomotors that
mimic their biological counterparts.! Significant advances have been made in synthetic
and biohybrid micro/nanomotors that are either powered by chemical reactions or that are
driven by external magnetic, electric, acoustic, osmotic, or optical fields.>= However, in
several model systems it remains challenging to unravel the underlying mechanisms that
govern the propulsion behaviors of either individual machines or their multi-body
interactions. Often a number of effects are at play at once. It is therefore of fundamental
interest to simplify the experimental conditions to fully understand the underlying
propulsion principles and the interactions of both isolated and in swarms of
micro/nanomachines.

Beyond propulsion, active matter offers significant promise in developing adaptable
materials, which can dynamically change shape, morphology, and properties to meet new
demands. For example, a material may be capable of ‘draping’ in one state to conform to
complex geometries, and be ‘rigid’ or ‘fixed’ in a different state in order to provide
conformal protection or stability.® While such concepts can be applied to all materials in
theory, particularly interesting results have been presented for soft materials. Here,
surface interactions, based on electrostatic, van der Waals, or chemistry-specific forces,
and elastic restoring forces can be designed to have similar strength, thus opening new
structure and property modification routes that do not require pre-designed
micro/nanostructures or the application of excessively large driving forces’~1> While these
mechanisms are promising and preliminary demonstrations are encouraging, they have
mainly focused on smaller size scale systems due to the introduction of additional
constraints in larger systems.1213

A major obstacle in the aforementioned studies are gravitational effects that invariably
play arole in terrestrial experiments.'® For multi-unit active matter systems, sedimentation
of individual units can affect electrostatic interactions, mechanical forces, local surface
flows, and complex ionic distributions, which in turn often can conceal the intrinsic
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locomotion of the micro/nanomachines.'’~?° There are very few studies of active matter
in a 3D environment away from walls, which would be possible in low gravity
environments. The gravitational field also makes it extremely challenging to realize
isotropic suspensions. In particular the assembly of micro/nanomachines (active building
blocks) would greatly benefit from zero gravity conditions.”:?° A related effect is that the
distribution of molecules, reaction products, gas and ions are affected due to density
effects. These effects are especially important in soft, active matter systems, such as
those used in new adaptive materials concepts. In these systems, gravity is known to
play a significant role in limiting the size of the materials components used in active,
adaptable systems since gravitational forces begin to dominate any surface interactions.
However, the full impact of gravitational effects has not been studied, and thus there may
be many unknown factors that need to be considered. Eliminating walls, sedimentation
and density effects are therefore expected to permit for the first time experiments that
are essential for a fundamental understanding and at the same time allow emergent
behaviors of several artificial and biological active matter systems to be observed across
a larger range of size scales.??"?°

The following research questions are expected to benefit from zero (or micro-) gravity
conditions:

1. Unraveling the propulsion mechanisms of synthetic active matter
systems: Minimizing the interactions between micro/nanomachines and
substrates will help in the understanding of complex propulsion mechanisms.
Eliminating or reducing the influence of gravity will be of interest in all types of
active propulsion systems, including those that utilize physical fields or those that
are based on chemical reactions including enzymatic reactions. For instance,
when manipulating micro/nanoparticles with electric fields, surface charges can
easily alter the motion direction due to local electroosmosis flows, which conceal
the actual forces and torques exerted on the micro/nanomachine.?® Rotating a
magnetic motor near a substrate can give rise to rolling and walking and thus
complicate matters as the surface causes symmetry breaking, something which is
of importance in low Reynolds number fluid environments.?” The problem is even
more complex for catalytic micro/nanomotors, where ion flows are substantially
altered near a surface, which in turn causes changes in speed and even the
orientation of a Janus swimmer near a substrate.?829

Catalytic reactions can also pump flows.3° Eliminating the influence of gravity
reduces the influence of density and thus the generation of gradients in the
chemical species and ions.3%3! Both density and chemical gradients play a role,
but in zero-gravity one could distinguish these processes. Since the active motors
won’t sediment it also eliminates the introduction of torques that arise because of
altered fluid flows near a substrate.3?

The examples above highlight only a few effects that complicate the study of

micro/nanomachines on Earth. Zero-gravity conditions will eliminate these
complications and offer valuable control settings and provide new insights in
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active-matter research. New propulsion principles that have been masked by
surface interactions due to sedimentation could be revealed.

. Interactions _and 3D assembly of matter (under non-equilibrium

conditions): The assembly of active matter in a regime far from thermodynamic
equilibrium is of importance as nearly all assembly processes in living systems
also arise under non-equilibrium conditions, i.e., enabled by reactions, enzymes,
or cellular processes.**-3° Since artificial micro and nanomotors are typically much
larger than their biomolecular counterparts, they are affected by gravity.
Maintaining an active system that is uniformly distributed in a volume for long
periods of time is nearly impossible in a gravitational field. Since the assembly of
active matter in 3D is dynamic and evolves with time one would constantly need
to adjust the conditions to maintain the suspension. Obtaining more sophisticated
structures is likely to require longer times, which further complicates studies of self-
assembling systems. Space eliminates the influence of gravity and hence
buoyancy in active suspensions of micro/nanomotors: Zero-gravity conditions that
last for longer times would permit the thus far rarely-explored study of non-
equilibrium interactions and assembly processes.

Reconfigurable rheology of soft matter: the zero-gravity condition also provides
a simple, clean system for shedding light on the basic physics of (reconfigurable)
rheological systems enabled by active matter. Recently, it was demonstrated that
high-density light-driven chemical motors dispersed in bulk suspension could
exhibit as high as 10-fold enhancement of viscous coefficient that can be reversibly
switched by controlling light conditions.'® In order to prepare active material
systems for bulk rheological measurements, stable dispersions are needed. This
is difficult to realize under gravity.

. Surface driven soft adaptable materials: surface interactions between
neighboring components or with a surrounding environment can be used to control
the shape and assembly of soft materials systems, where the elastic restoring
forces can be small. However, gravitational forces often limit the size scales where
these concepts can be utlized. Demonstrating surface-driven shape
transformations and associated assemblies in zero-gravity conditions will lead to
new understanding of how complex structures can be created autonomously using
programmed surface-elastic interactions within single components or between
multiple components. 7° Additionally, many materials systems, such as
filamentous assemblies like rope and textiles, have properties that are greatly
impacted by their own weight due to the enhanced inter-filament frictional forces
in gravitational fields.® Fundamental understanding of properties of soft,
filamentous based materials systems in zero-gravity conditions will create new
pathways for taking advantage of controlled inter-filament interactions for property
and shape transformations.#36-3 This understanding may also provide insight into
changes of mechanical properties of biological tissues, which are often composed
of filamentous assemblies.
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In summary, the study of active matter in space will provide many opportunities to add
new knowledge to the fundamental science of both artificial and biological active matter,
including isolated swimmers, swarms, and adaptive soft materials. Effects of surfaces and
density can be eliminated and thus the mechanisms underlying propulsion in active
systems can be revealed. In addition, bulk suspensions could be realized which would for
the first time offer the opportunity to realize the experimental conditions required to study
non-equilibrium assembly processes. We expect that zero-gravity will enable new effects,
phenomena, and behaviors of active systems to be discovered. This is expected to
substantially advance our understanding of active matter.
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