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1.  Background 
Modern society relies on soft materials, which are important for foods, consumer products, biological materials, and energy and environmental applications. The interactions that hold soft materials together are often comparable in magnitude to thermal energy, making them especially susceptible to weak forces, including those due to gravity in terrestrial circumstances. The development of functional soft materials requires an understanding of their behavior close to, and far from equilibrium. Despite recent progress, many questions remain regarding how molecular-scale behavior dictates macroscopic properties in these systems. In many soft materials, forces and deformations can induce massive molecular or constituent reorganizations that manifest as transformations in the macroscopic material properties. Such behavior ultimately leads to the success or failure of a product, or rigorous protocols for the safe handling and efficient processing of soft materials. Additional complexities arise due to the transient conditions that are typically encountered in most environmental and biological situations, and well as industrial flow startup and cessation. 
Soft matter science is rich and complex and couples novel experimentation with model and theory development. As in any physical science, the theories can only be tested by rigorous experiments that isolate effects and control for others. Approaches to studying soft materials are as varied as the materials themselves. Broad categories can be constructed, however, in terms of behaviors or material structure. Real-world materials often contain multiple ingredients or constituents whose complex interactions can lead to emergent behaviors, or simply make the system too complex to understand completely. Model systems that contain fewer ingredients, and therefore fewer interactions are therefore typically studied, with the development of their behaviors leading to an increase in our understanding of their more complex real-world counterparts. 
We restrict our discussion here to behaviors and material classes where the ability to control microgravitational effects will allow for significant advances in our understanding of the weak forces that dictate their behavior. Specifically, we discuss opportunities in the study of buoyancy-driven flows and instabilities, colloidal gels and glasses, and foams. 

2. Buoyancy-driven instabilities
Buoyancy-driven instabilities, commonly called natural convection, drive flow in a single-phase fluid due to variations in density. These instabilities are common in both natural and industrial terrestrial systems. Density variations are induced by temperature gradients that result in thermal expansion. Classic examples include large scale atmospheric motion that provides lift for aviators and soaring raptors near mountainous terrain and power-free convection associated with the cooling towers used for nuclear plants. At smaller scales, swirls found in heated liquids from the upwelling of lower density fluid are a result of complex convection patterns known as Rayleigh-Bénard convection [1]. These recirculation flows can enhance heat transfer in advantageous ways to cool a cup of coffee and yet cause destructive inhomogeneity during drying of automotive and other paints [2].
Inhibition of buoyancy-driven flows is difficult. One approach is to remove temperature gradients that cause density differences to stifle these flows. For example, rooms with sensitive instrumentation are sometimes outfitted with thermal panels on the walls to reduce temperature gradients that drive flow and resulting air currents that cause vibration [3]. However, several systems require the presence of temperature gradients as part of their design. For instance, fundamental studies of thermophoresis are plagued with inconsistency, in part caused by buoyancy-driven flows. Thermophoresis, the migration of small particles in thermal gradients [4], has been used widely for capturing aerosols for air quality monitoring [5] but are poorly understood in aqueous systems and complex fluids. Even though this process is poorly understood, thermophoresis has great potential for separation of nanoscale particles such as viruses for development of low-cost disease detection platforms [6]. However, most terrestrial experiments cannot separate thermophoretic particle motion from the convective motion of buoyancy-driven flows. 
Only in microgravity can one completely stifle both convective motion and particle sedimentation. Through fundamental microgravity studies of thermophoresis, combined with measurements of particle Brownian motion, the surface forces that drive thermophoretic motion and local fluid properties can be characterized simultaneously. This approach enables high fidelity microgravity studies of thermophoresis in complex fluids with temperature-dependent microstructure [7] with the intent of designing new modes of rheology-dependent particle thermophoretic motion. Moreover, these studies, when paired with the ability to synthesize particles with varying size, shape, and surface heterogeneities, will give unprecedented information of thermophoretic transport. The results will provide the necessary knowledge to confirm existing or develop new theory of the role of surface charge and ionic strength on nanoparticle transport in temperature gradients that can drive innovations in disease detection, drug delivery, and environmental remediation techniques.

3. Colloidal gels and glasses
Over the past 15 years, and owing to a concerted effort at NASA, ISS and NSF, a series of experiments have been performed on the Fluids Integrated Rack (FIR) shaping much of our current understanding of colloidal gels and glasses [8]. Specifically, ACE and PACE experiments, enabling prolonged visualization of the particle dynamics, have helped us understand the pathways for arrest of structure, and formation of space-spanning networks in low and intermediate volume fractions of attractive colloids [9 – 13]. We have also learned a lot about nucleation and growth of colloidal glasses at larger concentrations. As informative, and foundational as these studies have been to current understanding of colloidal physics, virtually all of these experiments share two common limitations: 1- the systems studied are far from realistic and have been limited to ideal cases; and 2- the Liquid Microscopy Module (LMM) used in all of these studies is limited to quiescent condition imaging where equilibrium behaviors are observed. 
Virtually all real-life particulate/colloidal systems of interest are highly heterogeneous in nature, having a range of particle sizes and interactions. An extremely important [and relevant to many terrestrial and extraterrestrial applications] example is soil, in which the size variation and physicochemical characteristics of particles make it impossible to predict/understand dynamics of the system from single component models [14]. On the other hand, to enable a technological leap from fundamental understanding of these systems, one would essentially need to understand the physics and dynamics of these particulate systems under flowing conditions. This is critical, as structure and properties of these systems are known to be coupled to flows which they are subjected to [15, 16]. With more extraterrestrial habitat explorations on the horizon, and an ever-increasing effort on additive manufacturing of particulate systems, the next decade of microgravity research should focus on “more realistic particulate matter” and “under flowing conditions”.
As gravitational forces will completely change the dynamic of particles with different sizes on the ground, the departure from model single component systems to more realistic models inherently makes microgravity a key component in colloidal science research for the next decade. Of particular interest is to understand the pathways in which one can design a highly heterogeneous system with desirable mechanics such as yield stress, elastic and viscous moduli. These are essential properties, for informed design of advanced manufacturing capabilities both on the ground and for extraterrestrial applications.

4. Foams and films
The stability, lifetime, and rheology of foams influence their properties and applications in water purification, mineral extraction, oil recovery, firefighting, and many foods, beverages, cosmetics, and nature. The pleasure of drinking fizzy fluids and the leisure offered by dishwashers is made possible by short-lived foams. In contrast, the shape and size distribution of bubbles underlies the texture and mouthfeel of food products like bread, popcorn, cakes, beers, and lattes. The drainage, stability and lifetime of liquid foams depend on the interplay of hydrodynamic and thermodynamic forces and fluxes that drive restructuring and drainage within the intricate three-dimensional architecture of foams [17 – 20]. Thus, it is desirable to understand and control the mass flux of gases between bubbles, of liquid within thin liquid films or foam films that enclose gas pockets, and from films into Plateau borders (PBs), the thicker channels formed by intersecting films [17 – 21]. The curvature gradient between liquid foam film and the PB causes a capillary / Laplace pressure gradient contributes the impelling forces for individual film drainage, whereas the impairing forces are primarily contributed by bulk viscous stresses, though sometimes, interfacial and bulk viscoelasticity of the foaming liquid also play a role [17 – 27]. As film thickness approaches the molecular length-scales, or when interfacial regions begin to overlap, the drainage can be further enhanced or reduced by an additional contribution from surface forces [23, 28, 29] that provide an excess pressure called disjoining pressure, which acts normal to the surface. Several reviews [19, 30, 31], textbooks [17, 18, 32, 33] present a survey of the current state-of-the-art understanding in foams that are carried out on earth, in the presence of nominal gravity conditions. It is well-known that gravitational effects contribute to the motion of thinner regions within single films, govern the shape of individual bubbles and the speed of their rise, affect the rate of coalescence and coarsening, and influence the microstructure and structural transitions in the foams. 
It is well-established that characterizing and quantifying the influence of gravitational effects is necessary for unraveling the physicochemical mechanisms governing the lifetime, stability, rheology, and applications of liquid foams. The gist of microgravity studies carried out so far is as follows [34 – 40]. Experiments show that the foamability and foam lifetimes are substantially enhanced in microgravity. In addition to increased stability of the foams considered relatively stable on earth, even the foams deemed unstable on Earth become stable in microgravity. Several factors contribute to enhanced stability: suppression of gravitational drainage, both within foam films that separate individual bubbles and at the larger length scale spanning the entire foam head. An increase in capillary length allows bubbles to maintain the quasi-spherical shape for much larger sizes, and both coalescence and coarsening slow down as the individual films drain slower and thus, the flow through channels and nodes is also reduced. The stability of bubbly water is enhanced. Fascinatingly, the antifoam agents are rendered nearly ineffective due to the large film thickness and the absence of buoyancy. 
The questions that remain unexplored are as follows:
(a) The influence of gravity on rheological response, with the possibility of visualizing and analyzing the deformation and rearrangement of bubbles, and changes in the size, shape, and number density of bubbles without complicating gravity-induced flows. Emphasis can be on foams with higher liquid fractions that are more susceptible to the impact of bubble coalescence, shape changes, and shape/size distribution.
(b) Though the influence of gravity on surfactant-based foams has received significant attention, protein-based foams, that are present in foods and beverages remain unexplored. Proteins provide more rigid and heterogeneous interfaces, have slower adsorption kinetics, present richer interfacial rheology effects, and hence discerning foamability and foam stability are more difficult.
(c)  Coarsening in wet foams, and its influence on foam properties and applications can benefit the most from experiments that are not influenced by gravity-driven flows and instabilities. 

5. Recommendations and outlook
The ability to probe soft material responses in the absence of gravitational effects, or in microgravity, will allow researchers to carefully exclude long-range body forces probe and expand our understanding of how weaker short-range interactions and surface forces affect the properties exhibited by soft materials. It is recommended that an increased focus be placed on more complex systems, where more and more varied interactions exist between constituents, and the systems studied more closely resemble those in use in industry or biology.
Additionally, an increased focus on out-of-equilibrium behaviors is recommended. Significant insight can be, and has been gained from studying soft matter at, or close to equilibrium. However, much remains to be learned from how soft matter behaves far from equilibrium, under conditions where many biological and industrial processes reside. An increased focus on “more realistic particulate matter” and “under flowing conditions” is therefore recommended for the next decade of soft matter research.
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