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1.  Background  
 

 

Soft materials – elastomers, gels, and biological tissues – can readily develop large deformations 
in response to various stimuli. The large deformations may lead to the development of elastic 
instabilities and associated pattern formations. Recently, the new concept of using the rich 
instability-induced pattern transformations in soft materials has been put forward to design 
reconfigurable mechanical metamaterials with unusual properties [1], photonic [2] and phononic 
[3, 4] switches, soft robots [5, 6], sensors [7], flexible electronics[8], adhesion [9] and energy 
absorption [10]. Moreover, the knowledge about the mechanical instability phenomenon can help 
elucidate the morphogenesis in organs during growth in various biological systems [11-13]. 

The diverse potential applications of the instability phenomena in soft materials motivated a 
significant body of theoretical, numerical, and experimental studies. These works addressed the 
wide variety of elastic instabilities, including buckling, wrinkling, folding, creasing, cavitation, 
fringe, and fingering in various soft material systems under different stimuli [14-19]. However, 
there is very limited knowledge about the material systems with extreme soft behavior where the 
gravity needs to be accounted; for example, the formation of the wrinkling in the stiff-film-soft- 
substrate system Li, Ge [20], the crease to wrinkle transition in soft materials Liang and Cai [21] 
induced by gravity. The behavior of the extremely soft materials in the absence of gravity (or 
microgravity) remains largely unexplored. This is a rich research avenue for new fundamental 
knowledge and for developing new materials operating in the extreme unusual environment – in 
space.  

The physical realization of the soft reconfigurable materials relies on the development of advanced 
material fabrication; the recent development has already allowed the manufacturing of 
microstructured soft materials across length scales [22-25]. However, the research and 
development of soft material 3D printing in space lag behind the more established solid material 
fabrication techniques. In-space manufacturing is essential for space exploration to produce on-
demand tools for a long-term mission in the absence of the supply chain from the Earth and reduce 
launch costs [26]. The reliability and precision of operations are of vital importance in space. 
Therefore, understanding the 3D printing process and the behaviors of 3D printed materials in the 
absence of gravity (or microgravity) in space is indispensable for space exploration and inhabitants 
in space in the future [27, 28]. This is also in line with the recent report of NASA’s Physical 
Science Research Program in the Space Life addressing the inverse design, additive manufacturing 
of soft metamaterials, adaptable materials, active and self-sensing soft metamaterials, integration 
of computers and materials, and microgravity [29]. 

 
2. Research Directions for Soft Matter in Space 

 

The unusual behavior of extremely soft materials in the space environment, including the absence 
of gravity (and microgravity), is needed to be studied to provide a deep understanding and 
description for reliable development of the technology for space exploration applications. This will 



require the development of new approaches in theory development, numerical modeling, and 
innovative soft material 3D printing techniques, and neat physical experiments in microgravity 
conditions.  

Modeling of Soft Matter in Space Environment 

Theoretical and computer modeling of the soft reconfigurable matter builds on the solid foundation 
and background accumulated in modeling (see Fig. 1 for computationally predicted and 
experimentally realized instability-induced pattern reconfigurations). However, the adaptation of 
the approaches is required to reflect the significantly different extreme conditions that the materials 
experience in the space environment. Typically, the modeling of soft reconfigurable materials 
includes (a) the non-linear regime of large deformation, followed by (b) the (linearized) onset of 
instability analysis (such as Bloch-Floquet analysis), and concluded by (c) the highly non-linear 
and extremely sensitive to underlying assumption, post-transformation regime. The modeling of 
those steps needed to be informed by the experimentally characterized soft material behavior in 
space conditions. Furthermore, to appropriately model soft living biological materials in space, 
new constitutive models capable of capturing the high complexity of living biological materials 
need to be developed [29, 30]. In particular, the coupling of chemical, biological, and mechanical 
factors with complex interactions between different fields across length scales in living materials 
presents a challenge even for the classical continuum mechanics approaches [31, 32], and can be 
significantly transformed in the microgravity conditions. For example, soft living materials 
frequently developing residual stresses can be affected significantly, and those factors need to be 
appropriately accounted for for accurate modeling. The complexity is ever increased as far as the 
reconfigurable soft matter undergoing cascade microstructural transformations is considered, 
especially so for the multiphysics non-linear coupled processes. The modeling efforts may be 
facilitated by incorporating the developing approaches of machine learning. 

 

 
 
Fig. 1.  Instability-induced patterns in soft laminate (a) [33], 3D fiber composite (b) [34], particulate 
composite (c) [35], multiphase composite [36]. 

 

Additive Manufacturing and 3D printing of Soft Metamaterials in Space:  
 
Current soft composites are constrained to effectively macroscale bulk properties of constituent 
soft materials. A significant unmet challenge is the ability to control multi-material composition 
across length scales. A further challenge is understanding the process-structure-property 



relationships across length scales, especially in the largely unexplored regime of microgravity. 
While large length scale geometric variation within monolithic objects is currently possible in 
regular conditions, diversification of chemical composition and functionality that spans molecular- 
to nano- to mesoscale structure is severely lacking. Spatially resolved material deposition, such as 
material extrusion of gels or multi-jetting of photo-resins, can deliver heterogeneous soft material 
combinations, but at resolutions that are nominally macroscopic. These techniques also result in 
strong incompatible material interfaces that are prone to catastrophic failure under mechanical and 
thermal loads. Photomediated polymerizations uniquely provide spatiotemporal control over the 
synthesis of macromolecular architectures (a typical photo-polymerization 3D printing is 
illustrated in Fig. 2).  

 
Fig. 2. Schematic of a typical photo-polymerization-based 3D printing. The geometrical features of the 
specimens are digitally sliced into a series of images and are sequentially projected by the DLP projector 
into the liquid resin to produce cured exposed solidified features in the layer. The layer-by-layer projection 
and curing process is repeated until the microstructured specimen is printed.  
 
Since the processes involve conversion from small molecule reagents into polymeric networks 
during the fabrication process, it may be possible to control small length scale structure, such as 
nanoscale morphology or graded composition of interpenetrating networks, in ways that are not 
accessible with spatially resolved material deposition. A recently discovered method for using 
photomediated polymerizations in additive manufacturing produces unprecedented multi-material 
objects that arise from multiwavelength light projection during the fabrication process. Multicolor 
digital images became multi-material 3D objects by using frequency-specific chemistries to 
control material composition. Now, we are poised to interrogate the underlying fundamental 
questions that will enable multiscale control and design principles in multicomponent soft 
materials, such as:  
 

• How does one control the contrast and structure at the interfaces within heterogeneous soft 
multi-materials? Establishing empirical and predictive models of polymerization kinetics, 
nonequilibrium dynamics, photophysical properties, and physicochemical properties that 
govern multicomponent, simultaneous photomediated polymerization of different 
materials is needed.  
 



• The incorporation of microphase separating soft additives such as block copolymers into 
the photo-chemistry of the resins can open ways to engineer reconfigurable metamaterials 
across length scales.  How does one control block copolymer self-assembly during 
multicomponent photomediated polymerization? What are the possible nanoscale 
morphological outcomes of block copolymer additives within heterogeneous soft material 
composites? 

 
• What are the effects of multiscale structure with controlled nanoscale and mesoscale 

heterogeneity on mechanical and dynamic properties of the bulk composite? The relevant 
heterogeneous and anisotropic mechanical properties from the nanoscale to macroscale 
need to be measured. The effects of gradient interfaces among multi-materials in 
architected materials on their mechanical behavior and failure mechanisms to develop 
materials with delayed and predictable failures needs to be investigated. 

 
These research efforts will also be in synergy with the Zero-G Technology demonstration mission  
[37, 38] by NASA and Made in Space, Inc., investigating the effect of microgravity on the 3D 
printing process. This will also advance the understanding of the performance of 3D printed soft 
materials under long-term exposure to extreme space conditions. 
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