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3D Printing Graphene Oxide Soft Robotics

The gallery between highly compacted and parallel graphene oxide (GO) nanosheets provides a unique and versatile platform to investigate the phenomenon of water transportation in nanoconfinement, and has trigged enormous interests in the fields of GO based soft robots. However, the design and control of the GO based micro-structure are typically dependent on sophisticated chemical/physical patterning process to induce anisotropic properties, and more importantly, limited to simple morphology such as thin film. Indeed, the simultaneously construction of complex GO based 3D macro-structure with the micro-structures well controlled is still very challenging. Here, we propose a universal strategy to effectively align and compact GO nanosheets by constrained drying, in which the drying of direct ink writing structures is processed in atmosphere or even in oven with 3D space constrains. These constrains not only allow the generation of huge capillary force accompanying with water evaporation at nanoscale, which induce the highly compaction and alignment of GO nanosheets, but also limit the shrinkage of the extruded filaments only along the wall thickness direction, therefore, successfully maintaining the uniformity of structure at macroscale. We discover that the shrinkage stress gradually developed during drying process, with maximum exceed ~0.74 MPa, significantly higher than other colloidal system. Interestingly, because of the existence of convergence between plates with different

orientations of the 3D constraining substrate, a gradient of porosity naturally formed across the thickness direction at the corner. This allows us, for the first time, to 3D print humidity sensitive GO based soft robotics.

Graphene oxide has abundant oxygen functional groups attached on surface, and thus can be easily processed in water. Various GO based macro-structures have been reported, including aerogel, fibers and films [START_REF] Iamprasertkun | N-doped reduced graphene oxide aerogel coated on carboxyl-modified carbon fiber paper for high-performance ionic-liquid supercapacitors[END_REF][START_REF] Liu | Preparation and properties of graphene oxide-carbon fiber/phenolic resin composites[END_REF][START_REF] Becerril | Evaluation of solution-processed reduced graphene oxide films as transparent conductors[END_REF] . The compaction of GO nanosheets into film can offer two dimensional channels with precisely controlled size down to sub nanometer, for the investigation of water-liquid interaction in confined space [START_REF] Radha | Molecular transport through capillaries made with atomic-scale precision[END_REF][START_REF] Lozada-Hidalgo | Giant photo-effect in proton transport through graphene membranes[END_REF][START_REF] Chen | Ion sieving in graphene oxide membranes via cationic control of interlayer spacing[END_REF] . The past decade has witnessed tremendous progress along this direction, represented mainly by the studies of GO based membrane for water purification, sensors and soft robotics. Among them, GO based soft robotics (GOSR) is typically triggered by moisture without any tethered external energy input, and thus have shown distinct advantages over other stimuli-responsive materials and devices. Through chemical or physical patterning of GO film, anisotropic properties can result, providing the operating mechanisms for the GO based soft robotics. Limited by the currently available patterning process, the reported GO based soft robotics are typically in the forms of simple film or fiber. Extending the shape-factor of GOSR to complex 3D structures and simultaneously increasing the degree-of-freedom for its design and preparation are still very challenging.

3D printing technology allows us to design and construct complex structures in a very efficiency and effective way [START_REF] Gantenbein | Three-dimensional printing of hierarchical liquid-crystal-polymer structures[END_REF][START_REF] Grosskopf | Viscoplastic Matrix Materials for Embedded 3D Printing[END_REF][START_REF] Skylar-Scott | Voxelated soft matter via multimaterial multinozzle 3D printing[END_REF] . Considering the fact that GO cannot be dissolved or melt, 3D printing GO structures are generally realized by direct ink writing (DIW) [10][START_REF] Kim | 3D Printing of Reduced Graphene Oxide Nanowires[END_REF][START_REF] Zhu | Highly compressible 3D periodic graphene aerogel microlattices[END_REF][START_REF] Jakus | Three-Dimensional Printing of High-Content Graphene Scaffolds for Electronic and Biomedical Applications[END_REF] . For this technique, rheological property of ink is the key. High storage modulus at low shear stress and high loss modulus at high stress should be guaranteed, in order to main the uniformity of the structure and smooth extrusion of the ink [START_REF] Grosskopf | Viscoplastic Matrix Materials for Embedded 3D Printing[END_REF][START_REF] Compton | 3D-Printing of Lightweight Cellular Composites[END_REF][START_REF] Muth | Architected cellular ceramics with tailored stiffness via direct foam writing[END_REF][START_REF] Siqueira | Cellulose Nanocrystal Inks for 3D Printing of Textured Cellular Architectures[END_REF] . Therefore, either polymeric additives [START_REF] Wang | 3D-Printed Graphene/Polydimethylsiloxane Composites for Stretchable and Strain-Insensitive Temperature Sensors[END_REF][START_REF] Liu | A 3D Printable and Mechanically Robust Hydrogel Based on Alginate and Graphene Oxide[END_REF][START_REF] Kim | Electrically Conducting and Mechanically Strong Graphene-Polylactic Acid Composites for 3D Printing[END_REF][START_REF] Fu | Graphene Oxide-Based Electrode Inks for 3D-Printed Lithium-Ion Batteries[END_REF] or high concentration of GO gel 21 is employed. For instance, Gao 22 used ion-induced gelation method to directly print graphene aerogel micro-lattices based on graphene oxide ink. It should be pointed out here, that all the previously reported 3D printing GO structures are highly porous. Indeed, because of the superhydrophilic characteristic of GO, water content in GO ink is generally higher than 90 wt%, which must be removed following the process of 3D printing. In order to maintain the structure uniformity, freeze-drying is typically employed 10,[START_REF] Jiang | Direct 3D Printing of Ultralight Graphene Oxide Aerogel Microlattices[END_REF] . Otherwise, the drying of the 3D printing GO structure in the air will be accompanied with the generation of very high and non-uniform capillary force, which would easily tortuous the whole structure. Unfortunately, the sublimation of ice crystal during freeze-drying process eventually left behind high porous structures. In other words, there is a dilemma between macro-structure uniformity and GO compactness.

Because water evaporation can induce the compaction of GO nanosheets, we decide to take the advantage of capillary force instead of avoiding it. In order to maintain the uniformity of GO structure, we propose a universal strategy to control the shrinkage process of the 3D printed GO gel. These constrains are firstly designed and 3D printed by commercially fused deposition modelling (FDM) 3D printer. We found that, with these designed constrains, the printed GO gel can only shrink along the constrain, thus maintaining the structural uniformity. In addition, we further discovered that such constrain will control the GO alignment direction, thus in turn, allowing us to control the microstructures (Fig. 1). The dramatic changing of the alignment direction at the corners of the 3D constrains results to the natural formation of gradient porosity along thickness direction, based on which moisture sensitive GOSR can be readily prepared.

Results

Since 2D nanosheets, as represented by GO, exhibited super-anisotropic properties, the alignment and densely compaction are critically important for the fully utilization of their advanced properties [START_REF] Jing | Efficient and scalable synthesis of highly aligned and compact two-dimensional nanosheet films with record performances[END_REF] . As reported previously, the operating mechanism for GOSR is dependent on the water transportation in 2D confined space. Therefore, the formation of such "quantum tunneling" galleries by parallel and condense compaction of GO nanosheets is the pre-requisite for the development of high efficiency GOSR [START_REF] Zhang | Quantum-Confined-Superfluidics-Enabled Moisture Actuation Based on Unilaterally Structured Graphene Oxide Papers[END_REF] . 3D printing technique offers a unique method to develop complex structures, as demonstrated in previous studies [START_REF] Rodell | Direct 3D Printing of Shear-Thinning Hydrogels into Self-Healing Hydrogels[END_REF][START_REF] Yao | 3D Printed Nanocomposites: Achieving the Upper Bound of Piezoelectric Response in Tunable, Wearable 3D Printed Nanocomposites[END_REF][START_REF] Vyatskikh | Additive manufacturing of 3D nano-architected metals[END_REF] . However, the preparation of complex structure by 3D printing, with GO highly aligned and densely compacted was never realized before.

Keeping this in mind, we develop a new approach to 3D printing condense GO structures as shown in Fig. 1a. For the DIW technique, proper rheological property is a pre-requisite. Namely, much higher storage modulus than loss modulus at low shearing stress, while much higher loss modulus than storage modulus at high shearing stress as shown in the rheological property of the GO ink (Supplementary Fig. 1), which allow both smooth extrusion of ink as well as shape stability of printed filaments. As can be seen in Fig. 2a, the optimized recipe of GO ink can offer very satisfying printability, that is, the printed GO structure is very uniform without any visible shape changing of filaments. However, upon drying, the printed structure gradually deformed nonuniformly. This is essentially resulted from the different spatial water evaporation rate around the printed structure, which induce significant amount of internal stress and structural distortion. The SEM images further show that numerous wrinkles, folds and ridges formed, leaving behind pores with size in the range from 5 μm to 21 μm (Supplementary Fig. 2). The dried samples almost completely loss the structure characteristics of the original design as can be seen in Fig. 1a and Fig. 2a. On the other hand, we note that although the viscosity of GO ink is already very high, exceeding which would not suitable for 3D printing, water content in such ink is still dominantly high (~90 wt%). Removing water without compromising uniformity of printed structure, and more importantly, realizing highly alignment and densely compaction of GO nanosheets building blocks at the same time, is the main purpose of this study. Since the capillary attraction force between GO nanosheets that generated during drying process could be very high, depending on the pore size, it can be utilized to align and compact GO nanosheets at nanoscale. To avoid the structural distortion at macro-scale induced by drying, we propose here to employ 3D constrains, which can be arbitrarily designed and easily 3D printed. As shown in Fig. 1a, b, a lattice constrain structure with hollow channels left for the GO printing afterwards, was firstly prepared by FDM. We then use DIW to print out a corresponding lattice structure (Video S1), with the exact geometrical feature controlled by the FDM prepared 3D constrains. Upon drying, for the samples that dried under full constrain, corresponding to constrain surface without lubricant, the printed macro-geometrical feature can be perfectly maintained, with a substantial shrink along thickness direction (Fig. 1b and Fig. 2a).

The SEM images show that all GO nanosheets are highly aligned and densely compacted (Fig. 3a and 3c), and this is critically important for the operating of GOSR. Note that, this is very different from all the reported 3D printed structures based on GO/rGO or other 2D nanosheets, in which GO/rGO are randomly orientated to form a very porous structure. In addition, the vertical shrinkage can be partially controlled by the constraint surface roughness. For instance, when the constraint surface is polished or wetted by oil and thus became smoother, some visible shrinkage along vertical direction occurs, which can increase the thickness of the sample. In such case, although GO nanosheets can still be highly aligned and densely compacted, wrinkles, folds and ridges can still be observed Fig. 3c, which is mainly induced by the compressive stress when the structure is shrinking along its vertical direction. We would like to point out here, this is the first time that GO nanosheets can be densely compacted to a complex structure. Therefore, many potential applications could be explored.

Since this study is to explore the strategy to maintain the structural uniformity during drying process, the moisture content, geometrical feature change with time, as well as its dependence on friction force that the surface of 3D constrain can offer were further investigated. We found that for the tested samples. it takes about 6 hours to dry out, irrespective of the roughness of constrain surface. However, for the samples that does not subject to any constrain, it takes longer time to dry out (7 hours, Supplementary Fig. 3). This is mainly due to the dramatical increase of thickness of the GO structure in the case of free drying, which significantly decrease the exposed gel-moisture interface for evaporation. In contrast, as can be seen in Fig. 2c, for the samples dried under full constrain, the thickness decreases linearly with time and eventually level off at about 20% of original thickness, with the height essentially fixed. When the constraint is partially released (corresponding to smooth surface constrain), the thickness decreasing rate slows down and nonlinearity emerge, accompanied with a decrease in height (the dried sample only have 57.3% of original height). When the constraint is fully released, it takes even longer time to fully dry out with high nonlinearity. Such nonlinearity suggests the non-uniform structure shrinkage process of the samples.

The mass change of gel upon drying can reveal the internal structure evolvement. For the drying of colloidal dispersion, there are generally three stages, namely, constant-rate drying period (CRP), falling-rate period (FRP) and low drying rate period (LDP). For all three cases with different constrain condition (Supplementary Fig. 4), water evaporates smoothly and all show three stages.

Here, we focus on the situation where the drying process is carried out under full constrain (Fig. 2d). In the stage of CRP, corresponding to the first ~1.2h, the GO gel has relatively low viscosity and storage modulus, and the capillary stress induced by evaporation of liquid can compress the gel easily with almost no resistance, thus maintaining the solid-vapor interface at the exterior of the gel surface. The transition from CRP to FRP at 1.2h indicates the gradual formation of strong and solid porous structures in gel, which can limit the flow and evaporation of solvent, resulting to the penetrating of the solid-vapor interface into the solid structure. The mass change levels off at ~6h, with residue water content of ~5%. We would like to point out that, as compared to traditional colloidal dispersions, including ceramics and polymeric particle dispersions, the masstime curve of our GO gel is almost linear, which well agrees with that the GO membrane allows unimpeded permeation of water as reported by many groups [START_REF]Unimpeded Permeation of Water Through Helium-Leak-Tight Graphene-Based Membranes[END_REF][START_REF] Jiang | Graphene oxide-deposited tilted fiber grating for ultrafast humidity sensing and human breath monitoring[END_REF] . To further understand how the internal stress develops upon drying, we measure the shrinkage stress with a simple home-made device as shown in Fig. 2e. Irrespective of the relatively featureless mass-time curve, the development of internal stress shows four stages. In the first stage, corresponding to the initial 70 mins, no obvious shrinkage stress is found, and we believe that in this stage the GO nanosheets in gel are loosely connected by water molecules in between, and the water evaporation induced capillary force compress the whole gel with negligible resistance. The GO gel then exhibits a period of rise in tensile stress up to a maximum value of ∼0.1 MPa followed by a stress relaxation, during which we observed the formation of a skin layer on the gel surface. Obviously, GO nanosheets start to align with each other in this stage. The stress relaxation might suggest the rearrangement of GO nanosheets in the skin layer, which is induced by the gel shrinkage underlying the skin layer. In the third stage, the stress further increased steadily and rapidly, and a maximum stress is reached when ∼75% of the initial water content has been removed. The gap between adjacent GO nanosheets decreased by ∼5 times during this stage, significantly increasing both the capillary force and GO nanosheets interactions. Interestingly, little stress relaxation is observed beyond the maximum stress point, and the final stress at ~260 min is nearly equivalent to the maximum stress value. This is very different from reported pure non-organic particle-based dispersions, all of which have negligible final stresses after relaxation, and the maximum stress can be maintained to some extend only when polymeric additives are added [START_REF] Singh | Cracking in Drying Colloidal Films[END_REF][START_REF] Salamanca | Lateral Drying in Thick Films of Waterborne Colloidal Particles[END_REF][START_REF] Léang | Structuration of the Surface Layer during Drying of Colloidal Dispersions[END_REF] . Such unprecedented stable drying stress strongly indicates the mechanical stability of the microstructure of GO film. The alignment of GO in the printed structures as well as their mechanical properties are then tested.

As shown in Fig. 3, in the printed structure obtained under full constrains, GO are well compacted and aligned, with the orientation index reaching 0.864. Upon the lubrication of the constrains, the orientation index decreased to 0.82. Note that, in both of the above two cases, the orientation indexes are both lower than that of the film obtained by printing GO gel with the nozzle perpendicular to the hard substrate such as glass. This is probably because of the higher shearing stress can be developed between nozzle and hard substrate than between nozzle and previously printed soft GO filament. The apparent compress strength is measured on X-Y plane to evaluate the mechanical property of the printed and compact GO structure. We found that the mechanical property of GO is between the elastomer and foams (Supplementary Fig. 5).

Accidently, we discovered that, upon releasing the dried structure (the shape can be seen in Fig. 4) from the constrains and placing it in dry petri dish, it begins to unfold gradually. The unfolded structure can fold back completely when we place the structure on our wet palm (Video S2). We therefore systematically investigate the moisture sensitivity of the prepared GOSR. As shown in Fig. 4, the unfolding-folding process can be quantitatively described by the angle at the corner.

When the GOSR was placed on a hot plate at temperature of ~80 o C, the angle increases from 90 o C to ~180 o C within 24 seconds. The original shape can be recovered within 10 seconds by putting water source, such as a wet cotton, besides GOSR on hot plate (Video S3). The unfolding-folding cycles can be carried out by dozens of cycles without any noticeable degradation, suggesting the mechanical and structural stability of our prepared GOSR. Note that, such moisture sensitivity can only be observed for the structure with corner, which strongly indicate that it is the local microstructure at the corner that dictates the moisture actuation. In order to testify the underlying mechanism of moisture actuation for our GOSR, we further measure the water absorption and de-sorption during the whole actuation process. The weight change and the deformation angle of the GO structure are measured at the same time as shown in Fig. 5a. There is a strong correlation between the mass of GOSR and corner angle. More specifically, the unfolding process is accompanied with water de-sorption from GOSR, while the folding back process with re-absorption from external water resource. This designed experiment confirms the key role of moisture for the actuation of GOSR. Interestingly, we note that at the corner, GO film forms a large amount of wrinkles, and the orientation of GO nanosheets change dramatically with internal nano-pores formed. We thus further study the effects of corner angle on the morphology of GO nanosheets at the corner, as well as the moisture actuation behaviors. As shown in Fig. 6c, the density of wrinkles at the corner increased with the angle of the corner. These wrinkles are mainly caused by the 3D constraints, which directly affected the arrangement of GO nanosheets during the drying process. When the corner angle is less than 90 o C, the wrinkles are well aligned along the crease of the corner. Such alignment gradually randomizes when the corner angle exceeding 90 o C. The formation of wrinkles at corner is essentially induced by the changing of alignment direction of the constrains and the thicker GO around the corner (as shown in Supplementary Fig. 6). For the GO nanosheets far away from the corner, they are compacted along the film thickness direction without any wrinkles formed on surface. In contrast, for the GO nanosheets at the corner, the local GO arrangement needs to reconcile with the dramatical change of substrate direction. This probably results to much more water transportation and evaporation channels at the corner, inducing higher local drying shrinkage stress, which eventually buckle the thin film and wrinkles thus form. We further tested the angle-dependent of humidity triggering performance. As shown in Fig. 6d,e, the folding/unfolding rate increases from 2.03 °s-1 /2.86 °s-1 to 0.94 °s-1 /1.18 °s-1 , as the angle increase from 60° to 120°. Note that, the unfolding rate is much higher than that reported previously based on GO/rGO anisotropic structures [START_REF] Liu | Facile fabrication of moisture responsive graphene actuators by moderate flash reduction of graphene oxides films[END_REF][START_REF] Cheng | Graphene Fibers with Predetermined Deformation as Moisture-Triggered Actuators and Robots[END_REF] , which probably resulted from our unique porosity gradient along thickness direction at the corner as well as the quantum fluidic effects. For the demonstration of the actuation capability of our 3D printed GOSR, a U-shaped GOSR with two legs was prepared as shown in Fig. 7. The GOSR was placed on a hot plate to desorb water from pores and channels in GOSR, which can unfold the structure with leg move outward. The local humidity can be easily modified by dropping a water droplet adjacent to each leg of GOSR, triggering it move inward (Video S4). Therefore, by alternatively dropping water droplets in each leg, GOSR can move forward or backward without any tethered external power supply. Fig. 7 The moisture triggering process of the GOSR. The GOSR was placed on the heat plate with the temperature of 50℃, and the movement of the GOSR was driven by the water vapor.

Discussion

In summary, we report the preparation of 3D GOSR by the combination of DIW and constrained drying. A uniform 3D macro-structure with GO nanosheets highly aligned and compacted inside is realized for the first time. We systematically investigate the drying process from the perspective of water evaporation rate, stress development and the final obtained micro-structure of GOSR.

Interestingly, the drying stress can reach to a level of ~0.74 MPa, and this is much higher and more stable than that the previous inorganic colloidal system, which quickly relax. Such unprecedented stable drying stress strongly indicates the stability of the micro-structure of GO film. Because of the higher water evaporation rate at the corner of the constrains, wrinkles formed at the corner, resulting to gradient porosity locally, which eventually endowing moisture actuation property of our GOSR. We further demonstrate the actuation capability of GOSR by controlling the angle at the corner of the 3D constrains, as well as local humidity. We highlight that, the reported 3D printing technique combined with constrained drying process, especially through the delicate design of the angle, location and orientation of the angle, can provide a versatile platform to develop GOSR with complex moisture actuation capability.
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 1 Fig. 1 Sketch map of 3D printing GO structure and the shape control process of the printed GO structure. a The schematic diagram for the controlled shrinking process for printed GO. b The shape control process for the printed GO structures.

Fig. 2

 2 Fig. 2 Water removing progress for the printed GO. a. The drying process for the printed GO structure using constrain, using lubricous constrain and without constrain. b, c The dimensional change of the printed GO structure as a function of drying time. d The shrinking stress and the water content for the printed GO structure using constrain as a function of time during the shrinking process. e The water content of the printed GO on the constrain as a function of the distance between the GO sheets during the shrinking process.
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 3 Fig. 3 a The detail description in the GO structure: the center node of the truss (a1), the node (a2), the member bar (a3), the microstructure of the truss(a4). b The 2D scatter of SAXS for the printed GO structure. c The microstructure of print GO. d The 1D scatter of SAXS for the aligned GO. e The tensile strength of the 3D printed GO structure.
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 4 Fig. 4 Humidity triggering the folding and unfolding process of GOSR.

Fig. 5

 5 Fig. 5 The homemade device for the measurement of the weight change and the deformation angle of the GOSR. a The mass and the deformation angle of the GO structure as a function of time, b The GO structure printed on the constraint, c The microstructure of the wrinkle surface, d The microstructure of the wrinkle cross-section.
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 6 Fig. 6 a-c. The morphologies of GO at the corner with different angles (scale bar: 20 μm), d-e The foldingunfolding kinetics of GOSRs with different angles at the corner.
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Methods

Materials. High-purity graphite used for GO preparation were acquired from Sigma-Aldrich. The GO solution was synthesized by modified Hummer's method as described elsewhere using 325 meshes graphite. After the dialysis in deionized water, the obtained GO dispersion was concentrated using rotary evaporation, and the concentration of the GO ink for the 3D printing was 40mg/ml. All other chemical materials were obtained from Sinopharm Chemical Reagent Co., Ltd.

Ink rheology.

The rheological properties of the GO inks were characterized using a Discovery Hybrid Rheometer HR-1 (TA Instruments) at room temperature with an 8 mm flat plate geometry and a testing gap of 2000 µm. A stress sweep from 2×10 -1 to 7×10 2 Pa at a constant frequency of 1 Hz was conducted to record the storage modulus and loss modulus variations as a function of sweep stress. The flow sweeps model was performed between 10 -2 to 10 2 s -1 was performed to record the apparent viscosity as a function of shear rates. 3D printing. The 3D structure of GO and the constraint parts were designed in CAD first, and then the STL files for the 3D printing were exported. After that, the constraints were printed by a Fused Deposition Modeling (FDM) 3D printer (Ultimaker extend 2+ ) using Acrylonitrile Butadiene Styrene plastic (ABS). The 3D printing for GO was carried out by a modified commercial 3D printer (based on Ultimaker extend 2+ ) by direct ink writing (DIW). More specifically, the GO ink was loaded into a 30 cc syringes (Nordson EFD) and compacted by vibration to remove the air inside. A Nordson EFD Precision Fluid Dispensers provided the appropriate pressure to drive and control the ink out of the syringes through a 0.41-mm-diameter nozzle.

Characterization. The mechanical properties were tested on a Universal Testing Machines EZ-LX-10N, and both the tensile speed and the compression speed were 0.5 mm s -1 . For the tensile strength test, the GO membranes were clipping to a rectangle with the size of 20 mm×2 mm. The thickness of the samples was measured by a micrometer caliper with 1-micron accuracy. For the relative compression strength test, the GO samples were designed and printed as triangular truss structure with spatial density from 0.17 to 0.21, the samples are tested in XY plane as shown in Supplementary Fig. 5. The thickness of the samples was measured by a micrometer caliper with 1-micron accuracy. Reported mechanical property represent an average of at least five samples.

Microstructures of GO samples were observed through the Scanning electron microscope (SEM) on ZEISS merlin compact. The alignment degree for the GO samples were measured on Xeuss 2.0 from Xenocs company by Small Angle X-ray Scattering (SAXS), the exposure time was 10 minutes in the test. The degree of alignment was calculated by the following formula: R= 180-W W While R is the degree of alignment, W is the peak width at half height in the 1D curves of SAXS.

Shrinking stress measurement. An elliptic GO structure and two independent constraints are designed and printed as shown in Fig. 2e. Each constraint is fixed on the mechanical testing machine. The section area of the GO sample in the drying process is calculated by the recording photos using the software of CAD. The shrinking force are recorded by a Universal Testing Machines EZ-LX-10N machine with the measurement accuracy of 1×10 -5 N.

Mass change upon drying. For the mass change and the corresponding un-folding test, the Lshaped GOSR is fixed on a connecting rod which is fixed on a high precision electronic scale. The mass change and the angle are recorded by two cameras as shown in Fig. 5a. The unfolding process of the GOSR with the corner angle from 90° to 120 ° were tested on a hot plate with the temperature of 80℃, while the folding process were tested on a humid tissue at room temperature of 20℃.

Shape drive test.

A square-typed structure (as shown in Fig. 4) is employed for the designed constraint and the corresponding GO in the shape drive test. For the un-folding process, the prepared GOSR was placed on a hot plate with temperature of 80℃, while for folding process, a wet tissue was placed besides GOSR.

GO robot. The GO robot was designed as U typed, and prepared by 3D printing using designed constraint. The robot was placed on a hot aluminum plate with temperature of 50 ℃, a humidifier was helped to provide the water vapor which was carried out by airflow through a plastic tubing. 
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