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Abstract

:

The solar sails can be deployed by jointed truss or by inflated support tube. The deployed process and final deployed state of the solar sails is closely related to the design of the deployed mechanism. Therefore, the design of the deployed mechanism is very important for this new type of spacecraft. In this paper, we study the problem of the inflatable deployment of the solar sail; we utilized MSC.Patran to build the Z-folded and the Z+ curly-folded finite element models. LS-DYNA was used to simulate the dynamic characteristics of the above two solar sails under different conditions, and the results were analyzed. The results show that in the model that adopted the Z-folded method, the deployed process is relatively stable, and the effect of deployment is good, which is more suitable for practical application.
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1. Introduction


The solar sail is a new type of spacecraft with novel concepts and broad prospects. To achieve continuous propulsion, the spacecraft relies on the ultra-thin sail surface, which is heavy yet incredibly light. By far, it is the only spacecraft that does not require a considerable amount of chemical fuel and working medium for flight control; hence, its life in orbit is not restricted by fuel, and the high-performance materials can make the solar sails lighter, enormously reducing the mass of the launch and further saving the cost of the mission.



The deploying dynamics of a solar sail is one of the critical technologies to complete its orbit mission. Mechanical and inflatable solar sail deployment technologies are the most common. The mechanical deployment utilizes a truss with joints as the mechanism. There are many alternative methods for inflating the solar sail. At present, the most widely used method is the volume control method. Glaser R. et al., 2004 used three inflatable methods to deploy a quasi-static thin membrane space structure, namely CV, CP, and ALE methods, and conducted analysis furthermore experiments [1].



Different deployed mechanisms can be designed based on a variety of theories. Wei J. et al., 2018 proposed a design of a deployable membrane sail with four self-supporting inflated booms, and the folded and deployed scheme of this sail [2], a method for calculating the dynamic characteristics of the inflatable boom considering the influence of inflated pressure, is also given. In addition, the dynamics analysis and on-orbit experiments of the inflatable gravity gradient boom were also completed [3]. Y. Hui et al., 2017 set up dynamic experiment to design and construct the dynamic behaviors. A Phantom V12.1 high-speed camera was applied to record the deployment of the tape-spring hinge [4]. Fernandez J.M. et al., 2011 proposed we can use the bistable winding composites as the deployable boom of solar sails [5]. This structure is easy to expand and may become an ultra-light design. Brown, M.A., 2011 studied a new deployable mast that could provide a way to scale up solar sails to very large sizes, and this new design was compared to the latest truss used in NASA solar sails [6]. Qin Dong, 2017 designed a solar sail deployment mechanism with a simple structure, small mass, large contraction expansion ratio and high stability, as well as carried out finite element analysis and optimization [7]. Siyuan Rong et al. utilized MSC.Patran to build the finite element model of the solar sail. The proposed segmented inflatable mode and integral inflatable mode imposed normal restraint control force upon these two ways and simulated deploying dynamics characteristic of the Z-folded solar sail inflatable support tube of the two modes above by LS-DYNA codes [8]. Costanza G. et al., 2016 designed and manufactured a self-deploying system based on NiTi shape memory wires in a small prototype that studied three different types of folded solar sails and used two different nickel–chromium wires as active materials to achieve self-deployment of the sails [9]. T. Sproewitz et al., 2019 provided an overview of the Gossamer-1 hardware development and qualification campaign. The design is based on a crossed boom configuration with triangular sail segments. Using engineering models, all aspects of the deployment were tested under an ambient environment. Several components have also undergone environmental qualification tests [10]. R. Roy et al., 2018 proposed a sail, shaped like a cone, which redirects the incident solar radiation force to appropriately tension itself against deformation. By computing the performance parameters for a hypothetical nano-satellite mission and comparing it to existing mission designs, the advantages of the new design are emphasized [11]. Johnson L. et al., 2011 were the first to demonstrate the deployment of solar sails in orbit. Although they failed, they tremendously promoted the research process of solar sails [12]. Fu B. et al., 2016 reviewed the current state of solar sail technology. People mainly focus on areas such as solar sail dynamics, attitude control, design and deployment, and trajectory analysis [13]. The model of solar radiation pressure and attitude dynamics receives special consideration. Some basics of solar sail that would be extremely useful for a new investigator in the field are also presented [14]. Fernandez J.M., et al. presented a summary of the design and development of a gossamer sail deorbiting system for objects in LEO to assist in the future development of similar concepts. The objective was to give an overall picture of the usefulness and needs of these gossamer structures, show some of the different analyses carried out to established mission requirements, and present the system design, characterization of structural components, and qualification testing process to comply with these requirements [15].



Because the inflatable structure has the advantage of a short construction period and strong resistance to earthquakes, it can be applied to sealed tunnels. Sosa E.M. et al., 2016 proposed inflatable deployment of finite element models to simulate the preliminary deployment and inflation of a large inflatable structure that is used to seal a tunnel and carried out the experiments of the initial deployment of inflatable structures for sealing of rail tunnels [16,17]. Pecora L. et al., 2019 simulated the controlled deflation, folding, deployment, and inflating process of a large-scale inflatable structure with a sealed tunnel cross-section [18]. M. Lou et al., 2000 presented experimental and analytical study results on different types of space inflatable booms, including the self-rigid cable carpenter-tape-reinforced aluminum laminate booms [19]. Mallikarachchi H.M.Y.C. et al. extended the early research of a quasi-static-folded model and deployment to dynamic deployment and simulated and verified the dynamic deployment of spring hinges made of two layers of plain weave carbon fiber laminates through software and experiments [20]. Block J. et al., 2011 proposed two ways to deploy with ultra-light movable arms: one is driven by an inflatable bladder inside a spiral boom, and the other is driven by an electric deployer with a directly driven boom end [21]. Li Q. et al., 2016 performed a series of deployment tests on four small-scale, single-fabric arches and a fully-scale fabric arch frame to study the feasibility of deployment dynamics and deployment. Finite element simulation based on the control volume method was performed to study the self-deployment failure of the arch frame and reveal the development of membrane stress [22].



With the development of technology, to simulate the inflatable process better, the selected materials and structural shapes are changing. Ma Ruiqiang et al., 2018 based on the Timoshenko beam theory and the Hamilton principle, derived the differential equation of self-supporting arm vibration and proposed a beam element model considering the pre-stress of the inflatable pressure and changes of configuration [23]. Zykov A.V. et al., 2015 used numerical methods to solve the dynamics deployment of weightless tether [24]. For evaluation problems of kinematic accuracy reliability for folding and deploying mechanisms under the condition of a small sample, the continuous contact effective coupling model considering gaps of the kinematic pair was built by using the “effective length model” theory: based on the proposed kinematics model of folding and deploying mechanisms, a simulated method of mechanism kinematic accuracy reliability was proposed by the Monte-Carlo method, and kinematic accuracy reliability for folding and deploying the mechanism of a certain type of missile wing was calculated [25]. Zhang X. et al., 2017 established a simplified model considering the out-of-plane motion of solar sails to qualitatively analyze the dynamics of solar sails when it is rotating. The effects of structural parameters, initial conditions, and feedback control parameters were analyzed to stabilize the process of deployment [26]. Rui W. et al., 2018 designed a reflector of the substructure of a solar sail, which can control the direction and magnitude of solar radiation pressure without changing its direction to the sun [27]. Yang C. et al., 2019 aimed to propose static and dynamic evaluations for a 160 m solar sail by comparing the results obtained from an 8 m deployable prototype. Based on the updating model and parameter modification theory, the finite element analysis (FEA) model of the 8 m prototype was constructed, and results were obtained to validate the effectiveness of the proposed numerical simulation method [28]. Jiafu Liu et al., 2019 studied the dynamics of the highly flexible solar sail subjected to various forces, and the Euler beam model was adopted to represent the whole structure [29]. Jiafu Liu et al., 2018 also considered that we can utilize solar radiation pressure (SRP) to actively control the surface shape of a reflector consisting of a rigid hoop and slack membrane with embedded reflectivity control devices (RCDs). The full non-linear static partial differential governing equations for a reflector with negligible elastic deformations are established for the circumferential, radial, and transverse directions separately [30].



This article first introduces the control volume method and its theoretical model, which is used to describe the interaction between the gas and the airbag. Then, the airbag model and the other keywords are selected. The solar sail adopting the Z-folded and Z+ folded modes carried out a simulation of inflatable deployment to provide accurate predictions.




2. Materials and Methods


First, we chose a method that could better describe the interaction between the gas and the airbag, then we chose a suitable airbag model to simulate the inflatable model, and finally we chose the corresponding contact keyword to reflect the interaction.



2.1. Summary of Control Volume Method


The control volume method can take the load curve as the gas filling condition to simulate the interaction with the membrane structure. To some extent, this method ignores the gas inertia problem that needs to be considered in the inflation process but also takes into account the pressure generated by the gas. Its basic principle is to disperse the internal control volume of the membrane structure into multiple connected cavities with assumed diaphragms. This method presumes that the pressure in the cavity is equal at each time, and the gas flowing from one cavity to the next is a function of the diaphragm area. When the inflation starts, the proportion of the diaphragm section increases continuously; when the membrane structure is completed and unfolded, the extent of the diaphragm section will not expand and should be equal to its sectional area. Therefore, this method can well approximate t of the state of the gases inside the continuously expanding inflatable structure, and the calculation pressure is less.



Radek Glaser et al. [1] conducted a comparative inflation study that presents a cross-comparative summary of the three (CV, CP, ALE) inflation approaches that utilize an explicit finite element and experimental inflation methodologies applied to large, thin, and light semi-spherical/cylindrical/semi-spherical deployable space structures. According to their study, the CV method is preferred for problems involving large and simple shape inflatables with a quasi-static response where the computational time is of the essence and the high accuracy of the gas behavior is not required.



In this paper, for practical engineering concerns, the CV method should be used to estimate the deployment dynamic characteristics of the solar sail.



When selecting the CV method to study the inflatable structure, the inflatable structure is used as a control volume, the surface of the inflatable structure is the control surface of the body, and the cavity inside the inflatable structure is the control volume. The model is shown in Figure 1.



Where the formula of volume is:


  V =    ∭ Ω   d v     



(1)




where Ω represents the enclosed space formed by the inflatable structure. According to Green’s formula, the volume integral enclosed by the area of the closed surface can be calculated as follows:


  V =    ∭ Ω   d v    =    ∯ Γ   x n d S =   ∑  i = 1  N      ∬   Γ i     x n d S =           ∑  i = 1  N     x ¯  i     n i   S i   



(2)




where xi represents the average of the i-th unit in the x axis, ni represents the direction cosine of the unit normal vector, and Si represents the area of the i-th unit.



LS-DYNA uses the central difference to integrate time, and the acceleration of each node of the mechanism at the end of the n-th time step is calculated by the following formula:


      D ¨      t n    =    M    − 1          R  e x t        t n    −      F  int        t n       



(3)




where       D ¨      t n      is the acceleration of the structure at the end of the n-th time step,    M    is the mass matrix,      R  e x t       is the nodal external force applied on the structure at the end of the n-th time step (including the equivalent nodal force transformed by the distributed load), and      F  int       is the internal force vector of the structure at time    t n   , generally composed of the following items:


   F  int   =    ∫ W    B T  s d W +  F  h g   +  F  c o n t a c t       



(4)







     ∫ W    B T  s d W      represents the equivalent nodal stress of the element stress field at time    t n   .    F  h g     is the hourglass resistance, and    F  c o n t a c t     is the contact force.



According to the basic idea of the central difference, acceleration is the first-order central difference of velocity, and velocity is the first-order central difference of displacement. Therefore, the following Formulas (5)–(9) can be used for analysis and calculation of them:


          D ˙      t  n +  1 2      −     D ˙      t  n −  1 2         /     1 2  Δ  t  n − 1   + Δ  t n      =     D ¨      t n     



(5)






         U     t  n + 1     −    U     t n       /  Δ  t n  =       D ˙      t  n +  1 2       



(6)




where


    Δ  t  n − 1   =  t n  −  t  n − 1   , Δ  t n  =  t  n + 1   −  t n      Δ  t  n −  1 2    =  1 2     t  n − 1   +  t n    , Δ  t  n +  1 2    =  1 2     t  n + 1   +  t n       



(7)







The displacement at time   t + Δ t   is as follows:


     D    t + Δ t   =    D   t  +    U    t + Δ t    



(8)







     D    t + Δ t     is the displacement of the structure at time   t + Δ t  ,      D   t    is the displacement of the structure at time  t , and      U    t + Δ t     is the increment of displacement.



The expression of the differential form of (6) is as follows:


     1  Δ  t 2    [ M ] +  1  2 Δ t   [ C ]     { D }  t  =   {  R  e x t   }   t − Δ t   − [ K ]   { D }   t − Δ t   +  1  Δ  t 2    [ M ] ( 2   { D }   t − Δ t   −   { D }   t − 2 Δ t   ) +  1  2 Δ t   [ C ]   { D }   t − 2 Δ t    



(9)




where   Δ t   is the time step for calculation, which can be used to compute     { D }  t    and obtain the shape of structure at time  t . When the damping matrix and mass matrix are simplified to diagonal matrix by adopting the block program, this method can greatly improve the efficiency of the solution.




2.2. Airbag Model


Select the keyword *AIRBAG_SIMPLE_AIRBAG_MODEL as the airbag model, which is inflated smoothly. Use the keyword *MAT-FABRIC as the air bag material. The main power for deploying the inflatable membrane structure is the self-contact of it. Select the keyword *CONTANCT_AIRBAG_SINGLE_SURFACE. This method will perform two-way retrieval when checking the penetration so that it can effectively prevent the penetration. In the deployed process of the structure, in order to make the model converge, the full integration algorithm is adopted, so there is no need to set the hourglass control.



The Figure 2 shows the theoretical model of the inflatable structure, which is separated into a series of cavities by the diaphragm. The cavity is composed of the outer wall of the structure and the diaphragm. The amount of gas flowing from one cavity to the next cavity is a function of the diaphragm area. As the diaphragm area increases, the inflatable structure deploys. Finally, the inflatable structure is fully deployed, and the opening area is equal to the cross-sectional area of it.





3. The Finite Element Model and Deployed Dynamic Analysis of the Solar Sail


As shown in the Figure 3, in order to explain the problem and simplify it, we first establish a finite element model of a square solar sail with a side length of about 8 m. The length of each support tube is about 5.6 m, and the support tube is connected with the sail surface by infinite points.



The defaulting unit system when modeling is kg-mm-s-K. The material and geometric dimensions of the inflatable tubes and sail surface are shown in Table 1 below.



3.1. Dynamics Simulation of Z-Folded Solar Sail


The finite element model of the solar sail adopting the Z-folded method is established in MSC.Patran as shown Figure 4:



Firstly, set one of the conditions as the standard inflation parameter. On this basis, the kinetics results of inflatable deployment under different parameters are obtained by modifying the inflatable rate, the inflatable temperature, and the inflatable pressure. It can be noticed in Table 2.



In condition 1, the dynamic results of inflatable deployment are as follows in Figure 5, Figure 6, Figure 7 and Figure 8:



The four inflation tubes inflate at the same time. The AC tube expands against the BD tube, which is a pair of inflation tubes located at the outermost side of the folding structure. The BD tube has been unfolded steadily, while the volume of the AC tube is smaller than that of the BD tube at the initial stage, but after the BD tube is fully unfolded, the volume of the AC tube is slightly larger than that of the BD tube. The pressure change curve of the inflation tube is inversely proportional to the volume change curve of the inflation tube. Regarding the results of the volume change curve of the inflation tube, we can see that, in the initial inflation deployment stage, since the volume of the BD tube is greater than the volume of the AC tube, the gas pressure in the BD tube is less than the gas pressure in the AC tube. In the final stage of inflation and deployment, if the volume of the BD tube is smaller than that of the AC tube, the gas pressure in BD tube is greater than that in the AC tube, which is consistent with the results in Figure 5. It also can be seen from Figure 5 and Figure 6 that the pressure and the volume of the tube are stable during the deployment. It can be seen from Figure 8 that there is a relatively strong movement of the tube between 21 s and 25 s and between 34 s and 36 s. The reason is that the elastic modulus of the support tube is large, and the inflatable torque cannot overcome the elastic potential energy during the deployment. Only a certain amount of inflatable torque can be accumulated slowly to force the support tube to deploy. In general, the solar sail support tubes deployed completely in the axial direction in this condition, and the deployed effect is good.



In condition 2, the dynamic results of inflatable deployment are as follows in Figure 9, Figure 10, Figure 11 and Figure 12:



Between 3 and 24 s, the volume of the BD tube is always larger than that of the AC tube, because the volume of the BD tube is bound to be larger when it is pushed by the AC tube. Once the AC tube is unfolded, its volume will be slightly larger than that of the BD tube, but generally speaking, its volume difference is not very large. It can be seen from Figure 10 that the volume of the four tubes after being fully deployed is not large. It can be seen from Figure 12 that the end positions of the four support tubes have approximately reached 5.6 m, so the deployed effect is good. However, the node D and the node B suddenly deployed at around 24 and 34 s, respectively, which is not conducive to the deployment of the solar sail. This situation should be avoided as much as possible to achieve a smooth process. It can be seen from Figure 11 that the deployed size of the solar sail meet the requirements.



In condition 3, the dynamic results of inflatable deployment are as follows in Figure 13, Figure 14, Figure 15 and Figure 16:



It can be seen from Figure 13 that the gas pressure in the inflation tube inside the folding structure increases before the gas pressure in the inflation tube outside the folding structure. In the initial inflation phase, referring to the volume change curve of the inflation tube, the gas pressure in the four inflation tubes is the same. After 4 s, the gas pressure in the four inflation tubes is slightly different, but not very large. At 18 s, the gas pressure in the AC pipe suddenly changes greatly, which indicates that the membrane structure will have pressure hysteresis during the deployment process. That is, when the gas fill passes through the diaphragm, the diaphragm will have an obstruction effect. With the inflation process, the sectional area of the diaphragm will gradually increase. At this time, part of the gas will flow into the next control volume chamber, and the pressure in the pipe will decrease. When the inflation process continues, the pressure will continue to increase, which also corresponds to the volume change curve. The volume keeps increasing, and the gas in the inflation tube keeps flowing forward. When encountering the barrier of the diaphragm, the pressure will increase slightly based on the previous moment. It can be seen from Figure 14 that when the membrane tube is inflated at the set gas temperature, the volume difference of the four inflation tubes in the initial inflation phase is small. However, after 4 s, the volume difference of the four inflation tubes was revealed. The deployment of the BD tube has been relatively stable, and it was always larger than the volume of the AC tube 18 s ago. After the BD tube was fully deployed, the volume of the AC tube suddenly increased to the maximum, accompanied by severe movement. At this time, the volume of the AC tube is slightly larger than the volume of the BD tube. It can be seen from Figure 15 that the solar sail support tubes deployed well, and though the red edge is slightly loose, the overall deployed state is good. It can be seen from Figure 16 that the support tubes approximately reached about 5.6 m after they had deployed, which achieves the expected effect.



In condition 4, the dynamic results of inflatable deployment are as follows in Figure 17, Figure 18, Figure 19 and Figure 20:



It can be seen from Figure 18 that the volume of the BD tube increases preferentially. This is because the BD tube is located at the outer side of the folding structure, and the inner inflation tube is applied with pressure by the outer side. Therefore, the volume of the inflation tube at the outer side of the folding structure increases preferentially over that at the inner side. The volume of each tube increases with time, and the volume of the membrane tube tends to be consistent after being fully expanded. In addition, the volume of each tube fluctuates due to the influence of the dynamic expansion of the structure. It can be seen from Figure 20 that the displacement curves of nodes A and C have a large, sudden change in about 22 s. This is because the membrane element without bending stiffness cannot resist the resilient elastic deformation, which affects the stability of the structure during inflation and deployment. However, the length of the four supporting pipes reached 5.6 m, and the expansion size met the requirements. In addition, in Figure 20, Node B and Node D move back and forth during the initial inflation phase, and about 5 s after inflation, that is, the curve fluctuates slightly. This is because the continuously filled gas accumulates a certain amount of kinetic energy in the membrane tube, which is converted into the elastic potential energy of the structure. The inflation tube of the membrane unit without bending stiffness cannot resist the resilient elastic strain. In condition 4, the inflated pressure is changed by adjusting the inflated load. It can be seen from Figure 18 that the deploying process of the support tubes is relatively stable without much fluctuation. How optimize the inflated load and making the support tubes deploy smoothly is an important concept, which is conducive to the deployment of solar sails in orbit, and sudden deployment is harmful to practical operation.




3.2. Dynamics Simulation of Z+ Curly Folded Solar Sail


The finite element model of the solar sail adopting the Z-folded method is established in MSC.Patran as shown below in Figure 21:



For the Z-folded model, dynamics simulation is performed according to the following five conditions: First, set a standard inflation parameter, and then only the inflatable position, inflatable rate, inflatable temperature, and inflatable pressure are modified to study the effects on deployment. It can be noticed in Table 3.



In condition 1, the dynamic results of inflatable deployment are as follows in Figure 22, Figure 23, Figure 24 and Figure 25:



For the segmented inflatable model, the gas flowing into the CV3 and CV6 comes from CV2 and CV5, respectively. It can be seen from Figure 22 that the pressure in each cavity is the same during the deployment, which indicates that the inflatable gas flows fast. It can be seen from Figure 23 that the volume curves of CV1 and CV4 during the deployment were roughly the same, which was consistent with objective reality. The time history of the other four control volumes was also roughly the same. In the end, the volume of CV1 and CV4 was about twice of the others, which was in line with the actual situation. The process was relatively stable and smooth. However, it can be seen from Figure 24 that there was a certain distortion in the support tubes, which was also a disadvantage caused by adopting the curly-folded model, but the deployed effect was better. It can be seen from Figure 25 that the length of the support tubes adopting the Z-folded was longer than the Z-folded. Therefore, the Z-folded is a better choice for the solar sail at present.



In condition 2, the dynamic results of inflatable deployment are as follows in Figure 26, Figure 27, Figure 28 and Figure 29:



It can be seen from Figure 27 that the volume of each chamber increases slowly with time, showing a non-linear relationship. This is because when the inflation pressure exceeds the plastic stress of the diaphragm set at the connection of each chamber, the gas can flow to the next control volume, and the membrane structure can continue to unfold, which is consistent with the actual situation. In addition, it can be seen from Figure 26 that the pressure in each cavity was the same during the deployment. There was only a slight difference in the second half of the process, but it was not large. The process was relatively smooth. It was difficult to drive the sail surface to fully deploy by adopting the Z-folded due to the elastic modulus of the membrane structure is large. It can be seen from Figure 29 that the position of the end nodes of the support tubes that adopted the curly-folded method was smaller than that of the Z-folded, so it can be judged that the Z-folded is better.



In condition 3, the dynamic results of inflatable deployment are as follows in Figure 30, Figure 31, Figure 32 and Figure 33:



In this case, each control volume was inflated. Since the CV1 and CV4 were two times as large as the other control volumes, the load curves of CV1 and CV4 were twice larger than the remaining volumes.



In Figure 30, because the inflatable rate curve was proportional to cavity volume, the pressure was the same in each cavity. It can be seen from Figure 31 that the CV1 and CV4 were twice larger than the other cavities, which was consistent with the actual situation. The reason for this is that the gas load curve filled into each chamber is set in direct proportion to its volume. It can be seen from Figure 32 and Figure 33 that the deployment was completed basically. However, the bending still existed in the support tubes which adopted curly folding, and this phenomenon was difficult to avoid.



In condition 4, the dynamic results of inflatable deployment are as follows in Figure 34, Figure 35, Figure 36 and Figure 37:



In summary, the solar sail was deployed, but it can be seen that the deployed effect of the support tubes where node 231 and node 467 were located was not ideal, especially since the one near node 231 had a large bend. As can be seen from Figure 37, the AC tubes were squeezed by the BD tubes during the initial inflation making the nodes displacement of AC tubes tended to move back at about 30 s which caused the support tubes to slightly deform. Thus, the coefficient of friction can be set smaller in the contact keyword to prevent that situation.



In condition 5, the dynamic results of inflatable deployment are as follows in Figure 38, Figure 39, Figure 40 and Figure 41:



It can be seen from Figure 40 that the overall effect of the solar sail was better, but the sail surface near node 467 and node 231 did not deploy ideally. As it can be seen from Figure 41, there were still deformities on the structure under this condition, so the Z-folded model is not a good solution to deploy the solar sail.





4. Conclusions


In this paper, the folded method of the solar sail was taken as the object. Based on the overall design of the structure, combining non-linear theory and finite element principles, two kinds of folded models of the solar sail were established in MSC.Patran, namely the Z-folded model and the Z+ curly-folded model. The dynamics deployed characteristics of the models were simulated and analyzed by LS-PREPOST, and the results were given under different conditions. The results showed by comparing and analyzing the pressure function curves, volume function curves, view of fully deployed, and the position of the end nodes during the deployment, that the Z-folded model is significantly better than the Z+curly-folded model. The model which adopted the Z+curly-folded had a certain distortion during the deployment, which makes the structure difficult to fully deploy, so it is not a good solution to apply. The model which adopted the Z-folded makes the structure deploy more straightly, the deployed flatness is better, and it is more suitable for practical applications.
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Figure 1. Model of inflatable structure. 






Figure 1. Model of inflatable structure.



[image: Aerospace 09 00746 g001]







[image: Aerospace 09 00746 g002 550] 





Figure 2. Inflatable model of the support tube. 
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Figure 3. Schematic diagram of solar sail. 






Figure 3. Schematic diagram of solar sail.
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Figure 4. Z-folded finite element of solar sail. 
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Figure 5. Pressure function curve of each tube under Z-folded and condition 1. 
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Figure 6. Volume function curve of each tube under Z-folded and condition 1. 
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Figure 7. View of fully deployed under Z-folded and condition 1. 
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Figure 8. Position of the end nodes of the support tube under Z-folded and condition 1. 
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Figure 9. Pressure function curve of each tube under Z-folded and condition 2. 
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Figure 10. Volume function curve of each tube under Z-folded and condition 2. 
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Figure 11. View of fully deployed under Z-folded and condition 2. 
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Figure 12. Position of the end nodes of the support tube under Z-folded and condition 2. 
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Figure 13. Pressure function curve of each tube under Z-folded and condition 3. 
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Figure 14. Volume function curve of each tube under Z-folded and condition 3. 
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Figure 15. View of fully deployed under Z-folded and condition 3. 
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Figure 16. Position of the end nodes of the support tube under Z-folded and condition 3. 






Figure 16. Position of the end nodes of the support tube under Z-folded and condition 3.



[image: Aerospace 09 00746 g016]







[image: Aerospace 09 00746 g017 550] 





Figure 17. Pressure function curve of each tube under Z-folded and condition 4. 
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Figure 18. Volume function curve of each tube under Z-folded and condition 4. 
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Figure 19. View of fully deployed. 
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Figure 20. Position of the end nodes of the support tube under Z-folded and condition 4. 
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Figure 21. Z+ Curly-Folded finite element of solar sail. 
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Figure 22. Pressure function curve of each tube under Z+ Curly folded and condition 1. 
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Figure 23. Volume function curve of each tube under Z+ Curly folded and condition 1. 
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Figure 24. View of fully deployed under Z+ Curly folded and condition 1. 
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Figure 25. Position of the end nodes of the support tube under Z+ Curly folded and condition 1. 
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Figure 26. Pressure function curve of each tube under Z+ Curly folded and condition 2. 
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Figure 27. Volume function curve of each tube under Z+ Curly folded and condition 2. 
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Figure 28. View of fully deployed under Z+ Curly folded and condition 2. 






Figure 28. View of fully deployed under Z+ Curly folded and condition 2.
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Figure 29. Position of the end nodes of the support tube under Z+ Curly folded and condition 2. 






Figure 29. Position of the end nodes of the support tube under Z+ Curly folded and condition 2.
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Figure 30. Pressure function curve of each tube under Z+ Curly folded and condition 3. 
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Figure 31. Volume function curve of each tube under Z+ Curly folded and condition 3. 
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Figure 32. View of fully deployed under Z+ Curly folded and condition 3. 
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Figure 33. Position of the end nodes of the support tube under Z+ Curly folded and condition 3. 
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Figure 34. Pressure function curve of each tube under Z+ Curly folded and condition 4. 
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Figure 35. Volume function curve of each tube under Z+ Curly folded and condition 4. 
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Figure 36. View of fully deployed under Z+ Curly folded and condition 4. 
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Figure 37. Position of the end nodes of the support tube under Z+ Curly folded and condition 4. 
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Figure 38. Pressure function curve of each tube under Z+ Curly folded and condition 5. 
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Figure 39. Volume function curve of each tube under Z+ Curly folded and condition 5. 
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Figure 40. View of fully deployed under Z+ Curly folded and condition 5. 
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Figure 41. Position of the end nodes of the support tube under Z+ Curly folded and condition 5. 
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Table 1. Material parameters and geometric dimensions of inflatable tube and sail surface.
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	Composition
	ρ (kg/mm3)
	E (GPa)
	Poisson’s Ratio

 ν 
	Thickness

(mm)





	Support tube
	1.42 × 10−6
	2.5
	0.34
	0.1



	Sail surface
	1.42 × 10−6
	2.5
	0.34
	0.0025
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Table 2. Various conditions of the Z-Folded Solar Sail.
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	Condition Name
	Condition Label





	standard
	1



	modify the inflatable rate
	2



	change the inflatable temperature
	3



	change the inflatable pressure
	4
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Table 3. Various conditions of the Z+ Curly Folded Solar Sail.






Table 3. Various conditions of the Z+ Curly Folded Solar Sail.





	Condition Name
	Condition Label





	standard
	1



	modify the inflatable rate
	2



	change the inflatable position
	3



	change the inflatable pressure
	4



	change the inflatable temperature
	5
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