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Abstract

:

Tether-nets in space applications are flexible capture systems for removing space debris. A new, low-mass, rectangular tether-net deployed by ten towing blocks is proposed in this paper for the purpose of capturing the main body of satellites. The dynamic model of a rectangular tether-net during the deployment process was established. The accuracy of the simulation model was validated by comparing it with on-ground experiments. In addition, the influence of towing block mass and launch speed on the maximum deployment area and the deployment lengths of the long side and short side of the rectangular tether-net were systematically analyzed. The results show that the tether-net configuration and launch distance of the simulations were consistent with those of the experiments, demonstrating the good accuracy of the simulation model. Moreover, with the increase in towing block mass, the maximum deployment area and deployment lengths of both sides of the rectangular tether-net showed a gradually increasing tendence, while the recoil impulse and structural weight increased. When the launch speed of the towing blocks increased, the maximum deployment area and deployment lengths increased significantly and further caused the extension of the shape-preserving distance.
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1. Introduction


With space exploration speeding up, the number of on-orbit satellites increases, which increases the risk of spacecrafts being impacted by space debris. According to the information released by the European Space Agency (ESA) at the end of 2020, over 34,000 space debris pieces were greater than 10 cm in size; over 900,000 space debris pieces were in the range of [1 cm, 10 cm]; and around 130 million space debris pieces were between 0.1 cm and 1 cm in orbit [1]. By the end of 2014, over 240 on-orbit spacecraft carrier explosions or impact events had occurred. With the increase in these explosions and disintegration events, more space debris is generated [2]. To remove space debris, many active capturing methods have been proposed. According to their working principles and structural characteristics, these methods can be divided into rigid capturing means [3,4] and flexible capturing means [5,6]. Compared with traditional rigid capture, tether-net systems for space applications possess the features small volume, light weight and longer operating distance [7], which are useful, as well as practical, for capturing space debris [8].



Research on tether-nets has gained fruitful results. Gao et al. [9] established the finite element model of a tether-net using mass–spring–damper elements. The flexible net was modelled as a series of collected semi-damp springs with mass lumped at appropriate nodes. The motion equations of each tether node were developed considering internal elastic force and external forces. Shan et al. [10] established a tether-net dynamic model based on the absolute nodal coordinate method (ANCF). They found that the ANCF model can describe the flexibility of a tether-net better than the mass–spring–damper model, but it requires more calculation time. In addition, compared with the results of the microgravity test, it was found that the mass–spring–damper model is more accurate in describing the trajectory of tether-net towing blocks, while the ANCF model is closer to the real situation in describing the spatial shape and position of the internal nodes of a tether-net. However, these models are inefficient in solving the deployment of large-deformation and multi-contact tether-nets, and the solving process is more complicated. Golebiowski et al. [5] implemented flexible bodies using the Cosserat rods model. It allows one to simulate flexible threads or wires with elasticity and damping for stretching, bending and torsion. Threads may be combined into structures of any topology; therefore, the model is able to simulate nets, pure tethers, tether bundles, cages, trusses, etc.



As for self-collision research on tether-nets, Botta et al. [11] used spherical nodes instead of threads to present a preliminary study of self-collision. Other research on the self-collision of large-scale flexible bodies is mostly concentrated on cloth simulation [12,13]. The basic principle is to divide cloth into triangular meshes and realize the simulation of cloth self-collision by detecting the contact relationship between vertices and triangular meshes. Si et al. [14] proposed a line–line self-collision detection algorithm according to the geometric characteristics of a tether-net. Thereafter, combined with the nonlinear collision model, the self-collision process of the tether-net was studied. However, the method mentioned above is not systematic and cannot be used to detect tether-net collision quickly and conveniently.



Regarding the influence of various parameters on the deployment performance of a tether-net, Yu et al. [15] established an analytical model and a finite element model of a square tether-net and then proposed an index to measure the deployment effect of the tether-net. Botta et al. [16] conducted tether-net simulations with and without bending stiffness; then, the influence of bending stiffness on deployment performance was discussed. They [17] also analyzed the effects of different parameters, such as the ratio of the corner mass values to the total mass, the initial linear momentum and the direction of the initial velocity vectors. Li et al. [18] compared two different kinds of models of a tether-net and proposed an algorithm for solving the nonlinear dynamic model of the deployment of the tether-net. In addition, the influence of launch angle, launch speed and the equivalent damping of the tether on the deployment effect under different working conditions was discussed. Zhang et al. [19] produced an appropriate initial condition after the analysis of the releasing characteristics, including folding pattern, shooting angle and shooting velocity. However, the tether-nets studied by the abovementioned researchers are generally square and hexagonal nets, with little relevant research on rectangular tether-nets.



The abovementioned researchers focused most of their efforts on capturing targets with the aspect ratio of 1:1:1, but few studies have focused on designing novel net configurations for catching actual targets with solar panels. In this paper, a non-equilateral rectangular tether-net aiming to capture the main body of its target is proposed. Instead of covering the whole structure of the target with axisymmetric nets [20], the rectangular rope net is a more suitable method for capturing objects with solar wings. To study the deployment of this rectangular tether-net, the dynamic model of the tether-net was developed based on the explicit dynamic method, and the accuracy of the model was verified by comparing it to on-ground experiments. Then, the influence of towing block mass and launch speed on the maximum deployment area, as well as the deployment lengths of the long side and the short side, was analyzed.



The structure of this paper is as follows: Section 1 summarizes the relevant research and the main contributions of this work. In Section 2, the dynamic model of a rectangular tether-net is established. In Section 3, the accuracy of the simulation model is verified with a comparison with on-ground experiments. The parameter analysis of the rectangular tether-net is included in Section 4. Section 5 concludes the whole research study.




2. Dynamic Model of the Rectangular Tether-Net


2.1. Overview of the Rectangular Tether-Net


The traditional axisymmetric tether-net covers the whole structure of the target, including its solar panels, while the rectangular tether-net employs a different way to capture debris, i.e., it wraps the main body of the target. Figure 1 shows the capture process of a rectangular tether-net. Compared with the traditional equilateral tether-net [21], the rectangular tether-net captures the main body of the target instead of covering the whole structure, which significantly decreases the area of the tether-net. Once the rectangular tether-net is fully deployed, the middle part of the net interacts with the target, which causes the towing blocks to rotate around the target. The tether-net further intertwines with itself and the main body thanks to the rotational motion of ten towing blocks, which achieves the reliable capture of the target. Since the net only interacts with and captures the main body, the area of the tether-net can be remarkably reduced.




2.2. Model Description


In the present work, a tether-net was designed to be deployed by ten towing blocks, which help the rectangular tether-net be deployed well in both the transverse and the longitudinal directions. The main structure of the rectangular tether-net launching system is shown in Figure 2. The towing blocks were installed in the launcher. Each towing block was fixed with an aluminum baffle, which prevented the towing blocks from falling off from the launch base. As shown in Figure 3, the distance between the target and the launch base was set to 40 m, while the maximum reachable radius of the tether-net after full deployment was set to 10.6 m. According to the parameters in Figure 3, the launching angle, which corresponds to launch angle α between the axis of the towing block and the launch direction, was calculated to be 16° (Figure 2). The initial launching speed and mass of the towing blocks were set to 30 m/s and 170 g, respectively, based on the following considerations: 1. The target had a rotational angular speed of around 15°/s, and the distance between the launch base and the target was 40 m. Because the target was the main body of the debris piece, to prevent the tether-net from hitting the solar panels as the target rotated, the tether-net had to reach the target less than 2 s after launching. 2. The towing blocks had to possess enough kinetic energy to pull out the tether-net and deploy it during flight. 3. The recoil force generated by launching had to remain at a low level to protect the launch base, which set the upper limit of launching speed and mass of the towing blocks. 4. The total structural mass had to be small, which limited the mass of the towing blocks.



The launcher was installed on the launch base, which could attenuate the recoil impulse transmitted to the platform. The flexible net was stored in the net cabin outside of the launcher. Since the rectangular tether-net is non-equilateral, the ten towing blocks were not in a uniform circumferential arrangement. To obtain the fully extended state of the rectangular tether-net shown in Figure 4, the position of each towing block was specially arranged as can be seen in Figure 2, with different lengths of the towing tethers. The angle between towing block No. 1 and towing block No. 3 was set to 45°, while the angle between towing block No. 2 and towing block No. 3 was 26.5°. The other towing blocks were symmetrical with respect to Nos. 1, 2 and 3 along the central axis.



The configuration of the rectangular tether-net is shown in Figure 4. The size of the tether-net was 16 × 8 m, and the size of each square grid was 0.8 m × 0.8 m. Ten towing tethers with different lengths were arranged along the circumference of the tether-net, connecting the towing blocks with the tether-net. In the fully deployed state of the tether-net, the towing blocks were distributed in a circle with a diameter of 21.2 m. The parameters for the rectangular tether-net dynamic model are summarized in Table 1.




2.3. Establishment of the Tether-Net Dynamic Model


The T3d2 element (two-node, linear, three-dimensional truss element) in ABAQUS was selected [22] to construct the rectangular tether-net model. The truss elements in the finite element model were connected with element nodes. When the truss elements are under compression loading conditions, they rotate around the nodes freely to avoid the effect of compression loads. Therefore, multiple truss elements connected by element nodes could simulate the dynamics performance of tethers. Additionally, each truss element can bear internal and external forces during movement. The dynamic model of the rectangular tether-net system consists of a set of dynamic equations for single truss elements [23]. Figure 5 shows the force transmission of the truss elements in the deployment process. The truss element is a double-node element (node i and node j), as a two-node linear three-dimensional truss element used for modeling truss structures in space. It has six degrees of freedom per node, allowing for deformations in all three dimensions. It is ideal for modeling truss structures because it can handle large deformations and compressive loads well, and unit axial force Tij of the element can be calculated as follows:


   T  i j   =  k  i j   (  l  i j   −  l  i j  0  )  



(1)




where lij is the deformed length of truss element Hij, parameter    l  i j  0    is the initial length of the truss element and kij is the equivalent stiffness of the truss element, which depends on the material of the net tether (Aramid III, in this study). The equivalent stiffness (kij) is calculated as


   k  i j   =   E  A  i j      l  i j  0     



(2)




where E is the elastic modulus of the tether material and Aij is the cross-sectional area of the tether.




2.4. Contact between Net Tethers


When two tethers make contact, the non-penetration condition for the contact is set to prevent penetration between different net tethers. In Figure 6, ΩA and ΩB are the current configurations of two tethers. BA and BB are the boundary surfaces.    x p t    is the coordinate of a specified point P on boundary surface BA at time t. dt is used to represent the distance between point P and point Q (Figure 6) on boundary surface BB, which can be expressed as


   d t  = d (  x P t  , t ) = |  x P t  −  x Q t  |  



(3)







In order to satisfy the non-penetration condition, for random point P on boundary surface BA, the formula needs to be modified as follows [24]:


   d n t  = d (  x p t  , t ) = (  x p t  −  x Q t  ) ⋅  n Q t  ≥ 0  



(4)




where subscript n of    d n t    represents the distance along the normal direction,    n Q t    is the unit normal vector at point Q on boundary surface BB at time t,    d n t  > 0   indicates the separation of P point and surface BB, and   = 0   indicates that point P is in contact with surface BB during the collision of tethers. Given that Equation (4) should be valid for random points on the contact surface, the requirement of the non-penetration condition is given as


   d n t  = d (  x  ( A )  t  , t ) = (  x  ( A )  t  −  x  ( B )  t  ) ⋅  n  ( B )  t  ≥ 0  



(5)







According to the law of action and reaction, the resultant force of two tethers on the contact surface is zero.


         t N A  +  t N B  = 0        t T A  +  t T B  = 0        



(6)







Here,    t N A    and    t N B    are the normal contact forces of tether A and tether B at the contact point, respectively; and    t T A    and    t T B    are the tangential contact forces of tether A and tether B at the contact point, respectively.



The normal contact force can only be pressured in the normal direction, and its condition is expressed as


       t n B  =  t N B  ⋅  n B  ≤ 0      t n A  = −  t N B  ⋅  n B  ≥ 0      



(7)







The tangential contact force represents the friction force. It can be expressed as


     t T A    ≤ η    t N A     



(8)




where  η  is the coefficient of friction. When      t T A    = η    t N A     , there is tangential relative sliding between the contact surfaces; the direction of the tangential contact force can be expressed as


  τ = −      v ¯   T         v ¯   T      = −    v T A  −  v T B       v T A  −  v T B       



(9)




where      v ¯   T    is the relative sliding velocity in the tangential direction.




2.5. Solution of the Tether-Net Dynamic Model


In this work, the ABAQUS/Explicit algorithm was used to solve the nonlinear deployment process of the rectangular tether-net. The solution procedure is summarized below.



Step 1: Node calculation



The acceleration of a node is obtained by solving the following dynamic equilibrium equation:


    u ¨   ( t )   =   ( M )   − 1   (  P  ( t )   −  I  ( t )   )  



(10)




where     u ¨   ( t )     represents the acceleration of the node at time t, M is the mass matrix of the node,    P  ( t )     is the external force applied to the node and    I  ( t )     is the internal force of the element. The acceleration is explicitly integrated over time with the central difference method to solve the velocity and displacement through the following equations:


    u ˙   ( t +   Δ t  2  )   =   u ˙   ( t -   Δ t  2  )   +   Δ  t  ( t + Δ t )   + Δ  t  ( t )    2    u ¨   ( t )    



(11)






   u  ( t + Δ t )   =  u  ( t )   + Δ  t  ( t + Δ t )     u ˙   ( t +   Δ t  2  )    



(12)




where   u ˙   is velocity and u is displacement of the node. Subscript t refers to the increment number, and   t + Δ t / 2   and   t − Δ t / 2   refer to the mid-increment values.



Step 2: Element calculation



The velocities at the midpoint of each incremental step are used to determine element strain rate   ε ˙   [18].


    ε ˙   i ( t + Δ t )   =     u ˙   j ( t +   Δ t  2  )   −   u ˙   i ( t +   Δ t  2  )      l  i j      



(13)




here,     u ˙  i    and     u ˙  j    are the velocities of node i and node j, respectively, as shown in Figure 5.



Element strain increment    d ε    is calculated based on element strain rate.


   d ε  =   ∫   ε ˙  d t     



(14)







Element stress    σ  ( t + Δ t )     is calculated based on the material constitutive relationship. For linear elastic materials, the element stress is the product of elastic modulus E and strain    ε  ( t + Δ t )    . It can be further obtained as


   ε  ( t + Δ t )   =  ε  ( t )   + d ε  



(15)






   σ  ( t + Δ t )   = E  ε  ( t + Δ t )   = E (  ε  ( t )   + d ε )  



(16)







Then, node internal force    I    t + Δ t       can be calculated as follows:


   I  ( t + Δ t )   =  A e   σ  ( t + Δ t )    



(17)




where Ae is the cross-sectional area of the element.



Step 3: Proceed to the next time interval and return to step (1) until the simulation time is reached.



When applying the explicit method to solve a specific problem, the time step must be smaller than the stability time limit; otherwise, numerical instability is generated, and the solution fails to converge. The stabilization time is determined by the highest-order natural frequency of the system, and the stability condition is


  Δ t ≤ Δ  t  stable   =  2   ω n     



(18)




where   Δ t   is the time step,   Δ  t  stable     is the stability time limit and    ω n    is the highest-order natural frequency of the system. The natural frequency of the smallest element in the system can be substituted with the actual highest-order natural frequency, because the natural frequency of the smallest element is often higher than the highest-order natural frequency of the entire model [25]. Based on this, the stable time limit can also be defined as


  Δ  t  stable   =  L e     ρ E     



(19)




where Le is the minimum element size, E is the elastic modulus and ρ is the material density. In the simulation model, the smallest element was on the side tether, and the value of   Δ  t  stable     was calculated to be 0.017 s. According to Equation (18), time step   Δ t   was set to 0.01 s.




2.6. Elastic Moduli of Net Tethers


The rectangular tether-net is shown in Figure 4, including main tethers, towing tethers and side tethers. Tensile stiffness tests were carried out on Aramid III tethers with a diameter of 0.5 mm and a diameter of 2 mm. The tests were carried out on a SANS testing machine from the National Defense Key Laboratory in Nanjing University of Science and Technology. The measured force range was between 1 kN and 100 kN, and the precision of force indication could be achieved within ±1%. Before the tests, both ends of the tethers were tied to the upper and lower grippers of the testing machine, and the tethers were in a relaxed state. During the tests, the tethers were stretched, with the displacement and force sensors recording the real-time distance and tensile force. The initial length of each tether was 100 mm, and the maximum strain in the tests was set to 0.2. The results of tensile stiffness tests on net tethers are shown in Figure 7. The net tether stiffness of the two specifications increased with the increase in external load. However, when the external load was under around 10 N, the relationship between the net tether stiffness and elastic modulus of the net material could be simplified as linear, as shown in Equation (2), without impacting the precision of the calculation. The equivalent areas (Aij) of the two different types of net tethers were calculated to be 0.196 mm2 and 3.14 mm2, respectively;    l  i j  0    indicates the initial length of the tether (100 mm) in the tensile experiments.



The procedure of tether stiffness determination is described in the following: Firstly, define the initial maximum tension of the tether segment; subsequently, determine the constant tensile stiffness based on the tensile properties (Figure 7). Afterwards, execute the dynamic model of tether-net deployment, and obtain the new maximum tension during deployment. Finally, reselect the new tensile stiffness. Repeat the steps mentioned above until the maximum tension between two iterations is lower than 0.1 N. Then, determine the current tensile stiffness as the ultimate tether stiffness for subsequent analysis. The iterative flowchart is reported in Figure 8.



The initial maximum tension of the tether segment was firstly defined as 10 N, in which the stiffness of the main tethers was 2.72 N/mm and the stiffness of the towing tethers and side tethers was 2.75 N/mm. The elastic modulus of the main tethers was calculated, using Equation (2), to be 1385.3 MPa, and the elastic moduli of the towing tethers and side tethers were 87.5 MPa. Based on Figure 8, the iteration was performed to obtain the tensile stiffness values of the main tethers, towing tethers and side tethers. After eight iterations, the ending condition was satisfied, and the whole loop was finished. The final force curves of different kinds of tethers during deployment are shown in Figure 9. The results reveal that the maximum tension of the main tethers was 2.6 N, that of the towing tethers was 4.5 N and that of the side tethers was 1.6 N. Therefore, the stiffness values of the main tethers, towing tethers and side tethers were selected as 1.47 N/mm, 1.87 N/mm and 1.45 N/mm, respectively. The chosen stiffness is marked in Figure 10, and the time for maximum tension appeared to be in the range of 1.28~1.57 s. Under these conditions, the tether-net was fully deployed, and most tethers were in a straightened state. The elastic moduli of the main tethers, towing tethers and side tethers were obtained using Equation (2) and are summarized in Table 2. The computed elastic moduli were equivalent for the corresponding structures and could be applied to the overall net tether structure.




2.7. Interior Ballistics of the Tether-Net System


The launching of the rectangular tether-net was powered by the burning of propellant. Considering the safety of the system, the maximum chamber pressure needed to be calculated; this could be obtained by calculating the internal ballistics of the launcher. The ten towing blocks shared a single launch chamber. Therefore, with the equivalent principle, we equated the ten towing blocks to one, and the multiple launch chambers could be considered to be a single chamber. According to the rule of parameter equivalence, the total mass of the towing blocks was expressed as the sum mass of ten towing blocks. The total cross-sectional area of the launch chamber was equal to the sum of the ten cross-sectional areas. Each launch chamber and towing block were fixed with an aluminum baffle.



To obtain the interior ballistic data of the launcher, the equivalent launch model was designed by adopting the classical interior ballistic equation, which is shown below [26]:


        ψ = χ Z   1 + λ Z + μ  Z 2            d Z   d t   =    μ 1     e 1     p n        φ m   d v   d t   = S p         d l   d t   = v       S p    l ψ  + l   = f ω ψ −   k − 1  2  φ m v        



(20)




where  ψ  is the burned propellant percentage;  χ ,  λ  and  μ  are the shape characteristic quantities of the propellant; Z is the relative thickness of the propellant that has burned; t is the time in which the propellant burns;    μ 1    is the coefficient of the burning rate;    e 1    is the arc thickness of the main charge propellant; p is the chamber pressure; n is the burning rate–pressure exponent;  φ  is the secondary work coefficient; m is the mass of the towing blocks; v is the speed of the towing blocks; S is the cross-sectional area of the launch chamber; l is the travel length of the towing blocks in the launch chamber;    l ψ    is the equivalent length of the initial volume of the launch chamber; f is the gunpowder force;  ω  is the mass of propellant; and k is the specific heat ratio.





3. Experimental Validation


3.1. Prototype Design


To verify the correctness of the parameters, the modeling method, the tether material and the solving algorithm, on-ground experiments were carried out to lay the foundation for subsequent parameter analysis in space. The setup of the experiment and the launcher of the tether-net are shown in Figure 11. It can be observed in Figure 11a that the launcher was connected to the launch base through shock-absorbing bolts, while the launch base was fixed to the launch frame with screws. Moreover, there was an upward angle between the launch direction and the horizontal direction to prevent the net from touching the ground due to gravity. The rectangular tether-net was stored in a net cabin. During the deployment experiment, the electric primer at the bottom of the launcher was ignited remotely, burning the gunpower and generating high-pressure gas. Subsequently, the ten towing blocks were immediately ejected to deploy the rectangular tether-net. Figure 11b shows the launcher of the tether-net. The launch base was installed in the compartment through the threaded hole at the bottom. The tether-net was stored within the annular space between the launcher and the compartment. There was a hatch on the top of the compartment, which is generally closed and unfolded by the electronic control system before launching the tether-net. It is notable that the compartment was not used, and the launch base was directly installed on the launch frame during the experiment. Ten towing blocks were circumferentially distributed with hooks mounted on the tip. The ignition command was sent out when the launch conditions of the platform were satisfied; then, 10 towing blocks were thrown out synchronously at designed speed with the pushing force of the pistons. The rectangular tether-net was further deployed by the towing blocks.




3.2. Comparison of Simulations and Experiments


The on-site photos of the on-ground experiments and the corresponding dynamic simulation results are shown in Figure 12. The configuration of the tether-net at different times and the launch distance from the center point of the tether-net were obtained. The comparison of launch distance between simulation and experiment is illustrated in Figure 13.



It can be measured in Figure 12 and Figure 13 that the maximum deviation in the launch distance between simulations and experiments was 0.38 m. To support the quantitative comparative analysis of experiments and simulations, the relative root mean square (RMS) value of the response residuals (RRMS) [27] was defined as


   R  R M S   =      1 m    ∑  i = 1  m     (  U  mod   (  t i  ) −  U  exp   (  t i  ) )  2           1 m    ∑  i = 1  m    U  exp  2  (  t i  )        



(21)




where    U  m o d      t i      represents the simulated data,    U  e x p      t i      represents the experimental data and m is the number of recorded sampling time instants ti. The calculation result was 3.55%, which is acceptable.



In general, the simulation results basically matched the test results in terms of trends and magnitudes, validating the accuracy and reliability of the dynamic model. This provided a solid foundation for the subsequent parameter analysis of deployment performance.





4. Parameter Analysis of the Rectangular Tether-Net


4.1. Deployment Performance of the Rectangular Tether-Net


As shown in Figure 4, several indices were firstly introduced to evaluate the deployment characteristics of the rectangular tether-net: 1. Deployment length of long side: real-time distance between point A and point B during the deployment of the rectangular tether-net. 2. Deployment length of short side: real-time distance between point C and point D during deployment. 3. Maximum deployment area: maximum area of quadrangle formed by points A, B, C and D during deployment. 4. Deployment distance: launch distance of the tether-net when the maximum deployment area is reached (the launch distance represents the displacement of the tether-net center point along the launching direction). 5. Shape-preserving distance: range of launch distance where the deployment area is greater than 80% of the theoretical deployment area limit. The theoretical limit deployment area of the rectangular tether-net was 16 m × 8 m = 128 m2. Therefore, the shape-preserving distance was defined as the range of launch distance where the deployment area was over 102.4 m2. Once the dynamic model was established, the simulation of the rectangular tether-net system in the space environment was carried out. The configurations of the tether-net during deployment with the initial parameters are shown in Figure 14, the curves reflecting the deployment performance of the tether-net are shown in Figure 15 and the deployment parameters of the tether-net are shown in Table 3.



As shown in Figure 15 and Table 3, the maximum length of the long and short sides of the rectangular tether-net reached 16.3 m and 7.5 m at the launch distances of 43.0 m and 42.5 m (Figure 15a–c), respectively. The maximum deployment area (Figure 15d) was 122.3 m2 at the launch distance of 42.8 m, and the maximum expansion rate of the tether-net reached 95.6%. The deployment distance was 42.8 m around 1.8 s after launching, and the range of the shape-preserving distance was 38.5~48.9 m. Additionally, the deployment area gradually increased from 0.0 m2 to 122.3 m2 at first and then decreased to 1.5 m2 due to the rebound of the tether-net. Therefore, with the current imposed parameters, the optimal distance between the launcher and the target should be selected as 42.8 m. Additionally, towing blocks 1, 5, 6 and 10 moved at the highest speed, followed by towing blocks 3 and 8, while towing blocks 2, 4, 7 and 9 were the slowest ones. This was due to the different weight of the tether-net driven by each towing block, with the tether-net driven by towing blocks 1, 5, 6 and 10 being the lightest.



We then calculated the displacement curves of all towing blocks; according to the symmetry of the tether-net, as long as the displacement of towing blocks 1, 2 and 3 was output, the results below were obtained (Figure 16).



As can be seen in Figure 16, towing block 1 showed the highest speed among the three different towing blocks, while towing block 2 was the slowest under both conditions. This was due to the small size of the mass of the tether-net driven by towing block 1, which was the smallest compared with the others. In general, the discrepancy in the displacement of different towing blocks had a few impacts on the deployment performance of the rectangular tether-net. In addition, it can be seen from the black diagonal line in Figure 16a that all the towing blocks moved faster than the center of the tether-net except for towing block 2, which moved slower than the center of the tether-net when the launch distance ranged from 35 to 44 m in the corresponding time range of 1.47~1.85 s.



The mass and launch speed of the towing blocks are two important parameters in flexible tether-net systems. Therefore, their influence on the deployment performance was further studied.




4.2. Influence of the Mass of Towing Blocks


The mass of the towing blocks plays an important role in tether-net deployment. It affects the recoil force and impacts its transmission to the base structure. Therefore, it is necessary to select an appropriate mass value of the towing blocks for achieving the best deployment performance. In this section, the mass values of the towing blocks were chosen as 150 g, 170 g and 190 g to explore their influence on the dynamic responses of the tether-net. The results are shown in Figure 17 and Table 4.



Figure 17 and Table 4 present that with the increase in towing block mass from 150 g to 190 g, the maximum deployment area increased from 114.3 m2 to 128.7 m2. The maximum deployment lengths of the long and short sides increased from 16 m and 7.2 m to 16.6 m and 7.8 m, respectively. In addition, with the increase in towing block mass, the deployment distance and the shape-preserving distance were maintained around 42.4 m and in the range of 38.7~48.9 m, respectively. Based on the above results, it was concluded that as the mass of the towing blocks increased, better deployment performance of the tether-net was achieved. However, the propellant mass increased if the same launch speed was maintained, and this increased the chamber pressure and recoil force.



The chamber pressure during launch was calculated with three different towing block mass values using Equation (20), and the results are shown in Figure 18.



As shown in Figure 18, with the increase in towing block mass from 150 g to 190 g, the maximum chamber pressure gradually increased from 2.6 MPa to 3.1 MPa. The recoil impulse generated by the launch of the towing blocks can be calculated as follows:


  I = m v = m  v v  cos α  



(22)




where m is the total mass of the towing blocks and    v v    is the launch speed of the towing blocks.



Additionally, based on Equation (22), the recoil impulse transmitted to the launch base increased from 4.3 Ns to 5.5 Ns with the increase in towing block mass from 150 g to 190 g, which further caused an increase in structural weight.




4.3. Influence of the Launch Speed of Towing Blocks


The launch speed of the towing blocks is another important parameter in tether-nets, as it has a vital impact on the deployment effect of tether-nets. In this section, the launch speed values of the towing blocks were set to 20 m/s, 30 m/s and 40 m/s, respectively, to study their influence on the dynamic responses of the tether-net. The results are shown in Figure 19 and Table 5.



As shown in Figure 19 and Table 5, with the increase in the launch speed from 20 m/s to 40 m/s, the maximum deployment area increased significantly, from 80 m2 to 135 m2. The maximum deployment lengths of the long and short sides increased from 13.8 m and 5.8 m to 17 m and 8 m, respectively. In addition, as shown in Figure 19 d, the range of the shape-preserving distance was reduced significantly with the decrease in launch speed. As the launch speed decreased from 40 m/s to 30 m/s, the range was reduced from 37.8~52.8 m to 38.5~48.9 m. When the launch speed was 20 m/s, the tether-net showed the lowest deployment area, with the maximum value not even reaching the area limit of 102.4 m2 throughout the whole deployment process. According to the above analysis, the deployment performance of the tether-net was better at the highest launch speed; however, the recoil impulse increased from 3.3 Ns to 6.5 Ns with the increase in launch speed from 20 m/s to 40 m/s based on Equation (22), which further caused an increase in structural weight.



The influence of launch speed on chamber pressure was analyzed, and the results are shown in Figure 20. The results show that with the increase in launch speed from 20 m/s to 40 m/s, the maximum chamber pressure increased from 1.7 MPa to 4.9 MPa.





5. Conclusions


A new, rectangular tether-net deployed by towing blocks aiming to capture the main body of its target is proposed in this paper. Based on the explicit dynamic method, the dynamic model of the launch and deployment of the rectangular tether-net was established. Subsequently, on-ground experiments were designed and carried out. The accuracy of the established dynamic model was validated by comparing the real-time net configurations and launch distances of experiments and simulations. The effects of towing block mass and launch speed on tether-net deployment performance, including deployment length, deployment area and shape-preserving distance, were further studied. The conclusions can be drawn as follows:



(1) With the current design parameters, the maximum deployment area of the rectangular tether-net reached 122.3 m2, and the maximum expansion rate was 95.6%. The deployment distance was 42.8 m, and the shape-preserving distance ranged from 38.5 m to 48.9 m.



(2) Better deployment performance of the rectangular tether-net was obtained by increasing the towing block mass. However, the recoil force and impulse acting on the platform also increased, and the overall structural weight further increased. Additionally, the chamber pressure increased when the launch speed was maintained.



(3) Increasing the launch speed of the towing blocks also improved the deployment performance of the tether-net. However, higher recoil force, impulse acting on the platform and chamber pressure were induced by higher launch speed values, which affected the structural strength of the platform and rectangular tether-net system.
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Figure 1. Capture process of rectangular tether-net, (a) t = 1 s, (b) t = 2 s, (c) t = 3 s, (d) t = 4 s. 
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Figure 2. Main structure of rectangular tether-net system. (a) Cutaway view. (b) Top view. 
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Figure 3. Schematic diagram of launching angle setting. 
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Figure 4. Configuration of rectangular tether-net. 
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Figure 5. Stress of the truss element. 
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Figure 6. Contact pair between net tethers. 
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Figure 7. Results of tensile stiffness test of net tethers. 
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Figure 8. Flowchart of procedure to determine tether stiffness. 
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Figure 9. Tether segment tension during deployment. 
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Figure 10. Result of stiffness selection. 
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Figure 11. On-ground experiment. (a) Experimental setup. (b) Launcher of tether-net. 
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Figure 12. Comparison of tether-net configuration between simulations and experiments. (a) On-site photos of on-ground experiments. (b) Main view of simulation results. (c) Top view of simulation results. 
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Figure 13. Comparison of launch distance between simulations and experiments. 
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Figure 14. Configuration of tether-net during deployment with initial parameters. (a) Main view. (b) Top view. 
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Figure 15. Tether-net deployment performance. (a) Launch distance. (b) Deployment length of long side. (c) Deployment length of short side. (d) Deployment area. 
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Figure 16. Displacement of different towing blocks. (a) Displacement–launch distance. (b) Displacement–time. 
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Figure 17. Deployment performance with different towing block mass values. (a) Launch distance. (b) Deployment length of long side. (c) Deployment length of short side. (d) Deployment area. 
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Figure 18. Chamber pressure with different towing block mass values. 
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Figure 19. Deployment performance with different launch speed values. (a) Launch distance. (b) Deployment length of long side. (c) Deployment length of short side. (d) Deployment area. 
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Figure 20. Chamber pressure with different launch speed values. 
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Table 1. Initial parameters of the dynamic model.
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	Parameter
	Value





	Net size, m2
	16 × 8



	Net mesh, m2
	0.8 × 0.8



	Diameter of main tethers, mm
	0.5



	Diameter of side tethers, mm
	2



	Diameter of towing tethers, mm
	2



	Towing block mass, g
	170



	Launch speed, m/s
	30



	Launch angle, °
	16
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Table 2. Summary of elastic moduli of net tethers.
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	Tether Type
	Elastic Modulus





	Main tether
	748.7 MPa



	Towing tether
	59.5 MPa



	Side tether
	46.2 MPa
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Table 3. Deployment parameters.
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	Parameter
	Value





	Maximum deployment length of the long side, m
	16.3



	Maximum deployment length of the short side, m
	7.5



	Maximum deployment area, m2
	122.3



	Deployment distance, m
	42.8



	Shape-preserving distance, m~m
	38.5~48.9
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Table 4. Deployment parameters with different towing block mass.
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	Parameter
	150 g
	170 g
	190 g





	Maximum deployment length of the long side, m
	16
	16.3
	16.6



	Maximum deployment length of the short side, m
	7.2
	7.5
	7.8



	Maximum deployment area, m2
	114.3
	122.3
	128.7



	Deployment distance, m
	42.8
	42.8
	45



	Shape-preserving distance, m~m
	39.3~48.2
	38.5~48.9
	38.7~48.9
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Table 5. Deployment parameters with different launch speeds.
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	Parameter
	20 m/s
	30 m/s
	40 m/s





	Maximum deployment length of the long side, m
	13.8
	16.3
	17



	Maximum deployment length of the short side, m
	5.8
	7.5
	8



	Maximum deployment area, m2
	80
	122.3
	135



	Deployment distance, m
	42.8
	42.8
	45



	Shape-preserving distance, m~m
	
	38.5~48.9
	37.8~52.8
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
300

Tensile force (N)
g

100

—— Main tether--Experiment

|—— Main tether--Simplified

~Towing and side tether--Experiment

Towing and side tether-Simplified

5 6 7
Stretch length (mm)





media/file4.png
(a) Launch 0. // (b) {
direction|«——__
Net I B
cabin g | T h
N |
|
| / \ o
Launcher] - [ } : { / \ Launch
| // base
f | }a_ P
/
|
L | l I!/‘/ \ l =
’.





media/file30.png
1O
o0
1o & )
O
0 N
Q
= =3
- I T R - ..
—
Od 3
T O |- - 4 S - e e e e e - - -
m [ | (| F\J.
=) gl E -
S| o = ‘
|
o s | =)
— 2 p— p— —
i 1 i 1 i 1 i 1 i 1 i 1 i i 1 U | 1 1 " 1
0 O = o © o0 e O o O [ (- o o o o o <o
W) 9pIsS sUO0[ JO Yisud] JUdWAO0[dD — - —
)A. ) 3p! 130 1ot 19°d Py (Lu) eare yudwAorda(
= = ¢
j— j —
| | 1 N L - | I | L | L 1 L 1 PR RS | | L
—_— R | ~ (1) apis 110ys 10 y13uay judwALojda
< (wr) Qoue)sIp youne| CA ) P! 5 3O totis] I%=d

S’

60 80

Launch distance (m)

20

60 80

40
Launch distance (m)

20





media/file39.jpg
30m/s
40m/s

— - =20m/s

%)

<
(BdIN) o1

Lag] o —
nssaxd Joquiey)

10

Time (ms)





media/file18.png
Force (N)

(S

o

--------- Main tether
— - — Towing tether

—— Side tether






media/file35.jpg
—-—150g
170g
190g

o o —
(edIN) 2anssaid Jaquiey))

10

Time (ms)





media/file21.jpg





media/file26.png
—_— —_
4 @) o0 - o

Launch distance (m)

o

|— = Simulation

-—=— Experiment

0.3 0.4 0.5 0.6

Time (s)

0.7

0.8





media/file27.jpg
@
P\
ato,
s,
b e
ar
Noé

t=15s





media/file3.jpg
@

Net
cabin

Launcher

Launch
direction|






media/file22.png
Launch
frame
Towing

block Wire

(b)

Net
tether

Towing
block

Launcher Compartment





media/file19.jpg
Tensile force (N)

=

>

o

©

Main tether--Experiment
— — Towing and side tether--Experiment| ’
—— Main tether--Simplified

- Towing tether--Simplified
[1— Side tether--Simplified

K=1.47N/mm
K=1.45N/mm

0 1 2 3 4
Stretch length (mm)





media/file7.jpg
No.10

q 3,

4’)% Main tether
4 16m
No9 — AT\ No2
“Sm T ami— Amm
2.6m o /
g
Nos§ ¢ 1’:5 L
&
& /
[20x0.8m’
No.7 1oL No.4
y D .
No.6 Side tether Nos

Towing tether

< No.3





media/file28.png
r~,H~b ¢
s e
——— v-_f_‘;_ r' ‘.&4 ——
‘%‘*Fr:f [}: 1
/7 -+
“4’{"[“\"1_[ ] I 1t -—L 4‘ :3:&::\
\'n






media/file10.png





media/file40.png
— - = 20m/s
30m/s
40m/s

N [ v

4
(edN) 21nssaxd Jaquiey)

10

Time (ms)





media/file33.jpg
g
H

1505
— g
0 p
B = A
o
30
“20
0
(O R R
Time (9
(©)_ (d)1o

Deployment rea ()
2 g

Deployment length of short side (m)

0 w0 e 80 o 0 4 0 %
ek disiecs (n) Launch distance (m)





media/file32.png
60
(2)60 _ Towing block 1 o (b) Towing block 1
........... Towing block 2 ” TOW?Hg block 2 /,

50k “Towing block 3 50 - = Towing block 3 /
—~ -"é"\ I
g‘ 40 The towing block - 40
g moves faster 5
£ 30 30t
Q O
= =
2 20 The center of .~ 20 L
A tether-net moves A

faster
10 10
0 ﬂ"’ I ) I . I . | ) I O 1 ; | . ] 1 : | ) ]
0 10 20 30 40 50 60 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Launch distance (m)

Time (s)






media/file14.png
300

250

0
o
—

150

Tensile force (N)

100

N ain tether--Experiment

= =Towing and side tether--Experiment

Main tether--Simplified

Towing and side tether--Simplified

12 d
F
o/
10 | 10N K=2_?I SN/mm
f K=2.72N/mm
5 F r

Stretch length (mm)





media/file11.jpg





media/file6.png
Tether-net

system
- % Launch
= angle
i — - -
= ”‘fi‘]'l%""_

40 m






media/file36.png
— - —150g

170g
- 190g

cn N f—
(BJJA) 2inssaxd 1oquiey)

10

Time (ms)





media/file15.jpg
Tosive
e nial

No

To dtermine | | Toexecue | | To cbian bt TN
e tesion. (—ofte damic| o] e
o - tension lower than

01N,





media/file37.jpg
20,
== 20m (b)z == 20
— oms, 3 —— 30ms|
oms y 2
2
3 £10
z
£
E
o &
(N R TR B E T ]
©) Time () @ Lounch disance (m)
E 140
0
E Pt
N S0
b4 ]
2 fu
E H
g 560
g, Fw
£ 0
& A )
w0 @ % o w0 w0 %

Launch distance (m)

Launch distance (m)





nav.xhtml


  aerospace-10-00115


  
    		
      aerospace-10-00115
    


  




  





media/file16.png
To give
the initial
maximum

tension

Y

Retum a new
maximum

To determine
the tension

stiffhess

Y

F 3

tension

To obtain
the new
| maximum

To execute
the dynamic
model

fension

f the maximum
tension between
two iferations is
lower than
0.1N?






media/file2.png
(b)t=2s (c)t=3
S (d)t=4s





media/file20.png
14

p— p—
= ()

Tensile force (N)

- — Towing and side tether--Experiment

| = Side tether--Simplified

Main tether--Experniment

Main tether--Simplified
Towing tether--Simplified

K=1.47N/mm
K=1.45N/mm

1 2 3
Stretch length (mm)





media/file23.jpg
@

®)

@

£=025s 1=035s 1=045s +





media/file5.jpg
Tether-net
system

Launch
angle

10.6 m

40m

Target





media/file24.png
(b)

(c)

t=0.25s t=0.35s t=0.45s t=0.55s





media/file29.jpg
0

2E sE
g 3 8
i a—— <l 2
22 - s
HEE NI

27 (o v oo
s kot
- 2E
z H
oF 23
H
-

(@

50

2 2

() 2susip youne]

@ sl it wowikordaq





media/file1.jpg





media/file31.jpg
(@60

Displacement (m)

Displacement (m)

(b) 60,
| —— Towing block | ® 7:0»«.7: :ﬁ:l

— Touing bock2 [ Toviog bk
'~ Toving block ) S0 = Towing bloc 3

Launch distance (m)

20 30 40 50 e 00 05 10 15 20 25

Time (s)

30






media/file25.jpg
S

— — Simulation
10 -—=— Experiment
P~
Egf
Q
Q
=1
S 6
2
=]
S 4t
=
=1
<
— oL
ol
, \ , .
0.3 0.4 0.5 0.6 0.7

Time (s)

0.8





media/file12.png





media/file9.jpg
n






media/file0.png





media/file38.png
~
&
——

[—
(]
-

|
-
-

=~
<

Launch distance (m)
(@)
=

(

+- N oo

Deployment length of short side (m) &

-

o0
O

(g
o

o

(]

0 20 40 60 80

Launch distance (m)

(b)

(d)

mz)

G
o]

Deployment are

Deployment length of long side (m)

140

120

100

0 20 40 60 30

Launch distance (m)

i —-—-20m/s
——30m/s

0 20 40 60 80

Launch distance (m)






media/file8.png
NoO.8 ==

No.7 0.0

NO. 6 Side tether

TOWing tether

\
e \‘t
I.:;# wd





media/file34.png
=)
)

NN
o

Launch distance (m)

20

() -

oo

o))

Deployment length of short side (m
b IN

o

|—-—- 150g

-

20

40 60
Launch distance (m)

o~

=3

-’
[a—
o0

Deployment length of long side (m)

+a
=

L e e
e T (S HE S @

S N B N o

20 40 60 80
Launch distance (m)

60

20

20 40 60 80
Launch distance (m)






media/file17.jpg
w

Force (N)
[S]

+- Main tether
— - — Towing tether|
— Side tether






