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Abstract 

One of the most promising techniques to capture large debris on orbit consists 
in the use of tether-nets. With this concept currently at a medium techno-
logical readiness level only, numerical studies on tether-net removal missions 
are still needed. This paper presents a versatile simulator developed with the 
aim of gaining insight into the dynamics of tether-net capture of space debris. 
Its modular architecture supports multiple modeling choices and allows sim-
ulating diverse capture scenarios with di� erent system designs. Simulation 
results are shown for the capture of a realistic launcher upper stage with the 
representation of the main components of the system, consisting in chaser, 
main tether, net, and two possible confgurations of a closing mechanism. It 
is shown that only a closing mechanism with more than one attachment to 
each side of the net can guarantee containment of this type of debris after 
capture. It is also observed that a safer capture scenario is one in which the 
axis of rotation of the target is parallel to the direction of ejection of the net. 
Additional simulation results suggest that tether-nets could be used to cap-
ture not only large debris, but also small asteroids, and that this simulator 
could enable future studies. 
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1. Introduction 

Although the availability of technologies relying on satellites is often taken 
for granted, operation of spacecraft in the most useful and populated Earth’s 
orbits is jeopardized by space debris. Space debris, that indicates all non-
functional objects in orbit around the Earth, is nowadays a threat widely 
recognized by the scientifc community, and collisions have been identifed 
as the leading cause of the increase in the number of space debris in orbit 
[1]. Impacts between satellites or their components are not as unlikely as 
one would expect. In fact, the orbits that are actually interesting from the 
scientifc and commercial points of view are limited and concentrated in quite 
restricted altitude bands; moreover, these orbits often intersect, which creates 
the conditions for energetic collisions, especially in Low Earth Orbits (LEOs). 

Since outcome of research suggests that the risk of accidental collisions 
can be reduced by actively removing a few massive objects per year [2], 
Active Debris Removal (ADR) is being advocated and studied by several 
researchers. Among the concepts proposed for capturing large and massive 
debris (e.g., robotic arms, harpoons, tentacles), tether-nets stand out because 
of multiple advantages: their reduced weight and volume, their compliance to 
the confguration and tumbling state of the target, and the fact that capture 
can occur at a safe distance from the chaser spacecraft. In fact, tether-nets 
are fexible devices that are thrown from a chaser, to which they are attached 
via a main tether, towards a target debris (see Figure 1), which is captured by 
means of entanglement or active closure of the net; the main tether, then, is 
used as a link to tug the target to a disposal orbit. Due to the novelty of the 
tether-net ADR concept, simulation is necessary to determine the feasibility 
of and gain insight into net-based debris capture and removal. 

A few simulators for the deployment of nets in space, capture, de-tumbling, 
and tug of debris to its disposal orbit have been implemented recently. Pre-
liminary simulations of capture were executed at the European Space Agency 
(ESA) with the 3D modeling environment Blender, and Bullet physics en-
gine [3]. Another ESA-funded activity carried out at Politecnico di Milano re-
sulted in a MATLAB simulator considering all the phases of a net-based ADR 
mission [4, 5, 6, 7]. These two research activities have been merged, with the 
participation of some European industries: a hybrid simulator has been as-
sembled [8]. Concurrently, another collaboration with the ESA resulted in 
the creation of a simulator for deployment and capture by Golebiowski et 
al. [9]. Independent simulation works on the deployment of nets in space 
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Figure 1: Illustration of tether-net capture concept. (a): ejection. (b): confgura-
tion after deployment. 

were performed by Chen and Yang [10], Liu et al. [11, 12], and Shan et 
al. [13]. Botta et al. investigated the fundamental dynamics of deployment 
[14] and of capture [15], and simulated both phases with a tool implemented 
in Vortex Dynamics1 , a powerful multibody dynamics simulation platform 
designed for real-time simulation of complex systems, and providing built-in 
graphical visualization [16, 17]. Botta et al. have presented results of simula-
tions of deployment and capture considering the net alone [16, 18], as well as 
including the chaser and the main tether [17]. Sharf et al. have also shown 
results of simulations with a tether-actuated closing mechanism [19]. 

In this paper, the simulator representative of the main components of 
the system (i.e., including the chaser, the tether-net, and a closing mecha-
nism) and implemented in Vortex Dynamics is presented and used to gain 
novel insights into the dynamics of capture of space debris. In particular, 
preferred closing mechanisms and safer directions for the ejection of the net 
are identifed, when the target to be captured is a launcher upper stage. It is 
shown that a closing mechanism among the corner masses cannot guarantee 
containment of debris after capture. On the other hand, inclusion of a closing 
mechanism with more than one attachment to each side of the net demon-
strates successful capture. It is also observed that a safer capture scenario 

1Vortex Dynamics is marketed by the company CM Labs Simulations Inc. The simu-
lator implemented for this research is based on an Essentials free edition, that is available 
for research purposes. www.cm-labs.com/vortex-studio/vortex-studio-essentials. 
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is one in which the axis of rotation of the target is parallel to the direction 
of ejection of the net. The possibility to use a similar tether-net system to 
capture small asteroids is also investigated. Simulation results suggest that 
tether-nets could be used to capture not only large debris, but also small 
asteroids. 

The remainder of this paper is organized as follows. In Section 2, the 
architecture of the simulator is presented, together with the models imple-
mented for the di� erent components of the system; Section 3 o ers new re-
sults on the dynamics of net-based capture with representation of the main 
components of the system; Section 4 concludes the paper with achievements 
and limitations of the work. 

2. Simulation tool and models 

The architecture of the simulator implemented in Vortex Dynamics is 
shown schematically in Figure 2. Input text fles are employed to allow the 
user to defne the simulation parameters. Also, dynamical models of di� erent 
target objects are defned o -line using the Graphical User Interface (GUI) 
of Vortex Editor. At the beginning of the simulation, the input parame-
ters are read, and the desired target object is loaded and given the initial 
conditions specifed in the input fles. The rest of the system components 
(chaser, winch, tether, net, corner masses, closing mechanism) as well as 
the contact dynamics parameters are defned programmatically in a C++ 
Application Programming Interface (API) and according to the input sim-
ulation parameters. The dynamics equations are then integrated from the 
initial conditions, and the simulation can be visualized at run-time thanks 
to a graphics module. At the same time, simulated responses (e.g., positions 
and velocities of all the nodes of the net) are saved in output text fles for 
post-processing the results, which is then done in MATLAB. 

The modular architecture of the C++ implementation of the Vortex-
Dynamics-based simulator grants the user the fexibility to defne di� erently 
scaled nets with a square mesh of any size, with or without corner masses, 
subject to diverse initial conditions and gravitational felds. Di� erent mod-
els of the net (with and without representation of the bending sti� ness of 
the threads) are also available in the implemented simulator. The user can 
decide whether to include in the simulation a chaser and a tether (with or 
without winch) and prescribe controls for the winching of the tether. A clos-
ing mechanism, either tether-actuated or standard (i.e., independent of the 
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Figure 2: Architecture of Vortex-Dynamics-based simulator. 
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main tether), can also be included in the system, if the user desires it. The 
presence, type, and tumbling motion of the target can also be specifed. The 
possibility to perform sensitivity studies on the dynamics of such a compli-
cated system is enabled by the computational eÿciency of the multibody 
simulation tool. 

2.1. Net and corner masses 

Multiple models for the net are available in the implemented simulator: 
a standard lumped-parameter model, an augmented lumped-parameter model, 
and a cable-based model. In the standard lumped-parameter approach, the 
mass properties of the net are lumped in small spherical rigid bodies placed 
at the physical knots of the net, whereas its axial sti� ness and damping prop-
erties are represented with massless springs and dampers among the small 
rigid bodies, herein called nodes (see Figure 3(a)). In the augmented lumped-
parameter model, additional linear and torsional springs and dampers are 
included to represent the bending sti� ness of the threads of the net. Dif-
ferently from the frst two, the cable-based model considers the mass of the 
net distributed along the threads of the net, that are represented by slender 
rigid bodies interconnected by means of relaxed prismatic joints (see Figure 
3(b)). 

Figure 3: Models of the net. (a): standard lumped-parameter model. (b): cable-
based model 
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It is clear that the cable-based model is more complex, but also more 
accurate, than the lumped-parameter models. If a square net with 4 corner 
masses has Ns physical knots (i.e., connections of threads) along each of its 
sides, its lumped-parameter models consist of N s 

2 + 4 nodes; on the other 
hand, assuming nsec slender rigid bodies to model each thread of the net in 
the cable-based model, 2nsecNs(Ns−1)+4 slender rigid bodies are introduced. 
However, lumped-parameter models are able to represent collisions only at 
the nodes, therefore it is necessary to choose the cable-based model whenever 
a target object with dimensions smaller than the mesh length of the net (i.e., 
the distance between two nodes) has to be captured. 

The standard lumped-parameter model for the net was chosen for the 
simulations in Section 3. In this case, the mass lumped in the i-th node is: 

 
X 

 
 mk/2 + mknot if i = 1, ..., Ns 

2 
 

k∈Kimi = X (1) 
 mk/2 + mCM if i = N2 + 1, ..., N2 + 4 
 s s 
 

k∈Ki 

In equation (1), mk = ˆnetˇrk 
2lk,0 is the mass of each of the threads adjacent 

to the i-th node (said to belong to the set Ki), with ˆnet the net material 
density, rk the k-th thread’s radius, and lk,0 its unstretched length; in general 
the radius and the length of the threads of the net proper rnet and lnet,0 are 
di� erent from those of the corner threads rCT and lCT,0. The mass of the 
corner mass attached to each corner thread is indicated with mCM ; the mass 
of a physical knot of the net is mknot = ˆnetˇr

2 lknot, with lknot the length of net 

thread that creates a physical knot in the net. 
In the standard lumped-parameter approach implemented in Vortex Dy-

namics, the tension in the threads of the net is modeled by linking the cen-
ters of mass of the adjacent nodes with a distance constraint relaxed with 
a sti� ness and a damping parameter. Because of this relaxation, during the 
simulation the distance between the attachment points is allowed to become 
slightly higher than the unstretched length of the thread, and when this 
happens, a tension force arises: 

( 
Tkek if (lk > lk,0)

Tk = (2) 
0 if (lk ≤ lk,0) 

where Tk = ka,k(lk − lk,0) + ca,kvr,k, with ka,k = (Enetˇr
2)/lk,0 and ca,k = k 

2˘aka,k/!n1,a the axial sti� ness and damping coeÿcients. In these expres-
sions, the Young’s modulus of the net material is indicated with Enet, ˘a is 
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the chosen axial damping ratio, and !n1,a is the frst natural frequency of 
the net. The axial unit vector of the k-th thread ek, its length lk, and the 
projection of the relative velocity of the thread end nodes in the thread axial 
direction vr,k depend on the current confguration of the net. 

In addition to the geometrical and material properties of the net and 
corner masses, the user can specify the initial conditions for the deployment. 
Before ejection, the net is in a stowed confguration, in which the nodes 
are uniformly distributed in a square of side length netLnet in the inertial 
x-y plane indicated in Figure 1, with Lnet the side length of the net and 
0 < net ≤ 1 the stowing ratio. Deployment is achieved by imparting initial 
velocities defned in the inertial reference frame as follows: 

vj,0 = [ 0 0 −ve,net ]T j = 1, ..., Ns 
2 

vN 

vN 

vN 

vN 

2 
s 

2 
s 

2 
s 

2 
s 

+1,0 = [ −vx,0 −vy,0 −vz,0 ]T 

+2,0 = [ vx,0 −vy,0 −vz,0 ]T (3) 

+3,0 = [ −vx,0 vy,0 −vz,0 ]T 

+4,0 = [ vx,0 vy,0 −vz,0 ]T 

where the x-, y-, and z-axes are directed as shown in Figure 1 and vx,0 = vy,0 

is chosen for maintaining central symmetry during the deployment. The 
components of the initial velocity vectors are computed as vx,0 = vy,0 = √ 
ve sin �/ 2 and vz,0 = ve cos �, ve being the magnitude of the ejection velocity 
of the corner masses, and � the shooting angle, i.e. the angle between the 
initial velocity vector and the direction of deployment (−z). The magnitude 
of the ejection velocity of the net proper is indicated with ve,net. 

2.2. Chaser, winch, and main tether 

The chaser spacecraft is modeled as an uncontrolled free-foating cubic 
rigid body, of side length Lch and mass mch. The main tether, linking the 
net to the chaser, is represented with a series of slender rigid bodies and 
relaxed prismatic joints that simulate its axial and bending sti� ness and 
damping properties (similarly to the cable-based model for the net). The 
length of the tether is denoted with Lt, its cross-sectional radius with rt, and 
its density with ˆt; if Et is the Young’s modulus of the tether material, the 
axial and bending sti� nesses per unit length are found as (EA) = Etˇrt 

2 and 
(EI) = Etˇrt 

4/4. One side of the tether is by default attached to the node at 
the center of the net; this changes only if a tether-actuated closing mechanism 
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is employed. If the user desires winching capabilities, the other extremity of 
the main tether is reeled on a winch (of radius rw, height hw, and mass mw) 
placed on a side of the chaser; otherwise, it is simply attached at the center 
of a side of the chaser. If a winch is added to the simulation, the spooling 
of the tether is controlled by means of a hinge constraint between the chaser 
and the winch. In the implemented simulator, it is possible to have a tether 
either locked, or free to spool out, or spooled in and out in a controlled way; 
combinations of these controls can also be achieved thanks to the fexibility of 
the simulator. The spooling velocity L̇ t(t) can be defned at every time step 
for which the hinge is motorized, and as the tether is winched in or out, rigid 
bodies are removed from or added to the cable. Reference [20] can provide 
the reader with additional details on the modeling of the main tether. 

2.3. Target 

Targets are modeled as free-foating tumbling rigid bodies. A library with 
a few realistic targets was created and includes: Apollo spacecraft, stage 2 
of Zenit-2 rockets, Envisat, and a small asteroid similar to Bennu. While the 
inertia properties and the collision geometries are defned using the Vortex 
Editor, the initial conditions can be specifed by the user. At run-time, the 
target part is imported into the C++ API to allow for interaction with the 
rest of the simulation. More information on the target employed in this work 
will be provided in Section 3. 

2.4. Contact dynamics 

Representation of contact dynamics is obtained by assigning to each rigid 
body in the multibody simulation tool a collision geometry (e.g., a primi-
tive, or a composite of patched primitives, or a convex mesh); the simulation 
framework checks for collisions at each time step, and if collisions have oc-
curred, a force of contact is computed. The force of contact depends on the 
materials of the contacting bodies and the relative velocity and the violation 
of the non-penetration constraints at the time of contact. The contact sti� -
ness and damping properties in the direction normal to the contact plane are 
estimated with the Hertzian theory, as explained in reference [15]; the normal 
contact force is defned by a modifed Kelvin-Voigt model in which sticking is 
not possible. Friction force is defned by a scaled-box friction model, which 
is an approximation of Coulomb’s friction model. For further information on 
the modeling of contact dynamics in Vortex Dynamics, the interested reader 
should refer to references [16] and [20]. 
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2.5. Closing mechanism 

Three types of closing mechanisms are available in the simulator. In a 
previous work, a tether-actuated closing mechanism was proposed and its 
model detailed (see reference [19]). Here, standard closing mechanisms are 
introduced, which consist in additional threads running between the corner 
masses or along the perimeter of the net, that are winched in independently 
from the main tether, thanks to winches placed in some of the corner masses. 
This concept was proposed, for example, in reference [3]. 

CM3 CM4 CM3 CM4 

p1 p2 

CM1 CM2 CM1 CM2 

Figure 4: Model of standard closing mechanism: (a) between corner masses; (b) 
around net perimeter. 

Two versions of standard closing mechanisms were implemented in the 
simulator at hand: one made of tethers among the corner masses only (see 
Figure 4(a)), and one interlaced with the perimeter of the net (see Figure 
4(b)). In the second type, two attachments are added on each side of the net 
so as to divide it in three parts of similar lengths; for example, on the side 
of the net on the x-axis, the attachments are placed at the nodes of indices 
p1 = ⌊(Ns − 1)/3⌋ and p2 = Ns − p1. Let us indicate the Na attachment 
nodes along a closing mechanism with an ordered set of Na + 1 indexes, 
where the frst attachment node index is repeated at the end of the set. This 
defnition will prove useful in Section 3. Let us call SCM the ordered set 
of attachment nodes for a closing mechanism among the corner masses, and 
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Sint that for a closing mechanism interlaced with the perimeter of the net. 
For a closing mechanism of the frst type, the set of attachment nodes is 
SCM = {CM1, CM2, CM4, CM3, CM1}, where indexes CMi for i = 1, ..., 4 
are indicated in Figure 4(a). A partial description of the set Sint is Sint = 
{CM1, p1, p2, CM2, ..., CM1}, with p1 and p2 defned above. 

These closing mechanisms are modeled in a simplifed way. Several dis-
tance joints between contiguous nodes along the closing mechanisms are cre-
ated in the initialization phase (with maximum distance set to zero), but are 
left disabled during deployment of the net. From the time of activation of 
the closing mechanism (chosen by the user), forces of constant magnitude are 
added between each couple of adjacent nodes along the closing mechanisms, 
that bring the nodes together. The closing force between two adjacent nodes 
p and q along the closing mechanisms and acting on node p is defned as 
Fp = F êpq; the corresponding force on the node q is −Fp. Its magnitude 
is found with F = 2mCM Lnet/t

2 
close, where tclose is a parameter indicating 

how fast closure is to happen; this parameter is set arbitrarily to 5 s for the 
closing mechanism among the corner masses only, and to 1 s for the closing 
mechanism interlaced with the perimeter of the net. The closing force is 
always in the direction of the relative position between the adjacent nodes 
along the closing mechanism êpq = (rq − rp)/||rq − rp||, with rq and rp the 
inertial positions of the two nodes. When the distance between two adjacent 
nodes on the closing mechanism decreases below 1 m, the abovementioned 
distance joints are enabled, so that the constrained rigid bodies are kept to-
gether for the rest of the capture maneuver. In Figure 4, these constraints 
are represented with white springs; the white dashed curves represent the 
tethers forming the closing mechanisms so modeled. 

It is recognized that this modeling approach does not take into account 
real properties of the closing tether and of the winching of the closing mech-
anism; however, it allows to perform di� erent assessments on the capture 
capabilities of tether-net systems, as will be shown in the following Sections. 

3. Simulations 

With the simulator presented before, simulations of capture of realistic 
space debris and of a small asteroid were performed and allowed to gain 
useful insight into preferred closing mechanisms and capture scenarios. 
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Figure 5: Stage 2 of Zenit-2 rocket. a) Graphics model. b) Collision geometry. 

3.1. Capture of rotating debris 

In previous work [19], simulation of capture of rotating stage 2 of Zenit-2 
rocket, one of the most present debris on orbit according to Wiedemann et 
al. [21], was performed with the tether-actuated closing mechanism. Here, 
simulation of the same scenario of capture, but with both standard closing 
mechanisms is presented in order to verify that they are successful in con-
taining the target after capture. The model of the target is shown in Figure 
5. Stage 2 of Zenit-2 rockets is 11 m long, 3.9 m wide, and its mass mT 

is of 9000 kg; its inertia matrix was estimated by approximating the debris 
with a thick-walled cylindrical tube with open ends (10.2 m long, 3.9 m wide, 
with a 3 cm thick wall). The position of its center of mass in the body-fxed 
reference frame (i.e., the part reference frame), whose origin lies at the inter-
section of the red and green lines shown in Figure 5 and whose orientation 
is indicated in the top right corner, is: 

rG,O′ = [0 0 − 1.183]T m (4) 

The inertia tensor in the same reference frame is: 
  
94880 0 0 

2 
IG = 0 94880 0  kg · m (5) 

0 0 46295.5 
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Table 1: Parameters for simulation of capture of Zenit-2 stage 2. 

Chaser spacecraft Winch 
dch (m) Lch (m) mch (kg) rw (m) hw (m) mw (kg) 
0.1 1.5 1600 0.05 0.02 0.1 

Tether 
rt (m) ˆt (kg/m

3) Et (GPa) ˘b (-) 
0.002 1390 70 0.014 

Net and corner masses 
Lnet (m) lnet,0 (m) rnet (m) ˆnet (kg/m

3) Enet (GPa) ˘a (-) 
22 1 0.0005 1390 70 0.106 

lknot (m) lCT,0 (m) rCT (m) ˆCM (kg/m
3) mCM (kg) 

0 1.4142 0.0007 2700 0.5 
Initial conditions Simulation data 

ve,net (m/s) ve (m/s) � (◦) net (-) tf (s) �t (s) 
0 2.5 36.87 0.05 120 10−3 

The rest of the parameters employed in the simulation are collected in 
Table 1. The target and the corner masses are assumed to be made of alu-
minum and the net material is assumed to be Technora, a polyaramid fber. 
For computation of the contact parameters, it was assumed that the Pois-
son’s ratio is �net = 0.35 for Technora [22], and �al = 0.33 for Aluminum. 
The employed static friction coeÿcients were taken as µs,al−al = 0.45 for 
Aluminum-Aluminum pairs [23], µs,al−net = 0.15 for Aluminum-Technora 
pairs, and µs,net−net = 0.20 for Technora- Technora pairs (for Technora, fric-
tional properties of Nylon were used). For all the contact pairs, the kinetic 
friction coeÿcients were evaluated by dividing the corresponding static fric-
tion coeÿcients by 1.25. 

The net is assumed to be stowed in a square of side length 1.1 m in the 
inertial x-y plane, at a distance dch below the lower part of the chaser, and 
its deployment is achieved by imparting initial velocity to the four corner 
masses alone. The initial position of the center of mass of the target is 
rG = [0.55 1.733 − 15]T m; let us indicate the initial distance between 
the net and the center of mass of the target with dT = 15 m. The target 
is assumed to be rotating at a rate of !T = 5◦/s about its major axis of 
inertia, that is parallel to the z-axis. The main tether is simply attached 
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to the winch on the chaser and to the central node of the net; it is left free 
to spool out during deployment, and it is locked at t = 15 s. The standard 
closing mechanism is also actuated at time tc, chosen here as 15 s, that is 
soon after frst contact between net and debris has occurred. In the future, 
closed loop control could be implemented to actuate the closing mechanism. 

(a) t = 0 (b) t = 15 s (c) t = 18 s 

(d) t = 24 s (e) t = 46 s (f) t = 80 s 

Figure 6: Simulation of capture with a standard closing mechanism among the 
corner masses: (a) net starts deploying, (b) net is fully open, (c) closing mechanism 
is active, (d) debris is captured, (e)-(f) net slips o . 

Figures 6 and 7 show some screenshots of the capture sequences obtained 
with the two versions of the standard closing mechanism, respectively. As 
a result of actuation of the closing mechanism, in Figure 7(b) it is seen 
that the corner masses and the attachment points on the sides of the net 
start approaching; although the e ect of the closing mechanism is not visible 
in Figure 6(b), it is apparent from Figure 6(c) that the corner masses are 
brought together as desired. In both cases, debris appears to be successfully 
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(a) t = 0 (b) t = 15 s (c) t = 18 s 

(d) t = 24 s (e) t = 46 s (f) t = 80 s 

Figure 7: Simulation of capture with a standard closing mechanism around the 
perimeter of the net: (a) net starts deploying, (b) closing mechanism is activated, 
(c) closure is achieved, (d) debris is captured, (e)-(f) capture is sustained. 
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captured at t = 24 s. However, later in the simulation, debris remains 
contained in the case of the closing mechanism interlaced with the net only, 
as shown in Figures 7(d)-(e); the net slips o the debris for the closing 
mechanism between the corner masses, as shown in Figures 6(d)-(e). 

A closing mechanism running simply among the four corner masses cannot 
guarantee containment of the considered debris after capture. In fact, the 
opening left by the part of the perimeter of the net between two corner masses 
is suÿciently large for the net to slip o the debris. On the other hand, it 
can be verifed that the largest distance between two attachment points of 
the interlaced closing mechanism is 9 m; this length can enclose a maximum 
circular area of diameter 2.9 m, smaller than the diameter of the target (i.e., 
3.9 m), which guarantees containment of the latter. 
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Figure 8: Sum of the distances between attachment points, dCM and dint, in cap-
ture with the two closing mechanisms: around the corner masses (top plot), and 
interlaced with the perimeter of the net (bottom plot). 

Numerical results obtained with the two closing mechanisms are provided 
in Figure 8, that reports the sum of the distances between the corner masses 
dCM (red dashed lines) and between attachment points along the closing 
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mechanism interlaced with the perimeter of the net dint (blue lines). These 
quantities are found as: 

Na,CM 
X 

dCM = ||rai || (6) − rai+1 

i=1 

Na,int 
X 

dint = ||rai || (7) − rai+1 

i=1 

where Na,CM = 4 and Na,int = 12 are the number of attachments in the two 
types of closing mechanisms, and ai and ai+1 represent two consecutive node 
indexes belonging to the sets introduced in Section 2.5. The closing mech-
anism actuation time, tc = 15 s, is also indicated with a vertical black line. 
In the top plot, the results of simulation with the closing mechanism among 
the corner masses only are provided2; the bottom plot refers to simulation 
with the closing mechanism interlaced with the perimeter of the net. 

First, it can be noted that the distance among the attachment points is 
always larger than the distance among the corner masses, as one could expect 
from the geometrical considerations of Figure 4. It is verifed that both the 
distance among the corner masses and the distance among all the attachment 
points increase during the deployment phase (i.e., until tc), and they do so 
identically in the two simulations; this is expected since the inertia of the 
closing mechanisms is not modeled at this time. As soon as the closing 
mechanism is actuated, the attachment points of each closing mechanism 
(i.e., the corner masses in the top plot, and all the attachment points in the 
bottom plot) are brought together by the closing forces indicated in Section 
2.5, and closure is achieved in just a few seconds. This is evident from the 
distance among the corner masses being very small in both plots. Note that 
the times needed to reach closure are di� erent, namely approximately 4 s in 
the top plot and approximately 1 s in the bottom plot. This small di� erence 
is due to the modeling of the closing forces, and is not expected to have a 
signifcant impact on the success of capture. 

The di� erences in the performance of the closing mechanisms are clearly 
visible in the values of dint after closure is achieved. In addition to being much 
larger, dint is characterized by large variations in the top plot. This indicates 

2Note that, for simulation with the closing mechanism around the corner masses, dint 
is for points on the net where the interlaced mechanism gets attached to. 
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that signifcant kinetic energy remains in the net after capture, which is also 
verifed in Figure 9, where the kinetic energy of the net is reported for the 
two simulations. Note that the jump at the time of actuation of the closing 
mechanisms, especially visible for that interlaced with the perimeter of the 
net, is once again due to the modeling choices. 

150 
Around CMs 
Interlaced 

100 

50 

0 
0 20 40 60 80 100 120 

Figure 9: Kinetic energy of the net in simulations with the two closing mechanisms. 

Overall, from the outcome of these simulations, it was observed that 
a closing mechanism running simply among the four corner masses cannot 
guarantee containment of the considered debris after capture. On the other 
hand, inclusion of a closing mechanism with two attachments on each side of 
the net demonstrated successful capture of debris. 

3.2. Preferred capture scenario 

The frst e ort to identify preferred capture scenarios was performed with 
simulations in [16]. The issue of safety of the capture procedure was raised, 
but could not be studied in the absence of the chaser, of the main tether, 
and of closing mechanisms. In order to identify safer capture scenarios, sim-
ulations of capture of rotating Zenit-2 stage 2 in di� erent initial orientations 
relative to the direction of ejection of the net are compared in what follows. 
In the following, scenario 1 indicates a situation similar to that illustrated in 
Figure 10(a), and scenario 2 indicates a situation similar to that illustrated 
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in Figure 10(b). In both cases, the net is equipped with a standard closing 
mechanism along the net perimeter (shown in Figure 4(b)), and a major-axis 
spin of the target is considered since this is the most likely state for debris. 
The two relative orientations are orthogonal, and represent bounding cases 
for possible capture options. As in the simulations of Section 2.5, the chaser 
is free-foating and uncontrolled. Simulation results presented here were ob-
tained with tf = 300 s for scenario 1 and with tf = 60 s for scenario 2. 

x

yz 

x

yz 

(a) Scenario 1. (b) Scenario 2.

Figure 10: Scenarios investigated. 

Figure 11 compares the results of simulations in the two scenarios. The z-
coordinates of notable points on the chaser and on the target during capture 
are shown in Figures 11(a) and (b): for the chaser, solely the center of 
mass is analyzed; for the rotating target, two points on the surfaces closer 
to and farther from the chaser (called top and bottom respectively) are also 
considered. It is clear at frst sight that the dynamics in the two scenarios are 
very di� erent. In scenario 2, the chaser is dragged towards the target by the 
tension in the main tether; just after one minute, the distance between the 
center of mass of the chaser and the center of mass of the target is of 5.77 m, 
that is the same as the distance between the center of mass and the bottom 
point of the target. At the end of the simulation time frame, in Figure 11(b) 
it is seen that the center of mass of the chaser (dashed black lines) and the 
envelop of the target (lightweight red dotted line) are very close, suggesting 
that an impact is imminent. Even in scenario 1, a free-foating chaser is 
dragged towards the target by the tension in the tether (see Figure 11(a)); 
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Figure 11: Results of capture of rotating Zenit-2 stage 2 with standard closing 
mechanism interlaced with the net perimeter. (a)-(b): z-coordinates of chaser and 
target. (c)-(d): attitude of chaser. (e)-(f): Snapshots at end of simulation. 
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�however, this e ect is much less pronounced, and chaser and target remain 
at a safe distance even after 5 minutes (e.g., a distance of more than 10 m 
between the center of mass of the chaser and the top of the target at t = 300 
s). 

The attitude of the chaser in the two scenarios is represented in Figures 
11(c) and (d). Once again, it is evident that the orientation of the chaser 
is much less perturbed in scenario 1; the rotations happen slowly, and the 
maximum rotations are of around 10◦ . In scenario 2, instead, the chaser 
undergoes fast and large rotations. Although outside of the scope of the 
present work, the results on the attitude of the chaser in scenario 1 could 
serve to identify requirements for the design of the attitude control system 
of the chaser. 

Snapshots of the system at the end of the simulations ease the visualiza-
tion of the di� erences in the fnal confgurations in scenarios 1 and 2 (see 
Figures 11(e) and (f)). 

Simulation of capture in an intermediate scenario, i.e., with the major 
axis of debris initially forming an angle of 45◦ with the direction of ejection 
of the net, was also performed, and results were found to be in between those 
of the two considered bounding cases. This is demonstrated by Figure 12, 
where the positions of the chaser and of the target during the simulation, 
as well as a snapshot at the end of the simulation (i.e., for t = 300 s), are 
reported.3 All these results suggest that a safer capture scenario is one in 
which the target spin axis is aligned with the direction of ejection of the net, 
such as in Figure 10(a). 

3.3. Asteroid capture 

In addition to their ADR applications, tether-nets could be used to cap-
ture small asteroids, for example for scientifc examination or planetary de-
fense [24]. In this Section, simulation results for capture of a small asteroid 
are presented, with the purpose of illustrating this possible application of 
tether-net capture and to demonstrate the fexibility of the developed sim-
ulator to represent capture of di� erent target objects, with complex shapes. 

3Note that the discontinuities in the z-coordinate of the top and bottom points of the 
target are due to the use of Euler angles in their reconstruction, and their well-known 
problem when the pitch angle becomes ±90◦ . The period of rotation of the target, that is 
expected to be 2ˇ/!T = 72 s, can also be verifed. 
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Figure 12: Results of capture of rotating Zenit-2 stage 2 with standard closing 
mechanism interlaced with the net perimeter, in an intermediate scenario. (a): 
z-coordinates of chaser and target. (b): Snapshot at end of simulation. 

The considered target is modeled after Bennu asteroid. The inertia prop-
erties of the modeled asteroid are assumed to be those of an ellipsoid with 
semi-axes 12.5 m × 10 m × 10 m and with uniform density4 of 1300 kg/m3 . 
The resulting mass is mT ≈ 5.45 × 107 kg and the resulting inertia tensor 
in a body-fxed reference frame (̂ib, ĵb, k̂ 

b) where îb is in the direction of the 
semi-major axis of the ellipsoid is: 

  
8.71 0 0 

IG =  0 11.16 0  × 109 kg · m 2 (8) 
0 0 11.16 

Asteroids are expected to be rotating slowly. For the hypothetical aster-
oid considered in this work, an angular velocity5 of !T = 0.0004 rad/s was 
assumed about the major moment of inertia axis: !T = !T k̂ 

b. 
A 3D graphics model of Bennu6 was scaled down to the chosen dimensions, 

4Density was assumed similar to the bulk density of Bennu. 
5Estimated from the rotation period of Bennu, available at 

nssdc.gsfc.nasa.gov/planetary/factsheet/asteroidfact.html, last accessed 
on June 24, 2017. 

6Available on NASA 3D Resources website nasa3d.arc.nasa.gov/detail/bennu, last 
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Figure 13: 3D model and collision geometry of asteroid. 

and a convex mesh collision geometry was added based on this 3D model (see 
Figure 13, where the îb and ĵb axes of the body-fxed reference frame are 
also shown in red and green, respectively). This type of collision geometry 
was chosen because patched primitives (which were used for Zenit) are not 
well-suited to represent the shape of the asteroid; however, deterioration of 
computational eÿciency is expected as a result of this choice. 

Asteroids being larger and more massive than space debris, the tether-net 
system was scaled-up compared to that used previously: the net has a side 
length Lnet of 40 m and a total mass M of 23 kg, including the corner masses. 
The parameters for the simulation of asteroid capture are collected in Table 
2. Note that size and mass properties of the tether-net system cannot scale 
linearly with the target. Table 3 compares certain non-dimensional quantities 
for the scenarios of capture of a launcher upper stage and for the scenario 
of capture of an asteroid. It is clear that the mass ratio between the target 
and the net system mT /M is much larger in the asteroid case. On the other 
hand, the ratios between the total mass of the corner masses Mc and the 
total mass of the net system M , as well as the length ratios Lnet/LT (with 
LT the characteristic length of the target) and Lnet/dT , were kept similar. 
Note that, with these values, we are not suggesting a design for the system: 
space system design optimization, although surely important before missions 
are put in place, is outside the scope of this work. 

The same materials for the net and tether as in the previous simulations 

accessed on June 15, 2017. 

23 



�

Table 2: Data for simulation of capture of a small asteroid. 

Chaser spacecraft Winch 
dch (m) Lch (m) mch (kg) rw (m) hw (m) mw (kg) 
0.1 2.0 1600 0.1 0.02 0.1 

Tether 
rt (m) ˆt (kg/m

3) Et (GPa) ˘b (-) 
0.003 1390 70 0.014 

Net and corner masses 
Lnet (m) lnet,0 (m) rnet (m) ˆnet (kg/m

3) Enet (GPa) ˘a (-) 
40 2 0.001 1390 70 0.106 

lknot (m) lCT,0 (m) rCT (m) ˆCM (kg/m
3) mCM (kg) 

0 2.8284 0.001 2700 4.0 
Initial conditions Simulation data 

ve,net (m/s) ve (m/s) � (◦) net (-) tf (s) �t (s) 
0 2.5 36.87 0.05 60 10−3 

Table 3: Comparison of nondimensional quantities in simulation of capture of Zenit 
debris and of an asteroid. 

Zenit capture Asteroid capture 
mT /M 2.33 × 106 2.89 × 103 

Mc/M 0.68 0.64 
Lnet/LT 1.6 2.0 
Lnet/dT 1.6 1.5 
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are used. A search in the literature was performed to identify parameters for 
contact between the net and the asteroid material; ranges for the Young’s 
modulus of rocks reported in [25] are large and a value of Erock = 50 GPa was 
chosen in the upper range of carbonaceous materials, since many asteroids 
are made of carbon silicates. The other parameters for contact were chosen 
arbitrarily in reasonable ranges: �rock = 0.25 as the Poisson’s ratio, and 
µrock−net = µrock−al = 0.2 as static friction coeÿcients. The net is ejected 
from the chaser at a distance dT of 25 m from the target. A standard closing 
mechanism among the corner masses only is actuated at t = 22 s to close 
the net around the asteroid; the main tether is free to spool out during 
deployment of the net, and is locked at t = 22 s. The reader might notice 
that the chaser has dimensions and mass similar to those employed in the 
previous simulations. It should be noted that at this stage, with our choices 
of values for the parameters, we are not suggesting a design for the system 
to be employed in an asteroid capture mission. 

Simulation with an Intel R CoreTM i7-4712HQ CPU @ 2.30 GHz processor 
(showing the graphics at run-time) took around 3 hours, 12 min. Figure 14 
reports snapshots for the capture sequence. It is clear that, although the 
angular velocity of the asteroid was accounted for, its e ect is negligible in 
the time frame of capture. At t = 23 s, it is seen that the main tether is 
locked, the net is around the asteroid, and the closing mechanism is func-
tional. Closure is almost achieved at t = 26 s and is confrmed at t = 30 s. 
For the remainder of the simulation, capture of the asteroid is sustained. It is 
observed that the chosen closing mechanism was suÿcient to guarantee con-
tainment of the asteroid during capture, di� erently from what was observed 
for capture of Zenit-2 stage 2 in Section 3.1. 

These simulation results suggest that tether-nets could indeed be used to 
capture not only large debris, but also small asteroids. They also seem to 
indicate that, although inappropriate to capture launcher upper stages, clos-
ing mechanisms among the corner masses could be suÿcient for this type of 
mission. On the other hand, simulation of capture of an asteroid highlighted 
additional diÿculties compared to the ADR scenario. For example, for the 
design of the ejection mechanism, it must be considered that the mass of the 
net and corner masses will be substantially higher in this application, due to 
its larger size. Attention should also be paid to the tensions developed in the 
main tether and in the threads of the net during capture; the results for the 
presented simulation are collected in Figure 15 and show peaks soon after 
closure is achieved (i.e., at t ≈ 26 s) and towards the end of the simulation 
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Figure 14: Capture of a small asteroid. 

26 



l • • .1 •. • • J 

l I. • • • I, • • • ~J 

l . • • . • . • • ~J 

600 

[N
] 400 

T
 t

200 

0 
0 10 20 30 40 50 60 

t [s] 

600 

[N
] 

C
T

,1

400 

T 200 

0 
0 10 20 30 40 50 60 

t [s] 

600 

[N
] 400 

T
1

200 

0 
0 10 20 30 40 50 60 

t [s] 

Figure 15: Tension developed during capture of a small asteroid: in the main tether 
Tt, in a corner thread TCT,1, and in one of the tethers of the net T1. 
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(i.e., at t ≈ 58 s), especially in the main tether and in the corner threads. 
Onset and distribution of tension in the system, however, would depend on 
several features of the system and of its control. Issues such as the control 
of the main tether and the set-up and control of the closing mechanism need 
further investigation to ensure that tensions remain reasonable and that the 
load distribution is balanced in the system. 

The tool at hand proved capable of simulating the asteroid capture sce-
nario, which presents additional diÿculties, such as larger mass ratios – that 
might cause instability in simulation – and convex mesh collision geometries – 
that increase the complexity of collision detection. Therefore, this simulator 
could allow studies on the abovementioned issues in the future. 

4. Conclusions 

This paper presented a simulator for the dynamics of capture of space 
debris with a tether-net, considering the main elements of the ADR system: 
chaser, winch, main tether, net, corner masses, closing mechanisms, and 
target. The simulation tool is fexible and reasonably eÿcient, and allows 
to perform simulations that provide insight into the dynamics of tether-net 
capture of space debris. 

Multiple types of closing mechanisms were modeled and are implemented 
in the simulation tool. Two versions of a standard closing mechanism, that 
does not rely on the main tether to close around the target, were employed 
in simulations to check their suitability to ensure sustained capture, as well 
as to identify preferred capture scenarios. It was shown that capture is more 
reliable if the closing tethers are interlaced with the mouth of the net, and 
that capture is safer if the spin axis of the target is aligned with the direction 
of ejection of the net. Current and future work on closing mechanism is 
focused on improving their models and the control strategy. The post-capture 
dynamics also deserves analysis, as it is necessary to stabilize, and possibly 
reduce, the tumbling motion of the target before the tug phase. 

The possibility to use tether-nets for applications other than ADR was 
investigated in this paper. Simulations suggested that tether-nets could pro-
vide a viable solution for capture of small asteroids, although issues such as 
the control of the main tether and the set-up and control of the closing mech-
anism need further investigation to ensure that tensions remain reasonable 
and that the load distribution is balanced in the system. 
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