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Abstract 

Tether-nets are one of the more promising methods for the active removal 
of space debris. The aim of this paper is to study the dynamics of this 
type of systems in space, which is still not well-known and the simulation 
of which has multiple outstanding issues. In particular, the focus is on the 
deployment and capture phases of a net-based active debris removal mission, 
and on the e ect of including the bending sti� ness of the net threads on 
the dynamical characteristics of the net and on the computational eÿciency. 
Lumped-parameter modeling of the net in Vortex Dynamics, without bend-
ing sti� ness representation, is introduced frst and validated then, against 
results obtained with an equivalent model in Matlab, using numerical sim-
ulations of the deployment phase. A model able to reproduce the bending 
sti� ness of the net in Vortex Dynamics is proposed, and the outcome of a 
net deployment simulation is compared to the results of simulation without 
bending sti� ness. A simulation of net-based capture of a derelict spacecraft 
is analyzed from the point of view of evaluating the e ect of modeling the 
bending sti� ness. From comparison of simulations with and without bending 
sti� ness representation, it is found that bending sti� ness has signifcant in-
fuence both on the simulation results and on the computation time. When 
bending sti� ness is included, the net is more resistant to the changes in its 
shape caused by both the motion of the corner masses (during deployment) 
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and by the contact with the debris (during capture). 

Keywords: Space debris, Active debris removal, Tether-net, Bending 
sti� ness, Contact modeling, Deployment dynamics. 

1. Introduction 

A promising method for containing the growth of space debris, which 
jeopardizes operation of spacecraft, is the Active Debris Removal (ADR) of 
large and massive derelict objects. An ADR technique that has been receiv-
ing some attention is to use a tethered net (tether-net for short) deployed 
from a servicing spacecraft, to capture and contain the debris [1]. This type 
of device is designed to be fung towards the target debris by accelerating 
corner masses, and to entangle the debris, providing a link for tugging it to 
a disposal orbit. Since the behavior of tether-nets in space is unknown to 
date, numerical simulation is needed to gain understanding of deployment 
and capture dynamics. Interest in net-based ADR is relatively recent, and 
the numerical simulation of this type of systems and their contact with debris 
is still an open problem. 

Simulation of tether-net dynamics in space has multiple outstanding is-
sues. First, to date, there is no agreement on the importance of modeling the 
bending sti� ness of the threads. Moreover, modeling of snap loads in the net 
during the deployment is diÿcult and computationally expensive. Finally, 
contact between the net and the debris must be modeled accurately in the 
capture phase simulation in order to have reliable predictions of the success 
(or failure) of the capture: this remains a challenging and computationally 
intensive problem. The aim of this paper is to explain the modeling of a 
net in Vortex Dynamics1and to examine the e ect of bending sti� ness on 
tether-net dynamics. 

Vortex Dynamics is a powerful multibody dynamics simulation platform 
designed for real-time simulation of complex systems, which also provides 
graphical visualization; with its capabilities, the importance of bending sti� -
ness on net response is investigated, and the additional computational cost 
associated with modeling of bending sti� ness is assessed. 

1Vortex Dynamics is a commercial multibody dynamics sim-
ulation software marketed by CM Labs Simulations Inc. 
www.cm-labs.com/market/robotics/products/vortex-dynamics-software. 

2 

www.cm-labs.com/market/robotics/products/vortex-dynamics-software


Section 2 of this paper describes the state of the art in the simulation 
of tether-nets for ADR in space and collects information on the current per-
ception of the importance of bending sti� ness. Section 3 presents the mod-
eling of the net under study: the lumped-parameter model implemented in 
Vortex Dynamics is introduced; the modeling of bending sti� ness is also ex-
plained and validated. The validation of the lumped-parameter model with-
out bending sti� ness and the results of deployment simulations with and 
without bending sti� ness representation are presented in Section 4; capture 
simulations are addressed in Section 5. Section 6 concludes the work with a 
summary of the fndings and with suggestions on future work. 

2. State of the art 

Multiple works on net-based devices for ADR of defunct spacecraft have 
stemmed from the European Space Agency (ESA)’s interest in deorbiting 
Envisat. ROGER preliminary study by Astrium was the pioneer study on 
tether-net systems to capture and dispose of large space debris [1]. With the 
objective of determining the feasibility of net-based capture, a few simulators 
have been implemented. Preliminary simulations of capture were executed 
at the ESA with the 3D modeling environment Blender, and Bullet Physics 
engine; the net was modeled with a series of interconnected Kelvin-Voigt 
elements [2]. This work was recently combined with the research performed 
by Benvenuto et al., with the participation of some European industries: 
the developed simulator is based on the lumped-parameter approach, and 
validation of the model by means of experiments is envisaged [3]. Previous 
work by Botta et al. addressed the modeling and simulation of a net and of 
contact dynamics, using a lumped-parameter approach and the continuous 
compliant contact dynamics formulation [4]. Another lumped-parameter-
based simulator was developed by Liu et al. to study casting and deployment 
performance of fexible nets in space [5]. A di� erent modeling approach was 
chosen by Golebiowski et al., who represented the threads of the net with 
Cosserat rods [6]. 

Among the aforementioned simulators for the dynamics of tether-nets in 
space, the majority take a lumped-parameter approach in which bending 
sti� ness of the threads is not accounted for. The reason why this choice is so 
common is that this type of model is expected to provide a good compromise 
between accuracy and computational eÿciency. Researchers have argued 
that this type of model proved suÿcient for fshing nets; however, few com-
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ments on the role of bending sti� ness were found in literature related to 
underwater nets. Lee et al. aÿrmed that the results of their simulation with 
lumped-parameter models and of experiments matched well in a qualitative 
comparison of the shape of the net and a quantitative comparison of some 
geometrical properties of the net (e.g., depth of net center, width and height 
of net mouth) [7]. With the aim of simulating fshing nets, Takagi et al. 
[8] also employed lumped-parameter models with no discussion of bending 
e ect and found qualitative agreement between experimental and theoretical 
net shape confgurations; for quantitative analysis, they compared the overall 
horizontal and vertical dimensions of the net, and found slightly larger values 
in the numerical simulations. These discrepancies were attributed to read-
ing error and parallax in the video image and to some spring rate value [8]. 
LeBris and Marichal and Bessonneau and Marichal modeled the threads as 
rigid bars constrained by rotational joints, subdividing each thread in two in 
order to describe its shape [9, 10]; they only accounted for tension, neglecting 
bending. By comparing experimental and calculated net shapes, LeBris and 
Marichal observed that, in still water, the e ect of twine bending sti� ness is 
not negligible on geometry, especially in the slack zones of the net. Buckham 
et al. addressed the dynamics of underwater tethers and aÿrmed that, if 
the motion of slack marine cables is to be simulated accurately, the e ects 
of bending and torsional sti� ness of the cable must be captured [11]. In his 
Ph.D. thesis, Buckham observed that when the tether is in high tension, the 
magnitude of the tensile forces dominates the tether dynamics, and bending 
and torsional e ects are negligible; on the other hand, he showed that it is 
important to include a bending sti� ness model for simulating the dynam-
ics of slack tethers [12]. In any case, it is diÿcult to forecast the e ect of 
bending on the dynamics of nets in space on the basis of studies on under-
water systems: neutrally buoyant tethers are in similar conditions to tethers 
in space, but the presence of hydrodynamic drag, when the tether moves in 
the water, creates a very di� erent external forcing conditions: for example, 
it is much more likely for threads subject to drag to be taut. Therefore, it 
is expected that in vacuum conditions, the e ect of bending is going to be 
more signifcant than in underwater environment. 

To the authors’ knowledge, no study dedicated to evaluating the e ect of 
bending sti� ness on the dynamics of nets for ADR removal exists to date. 
Notwithstanding the debate about the importance of modeling bending sti� -
ness in tether-net dynamics simulation, only a few works in this research 
domain have provided some remarks on the subject. Yu et al., in their work 
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on space webs, neglected bending after commenting that it had been demon-
strated that energy variation for shearing and bending is negligible with 
respect to energy variation for tensile force [13]. In his thesis on a tether-
net simulation tool, Salvi discarded bending e ects arguing that the value of 
bending sti� ness per unit length is orders of magnitude lower than the value 
of axial sti� ness per unit length, which makes the frst irrelevant [14]. On 
the other hand, Golebiowski et al. used a Cosserat rod model, which enables 
reproducing stretching, bending and torsion behaviors; however, they did 
not comment on the values of bending sti� ness, and on the reasons for which 
they expect bending dynamics to be important [6]. 

The intent of this paper is to contribute to the debate on the importance 
of including bending sti� ness in the modeling of nets for ADR in space, by 
formalizing tools for the analysis of the e ect of modeling choices, and by 
providing results demonstrating the e ect of modeling bending sti� ness for 
a net in zero gravity and vacuum conditions. 

3. Modeling of the net and of contact dynamics 

In the foreseen scenario for tether-net ADR, a net would be pulled out 
of a canister by weights, which are ejected towards the debris by a mecha-
nism mounted on the servicing spacecraft. The net confguration used in the 
current work is square, with a square mesh, and 4 weights for ejection. An 
illustration of the net geometry is provided in Fig. 1 for Ns = 6, where Ns is 
the number of nodes on a side of the net. In the following, the phrase corner 
mass will refer to nodes such as 37, 38, 39, 40 in Fig. 1, while the phrase 
corner thread will refer to threads such as 61, 62, 63, 64 in Fig. 1. 

The net geometry is represented in the software environment by number-
ing the nodes and threads of the net and by creating a connectivity table in 
an automated way. In the automated creation of the connectivity table, an 
internal link (thread) is added, for all i = 1, ..., Ns 

2 and for all j = i+1, ..., Ns 
2 , 

if the following conditions are verifed: 

(j = i + 1 ∧ i mod Ns =6 0) ∨ (j = i + Ns) (1) 

The four corner threads are appended to the table after the inner threads. 

3.1. Lumped-parameter model without bending sti ness 

The lumped-parameter model has been extensively used in the simulation 
of the dynamics of nets, because of its simplicity of implementation. In this 
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Figure 1: Net confguration for Ns = 6, with nodes and threads numbering. 

model the physical nodes of the net are represented by point masses, and the 
threads are represented by massless springs and dampers in parallel; standard 
lumped-parameter models consider only axial dynamics. 

As noted earlier, the model of the net employed in the present research 
was developed by using Vortex Dynamics. With this software, the user can 
specify rigid bodies, called parts, and link them with constraints: a number of 
predefned constraints is available in Vortex Dynamics libraries. A lumped-
parameter model without bending sti� ness representation of the net under 
study was assembled in Vortex Dynamics by approximating the nodes of the 
net and the four corner masses with small spherical parts, and by modeling 
the threads by means of position-based constraints that force the attach-
ment points of two parts to be within a given distance; these constraints are 
called distance joints. It should be noticed that, although parts in Vortex 
Dynamics are characterized by a certain moment of inertia, it was verifed 
that this has no e ect in deployment simulations, and negligible e ect in 
capture simulations. 

The mass lumped in the i-th node is specifed according to the following 
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expression, generally known in lumped-parameter methods: 

X mp 
mi = (2) 

2 
p∈Pi 

with mp the mass of each of the adjacent threads to node i (said to belong to 
the set Pi). Here and in the rest of this paper, index p will specify a thread 
linking i-th and j-th nodes, the direction of the p-th link being defned from 
the i-th to the j-th node. 

In Vortex Dynamics, sti� ness between two parts in a certain direction can 
be modeled by linking the two parts with a joint characterized by a constraint 
equation in that direction, as noted earlier, and by relaxing that constraint. 
In order to model the tension in the threads, the attachment points of the 
abovementioned position-based constraints are set at the adjacent nodes and 
each constraint in the direction of the thread is relaxed with a sti� ness and 
a damping parameter. Thus, the distance between the attachment points is 
allowed to be slightly higher than the set distance, and when this happens, 
a force arises from these two contributions: the force is defned as the sum 
of the forces due to a linear elastic spring and to a viscous damper. In this 
way, a force in the p-th thread exists only when that thread is elongated and 
tensioned, which is consistent with the nature of the net material, unable to 
withstand compression. According to the Kelvin-Voigt model, the magnitude 
of the force in the p-th thread can be determined as Tp = kp(lp − lp,0) + 
kpvr,p. The vector tension force in the same thread can be mathematically 

formulated as: 
( 

Tpep if (lp > lp,0) ∧ (Tp > 0) 
Tp = (3) 

0 if (lp ≤ lp,0) ∨ (Tp ≤ 0) 

For the elastic part, kp = (EnetA)p/lp,0 is the axial sti� ness of the thread, with 
Enet the Young’s modulus of the thread material, and A the cross section of 
the thread, whereas lp and lp,0 are the length of the thread at the current 
time and without extension, respectively; lp,0 is a property of the constraint, 
defned by the user, whereas lp is evaluated by Vortex Dynamics at every 
time step to determine if elongation has occurred. For the damping force 
component, is a damping coeÿcient dependent on the thread material and 
the net geometry, and vr,p is the projection of the relative velocity of the end 
nodes of the thread in its axial direction, the latter defned by the unit vector 
ep, from node i to node j. 
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In order to verify that the model in Vortex Dynamics correctly repre-
sents the lumped-parameter model without bending sti� ness of the net un-
der study, simulation results for the net deployment phase will be checked 
in Section 4.1 against results obtained with an equivalent Matlab simula-
tor, assembled in our previous work on tether-net deployment and contact 
dynamics [4]. 

3.2. Inclusion of bending sti ness 

As was explained in the previous section, the net modeling in Vortex 
Dynamics is lumped-mass, lumped-sti� ness and constraints based. Thanks 
to the numerous options available in the simulation tool for constraining 
parts, a second model of the net was implemented using a combination of 
two types of joints: the same position-based constraint introduced in Section 
3.1, and a position-based constraint equivalent to a prismatic joint. The frst 
constraint allows proper modeling of the axial dynamics, whereas the second 
allows the model to account for the bending sti� ness of the threads. In fact, 
the prismatic joint in Vortex Dynamics imposes constraint equations in the 
directions perpendicular to its primary axis and on the angular degrees of 
freedom, and these constraint equations can be relaxed by the user to allow 
for sti� ness in these directions. 

The distance joints were set up in the same way as described for the 
previous model: the attachment points of the constraints were set at the 
adjacent nodes, and the same relaxation parameters were set to model the 
axial sti� ness and damping properties of the threads. The prismatic joints 
primary axes were set to be the same as the directions of the distance joints. 
Angular and translation constraints related to bending, pertaining to the 
prismatic joints, were relaxed with sti� ness coeÿcients, which were estimated 
by approximating a thread to a cantilever beam subject to pure bending 
moment and to pure shear force, respectively. The corresponding bending 
and transverse sti� nesses are defned with: 

EnetIp
kb,p = (4) 

lp,0 

3EnetIp
kt,p = (5) 

l3 
p,0 

where kb,p denotes the angular sti� ness related to bending of the p-th thread, 
while kt,p indicates its transverse sti� ness related to bending, Ip = ˇrp 

4/4 is 
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the area moment of inertia about the in-plane axis of a circular section, if rp 

is the radius of the section of the p-th thread. The corresponding damping 
coeÿcients for the p-th thread are approximated with cp = 2˘kp/!n1, where 
˘ is the chosen damping ratio, kp represents either kb,p or kt,p and !n1 is 
the frst natural frequency related to bending of a single cantilevered inner 
thread of the net; some approximation is already underlying in the damping 
ratio, therefore, our approximation is expected to produce negligible error. 
With these sti� ness and damping coeÿcients, Vortex Dynamics generates 
spring and damper reaction forces according to the Kelvin-Voigt model, both 
for the angular and transverse degrees of freedom associated with bending 
deformation. 

The bending sti� ness component of this model was validated by simulat-
ing the dynamics of a cantilever beam subject to its own weight and to a 
transverse tip load until steady state condition is reached, and by checking 
that the defection at the tip is equal to the theoretical static defection. In 
Fig. 2 the comparison of the two results is shown for a 0.5 m long Aluminum 
beam, with circular section of 1 cm radius, subject to its own weight and 
to 262 N tip load. Vortex Dynamics results were obtained by modeling the 
beam with two lumped masses linked by one prismatic joint with bending 
and transverse sti� nesses defned in Eq. (4) and (5). 

3.3. Modeling of contact dynamics 

In the capture phase, the net comes into contact with the target space 
debris, and multiple contact events occur between the net and the debris, as 
well as within the net; eÿcient collision detection and accurate representa-
tion of contact dynamics become then paramount. Vortex Dynamics o ers 
multiple built-in capabilities for collision detection and contact dynamics 
modeling and simulation. 

Each body in the multibody simulation tool is assigned a collision geom-
etry. In this case, simple geometric primitives were selected to improve the 
computational eÿciency: the nodes of the net and the corner masses were 
approximated to spheres of radii proportional to their mass; the target debris 
was selected to be a spacecraft made of patched basic primitives. In Vortex 
Dynamics, each collision geometry is assigned a material, which consists of a 
set of collision-related properties (e.g., friction coeÿcient, contact sti� ness), 
and all the materials are stored in a table. When a collision is detected, the 
simulator uses this look-up table to determine the dynamic response between 
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Figure 2: Static defection of a cantilever beam. Comparison of analytical results and 
results of simulation with the lumped-parameter model employing two masses and one 
prismatic joint in Vortex Dynamics. 

two objects with certain material properties; this can also be defned explic-
itly by the user if needed. The contact force is generated by two reactions: 
a force normal to the plane of contact, and a force tangential to this plane. 

As far as contact forces in the direction normal to the plane of contact are 
concerned, Vortex Dynamics o ers both impulsive and regularized models: 
the impulsive model considers the contact phase to have infnitesimal dura-
tion and the impact to be rigid; the regularized model considers the contact 
to happen in a fnite amount of time, during which a certain penetration is 
allowed. For this work, a regularized model was employed. According to this 
model, the contact forces are computed at every time instant as functions of 
local deformations and their rates: the contact force is thought to be gen-
erated by a linear spring, which models the elastic contact behavior, and a 
linear damper, which dissipates part of the energy during contact. The linear 
Kelvin-Voigt contact model has been widely used, but is known to have a few 
drawbacks; namely, a non-physical sticking force between the two bodies at 
the end of impact. In Vortex Dynamics, some nonlinearity can be introduced 
by imposing a maximum adhesive force limit between two bodies in contact. 
Mathematically, the normal contact force for contact pair i can be expressed 
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as: 
( 

kc,i�i + cc,i�̇ i if Fn,i > −Fa,max 
Fn,i = (6) 

−Fa,max otherwise. 

Here, Fa,max is the maximum adhesive force, kc,i and cc,i are the contact 
sti� ness and damping coeÿcients of contact pair i, and �i and �̇ i are the local 
penetration and rate of penetration; the frst three quantities are parameters 
set by the user, whereas the last two are determined by the simulator at 
every step. 

In order to estimate representative values for the contact sti� ness and 
damping coeÿcients, Hertzian contact theory was brought to assistance; for 
a detailed treatment of the theory, the reader is referred to the work by John-
son [15]. Since the target derelict spacecraft is characterized by dimensions 
much bigger than each node of the net, we approximate the frst with a plane 
in the vicinity of each contact: impacts between a node of the net and the 
spacecraft, or between a corner mass and the spacecraft, are therefore mod-
eled as impacts between a sphere and a plane (see Fig. 3(a)). According to 
Hertzian theory, in this case the contact sti� ness can be computed with: 

√ 
4 ri

kc,i = (7) 
3ˇ h1,i + h2,i 

with 
1 − �2 

hj,i = 
j,i 

j = 1, 2 (8) 
ˇEj,i 

In these expressions, ri is the radius of the i-th sphere, whereas Ej,i and 
�j,i are the Young’s modulus and the Poisson’s ratio of the material of each 
body impacting in contact pair i. For impact between two nodes of the 
net, between a node and a corner mass, or between two corner masses, the 
applicable model is that of the impact between two spheres (see Fig. 3(b)), 
and the contact sti� ness can be evaluated with: 

√ 
4 req 

kc,i = (9) 
3ˇ h1,i + h2,i 

with 
r1,ir2,i 

req = (10) 
r1,i + r2,i 

Some simplifcations were made in this step of the research, namely the 
possibility that contacts happen at the edges or vertices of the spacecraft 
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Figure 3: Model of contact dynamics for contact pair i. (a): sphere-plane. (b): sphere-
sphere. 

was neglected. Contact damping coeÿcients are simply computed as cc,i = 
p

2˘ kc,imc,i with ˘ the chosen damping ratio, and mc,i a mass that depends 
on the type of contact pair: 

( 

mi if sphere - plane 
= (11) mc,i m1,im2,i if sphere - sphere. 

m1,i+m2,i 

The contact parameters of each collision pair were computed and set 
o�ine, changing directly the contact materials in the materials table. How-

¯ ever, in Vortex Dynamics, there exist default values of contact sti� ness k 
and damping c̄  for the sake of stability of simulation. For each contact, 
Vortex chooses which pair to use between the user-defned (k, c) and the de-
fault (k,¯ c̄), according to the perturbation made on the system, computed 
as p = (1/h2k)/(1 + c/(hk)), with h the simulation time step: the chosen 
pair is that creating the highest perturbation p or p̄. Moreover, the damping 
coeÿcient actually employed in the simulator depends on the time step and 
sti� ness coeÿcient: c + hk or c̄+ hk̄. 

The most accurate representation of contact forces o ered by Vortex Dy-
namics in the tangential direction is an approximation of the Coulomb’s fric-
tion model. In this model the boundary of the friction force is proportional 
to the normal contact force, and no real sticking is possible. The friction 
force is computed in a component-wise manner from: 

( 

−1 
s vt if v

s 
t > µsFn

Ft = (12) 
−µkFnsign(vt) otherwise. 
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Parameter Deployment phase Capture phase 
L (m) 5 20 
lmesh (m) 0.5 1 
lCT (m) 0.7071 1.4142 
mCM (kg) 0.5 0.5 
rnet (m) 0.001 0.0005 
rCT (m) 0.002 0.001 
Enet (GPa) 70 70 
ˆnet (kg/m

3) 1390 1390 
ˆal (kg/m

3) 2700 2700 
˘a 0.106 0.106 
˘b 0.014 0.014 

Table 1: Geometry, mass and material properties of the simulated nets. 

Here, s is the inverse of the slip coeÿcient and vt is a component of the 
projection of the relative velocity vector between the two contacting bodies 
on the contact tangent plane; µs and µk are the static and kinetic friction 
coeÿcients. 

4. Deployment simulation results 

Due to memory limits of Vortex Dynamics simulator, as well as compu-
tational eÿciency limitations of Matlab simulator, in this section the subject 
of the study will be a net composed of 125 lumped masses and 224 threads 
(Ns = 11). The parameters that defne the geometry, mass and material 
properties of the simulated nets are reported in Table 1 for deployment and 
capture simulations. In the table, L is the net side length, lmesh is the mesh 
length, and lCT is the length of each of the corner threads, which link a 
corner of the net and one of the corner masses; mCM indicates the mass of 
each of the corner masses; the radius of the inner threads of the net is called 
rnet, and the radius of the corner threads is called rCT . The corner masses 
are assumed to be made of Aluminum, of density ˆal. The net material is 
selected to be Technora, a polyaramid fber, ˆnet being its density [14]; for 
the same material, ˘a and ˘b are the damping ratios for axial and bending 
dynamics, respectively [16]. 

Due to the high number of nodes comprising the nets, comparison of posi-
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tions and velocities of individual nodes or of tensions in individual threads is 
not meaningful; therefore, aggregate measures to describe the overall dynam-
ics of the net and the agreement of large sets of data had to be established. 
Multiple options were identifed and are used to comment on the results of 
the simulations in this section: among others are the Root-Mean-Square Er-
ror (RMSE) between positions and velocities of identical nodes, the shape of 
the mouth section of the net, and the height of the net. 

In this section, the simulated scenario represents the deployment of the 
net in 0g environment. The net is initially in a partially closed confguration 
(with two adjacent nodes at a distance of one fourth of the natural length 
of the thread) in a plane parallel to the x-y plane, and it is deployed by 
prescribing initial velocity of 2.5 m/s to the corner masses, in a symmetric 
way. The dynamics is integrated for 3 seconds. 

In Section 4.1, the results obtained with the simulator based on lumped-
parameter approach without bending sti� ness representation in Vortex Dy-
namics and with equivalent modeling of the net in Matlab are compared. 
The aim of Section 4.2 is to evaluate the e ect of bending sti� ness on the 
deployment dynamics: this is done by comparing the outcome of simulation 
without and with bending sti� ness representation within Vortex Dynamics. 

4.1. Simulations with the lumped-parameter model without bending sti ness 

The frst objective is to validate the Vortex Dynamics model without 
bending sti� ness representation, as introduced in Section 3.1. Results of 
simulation with this model will serve as reference for the comparison of de-
ployment simulation results with models with and without bending sti� ness 
representation, which will be the subject of the next section. 

Vortex Dynamics uses a fxed step implicit numerical integrator: with a 
small time step of 5×105 s, simulation took 44 min, 18 s, on a laptop with 
Intel Core i7-4712HQ CPU @ 2.30 GHz processor and GeForce GT 750M 
graphics card. 

The outcomes of the simulations in Vortex Dynamics and in Matlab were 
found to agree well. Plots of quantities for individual nodes appeared hardly 
distinguishable; Fig. 4 provides tools to assess the agreement of meaningful 
overall geometrical characteristics of the net. 

In Fig. 4(a) the projection of the nodes of the mouth section is plotted 
on the x-y plane for a few instants of the simulation; Fig. 4(b) exhibits 
the height of the net, defned as the di� erence between the z-coordinate of 
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Figure 4: Comparison of results of deployment simulation with Vortex Dynamics and 
Matlab simulators without bending sti� ness. (a): net’s mouth shape; (b): net’s height in 
time. 

the innermost node of the net (node i = Ns(Ns + 1)/2 ) and the average z-
coordinate of the four corner nodes of the net (nodes 1, Ns, j = N s 

2 − Ns +1, 
k = N s 

2): 
1 

h(t) = zi(t) − [z1(t) + zNs (t) + zj (t) + zk(t)] (13) 
4 

None of these quantities alone is suÿcient to prove perfect agreement between 
the two sets of data, but the study of these indexes provides good confdence 
in the validation. 

One way to achieve quantitative evaluation of the discrepancy between 
the two large sets of data generated during the simulations is to use the 
RMSE. A representative quantity of the positional accuracy is the RMSE 
between identical nodes positions2 . 

For the position of the j-th node, for example, the accuracy measure is 

2This a 3D extension of what is also used as US National Standard for Spatial Data 
Accuracy. Subcommittee for Base Cartographic Data, Federal Geographic Data Commit-
tee, Geospatial Positioning Accuracy Standards - Part 3: National Standard for Spatial 
Data Accuracy, 1998. 
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Quantity Maximum Average 
RMSEpos (m) 0.006835 0.002939 
RMSEvel (m/s) 0.097919 0.051496 

Table 2: RMSE at position and velocity level between the results of deployment simulations 
with Matlab and Vortex Dynamics simulators without bending sti� ness. 

computed as: 

RMSEj,pos 
1

2

( )

nt 
X 

� �1
(xjk,V − xjk,M )

2 + (yjk,V − yjk,M )
2 + (zjk,V − zjk,M )

2 = 
nt 

k=1 

(14) 

In this expression, nt is the number of time steps, V refers to the Vortex 
Dynamics data set, and M refers to the Matlab data set. An analogous 
quantity, called RMSEj,vel, is computed for evaluating the accuracy at the 
velocity level for the j-th node; equation (14) applies when x, y, z are sub-
stituted with vx, vy, vz. Table 2 contains information on the maximum and 
average values of these quantities among the nodes of the net, for the two 
sets of positions and velocities at hand. Accuracy at the position level is on 
the order of millimeters, which is very good since it is three orders of mag-
nitude smaller than the nodes displacements; at the velocity level, a certain 
accuracy degradation is expected: it appears to be one order of magnitude 
lower, which is still satisfactory. 

The variation along time of the position and velocity RMSE, averaged 
over the N nodes, is also of interest. At the position level, this quantity at 
time t is computed as: 

( 

N 
X 

RMSEpos(t) = 
1 � 

(xj,V (t) − xj,M (t))
2 

N 
j=1 

) 

� 

1

2 

+ (yj,V (t) − yj,M (t))
2 + (zj,V (t) − zj,M (t))

2 (15) 

The analogous quantity was obtained for velocity, and the representation 
of both trends is provided in Fig. 5. It was observed that discrepancies 
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Figure 5: Average RMSE among the nodes of the net in time between the results of 
deployment simulations with Matlab and Vortex Dynamics simulators, without bending 
sti� ness representation. (a): at position level; (b): at velocity level. 

start appearing soon after tension onset in the net in the form of snap loads 
(after about 0.25 s). Position RMSE increases in the course of the simulation 
but remains always very small. Velocity RMSE is usually small, except for 
multiple sharp peaks, which were found to correspond to instances in which 
some threads pass from a slack to a taut confguration. It should be noted 
that these plots appear discontinuous at some points because a selection on 
times had to be made: Matlab simulator uses a variable time step integration 
scheme, whereas Vortex Dynamics simulator employs a fxed step integrator; 
in the computation of RMSEs, only quantities at corresponding times were 
retained. 

From the presented analysis, it is verifed that the results of the two 
simulations match very well when a small time step is employed in Vortex 
Dynamics. With time step 1/60 s, which is set for real-time simulation, the 
computation time of the 3 s deployment maneuver is as low as 9 s. Although 
accuracy is reduced in this case (especially as far as capturing snap loads), it 
was verifed that Vortex Dynamics reproduces meaningful results, as far as 
positions and velocities are concerned: this makes it a powerful tool for the 
simulation of such complex systems as nets for ADR, well-suited for obtaining 
the motion response of the system in a reasonable amount of time. 

Notwithstanding the di� erences intrinsic in the integration schemes em-
ployed in Matlab and in Vortex Dynamics, it is safe to state that the net 
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Quantity Maximum Average 
RMSEpos (m) 4.08 ×10−12 3.27 ×10−14 

RMSEvel (m/s) 4.08 ×10−8 8.88 ×10−10 

Table 3: RMSE at position and velocity level between the results of deployment simulations 
in Vortex Dynamics employing the two models, and setting bending sti� ness to zero. 

deployment simulation without bending sti� ness representation in Vortex 
Dynamics is in agreement with results obtained with a lumped-parameter 
model built in Matlab. This model implemented in the Vortex Dynamics 
simulator will serve as a benchmark in the next section. 

4.2. E ect of bending sti ness 

In this section are compared the results obtained simulating the same 
net deployment scenario as above, with two models in Vortex Dynamics: the 
model without bending sti� ness, as validated in Section 4.1, and the model 
presented in Section 3.2, which allows to account for bending sti� ness. The 
aim of this study is to assess the importance of including bending sti� ness 
in the simulation of nets for ADR. 

The expressions for the bending sti� ness coeÿcients were validated as 
briefy explained in Section 3.2. It is also important to ensure that the 
results of simulations with completely relaxed bending-related joints match 
the results of simulations without bending sti� ness representation in Vortex 
Dynamics. This was accomplished by setting the kb and kt coeÿcients to 
zero and comparing the results with those presented in the previous section. 
In Table 3 are reported the RMSE values of this check: it can be observed 
that all values are negligible; therefore, we can state that the combined joints 
setup was validated. The very small discrepancy between the two data sets 
is likely due to the fact that the two systems are characterized by di� erent 
sets of equations and the corresponding propagation of numerical errors. 

Simulation of the model with bending sti� ness was performed with a 
time step of 5 × 105 s, and took 1 hr, 25 min of computation time: a 92% 
increase compared to the simulation in Vortex Dynamics without bending 
sti� ness. The e ect of including bending sti� ness is clearly appreciable in 
the following. When bending sti� ness is taken into account, both the area 
and shape of the mouth are remarkably a ected (see Fig. 6): the area 
increases more quickly, such that 90% of full deployment is obtained just after 
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Figure 6: Comparison of the mouth shape of the net in time, in deployment simulation 
with Vortex Dynamics, without and with bending sti� ness representation. 

2 seconds, compared to 3 seconds when bending sti� ness is not represented; 
at t = 1 s, the corner nodes of the net are in almost the same position in 
the two simulations; however, for most of the deployment, the mouth shape 
is concave in simulations without bending sti� ness and it is convex with 
bending sti� ness, such that the surface covered by the net is much wider 
in the latter. For example, at t = 1.5 s, the mouth area obtained with the 
model with bending sti� ness is approximately 2.5 times larger than for the 
model without bending sti� ness. 

The height profles for the net are also dissimilar, as visible in Fig. 7(a): 
it appears that inclusion of bending sti� ness has an appreciable e ect on the 
dynamics in the z-direction as well. On the other hand, the mouth diagonal 
profles are similar, as shown in Fig. 7(b). These results can be explained 
by interpreting the sti� ness as the resistance to deformation in response to 
an applied force: the net with bending sti� ness resists more the changes in 
its shape which are being forced by the motion of the corner masses, both in 
the x-y plane and along the z-direction. Therefore, the mouth shape for the 
net with bending sti� ness representation is always closer to a square (i.e., 
the initial mouth shape) with respect to that for the net without bending 
sti� ness representation; similarly, the height of the net is lower for most of the 
deployment time in the frst case. These results are consistent with those of 
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Figure 7: Comparison of results of deployment simulation with Vortex Dynamics, without 
and with bending sti� ness representation. (a): height of the net in time; (b): mouth 
diagonal in time. 

Quantity Maximum Average 
RMSEpos (m) 0.759863 0.515628 
RMSEvel (m/s) 1.474281 1.022107 

Table 4: RMSE at position and velocity level between the results of deployment simulations 
with Vortex Dynamics, without and with bending sti� ness representation. 

work by Takagi et al. [8]: in that case, numerical simulation without bending 
sti� ness found larger horizontal and vertical net dimensions with respect to 
experiments. 

As before, RMSE values on positions and velocities averaged over time 
are collected in Table 4; the trend in time of these quantities averaged over 
the nodes of the net is displayed in Fig. 8. The discrepancies between the 
two simulations are also apparent from these quantities: RMSEs are of the 
same order of magnitude as the positions and velocities themselves. On the 
other hand, the evolution of position and velocity of the center of mass of 
the net were checked, and were found to match between the two simulations. 
This is expected from the fact that linear momentum of the system, which is 
prescribed by the initial velocities of the corner masses, is conserved during 
the simulations, and it is the same in the two cases. 

It is interesting to analyze the impact of bending sti� ness when the 
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Figure 8: Average RMSE among the nodes of the net in time between the results of 
deployment simulations with Vortex Dynamics, without and with bending sti� ness repre-
sentation. (a): at position level; (b): at velocity level. 

threads are slack and taut. In order to do this, we compare the tension 
and the shear forces in the threads: in fact, as per equation (3), tension is 
nonzero when a thread is taut, and equal to zero when the thread is slack. In 
Fig. 9, tension and shear forces in a corner thread are plotted against time. 
The logarithmic scale is used on the force axis because the two quantities can 
di� er by orders of magnitude at the same instant; therefore tension forces 
are not plotted when the cable is slack. It is clear that axial dynamics is 
characterized by snap loads which can be 4 orders of magnitude higher than 
shear forces. Moreover, it can be observed that shear force dominates the 
dynamics of the thread when the tension is null, which happens between 0 
and 0.28 s, between 1.24 and 1.53 s, between 1.89 and 2.11 s, and between 
2.86 and 2.91 s for the corner threads. 

5. Capture simulation results 

In this section, results of a typical capture phase simulation are presented, 
in which the net comes into contact with the target space debris. The ge-
ometrical and mass properties of the target debris were chosen to be those 
of the Apollo command module and service module; a 3D graphic model of 
this spacecraft was available on the Internet [17]. As for the deployment 
simulations, the material of the net was selected to be Technora, while the 
corner masses and the whole target spacecraft were assumed to be made of 
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Figure 9: Tension and shear force in a corner thread, in deployment simulation with 
bending sti� ness representation. 

Aluminum. The contact sti� ness and damping parameters of the possible 
collision pairs, which were computed and set o�ine as detailed in Section 
3.3, are collected in Tables 5 and 6. For computation of all these parameters, 
it was assumed that the Poisson’s ratio is 0.35 for Technora [18], and 0.33 for 
Aluminum. The employed static friction coeÿcients µs were taken as 0.45 
for Aluminum-Aluminum pairs [19], 0.15 for Aluminum-Technora pairs, and 
0.20 for Technora-Technora pairs (for Technora, frictional properties of Ny-
lon were employed). For all the contact pairs, the kinetic friction coeÿcients 
µk were evaluated by dividing the corresponding static friction coeÿcients by 
1.25, the slip coeÿcient was set to 0.000001 s/kg, and the maximum adhesive 
force Fa,max was set to zero. 

Di� erent scenarios for capture were simulated. In all of them, the net 
is deployed in the same way as in the deployment phase, starting from a 
partially closed and planar confguration; deployment is achieved by giving 
initial velocity of 2.5 m/s to the four corner masses. The spacecraft model 
was created in the Vortex Editor, starting from the 3D model and knowing 
its mass (11900 kg) and overall dimensions (11 m length, 3.9 m diameter), by 
adding collision geometries and with an automated computation of the inertia 
properties and the position of the center of mass. The initial confguration 
of the net was selected so as to be at 10 m distance and centered with 
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kc (×109 N/m) SC CM Corner node Edge node Inner node 
SC - 9.712 4.591 4.241 4.449 
CM sym. 6.867 4.161 3.895 4.055 

Corner node sym. sym. 3.295 3.162 3.243 
Edge node sym. sym. sym. 3.044 3.116 
Inner node sym. sym. sym. sym. 3.193 

Table 5: Contact sti� ness parameters for the possible collision pairs. SC stands for space-
craft; CM stands for corner mass; corner node, edge node and inner node indicate generic 
nodes di� erently positioned in the net. 

cc (N/ms) SC CM Corner node Edge node Inner node 
SC - 1396 70 53 62 
CM sym. 830 66 50 59 

Corner node sym. sym. 42 36 39 
Edge node sym. sym. sym. 32 34 
Inner node sym. sym. sym. sym. 37 

Table 6: Contact damping parameters for the possible collision pairs. SC stands for 
spacecraft; CM stands for corner mass; corner node, edge node and inner node indicate 
generic nodes di� erently positioned in the net. 
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Inner threads Corner threads 
ka (N/m) 54977.9 77750.5 
ca (N/ms) 115.922 163.939 
kt (N/m) 0.01031 0.01458 
ct (N/ms) 0.00013 0.00019 
kb (N/m) 0.00344 0.00972 
cb (N/ms) 0.00008 0.00022 

Table 7: Sti� ness and damping parameters of inner threads and corner threads in capture 
phase simulation. ka and ca stand for axial sti� ness and damping, kt and ct for bending-
related transverse sti� ness and damping, kb and cb for bending-related angular sti� ness 
and damping. 

respect to the geometrical center of the debris. Upon consideration of the 
dimensions of the target spacecraft, and taking into account the need to 
contain computational e ort, the net was selected to be 20 × 20 m2 wide and 
to have 1 m mesh length, which results in 445 lumped masses and 844 threads 
(Ns = 21). The values of sti� ness and damping coeÿcients characterizing 
inner threads and corner threads for the net under study are collected in 
Table 7. 

The capture simulation results presented in this paper were obtained for 
the scenario shown in Fig. 10: the Apollo is oriented such that the direction 
of its maximum dimension is parallel to the initial plane of the net, aligned 
with the y-direction of the global reference frame. The spacecraft is made to 
spin at a rate of 5◦/s about the z-axis at the initial instant of the simulation. 

The net deployment and target capture maneuver was simulated for the 
duration of 120 s, using a time step of 1/60 s; without bending modeling, it 
took about 9 min to complete the simulation; with, it took approximately 1 
hr, 20 min, for a nearly 8-fold increase in computation time. 

Animations of the maneuver revealed that in both simulations (with and 
without bending) the net wraps around the debris, but opens again and leaves 
the target after a certain time, because of the spin of the debris. The e ect 
of including bending sti� ness was found to be substantial from inspection of 
the simulation recordings. 

The impact of including bending sti� ness is also visible in Fig. 11, where 
the mouth shape at di� erent time instances with and without bending is com-
pared; in each snapshot, the instantaneous direction of the debris is depicted 
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Figure 10: Scenario for net-based ADR capture simulation. 

in gray. It can be observed that, in both simulations, just before contact 
(t = 9 s) the net is almost deployed and the mouth shape is symmetric. 
Contact with the target happens at around t = 9 s for the simulation with 
bending, and at around t = 13 s for the simulation without bending: at t = 
14 s, the e ect of contact is visible in both plots and the net shape becomes 
asymmetric; the two shapes di� er strongly from each other, with the net in 
the simulation without bending that is partially entangled, and the net in 
the simulation with bending not entangled at all. At subsequent times, the 
di� erences grow among the two simulations: a t = 27 s, for example, the net 
appears more entangled in the simulation with bending; at t = 44 s, both 
nets appear to have opened again, but the net with bending sti� ness has a 
larger mouth area; fnally, at t = 82 s, the net has left the target, traveling 
away from it in both cases, but the two section shapes and positions do not 
agree at all. Overall, the dynamics of the net during the capture phase ap-
pears to be very di� erent in the two simulations. Due to the dissimilarities 
already appreciated in deployment phase, the net impacts the debris at dif-
ferent instants in the two simulations (about 9 s in simulation with bending 
sti� ness representation, about 13 s in simulation without bending sti� ness 
representation): therefore, the frst impact between net and debris occurs 
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with the debris at di� erent orientations, which has an important e ect on 
the subsequent dynamics evolution. 

The dynamics of the net was found to be more perceptibly infuenced by 
the dynamics of the target spacecraft when bending sti� ness representation 
is not included: the net takes less time to wrap around the target, and 
leaves it more quickly afterwards; the net with representation of bending 
sti� ness takes more time to entangle the debris. This di� erence can once more 
be explained by the physical implication of bending sti� ness, which causes 
resistance to changes in the shape of the net which are being imposed by the 
motion of the corner masses and the contacts with the debris. In spite of such 
large di� erences in the motion of the net during the capture maneuver, it was 
observed that the “global” results for the two simulations were comparable: 
in both cases the net wraps around the target and leaves it after a few 
seconds. Also, rotation about the positive z-axis, which corresponds to the 
initial condition given to the debris, can be recognized in both simulations, 
especially in the phase during which the net leaves the debris. 

6. Conclusion 

The overarching objective of this paper was to analyze the e ect of mod-
eling the bending sti� ness of the threads on the deployment and capture 
dynamics of a net for ADR in space. No dedicated study to this issue was 
found in literature, in spite of the fact that the e ect of bending is expected 
to be signifcant in vacuum conditions – the operational environment for this 
application. 

The objective of the paper was attained by simulating the deployment 
and capture phases of a typical tether-net ADR mission with two models 
implemented in Vortex Dynamics: one without bending sti� ness representa-
tion, and one with inclusion of it. The present work has brought to light that 
di� erences are substantial, in terms of the overall geometrical and dynamical 
properties of the net in the deployment and capture phases. When bending 
sti� ness is included, the net resists the changes in its shape that are being 
introduced both by the motion of the corner masses (during deployment) 
and by the contact with the debris (during capture). Notwithstanding the 
signifcant di� erences, it was recognized that the success of the two scenarios 
is similar: in both cases, the net wraps around the target debris and leaves 
it after some seconds, due to the spin of the latter. Inclusion of bending 
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Figure 11: Mouth shape at di� erent time instances in capture simulation with Vortex 
Dynamics. (a): without bending sti� ness representation; (b): with bending sti� ness rep-
resentation. 
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sti� ness caused the simulations to be slower, but still feasible in a reasonable 
amount of time. 

In order to gain better understanding of the e ect of bending sti� ness 
on deployment and capture phases of a tether-net ADR mission, it could 
be interesting to perform a sensitivity analysis on the size of the net, on the 
mesh length, on the radius of the threads, and on the Young’s modulus of the 
net material: all these quantities are expected to infuence the importance of 
modeling the bending sti� ness of the threads. Experiments on the dynam-
ics of tether-nets for space debris removal could provide useful information 
to evaluate if bending modeling is indeed important: we expect some infor-
mation to be available from recently conducted parabolic fight tests, and 
we are interested in comparing our simulation results to these experimental 
data. Current research focuses on the capture phase of a typical net-based 
ADR mission, in particular investigating the e ectiveness of the maneuver 
depending on the deployment and capture conditions. 
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Figures captions 

FIG. 1: Net confguration for Ns = 6, with nodes and threads numbering. 
FIG. 2: Static defection of a cantilever beam. Comparison of analytical 

results and results of simulation with the lumped-parameter model employing 
two masses and one prismatic joint in Vortex Dynamics. 

FIG. 3: Model of contact dynamics for contact pair i. (a): sphere-plane. 
(b): sphere-sphere. 

FIG. 4: Comparison of results of deployment simulation with Vortex 
Dynamics and Matlab simulators without bending sti� ness. (a): net’s mouth 
shape; (b): net’s height in time. 

FIG. 5: Average RMSE among the nodes of the net in time between 
the results of deployment simulations with Matlab and Vortex Dynamics 
simulators, without bending sti� ness representation. (a): at position level; 
(b): at velocity level. 
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FIG. 6: Comparison of the mouth shape of the net in time, in deploy-
ment simulation with Vortex Dynamics, without and with bending sti� ness 
representation. 

FIG. 7: Comparison of results of deployment simulation with Vortex 
Dynamics, without and with bending sti� ness representation. (a): height of 
the net in time; (b): mouth diagonal in time. 

FIG. 8: Average RMSE among the nodes of the net in time between the 
results of deployment simulations with Vortex Dynamics, without and with 
bending sti� ness representation. (a): at position level; (b): at velocity level. 

FIG. 9: Tension and shear force in a corner thread, in deployment simu-
lation with bending sti� ness representation. 

FIG. 10: Scenario for net-based ADR capture simulation. 
FIG. 11: Mouth shape at di� erent time instances in capture simulation 

with Vortex Dynamics. (a): without bending sti� ness representation; (b): 
with bending sti� ness representation. 
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