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Abstract 

In this paper, the deployment dynamics of nets in space is investigated 
through a combination of analysis and numerical simulations. The consid-
ered net is deployed by ejecting several corner masses and thanks to mo-
mentum and energy transfer from those to the innermost threads of the net. 
In this study, the net is modeled with a lumped-parameter approach, and 
assumed to be symmetrical, subject to symmetrical initial conditions, and 
initially slack. The work-energy and momentum conservation principles are 
employed to carry out centroidal analysis of the net, by conceptually par-
titioning the net into a system of corner masses and the net proper and 
applying the aforementioned principles to the corresponding centers of mass. 
The analysis provides bounds on the values that the velocity of the center 
of mass of the corner masses and the velocity of the center of mass of the 
net proper can individually attain, as well as relationships between these and 
di� erent energy contributions. The analytical results allow to identify key 
parameters characterizing the deployment dynamics of nets in space, which 
include the ratio between the mass of the corner masses and the total mass, 
the initial linear momentum, and the direction of the initial velocity vectors. 
Numerical tools are employed to validate and interpret further the analytical 
observations. Comparison of deployment results with and without initial ve-
locity of the net proper suggests that more complete and lasting deployment 
can be achieved if the corner masses alone are ejected. A sensitivity study 
is performed for the key parameters identifed from the energy/momentum 
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analysis, and the outcome establishes that more lasting deployment and safer 
capture (i.e., characterized by higher traveled distance) can be achieved by 
employing reasonably lightweight corner masses, moderate shooting angles, 
and low shooting velocities. A comparison with current literature on tether-
nets for space debris capture confrms overall agreement on the importance 
and e ect of the relevant inertial and ejection parameters on the deployment 
dynamics. 

Keywords: tether-net, net deployment, space debris, dynamics, 
work-energy principle, conservation of linear momentum. 

1. Introduction 

Although tethers have been employed in space in the last decades and 
many studies on their dynamics exist, the use of nets has only recently been 
proposed. In particular, tether-nets have been advocated as a promising 
method to capture space debris from orbit and dispose of it. These systems 
are envisioned as fexible and lightweight nets, which are thrown from a chaser 
spacecraft towards the target debris in close proximity. Upon entanglement 
of the debris and through a tether that keeps the target connected to the 
chaser, tether-nets provide a fexible link that can be used for tugging the 
debris to its disposal orbit [1]. The success of a tether-net Active Debris 
Removal (ADR) mission depends on the correct deployment of such system, 
which is achieved by imparting initial velocity to several corner masses, and 
potentially to the whole net; energy and momentum are then transferred to 
the other parts of the net by tensioning of the net threads. The deployment 
dynamics of nets in space is driven by snap tensions in the threads, which 
propagate from the corner masses to the innermost parts of the net [2]. 

In recent years, a number of numerical studies of the deployment dynam-
ics of tether-nets in space have been performed by di� erent research groups. 
The shared objective of these research e orts is to gain insight into the de-
ployment process in microgravity and vacuum conditions, as it needs to be 
fully understood before these systems can be used in actual missions. In the 
vast majority of the studies dedicated to the deployment dynamics of nets 
in space, the net is modeled with the standard lumped-parameter approach, 
where the mass is lumped at the net nodes which are interconnected by mass-
less springs and dampers, to represent the axial sti� ness and damping in the 
threads [3, 4, 5, 6, 7]. Bending sti� ness was accounted for in the work by 
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Golebiowski et al. [8] and by Botta et al. [9]; the latter research showed 
that, within the modeling assumptions for the threads bending sti� ness, its 
e ect on the deployment dynamics was appreciable, but the capture success 
remained una ected [9]. 

For characterizing the net deployment, several authors have proposed per-
formance criteria and have analyzed, by means of simulations, how the net 
geometry, its mass properties, and the deployment initial conditions impact 
on the dynamics. Most authors focused on planar nets [2, 3, 4, 6, 7], whereas 
a few works considered 3D nets [6, 10]. 

The encompassing aim of this paper is to gain further insight and under-
standing into the deployment dynamics of nets in space, flling the gap in 
the analytical results on this subject. Energy and momentum distribution 
in the net are recognized to be the driving factors for a correct deployment. 
Taking this perspective, a conceptual partitioning of the net into the system 
of corner masses and the net proper is proposed. Then, the work-energy and 
linear momentum principles are formulated in terms of velocities of the cor-
responding centers of mass of these two subsystems and used to obtain novel 
analytical results characterizing the response of the net during deployment. 
This allows to determine in a formal way what confguration and ejection 
parameters govern the deployment dynamics, as well as to gain additional 
insight into the process. The analytical work is supplemented with numerical 
simulation, that contributes to the validation of the fndings, the visualiza-
tion of the deployment sequence, and the study of the e ect of the identifed 
parameters on the quality of deployment. 

The structure of the paper is as follows. In Section 2, the net under 
consideration and its standard lumped-parameter model are presented briefy. 
Section 3 deals with the analytical derivation of relationships between energy 
and momentum, and the centroidal velocities of the net proper and corner 
masses; general ejection conditions for the net and corner masses are dealt 
with, so that di� erent initial deployment scenarios can be studied as special 
cases of the presented results. Section 4 presents the equations of motion for 
simulation of the dynamics and collects numerical results, useful to validate 
the model and the analytical observations, and to acquire understanding of 
the deployment dynamics; Section 5 compares the fndings of this work to the 
existing literature and presents the main results of a sensitivity study. Section 
6 concludes the paper by identifying the contributions of this research. 
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Figure 1: Example of considered net confguration [9]. 

2. Geometry and model of net 

The unforced fully opened geometry of the considered net is planar and 
square; the net has a square mesh and four corner threads that link each of 
the corners of the net to a corner mass (see an example in Fig. 1). During its 
deployment, the net passes from a planar and partially closed confguration 
at ejection (i.e., at the instant t = 0) to a 3D deployed confguration for 
t > 0, as illustrated in Fig. 2. 

In this research, the net is modeled based on a standard lumped-parameter 
approach: the mass of the net is lumped into point masses located at the 
net knots and in the four corner masses, and the axial sti� ness and damping 
properties of the threads are modeled with springs and dampers in parallel; 
however, models that allow to account for the bending sti� ness of the threads 
have also been developed (as explained in reference [9]). 

The net proper is defned as the set of N nodes of the net, corner masses 
excluded (N = 36 in the example in Fig. 1). The mass of each node of the 
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Figure 2: Illustration of net deployment process. 

net proper mj for j = 1, ..., N is defned as: 

X mk 
mj = (1) 

2 
k∈Kj 

where mk is the mass of the k-th thread and Kj indicates the set of threads 
connected to the j-th node. If mCT is the mass of a corner thread and mCM 

is the mass of each of the physical corner masses, the mass lumped in the 
four corner masses in the model is said to be mi for i = N + 1, ..., N + 4: 

mi = mCM + mCT /2 (2) 

The connections among the net nodes and the corner masses are de-
fned upon numbering of nodes and threads and the automated creation of 
a connectivity table. For further details, the reader is referred to one of our 
previous works [9]. 

3. Net deployment analysis 

This section presents analytical derivations pertaining to the net deploy-
ment dynamics, based on linear momentum and work-energy balances, and 
leading to relationships between the velocity of the centers of mass of the net 
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proper and of the corner masses, respectively. It should be noted that the 
work-energy and momentum principles are not used to develop the equations 
of motion for the system; rather, they are formulated in such a way so as to 
establish relations between the motion of the center of mass of the net proper 
and that of the center of mass of the corner masses1 . 

The analysis is carried out for an ejection where initial velocity is imparted 
to both the corner masses and the net proper; the results for the case in which 
the corner masses alone cause the net deployment (which is the condition 
most often simulated) can be obtained as a special case. The analytical 
results of this Section will be validated through numerical simulation of the 
deployment of a net in microgravity and vacuum conditions in Section 4.4. 

3.1. Assumptions and defnitions 

Let us frst state the assumptions made on the system and on the initial 
conditions of its deployment: 

1. The net shape is symmetrical. 

2. The inertia properties of the net system are modeled according to a 
lumped mass approach. 

3. The ejection of the net and of the corner masses is assumed to be 
symmetrical (i.e., the initial conditions are symmetrical). 

4. The net is initially slack. 

Assumptions 1 and 3 are justifed by the fact that symmetry in the shape of 
the net and in the deployment process are expected to help the net-based cap-
ture of debris. Assumption 2 simplifes the analysis and is consistent with the 
majority of works on tether-nets for ADR, in which lumped-parameter formu-
lations are used to achieve a trade-o between accuracy and computational 
eÿciency. Assumption 4 is reasonable in light of the fact that, before ejec-
tion, the net is stowed in a container (therefore its threads are unstretched) 
and the threads of the net cannot resist compression. 

1Note that the corner masses are modeled as particles. The center of mass of the 
corner masses refers to the center of mass of all four corner masses, treated as a system 
of particles. 
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Let us call Mc the total mass of the corner masses and Mnet the total 
mass of the net proper, defned as: 

N+4 
X 

Mc = mi (3) 
i=N+1 

N 
X 

Mnet = mj (4) 
j=1 

The total mass of the system is M = Mc + Mnet. Finally, let v̄  c denote the 
velocity of the center of mass of the corner masses and v̄  net the velocity of 
the center of mass of the net proper. These defnitions will be employed 
extensively in the rest of this paper. The introduced quantities are indicated 
in Fig. 2 in order to help their visualization. 

3.2. Work-energy and linear momentum principles 

Let us defne p as the linear momentum of the system composed of the net 
proper and corner masses and p0 its value at time of net ejection t = 0. Let 
us also call E the total mechanical energy of the system and E0 its initial 
value. Since no external forces are applied to the net and corner masses 
during the deployment phase under consideration, the linear momentum of 
the net is conserved and the work of non-conservative forces is the work done 
on the system by the dampers from t = 0 to time t, indicated with Wd,0−t. 
Then, at every instant t the linear momentum balance and the work-energy 
balance read as: 

p(t) = p0 (5) 

E(t) = E0 + Wd,0−t (6) 

The total mechanical energy can be decomposed into kinetic energy T and 
elastic potential energy V : E(t) = T (t) + V (t). Because of the symmetri-
cal confguration of the system (i.e., assumption 1) and symmetrical initial 
conditions (i.e., assumption 3), symmetry is expected to be preserved during 
the whole deployment phase. Also, due to assumption 3, the corner masses 
and the net nodes will have generic but symmetric velocities; hence, the only 
non-zero component of the velocity of their centers of mass will be that in 
the direction of the axis of symmetry, herein called direction of deployment, 
parallel to the z-axis (see also the illustration in Fig. 2). As a consequence, 
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the linear momentum equation (5) of the system reduces to a scalar equation 
in the direction of deployment. Using the defnitions in Section 3.1, the scalar 
equation for the conservation of linear momentum at time t can be written 
as: 

Mcv̄  c(t) + Mnetv̄  net(t) = p0 (7) 

where p0 is the initial momentum in the direction of deployment. Similarly, 
Eq. (6) can be reformulated by separating the kinetic energy into subcom-
ponents associated with the motion of the centers of mass of the net proper 
and of the corner masses, as: 

1 2 1 2Mcv̄ (t) + Mnetv̄ (t) + "(t) = E0 (8) c net 2 2 

The term "(t) collects the contributions due to the kinetic energy of each of 
the corner masses relative to the center of mass of the corner masses, the 
kinetic energy of each of the net nodes relative to the center of mass of the 
net proper, the elastic potential energy of the net and of the corner threads, 
and the work done by the dampers. By defnition "(t) ≥ 0. 

At ejection, initial velocity is imparted to the corner masses with a cer-
tain inclination from the direction of deployment, in order to facilitate the 
net deployment; additionally, a non-zero initial velocity can be given to the 
net proper parallel to the net ejection direction. If v̄  c,0 and v̄  net,0 are the 
velocities of the centers of mass of the corner masses and of the net proper 
at ejection, the expressions for the initial linear momentum and the initial 
total mechanical energy are: 

p0 = Mcv̄  c,0 + Mnetv̄  net,0 (9) 

E0 =
1 
Mcv̄

2 +
1 

v 2 + " 0 (10) 
2 c,0 2 

Mnet ̄  net,0 

with the initial value of "(t), " 0, due only to the initial motion of the nodes 
relative to the centers of mass, in light of assumption 4. It is noted that 
" 0 depends on the inclination of the ejection velocities with respect to the 
direction of deployment (i.e., on angle � in Fig. 2). 

3.3. Solution for centroidal velocities 

In this section, the linear momentum conservation statement of Eq. (7) 
and the work-energy balance of Eq. (8) will be utilized to obtain a solution 

8 



 

� 

for the centroidal velocities at various milestones in the deployment process. 
From Eq. (7), it is determined that: 

p0 − Mcv̄  c(t) 
v̄  net(t) = (11) 

Mnet 

and, substituting this expression in Eq. (8), a quadratic equation in v̄  c(t) is 
obtained: 

av̄  c 
2(t) + bv̄  c(t) + c(t) = 0 (12) 

where the coeÿcients are defned as: 
! 

1 Mc 
a = Mc 1 + (13) 

2 Mnet 

Mc
b = − p0 (14) 

Mnet 

1 p2 

c(t) = 0 − E0 + "(t) (15) 
2 Mnet 

Making use of the total mass of the system M and with simple algebra it 
can be shown that the discriminant � is equal to: 

�("(t)) = b2 − 4ac(t) = (16) 
� �2 2McM � � 

= Mc 
2 v̄  c,0 − v̄  net,0 + " 0 − "(t)

Mnet 

For Eq. (12) to have physical solutions, the discriminant �("(t)) must be 
positive defnite. This establishes an upper bound on the total amount of 
energy that can be dissipated by the dampers, stored in the springs, and 
transformed into kinetic energy relative to the centers of mass: 

MnetMc �2 
"(t) ≤ v̄  c,0 − v̄  net,0 + " 0 = " max (17) 

2M 

which we note is a function of ejection conditions and mass parameters only. 
With condition (17) imposed, solutions for v̄  c(t) and v̄  net(t) are found from 
Eqs. (12) and (11), and upon simple manipulation they can be stated as: 

pp0 Mnet 
v̄  c(t) = ± �("(t)) (18) 

M MMc 

p0 1 p 
v̄  net(t) =   �("(t)) (19) 

M M 
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"(t) v̄c(t) v̄net(t) 

0 p0 
M 

q 

± Mnet 2M(v̄c,0 − v̄net,0)2 + " 0M McMnet 

p0 
M 

q 

  Mc 2M(v̄c,0 − v̄net,0)2 + " 0M McMnet 
( ( 

" min 
v̄c,max 

v̄c,min 

or v̄net,min 

v̄net,max 

or 

( ( 

" 0 
v̄c,0 or 
� � 

Mc (1 − Mnet )v̄c,0 + 2Mnet v̄net,0M Mc Mc 

v̄net,0 or 
� � 

Mc vc,0 − (1 − Mnet 2¯ )v̄net,0M Mc 

" max p0/M p0/M 

Table 1: Velocity of centers of mass of corner masses and of net proper, for noteworthy 
values of "(t). 

Equations (18) and (19) make explicit the relationship between "(t) (through 
the discriminant �) and the velocities of the centers of mass of the net proper 
v̄  net(t) and of the corner masses v̄  c(t). 

Analysis of extremum conditions provides further insight into the limiting 
values that these quantities can take in time. By di� erentiating Eqs. (7) and 
(8), one can obtain: 

Mc v̇̄ c(t) + Mnetv̇̄net(t) = 0 (20) 

Mcv̄  c(t)v̇̄ c(t) + Mnetv̄  net(t)v̇̄net(t) + "̇(t) = 0 (21) 

At the extremums of "(t), "̇(t) = 0 and substituting v̇̄ c(t) as per Eq. (20) in 
Eq. (21) yields: 

� � 

Mnetv̇̄net(t) v̄  net(t) − v̄  c(t) = 0 (22) 

The frst solution of the above, v̄  net(t) = v̄  c(t), corresponds to a condition 
where �("(t)) = 0, as evident from Eqs. (18) and (19); according to in-
equality (17), this corresponds to "(t) = " max. Hence, the second solution 
of Eq. (22), v̇̄net(t) = 0, corresponds to a condition where "(t) = " min, 
�("(t)) = �max, and according to Eq. (20), v̇̄ c(t) = 0: this means that, 
when "(t) is at its minimum, v̄  c(t) and v̄  net(t) are both at their extremums 
(if one is at its maximum, the other is at its minimum, and vice versa). 

Expressions for v̄  c(t) and v̄  net(t) for some notable values of "(t) are col-
lected in Table 1. The case "(t) = 0 indicates a condition where all the 
available energy is in the kinetic energy of the centers of mass of the cor-
ner masses and of the net proper. This condition is very unlikely to be 
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achieved in the deployment time frame, but it yields lower and upper bounds 
on the values of v̄  c(t) and v̄  net(t); notice that the signs of v̄  c(t) and v̄  net(t) 
solutions are inverted: when v̄  c(t) is maximum, v̄  net(t) is minimum, and con-
versely. The case "(t) = " max represents one of the extremum conditions 
discussed above, corresponding to �("(t)) = 0: the center of mass of the 
corner masses and the center of mass of the net proper move at equal veloc-
ities v̄  c(t) = v̄  net(t) = p0/M . The other extremum condition, "(t) = " min is 
also reported: it leads to extremum solutions for v̄  c(t) and v̄  net(t), as was also 
previously mentioned. For "(t) = " 0, two solutions can be obtained from (18) 
and (19): one corresponds to the initial condition; the other is the realistic 
solution for "(t) = " 0 at t > 0. In the deployment situation where initial ve-
locity is imparted just to the corner masses, corresponding analytical results 
can be obtained as a particular case of those in Table 1, by setting v̄  net,0 = 0. 

By analyzing Table 1, it can be observed that dependency on the initial 
momentum of the system p0 and total mass M is found, as was foreseeable, 
for all conditions subsequent to the initial ejection; the ratio of the mass of 
the net proper to that of the corner masses Mnet/Mc and other mass ratios 
also appear in multiple expressions; additionally, the bounds for v̄  c(t) and 
v̄  net(t) depend on " 0, ultimately on the magnitude and direction of the initial 
velocity imparted to the system. All these quantities can be used as design 
parameters for the system, in order to optimize its deployment and ease 
the capture of debris. Further reasoning on the design parameters will be 
provided in Section 5. 

4. Numerical simulation 

Numerical simulation of the equations of motion for net deployment in 
0g environment is used to validate the analytical results derived in Section 
3 (which will be the subject of Section 4.4), as well as to gain insight into 
the deployment dynamics (in Section 4.5), and to identify key parameters 
that guide it. To this end, the equations of motion for the net model and 
their simulation in Matlab is presented in Section 4.1. The parameters used 
in simulations in this paper are presented in Section 4.2. In order to have 
confdence in the numerical tool, validation of the tool itself is performed 
beforehand (in Section 4.3). 
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4.1. Equations of motion 

The equations of motion of the system are obtained by writing Newton’s 
second law for each of the N + 4 lumped masses, subject to external forces 
and tensions of the threads. For the i-th lumped mass, for i = 1, ..., N + 4: 

Si 
X X 

miai = (±Tk) + Fext,s (23) 
k∈Ki s=1 

where ai is the absolute acceleration of the i-th node, Tk is each of the 
tension forces in the threads adjacent to the i-th node (belonging to the set 
Ki), and Fext,s is each of the Si external forces on the i-th mass. External 
forces might include gravitational forces, when present, applied forces (for 
example as produced by a closing mechanism), and contact forces. 

The tension in each thread of the net Tk for k = 1, ..., NT is defned with 
a non-linearization of the well-known Kelvin-Voigt model, in order to take 
into account the fact that the threads cannot withstand compression: 

( 

Tkek if (lk > lk,0) ∧ (Tk > 0) 
Tk = (24) 

0 if (lk ≤ lk,0) ∨ (Tk ≤ 0) 

In this expression, lk is the length of the k-th thread, lk,0 is its unstretched 
length, NT is the number of threads in the net system including the corner 
threads (i.e., NT = 64 in the example in Fig. 1), and Tk is defned according 
to the Kelvin-Voigt model: Tk = kk(lk − lk,0) + ckvr,k, with kk = EnetAk/lk,0 

and ck = 2˘kk/!n1 the sti� ness and damping coeÿcients, and vr,k the pro-
jection of the relative velocity of the thread end nodes in the thread axial 
direction ek. The Young’s modulus of the net material is indicated with Enet, 
Ak is the cross section of the k-th thread, ˘ is the chosen axial damping ratio, 
and !n1 is the frst natural frequency of the net. The thread axial direction ek 

is defned using information in the connectivity table introduced in Section 
2. 

The equations of motion (23) are implemented in Matlab and solved as 
a system of Ordinary Di� erential Equations (ODEs) using a built-in Runge-
Kutta integration scheme with a variable time step. 

4.2. Simulation parameters 

The properties of the net employed in simulations are given in Table 
2. With these properties, the mass of the net proper is Mnet ≈ 0.3 kg for 
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Parameter Validation Sensitivity study 
(Sec. 4) (Sec. 5) 

L (m) 5 5 
lmesh (m) 1 0.5 
lCT (m) 1.4142 0.7071 
(-) 0.25 0.25 

mCM (kg) 0.5 parameter 
rnet (m) 0.001 0.001 
rCT (m) 0.002 0.002 
Enet (GPa) 70 70 
ˆnet (kg/m

3) 1390 1390 
ˆCM (kg/m

3) 2700 2700 
˘ (-) 0.106 0.106 
ve (m/s) 2.5 parameter 
� (◦) 36.87 parameter 

Table 2: Geometry, mass and material properties of the simulated net, and initial condi-
tions for its deployment. 

simulations of Section 4 and Mnet ≈ 0.5 kg for simulations of Section 5. In 
the considered deployment scenario, the net is partially closed at ejection 
(i.e., the nodes are placed at a distance of times the mesh length, with 
0 < < 1), and is deployed with the initial velocities defned in the inertial 
reference frame indicated in Fig. 1 as follows: 

vj,0 = [0 0 − vz/2]
T j = 1, ..., N (25) 

vN+1,0 = [−vx − vy − vz]
T (26) 

vN+2,0 = [ vx − vy − vz]
T (27) 

vN+3,0 = [−vx vy − vz]
T (28) 

vN+4,0 = [ vx vy − vz]
T (29) 

√ 
with vx = vy = ve sin �/ 2 and vz = ve cos �, � being the shooting angle, i.e. 
the angle between the initial velocity vector and the direction of deployment 
(see its illustration in Fig. 2), and ve the magnitude of the corner masses 
ejection velocity. It should be noted that, although vx = vy is chosen here 
for maintaining central symmetry during the deployment (for ADR mission 
purposes), this condition is not necessary for the validity of the analysis. 
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4.3. Verifcation of the numerical tool 

Verifcation of the numerical tool for simulation of the net deployment 
dynamics in 0g and vacuum environment is achieved by evaluating the work-
energy and the linear momentum balances for the deployment simulation 
results. 

The linear momentum conservation was already stated in Eq. (5) and 
the work-energy balance can be written for each time t as: 

E0 = T (t) − W (t) (30) 

The above is a slightly di� erent, but equivalent statement of the work-energy 
balance from that used earlier, Eq. (6): the work of the elastic forces is now 
accounted for in the work term W (t) instead of the potential energy term, 
for reasons elucidated later in this section. The two components T (t) and 
W (t) are computed separately using: 

N N+4 
X X 11 2 2T (t) = mj vj (t) + mivi (t) (31) 

2 2 
j=1 i=N+1 

Z NTt 
X 

� � 

W (t) = Tk(˝) · v1,k(˝) − v2,k(˝) d˝ (32) 
0 k=1 

where in the work of the tensile forces in the threads the indices 1 and 2 
denote the two end nodes of the k-th thread, as defned by the connectivity 
table mentioned in Section 2. 

The reason for including the work of elastic forces in the work term (32) 
is that the use of potential energy to account for the work done by the 
elastic component of the tension forces does not provide the correct formu-
lation of the work-energy balance when damping is modeled in the threads. 
This occurs because the defnition of elastic potential energy is not consis-
tent with non-linearized Kelvin-Voigt model of tension (i.e., Eq. (24)). Fig. 
3(a) illustrates how as a result of the non-linearization incurred when ten-
sion becomes compressive but the thread is elongated, as can happen for 
kk(lk − lk,0) < ckvr,k, some energy stored in the spring (shown in grey) is lost 
during recovery of the unstretched length and therefore appears as dissipated 
through the elastic component of tension. This amount of energy is small 
compared to the dissipation of the dampers, but not negligible, as shown in 
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Figure 3: a) Hysteresis loops for Kelvin-Voigt model with damping. Blue line: for structure 
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b) Energy dissipated due to the elastic and dissipative components of the tension in the 
threads. 

Fig. 3(b). The two work terms illustrated in Fig. 3(b) are computed by 
separating the work defnition into two components, 

Z t NT 
X 

� � � � 

We(t) = kk lk(˝) − lk,0 ek(˝) · v1,k(˝) − v2,k(˝) d˝ (33) 
0 k=1 
Z NTt 
X 

� � 

Wd(t) = ckvr,k(˝)ek(˝) · v1,k(˝) − v2,k(˝) d˝ (34) 
0 k=1 

each evaluated consistently with the model of tension as per Eq. (24), i.e., 
corresponding work is incurred when the tension force is positive and the 
thread is elongated. 

Post-processing of the numerical integration results allowed to verify the 
work-energy and the linear momentum balances, apart from small drifts due 
to the numerical integration: for 6 s of simulation with the Runge-Kutta 
4th/5th order predictor/corrector method and a tolerance of 10−6 , the rela-
tive error for E(t) was of 4 × 10−7 , and the absolute error for the di� erent 
components of the linear momentum was on the order of 10−15 kg-m/s. 
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4.4. Validation of analytical observations 

With the numerical tool verifed, the deployment simulations can be used 
to confrm the outcome of the analysis of Section 3. This is done in Fig. 4 
using simulation of deployment with initial velocities as defned with Eqs. 
(25) to (29) and the data in Table 2: the frst plot presents the velocity 
profles for the center of mass of the corner masses v̄  c(t) and of the net 
proper v̄  net(t); the upper and lower bounds for both quantities, computed 
as indicated in the frst line of Table 1, are drawn with horizontal dashed 
lines. The di� erence v̄  c(t) − v̄  net(t) is depicted in the second plot of Fig. 4, 
whereas the third plot presents "(t) during the deployment, together with its 
maximum value " max, computed as per Eq. (17), and its initial value " 0. 

A few observations can be drawn from Fig. 4 and allow us to validate the 
expressions collected in Table 1. First, the limiting values for v̄  c(t) and v̄  net(t) 
are never attained, and accordingly, "(t) is never zero. Second, it is clear that 
the situation when "(t) = " min corresponds to the instant when v̄  c(t) and 
v̄  net(t) are at their extremums, and the di� erence v̄  c(t) − v̄  net(t) is maximum 
(see the vertical dash-dot line and the triangles in Fig. 4). The times at which 
the centroidal velocities take values defned in Table 1 for "(t) = " 0 were 
identifed and marked with circles and black vertical lines in the plots: this 
confrmed the correspondence with the condition "(t) = " 0 at t > 0. Finally, 
"(t) is never higher than " max, which validates expression (17). The instant 
when "(t) = " max is indicated with a square and a black dashed vertical line in 
the plots and corresponds to the time when v̄  c(t) = v̄  net(t) = p0/M = −1.868 
m/s: observe that this value is exactly in the middle of the velocity bounds 
and whenever " diminishes, the centroidal velocities approach their bounds 
(one its minimum, the other its maximum). It is also observed that after "(t) 
reaches its maximum, v̄  net/v̄  c becomes larger than 1: therefore, the center of 
mass of the net proper may overtake the center of mass of the corner masses. 

The analogous plots for the case in which only the corner masses are 
ejected and drive the net deployment were created and validated the analyt-
ical fndings. In this case too, it is found that the center of mass of the net 
may overtake the center of mass of the corner masses during deployment. 

Finally, a validation was performed for the deployment of a net with 
consideration of the bending sti� ness of the threads. In this case, a simulator 
based on a lumped-parameter model of the net augmented with bending 
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sti� ness and implemented in Vortex Dynamics2 was used (this simulator is 
described and validated in reference [9]). The results in Fig. 5 confrm the 
validity of the analysis for general modeling of the sti� ness of the net threads, 
which is expected as there is no dependence of "(t) on the specifcs of the 
elastic potential energy. 

4.5. Deployment simulation results 

In the following are reported results of net deployment simulations with 
initial velocity imparted to both the corner masses and the net proper, and 
to the corner masses alone, as per Eqs. (25) to (29). Screenshots of the 
deployment phase shown in Fig. 6 demonstrate di� erent deployment dy-
namics for the two scenarios: in the frst case, the net proper travels in the 
deployment direction from the start; in the second, it moves only after ten-
sioning of the threads; on the other hand, due to the higher relative velocity 
between the net and the corner masses, the net opens sooner in the second 
case. Notwithstanding the di� erences, in both simulations it is recognized 

2Vortex 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. A 
free version of the software is available for research purposes. 
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that, after deployment is completed, the net overtakes the corner masses, as 
was also suggested by the results of Section 4.4, unlike what was stated in 
previous research [5]. 

The same observations are confrmed by Fig. 7, which compares the 
distances traveled by the centers of mass of the net proper and of the corner 
masses in the two cases, as well as the evolution of the mouth area in time. 
Fig. 7(a) demonstrates that in the frst part of the simulation, approximately 
until the net reaches its maximum mouth area, the center of mass of the net 
proper is behind that of the corner masses; after that time the net overtakes 
the corner masses. Also, it is ascertained that, in the initial stage of the 
deployment, while the corner threads are slack, the motion of the corner 
masses is the same in both cases, whereas the center of mass of net proper 
moves in one case and remains still in the other. 

Multiple researchers have used the net mouth area as a metric for describ-
ing their deployment [4, 7, 11]. In this work, the net mouth area is defned 
as the area of the projection of the nodes of the mouth section on the x − y 
plane, as in our previous work [9]. From Fig. 7(b), it is seen that, if velocity 
is given to the net proper too, it takes more time for the net to start opening, 
and that the maximum value of mouth area is slightly lower, although it is 
reached somewhat earlier. The e ective period, defned by Shan et al. [7] 
as the amount of time for which the mouth area is more than 80% of the 
nominal mouth area, is 0.9 s if velocity is given to both the corner masses 
and the net proper, as compared to 1.1 s for the case of velocity given to the 
corner masses alone. Although the specifc values would vary depending on 
the ejection velocities, as well as on the net size, mass, and mesh properties, 
these results suggest that ejection of the corner masses alone leads to a more 
complete and more lasting deployment. 

5. Sensitivity study 

From the expressions derived in Section 3, it is observed that the motion 
and confguration of the net during deployment depend on a few parameters 
that can be related to the mass properties of the system and to the initial 
conditions. For example, " max depends on " 0, ultimately on the masses of the 
net and the corner masses, and on the magnitude and direction of the initial 
velocity. In Table 1, the dependence on the mass properties of the system 
appears in terms Mc/M , Mnet/M , and Mnet/Mc. However, it is likely that 
Mnet will be determined by requirements on the confguration of the net and 
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its material, that must guarantee envelopment of the target, withstand the 
capture loads, and contain pieces of debris possibly created during capture, 
thus leaving Mc as the design parameter for the deployment. Also, our results 
of Section 4.5 indicate that ejection of the corner masses alone leads to a more 
complete and more lasting deployment; therefore, the condition v̄  net = 0 is 
preferred. The remaining parameters governing the deployment dynamics of 
nets in space can be reduced to: 

ve the magnitude of the corner masses absolute ejection velocity; 

� the shooting angle; 

Mc/M the ratio between the mass of the corner masses and the total mass. 

A sensitivity study showing how these parameters impact on the deploy-
ment dynamics is presented in the following, together with a comparison 
with similar works in the literature. The main attributes of existing studies 
on the subject are summarized in Table 3. From this table, it is clear that 
the analytical derivation in Section 3 justifes many of the studies presented 
in the literature: there is agreement on the importance of ve, �, and Mc/M 
(or mCM ) in the deployment dynamics. Some authors have also studied the 
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Investigated parameters 

Mc/M 
Authors ve � (or n c 

mCM ) 

Present study x x x 

Shan et al. [7] x x x 

Salvi [6] x x x x 

Wormnes et al. [5] x x x 

Lavagna et al. [10] x x x 

Chen and Yang [3] x x 

Table 3: Summary of existing studies on the e ect of parameters on the quality of the 
deployment of nets in space. 

infuence of the axial damping in the net threads c, and of the mesh number 
n (i.e., the number of meshes in the net). 

Multiple criteria to describe the quality of deployment have been proposed 
in the literature, but we suggest that they can be collected in three categories: 

(i) Maximum achievable deployment with respect to the nominal mouth 
area (for planar nets) or net volume (for 3D nets). The specifc measure 
employed in this study is Amax/L

2 , i.e., the maximum ratio between 
the mouth area achieved during deployment and the nominal mouth 
area. 

(ii) Distance traveled by the net when the maximum deployment is achieved. 
In this sensitivity study, the employed measure is the distance traveled 
by the center of mass of the net proper when the maximum mouth area 
is reached. 

(iii) E ective period, i.e., the period for which the net remains suÿciently 
open for successful capture. The exact measure used here is the time 
for which the mouth area is larger than 80% of its nominal value. 

The numerical results of the sensitivity study are collected in Fig. 8, for 
the net described in Table 2 (chosen of dimensions similar to other studies) 
and with initial velocity imparted to the corner masses only. For computa-
tional eÿciency reasons, a model equivalent to that presented in Section 2, 
but implemented in Vortex Dynamics was used to obtain the results in this 
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section: the equivalence of the two simulation tools was demonstrated in pre-
vious work [9]. Performance criteria (ii) and (iii) are particularly interesting 
from the point of view of safe and reliable capture of debris. Numerical results 
for performance criteria (i) are included to support the observations on the 
e ect of the di� erent deployment parameters on the maximum deployment. 

Table 4 proposes a comparison of the fndings of existing studies and of 
the current research. Whereas the conclusions of our research are derived 
from our own sensitivity study (supported by Fig. 8), the remaining infor-
mation is inferred from graphs and discussions from available literature. The 
comparison of the fndings is not easy, not only because of the di� erent net 
confgurations considered, but also because di� erent methodologies are used, 
diverse ranges for the parameters are chosen, and the employed performance 
criteria are computed in di� erent ways: for example, the deployment area is 
computed as the area of a rectangle defned by the position of the four corner 
masses by Shan et al. [7], whereas it is defned here as the area of the polygon 
created by projecting on the x−y plane the nodes on the perimeter of the net. 
In some papers, the performance criteria contain information on more than 
one of the criteria that we identifed: for example, Salvi employed a capture 
distance tolerance criterion, that contains information on both the traveled 
distance and the e ective period [6]. Finally, some authors provided sugges-
tions on preferred values for these parameters, but did not study specifcally 
how these impact on the deployment: for example, Wormnes et al. proposed 
as low as reasonable ve, mass ratios on the order of 0.2, and � such that the 
net is at its maximum deployment just before capture [5]. 

Notwithstanding the diÿculties in the comparison of the results, overall 
agreement on the following fndings was found: 

• The extent of the maximum deployment is positively a ected by in-
creasing Mc/M and using moderate � (see Fig. 8(a) and (b)). From 
our sensitivity study, it is found that there is a lower limit to the mass 
ratio Mc/M for a successful deployment (i.e., reaching Amax/L

2 > 0.8 
and non-zero e ective period); however, we also noticed that increasing 
Mc/M over a certain limit does not improve the quality of deployment. 
Di� erently from us, Shan et al. saw an increase in the maximum de-
ployment area as � is increased [7]. All studies considering variation 
of ve found that it barely has any e ect on the maximum deployment; 
this is confrmed in Fig. 8(a) and (b). 

• The traveled distance decreases notably when � is increased, whereas 
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it does not depend sensibly on ve nor on Mc/M . The e ect of � and ve 

is shown in Fig. 8(e). 

• The e ective period decreases noticeably as ve increases (see Fig. 8(c) 
and (d)). It also decreases rapidly as Mc/M increases beyond 0.7 (as 
shown in Fig. 8(c)) and depends strongly on �, especially at low ve 

(as shown in Fig. 8(d)): in our study, it increases up to � ≈ 20◦ , then 
decreases. The existence of optimal values of the shooting angle was 
observed by other authors too [6, 10]. Salvi concluded that the capture 
distance tolerance is higher for moderate values of Mc/M . On the other 
hand, the e ect of Mc/M and � could not be properly appreciated by 
Shan et al. because only a high value of ejection velocity (ve = 10 m/s) 
was employed in their evaluations [7]. 

It should be noted that the same sensitivity analysis was performed for a 
larger net (20×20 m2 , with 0.5 m mesh length), and provided qualitatively 
the same results as those for the smaller net employed here. 

6. Conclusion 

This work investigated the fundamentals of the deployment dynamics of 
nets in space by combining analytical observations and numerical simula-
tions. Although numerical simulations have been performed in prior work, 
no derivation of the key parameters that infuence the net behavior was found 
in literature. The prime contribution of this paper is the analytical deriva-
tion of these parameters, of limiting values for the velocities of the centers of 
mass of the corner masses and of the net proper, and of relationships between 
these and di� erent energy contributions. 

Energy and momentum principles were used to obtain expressions for the 
centroidal velocities at several milestones in the deployment process, defned 
by an energy quantity for the system ("). It was found that limits exist on 
the achievable velocities and on the amount of energy that can be stored in 
the threads, dissipated, and transformed into kinetic energy relative to the 
centers of mass; the limits depend exclusively on the mass properties of the 
system and on initial conditions. The analysis allowed to determine in a 
formal way the key parameters that govern the deployment dynamics: the 
total mass of the system, the ratio between the mass of the corner masses 
and the net proper (or the total mass), the magnitude and direction of the 
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Authors 

Present study 

Shan et al. [7] 

Salvi [6] 

Lavagna et al. [10] 

Present study 

Shan et al. [7] 

Salvi [6] 

Lavagna et al. [10] 

Chen and Yang [3] 

Present study 

Shan et al. [7] 

Salvi [6] 

Lavagna et al. [10] 

Max. Traveled E ective 
Values 

deployment distance period 

E ect of increasing ve [m/s] 

0.5 - 10 Small e ect Small e 

10 - 28 Small e ect Small e 

Small e 
0.1 - 10 Small e ect 

Optimum 
5 - 20 

solution: 9 m/s 

E ect of increasing � [◦] 

Increases till ∼ 
10 - 70 20◦ , then 

decreases 

35 - 70 Increases 
Increases till ∼ 

5 - 50 40◦ , then 
decreases 
Optimum 

1 - 45 
solution: 20◦ 

Area when net has traveled 30 m 
10 - 45 increases till ∼ 20◦ , then Not studied 

decreases 

E ect of increasing Mc/M [-] 

0.27 - 0.95 

0.89 - 0.98 

0.1 - 0.95 

0.75 - 0.98 

Table 4: Summary of fndings on the e 
dynamics. 
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ect of the di� erent parameters on the deployment 
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initial velocities. Being intuitive, similar or identical parameters were used 
in the previous independent sensitivity studies. 

Numerical simulation based on both a standard lumped-parameter model 
of the net and on a lumped-parameter model augmented with bending sti� -
ness of the net threads were employed to validate the analytical observations 
and confrmed that the fndings are valid notwithstanding the sti� ness model-
ing choices. Numerical simulations confrmed the possibility that the net may 
overtake the corner masses upon deployment if initial velocity is imparted to 
the corner masses only, and revealed that this behavior persists if velocity 
is imparted to the net proper too. Additionally, it was observed that more 
complete and lasting deployment of the net is achieved if the corner masses 
alone are actively ejected. In the process of verifcation of the numerical tool, 
it was noticed that the defnition of elastic potential energy is not consistent 
with non-linearized Kelvin-Voigt model of tension, due to the partial loss of 
the energy stored in the spring during recovery of the unstretched length. 

A sensitivity study on the deployment dynamics showed that the key pa-
rameters identifed through the analytical study impact the quality of the 
deployment variably. A comparison between this work and studies in the 
literature confrmed overall agreement on the importance and e ect of the 
main deployment parameters. More lasting deployment and safer (i.e., char-
acterized by larger traveled distance) capture can be obtained by employing 
corner masses such that 0.4 < Mc/M < 0.7, shooting angles on the order of 
20◦ , and shooting velocities on the order of 1 m/s. Although this study was 
performed for a small net, similar fndings were obtained for larger nets. 
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