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Abstract 

This research addresses the design and testing of a debris containment system 
for use in a tether-net approach to space debris removal. The tether-net 
active debris removal involves the ejection of a net from a spacecraft by 
applying impulses to masses on the net, subsequent expansion of the net, 
the envelopment and capture of the debris target, and the de-orbiting of 
the debris via a tether to the chaser spacecraft. To ensure a debris removal 
mission’s success, it is important that the debris be successfully captured 
and then, secured within the net. To this end, we present a concept for a 
net closing mechanism, which we believe will permit consistently successful 
debris capture via a simple and unobtrusive design. This net closing system 
functions by extending the main tether connecting the chaser spacecraft and 
the net vertex to the perimeter and around the perimeter of the net, allowing 
the tether to actuate closure of the net in a manner similar to a cinch cord. A 
particular embodiment of the design in a laboratory test-bed is described: the 
test-bed itself is comprised of a scaled-down tether-net, a supporting frame 
and a mock-up debris. Experiments conducted with the facility demonstrate 
the practicality of the net closing system. A model of the net closure concept 
has been integrated into the previously developed dynamics simulator of 
the chaser/tether-net/debris system. Simulations under tether tensioning 
conditions demonstrate the effectiveness of the closure concept for debris 
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containment, in the gravity-free environment of space, for a realistic debris 
target. The on-ground experimental test-bed is also used to showcase its 
utility for validating the dynamics simulation of the net deployment, and a 
full-scale automated setup would make possible a range of validation studies 
of other aspects of a tether-net debris capture mission. 

Keywords: Space debris, debris removal, tether-net, closing mechanism, 
on-ground test-bed, experiments, deployment dynamics. 

1. Introduction 

1.1. Background 

Debris in space, such as disabled satellites, is a growing problem that can 
cause catastrophic damage to operational spacecraft in case of a collision. 
Over 5000 satellites have been launched into orbit, with approximately 1000 
currently in active operation [1, 2]. International guidelines for end-of-life 
management of launched satellites now exist, but are not legally binding, 
and there are many legacy decommissioned satellites remaining in orbit [3]. 
The majority of these satellites are distributed in Low Earth Orbits (LEOs) 
with the highest concentration found at altitudes between 750 and 800 km, 
where satellites travel at over 7 km/s. At these hyper-velocities, impacts may 
cause large objects to fragment into smaller objects, thus further aggravating 
the space debris problem—the phenomenon known as the Kessler Syndrome. 
The current situation is necessitating strategies for Active Debris Removal 
(ADR) [4]: without action, the likelihood of collisions in space will grow 
exponentially over the coming decades, as debris fragments with dangerous 
levels of kinetic energy are scattered through LEOs. 

1.2. Tether-net strategy and mission scenario for ADR 

The use of tether-nets to capture space debris is considered one of the 
more promising strategies for the ADR mission, specifically of large debris. 
The most established concept involves a net that is shot out to deploy and 
envelope large space debris (a defunct satellite, for example), as shown in 
Figure 1, which is then pulled by another spacecraft—the “chaser”—with a 
tether, for a controlled de-orbiting and ultimate re-entry into the atmosphere. 
The actual debris capture system consists of a tethered square net, with sev-
eral masses attached to the net perimeter (corner masses), which are ejected 
from a container in a way that expands the net and then wraps it around the 
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(a) t = 1 s (b) t = 12 s (c) t = 15 s

(d) t = 29 s (e) t = 53 s (f) t = 75 s

Figure 1: Simulation of net deployment and envelopment of rotating debris: (a) net starts 
deploying, (b) sufficient deployment for capture is achieved, (c) net and debris are in 
contact, (d) debris is captured, (e) net slips off the target, (f) net flies away from the 
target. 

debris to be captured [2, 3, 5]. An alternative concept for deploying the net 
without the use of corner masses was recently proposed [6]: it involves inflat-
ing a light tube attached around the mouth of the net with pressurized gas. 
The debris capture in this scenario is achieved by maneuvering the chaser, 
with the deployed net tethered at its mouth, around the debris. With either 
concept, the chaser spacecraft could have several detachable tether-net mod-
ules such that a single launch could result in the de-orbiting of several debris 
objects. The tether-net solution for ADR is considered highly versatile and 
scalable, allowing for the capture of space debris of various sizes, shapes, and 
tumbling motions [7]. 
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1.3. Tether-net simulations 
Interest in research on tether-net simulations for space debris removal 

is relatively recent, but has been increasing. Several studies of this con-
cept have been funded by the European Space Agency (ESA) and include 
extensive simulation development [1, 5, 8] and also experimentation in the 
short-duration 0g environment of parabolic flight. 

An early work on simulation of the deployment of a net in space was 
performed by Chen and Leping [9]. The effectiveness of the deployment of a 
planar net was later analyzed through simulation by Liu et al. [10], and sen-
sitivity analyses were performed by Shan et al. [11]. Bombelli implemented a 
simulator based on the standard lumped parameter approach comprehensive 
of the deployment, capture, and de-orbit phases of a net-based ADR mis-
sion [12]. This simulator was improved by Benvenuto et al., with collision 
detection, more accurate contact models, and control in the de-orbit phase 
[5]. Another simulator implemented by Golebiowski et al. for the deploy-
ment and capture phases was based on Cosserat rod theory to model the net 
threads [13]. The last two simulators have recently undergone validation, 
based on a comparison of the simulated results to data obtained from two 
separate parabolic flight experiments in which the net was shot towards a 
mock-up of Envisat spacecraft [13, 14]. 

Botta et al. have published work dealing with several aspects of the dy-
namics simulation methods for the deployment of the net from a collapsed 
state and its envelopment of the space debris object [15, 16]. These simula-
tions account for the bending stiffness of net threads, the complex impact and 
contact dynamics between the net and the debris, and the physics of space, 
the latter particularly difficult to replicate in experiments on the ground [16]. 
Video stills from a simulation of the net with four corner masses, which are 
given an initial velocity for deployment, are included in Figure 1 to illustrate 
the net deployment over a large rotating space debris. The corner masses 
eject outwards to expand the net and propel it towards the debris; they then 
aid in “wrapping” the net around the debris. In their latest publication [17], 
Botta et al. incorporate into the model the main tether, connected to the 
chaser spacecraft with a winch, and demonstrate how the reeling of the tether 
in or out can affect both the net deployment and its response, while contact-
ing and wrapping around the debris. With or without the main tether in 
the model, these simulations, however, point to the need for a mechanism 
that ensures the debris object remains “wrapped” and the net keeps the de-
bris contained when a tension is applied to the tether to de-orbit the debris, 
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especially for tumbling debris targets [16]. The rotational motion of these 
debris further inhibits the net from securing the debris within, as so vividly 
illustrated by the simulated results in Figure 1. 

1.4. Contributions 

Two objectives are set out for the present manuscript. First, we propose 
the design of a net closing mechanism to secure the net around the tumbling 
debris target in a tether-net debris capture scenario. We present a simple 
net closing concept, referred to as tether-actuated net closing mechanism. 
Differently from other approaches, the actuation of the net closure is accom-
plished through the main towing tether, which functions as a cinch cord by 
extending from the net vertex to and along the perimeter of the net, so that 
pulling on the tether will reduce the perimeter of the net mouth, thereby 
containing the debris within the net. The idea of using the towing tether to 
close the mouth of the net is also described in [6] but with the tether loop-
ing directly around the net mouth, as would be suitable for the concept of 
inflatable tube deployment of the net described in the same reference. The 
basic embodiment of the proposed concept is tested experimentally using an 
on-ground facility, but also demonstrated in simulation, in the gravity-free 
environment, for capture of a realistic large debris. Our second objective is 
to put forward a laboratory-based test-bed suitable for research and exper-
imentation on several aspects of the deployment and capture phases of the 
tether-net debris removal mission. Being a ground-based facility, the test-
bed is operated in the Earth’s gravitational field which in fact, after release 
of the net, ensures the envelopment of the mock-up debris used for the net 
closure experiments. Nevertheless, we contend that the test-bed can serve as 
a useful tool for studying and validating a number of aspects of the tether-net 
system and its use for debris capture. 

2. Design of tether-net closure solution 

2.1. Design considerations for net closing mechanism 

For the conceptual design of a tether-net closing mechanism, a solution 
was desired which would be simple, cost-effective, non-intrusive, and highly 
reliable. The following is a summary of the high-level requirements identified 
for the conceptual development of a net closure solution. 
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• The net closure solution should have a minimal effect on the dynamics 
of the net deployment from a packed state. Heavy components attached 
to the net, or components that add stiffness to the net perimeter, for 
example, would affect the dynamics of the net deployment. A net 
deployment that is straightforward to execute is essential to ensure 
consistent success in the mission. 

• The solution must be able to withstand the harsh environment in which 
it operates. One important consideration is the wide range of temper-
atures and pressures that will be experienced by the tether-net as it is 
launched into space. The possibility of sharp edges on the target space 
debris is another important consideration. 

• The solution must be designed to tolerate the loads experienced through-
out the mission. These loads may be associated with tether-net deploy-
ment, wrapping and securing the target debris (especially with tum-
bling debris), and debris towing. 

• The requirement of highest priority is that the solution performs with 
very high reliability. A mission to remove large space debris is expen-
sive, and the tether-net concept is designed to be deployed only once, so 
it is essential that debris is consistently captured on the first attempt. 

2.2. Comparison of solutions proposed in literature 

In the literature for active space debris removal using tether-nets, the 
majority of solutions to ensure that debris is contained within the net for 
towing consist of mechanisms which close the net perimeter, once the net 
has begun to wrap around the debris. By using a mechanism to physically 
close gaps in the net, it can be ensured that the debris target will not leave the 
tether-net once captured. Mechanisms which close the tether-net to secure 
debris have been tested on-ground, as part of the Debris COllecting NEt (D-
CoNe) project [3, 12], and a similar concept has been considered as part of 
a proposal for the European Space Agency’s e.deorbit mission [2, 18]. These 
mechanisms both use spring-loaded reels placed in the net corners to reel 
in a “cinch cord” which runs along each edge of the net [2, 3, 12, 18]. The 
reel mechanisms are actuated once the net has made contact with the target 
and the wrapping process begins. These proposed mechanisms are simple, 
yet have some characteristics which limit their practicality. The reel/winch 
mechanisms attached to the corners may be large and heavy, and therefore, 
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must either be packaged into the corner masses or be designed to minimize 
interference with net deployment. For large net sizes, the reel mechanisms 
may have to be impractically large to wind up an entire edge of the net. 

A solution conceptually closest to the one proposed here is described in 
[19] where Zhai and Zhang present a different variation of the cinch-cord 
mechanism: the net is closed by the action of the corner masses which are 
attached to a cinch-cord threaded along the net perimeter and allowing them 
to tighten this cord when the wrapping of debris begins. In their proposed 
design, the corner masses are initially connected to the net corners with 
individual tension links, which when a certain tension is reached, are broken, 
allowing the corner masses to pull the cinch cord closed. This design could 
suffer from premature or faulty releases of the corner masses, tightening the 
net perimeter too early or not at all. In addition, a special mechanism would 
need to be incorporated in this design to ensure that it is not possible for the 
net mouth to re-open during towing. 

Beyond the net closing mechanisms, we explored solutions functioning via 
adhesion to the debris as well as latching/adhering to other parts of the net 
after wrapping. An analysis of the benefits and drawbacks of each concept 
led us to select a variation of the net mouth tightening solution, primarily due 
to its applicability to all mission scenarios, negligible interference with net 
deployment and opening, and its predicted reliability. This solution concept 
is introduced in the following section. 

2.3. Tether-actuated net closing mechanism 

Our proposed net closure solution, the tether-actuated net closing mech-
anism, uses the towing tether as a means of actuating the net closure. The 
tether can function as a cinch cord by extending from the net center to the 
net perimeter, and then looping around the perimeter of the net, so that 
pulling on the tether will reduce the perimeter of the net mouth, thus secur-
ing the debris within the net. This concept utilizes the propulsive force of 
the tether-net corner masses to close the net once it wraps around the debris. 
The momentum of the masses moving away from the chaser vehicle will put 
tension in the tether rope, thus tightening the perimeter of the net. By using 
the tether rope as a cinch cord, we take advantage of a pulling action on the 
tether to close the net. Rather than relying on a passive net closure with a 
constant tether length, net closure can be actively controlled using a tighten-
ing action with a winch/reel mechanism on the chaser vehicle from which the 
tether-net is deployed. This pulling action on the tether would start when 
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the corner masses are still in motion, and finish once the net mouth has been 
fully closed. 

Multiple tethers and cinch cords, each along part of the perimeter of the 
net, could also be used to reduce the length and rate of reeling required to 
close the net mouth. With this system, a setup with four cinch cords, for 
example, would only need 1 m of tether reeling to reduce the net perimeter 
by 4 m. Figure 2 shows a possible tether/cinch cord configuration that splits 
the net perimeter in two sections. This is the setup used in the design of our 
laboratory test-bed and prototype, which will be described in Section 3. 

Figure 2: Net perimeter with two cinch cords. 

It should be noted that in the experiments and simulations presented in 
this manuscript, it is the tension in the tether that has been used to ensure 
that the net mouth stays closed and the debris remains secure in the net. In 
on-ground experiments described in Section 4, gravity and the pulling actions 
of the operator are used to provide this tension. In the simulations presented 
in Section 5 in gravity-free conditions, and in realistic mission scenarios, 
an active control strategy is required to achieve a holding or pulling action 
on the tether by a winch mechanism. However, in the undesirable event 
the tether becomes slack either during the capture mission or during the 
de-orbit maneuver, it may be necessary to have an additional cinch-cord 
locking mechanism, which would prevent the net mouth from opening by 
resisting cinch-cord motion which would expand the net mouth. Rope cleats 
constraining rope motion to one direction, and attached to the center of the 
net, would be a simple and unobtrusive mechanism to prevent the net mouth 
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from re-opening after closure, in addition to the active tether tensioning 
strategy. 

3. Design of laboratory test-bed and prototype 

3.1. Laboratory-based test-bed 

The motivation for the design of this test-bed and prototype is to allow for 
experimental testing of the capture phase of the tether-net debris removal 
mission, and more specifically, for verification of the proposed net closure 
solution. In addition, as demonstrated in Section 6 of the paper, the test-
bed can be utilized to study the dynamics of tether-nets and to validate the 
simulation tools developed for this purpose. 

The test-bed uses gravity to emulate the deployment of the corner masses, 
starting with the net in an expanded state, and with a constrained helium 
blimp used as target debris. This installation consists of a net/tether as-
sembly, a mock-up debris object, a frame to hold the net expanded and 
raise/lower the tether-net assembly, and a release mechanism to drop all 
four corner weights simultaneously. A laboratory testing space with floor-to-
ceiling height of approximately 4 m was identified for testing purposes, and 
the test-bed was designed for this space. 

With this test-bed, we aim to simulate the debris capture phase on-ground 
in order to demonstrate the effectiveness of our tether-actuated net closing 
mechanism. This test-bed allows for verification of the functioning of our 
net closing mechanism in a standard laboratory environment and to see how 
different characteristics (e.g., number of cinch cords, masses of corner weights, 
initial distance from target) would affect the debris capture and net closure. 

To fit the testing space, the test-bed was designed to hold an approx-
imately 2 × 2 m2 net. The main section of the installation is the frame 
for supporting the net which consists of lightweight and strong aluminum 
(AL6063-T5) L-beams bolted together to create a square frame. The corners 
are sandwiched between steel corner brackets and bolted together securely. 
The frame is raised and lowered by ropes over two pulleys to the desired 
height for each experiment. Fixed to the four corners of this frame are re-
lease mechanisms, which secure the net corners until they are mechanically 
actuated to allow the net to drop under gravity. The net release mechanisms 
are rendered in Figure 3a and shown fabricated in Figure 3b. This release 
system uses four spring-loaded latches, all mechanically linked to a single 
rope, which releases all four corners simultaneously when pulled. 
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Figure 3: Latch mechanism to secure and to release net corners: (a) rendering, (b) imple-
mentation on prototype. 

A small helium blimp is selected for use as the debris object for capture, 
because it does not need to be balanced on a stand or hung to be raised off 
the ground. A cubic blimp of side length 0.5 m is used, as it is the largest 
size blimp that can be completely enveloped by the net dimensioned for the 
test-bed. The fully inflated blimp has a net buoyancy of 63 g, and is shown 
in Figure 4. 

The particular net used in the test-bed is a 2.25 × 2.25 m2 (89” × 89”) 
nylon net with 1.59 mm (1/16”) cord diameter and 19.1 mm (0.75”) mesh 
size, weighing 792 g. The approximate ratio of 1:100 between the mesh size 
and the side length is similar to the frequently proposed and simulated nets 
for debris capture (e.g., 20 × 20 m2 net with 25 cm mesh size in [20]). Four 
corner masses weighing 33 g each were fabricated from steel hardware and 
attached to each corner of the net with an aluminum quick-link, weighing 9 
g, for experiments where corner masses were desired. 

3.2. Prototype of net closing mechanism 

For the experimentation on closing the net around the debris, our tether-
actuated net closure system is implemented with two discrete cinch cords 
along the perimeter of the net, equivalent to the setup shown in Figure 2. 
The reason for using two cinch-cords in our prototype, rather than a single 
one wrapping along the entire net perimeter, is to reduce (to a half) the 
length of tether which needs to be pulled for complete net closure, making 
the experimentation easier within the constraints of our laboratory space. 
Depending on the limits for winching length and rates or, as is the case in 
our simulation environment, the maximum number of connecting rings be-
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Figure 4: Cubic blimp used as “debris” target for testing and demonstration. 

tween each cinch-cord and the net, the perimeter could be a single cinch-cord 
section or several. Rather than joining these two cinch-cords at the net cen-
ter into a single tether, each of the cords extends as a tether to the operator. 
These two tethers were grouped together in all experimentation, function-
ing equivalently to a single tether leading to two cinch-cords. Although this 
particular arrangement is not dynamically equivalent to a single tether with 
two cinch-cords (due to different mass/stiffness properties and likelihood of 
entanglement), the chosen configuration allowed for easier adjustability of 
the experiments, and was not deemed to affect the actual functioning of the 
closing mechanism. The analogous arrangement, but using four tethers and 
cinch-cords, was modeled in the simulation of the net closing mechanism, as 
detailed in Section 5. 

The cinch-cords are nylon parachute cords, looped along the perimeter 
of the net through low-friction plastic chain-links (rings). The end of each 
cinch-cord is fixed to the net at the midpoint of a net edge, looping along 
half of the net perimeter, through the plastic rings, to the midpoint of the 
opposite edge, where it slides through a ring at the point where the other 
cinch-cord ends. The cinch-cord then continues to the center of the net, 
where it goes through a low-friction ring and leaves the plane of the net, 
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Figure 5: Rendering of net with closing mechanism mounted on test-bed frame. 

functioning as a tether (see Figure 5). In our laboratory test-bed, the two 
tethers are looped through a pulley attached to the ceiling, and are then 
manually actuated during testing. 

4. Experimentation on net closure 

4.1. Experiment design 
Experiments were carried out in the Aerospace Mechatronics Labora-

tory at McGill University using the test-bed and prototype presented in the 
previous section. The primary goal of this experimentation was to provide 
validation of our hypothesis that the tether-actuated net closing mechanism 
would allow for complete and reliable capture of debris objects. The sec-
ondary goal, discussed in more detail in Section 6, was to demonstrate the 
capability of our on-ground test-bed as a research tool for broader studies of 
the dynamics and actuation of tether-net systems. 

Using the test-bed, we conducted a variety of experiments to test both 
the functionality of our setup and of the tether-actuated net closing mech-
anism. To verify the test-bed’s ability to release the four corner masses 
simultaneously, we conducted tests where we released the net from a height 
of approximately 3 m, both with and without masses attached to the corners. 
The functioning of the tether-actuated net closure solution was tested in a 
series of experiments, as summarized in the following: 

E1/E2 Release of the tether-net assembly from a height of 3 m, with pulling 
action on tethers by operator until complete net mouth closure, with 
and without corner masses. 

E3/E4 Release of the tether-net assembly over mock-up debris (blimp), with 
pulling action on tethers by operator until complete net mouth closure 
and envelopment of debris, with and without corner masses. 
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4.2. Experimental procedure 

For each experiment, the net was attached to the support frame at its 
four corners, by inserting each net corner into the latch of the net release 
mechanism (see Figures 3b and 6). The support frame, with net attached, 
is then hoisted to the desired initial net height using a separate rope system 
which ensures equal corner heights, as shown in Figure 7. The net center, 
pulled up by the two tethers through the central ring attachments, is initially 
raised to the level of the net corners. To begin the experiment, the net 
release is actuated by the manual pull of a rope (white rope in Figure 7), 
which releases all four corners simultaneously. Debris capture is initialized 
through the rapid pulling of the main tether group (green tethers in Figures 
6 and 7), and the timing of this pulling depends on the position of the debris 
target relative to the initial position of the net. A successful experiment is 
one in which all corners release simultaneously and evenly, the net begins to 
fall with the debris mock-up centered underneath it, and the manual pulling 
action on the tethers secures the target within the net. We recorded our 
experiments with 240 fps HD video for viewing and analyzing the results. 

4.3. Experimental results 

As noted earlier, four sets of experiments demonstrating the performance 
of the tether-actuated net closing mechanism were conducted, with several 
trials for each set: with and without the corner masses on the net, with and 
without a mock-up debris to enclose. In all experiments, the net was released 
from approximately 3 m height above the floor, and in cases with the mock-
up debris, approximately 0.75 m above the debris. Given the limited height 
available in the testing space, the most serious impediment to successful en-
closure of the net was poor timing of the actuation of the closing mechanism: 
either pulling on the closing tethers too early, thus making the net mouth 
too small to envelop the debris, or, too late and pushing the mock-up debris 
to the ground before closure can be achieved. 

In all cases where actuation of the closing mechanism was timed well, 
the net was consistently closed around the debris. These experiments lasted 
on the order of 5-6 seconds from the time of net release to the net closure. 
The presence of corner masses, generally, had no visible effect on the net 
motion, nor the success of its closure. This is because gravity is the primary 
influence on the net response in the laboratory conditions, unlike what would 
happen in space where corner masses are needed for the deployment of the 
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Figure 6: Net attached to frame, prior to lifting. 

net. Figure 8 shows snapshots from an experiment where the net with corner 
masses was released and actuated to close around the debris mock-up. 

The conducted experiments show that the test-bed is able to emulate the 
capture phase of tether-net debris removal, and provides a basic verification 
of the functioning of the net closing mechanism. The tether-actuated net 
closure solution is a promising concept, with potential benefits over other 
proposed solutions. In testing, our mechanism performed as expected and 
was consistently able to capture the mock-up debris. The simplicity of our 
design reduces dependency on complex mechanical systems that might fail or 
negatively affect other aspects of debris removal (deployment complications, 
for example). However, proper timing of actuation of the tether to initiate 
the closure is critical to the performance of this concept, as we witnessed 
when conducting the experiments and when evaluating the closure in our 
simulation environment, to be presented in Section 5. 

For the real mission scenario, unlike the laboratory setup presented here, 
the timing to activate the closing mechanism and the actual control of the 
tether would have to be accomplished automatically with a winch-reel system, 
once the enclosure of the debris by the net is ascertained. Reel design for 
active debris removal missions has been explored in [21] where the reader 
can also find an overview of reel mechanisms employed in a number of past 
space missions. Future modifications to the test-bed to better emulate a real 
mission scenario and to validate the proposed closing mechanism under more 
representative conditions are proposed in Section 7 of the paper. 
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Figure 7: Typical net and frame configuration at beginning of experiments. 

5. Simulation of Net Closure for Space Debris Capture 

This section presents the simulation of capture of a realistic debris target 
with a tether-net system equipped with the proposed closing mechanism. 
First, we briefly describe the modeling of the system as implemented in the 
simulator used for this work, followed by simulation results of debris capture 
and net closure. 

5.1. System modeling 

The modeling of the system comprised of chaser, tether-net device, and 
target is implemented in Vortex Dynamics, a commercial multibody dynam-
ics simulation tool. For a more detailed description of the model, the reader 
can consult publications [15, 16, 22]. 

5.1.1. Net 
In the simulator at hand, two models for the net are available: the stan-

dard lumped-parameter model, and a lumped-parameter model augmented 
with representation of the bending stiffness of the threads. In this research, 
we use the standard lumped-parameter model where the mass of the net is 
lumped in a finite number of point masses located at the physical knots of 
the net, and the axial stiffness properties are represented by massless springs 
between the point masses. Energy dissipation is accounted for by introducing 
dampers in parallel to the springs. 
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Figure 8: Snapshots of tether-actuated net closing experiment. 
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Since Vortex Dynamics is a multi-body dynamics simulation tool, this 
model is implemented by creating a small spherical rigid body at each knot 
and each of the four corner masses and by constraining the centers of mass of 
adjacent bodies with joints that maintain the distance between them below 
the unstretched length of the net threads (i.e, l0,net for the net threads, l0,CT 

for the corner threads, see Table 1). The inertia properties of the rigid bodies 
are computed according to the material and geometry properties of the net 
(e.g., the radius of the net threads rnet and of the corner threads rCT , and 
the density of the net material ρnet and of the corner masses material ρCM ); 
the corner masses have additional mass mCM . To allow for compliance and 
damping in the threads, the joints are relaxed with a stiffness and a damping 
coefficient, that depend on geometry and material properties of the net: the 
axial stiffness of the p-th thread is computed as kp = EnetAp/lp,0, with Enet 

the Young’s modulus of the net material, Ap the cross-sectional area of the net 
thread, and its axial damping is cp = 2ξakp/ωn1, with ξa the axial damping 
ratio, and ωn1 the first natural frequency of the net. At every instant in 
the simulation, if the current distance is smaller than the unstretched thread 
length, no constraint force is applied; otherwise, a force proportional to the 
constraint violation (i.e., the thread elongation and its rate) is applied along 
the direction linking the two centers of mass. For more details on the model, 
the reader is referred to our previous paper [15], where the implementation 
of the standard lumped-parameter modeling of the net in Vortex Dynamics 
is also validated. 

5.1.2. Debris target 
The debris target is modeled as a rigid body of realistic shape and mass 

properties, free-floating, and uncontrolled. Stage 2 of Zenit-2 rocket is mod-
eled for the capture scenario simulated in this paper, these launcher objects 
being one of the primary targets for debris removal from LEO [23]. This de-
bris object is characterized by a mass mT = 9000 kg , and is 3.9 m wide (i.e., 
RT = 1.95 m) and HT = 11 m long overall. The inertia matrix of this debris 
body in our simulator was estimated by approximating it to a thick-walled 
cylindrical tube with open ends (10.2 m long, 3.9 m wide, with a 3 cm wall). 

5.1.3. Contact dynamics 
Several contact events occur during net-based capture, between the net 

and the target debris, as well as among parts of the net. Detecting collisions 
and computing the response to impacts is a complex problem for this type 
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of system. In the simulator at hand, every rigid body is assigned a collision 
geometry and contact-related material properties (e.g., aluminum Young’s 
modulus for the debris target ET and the corner masses ECM ). The colli-
sion geometries employed for this work are made of patched primitives to 
achieve reasonable trade-off between accuracy and computational efficiency: 
the nodes of the net and the corner masses are assigned spherical collision 
geometries, while the target debris has a collision geometry made of patched 
cylinders (see Figure 9). Collision detection strategies for the simple geome-
tries employed are well established and built-in Vortex Dynamics. Whenever 
a collision is detected, the contact geometry properties (i.e., normal and 
tangential direction, penetration and rate of penetration, relative tangential 
velocity) are automatically determined by the simulation framework. Thanks 
to this, contact forces in the normal and tangential directions to the plane 
of contact can be computed at each instant of the simulation. 

Multiple approaches for modeling the contact dynamics exist in the litera-
ture [24] and were considered attentively before proceeding to select one that 
could grant a compromise between accuracy and computational efficiency for 
the simulation of this system (e.g., in reference [16]): as a result, a continu-
ous compliant model for the normal contact force, and a fast friction model 
able to represent both sticking and slipping conditions were selected. Normal 
contact forces are found according to a regularized approach, consisting of 
a modified Kelvin-Voigt model, where no adhesive force between the con-
tacting surfaces is possible; the contact damping and stiffness coefficients are 
defined with the assistance of Hertzian theory for sphere-sphere (for contacts 
among nodes of the net and corner masses) and sphere-plane contact pairs 
(for contacts with the debris object). Friction forces are found with a scaled 
box friction model, that is an approximation of Coulomb’s friction model 
[25]; the kinetic and static friction coefficients µk and µs were estimated by 
considering aluminum as the material for the corner masses and the target, 
and Teflon or nylon for the net, the latter for the inter-net contacts (see the 
values for different pairs and the ratio µs /µk in Table 1). Verification of 
the employed models in simplified scenarios was performed before employing 
them in the simulation of net-based capture of space debris; several con-
tinuous compliant models for the normal contact force were also employed 
and compared for a scenario of intermediate complexity in our previous work 
[16]. For further details on the modeling of contact dynamics, including the 
derivation of the contact parameters, the interested reader should refer to 
our previous work [16, 22]. 
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Figure 9: Collision geometry of stage 2 of Zenit-2 rocket used in simulation. 

5.1.4. Tether and closing mechanism 
The towing tether linking the net to the chaser is modeled in Vortex 

Dynamics as a series of slender rigid bodies constrained in series by means 
of relaxed prismatic constraints. This model allows to account for inertia 
properties, as well as for axial, bending, and torsional stiffnesses of the tether. 
One extremity of the tether is reeled on a winch mounted on the chaser, so 
that the length of the tether can be varied during the deployment and capture 
phases. As the tether is spooled out, more rigid bodies are added to the model 
and vice versa, as the tether is spooled in. 

As was explained in Section 2.3, the closing mechanism that we propose 
consists of a cinch cord, made by the tether passing through several rings 
attaching it to the net: first, at the center of the net, then around the 
perimeter of the net. To model this closing mechanism in the simulator, 
frictionless ring constraints were added between some rigid bodies on the 
net and the tethers: these constraints keep the tether and the rigid body on 
the net in the same place (i.e., where the ring is placed), and maintain the 
sum of the lengths of the slender rigid bodies on the tether at the sides of a 
ring constant. Before introducing the net closing mechanism in the model, 
the modeling of the tethers was tested separately, in simpler configurations 
and in absence of the net, with and without the winch and rings. 

Due to limitations of the Vortex Dynamics engine, the cinch cord mod-
eled in the simulator is somewhat different from what we employed in the 
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experiments, but it maintains the same principle of operation for achieving 
the net closure. It is composed of four separate tethers, all reeled on the same 
winch, and each passing through a ring at the central node of the net, then 
through a ring at a corner node on the net and a ring at the central node on 
a side of the net. Finally, each tether is attached to the next corner node, 
with respect to the corresponding “ringed” corner of the net. The topology 
of the four tethers, rings and attachments comprising the closing mechanism 
in the model is sketched in Figure 10. In this figure, the flow of the tethers 
is shown with arrows, for one of the tethers (in green). 

ring

ring

attachment

ring ring
attachment

ring ringattachment

ring

ring

attachment

central node 
rings

Figure 10: Sketch of topology of four tethers, rings and attachments of closing mechanism 
implemented for simulations. Green arrows indicate the flow of the green tether. 

5.1.5. Chaser and winch 
The chaser spacecraft is modeled as a rigid body of cubic shape, with side 

length Lc and mass mc. It is unconstrained and without any thrust control to 
simulate the free-floating conditions of space. The winch that is used to reel 
the tether is modeled as a cylindrical rigid body, with radius rw, height hw, 
and mass mw. Between the winch and the chaser, a relative hinge constraint 
is defined: this constraint allows to have the winch either locked, or free to 
rotate, or motorized in a controlled way so as to achieve the desired rate 
of change in the tether length. Combinations of these controls can also be 
prescribed thanks to the capabilities of the Vortex Dynamics simulator. 
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5.1.6. Winching profiles 
During the deployment phase of the capture simulation, the winch con-

straint is set to free, so that the tether can be spooled out freely as it is 
tensioned by the net. As was observed in a recent work, a closing mechanism 
based on the cinch cord concept requires good timing of the tether spool-in 
to initiate the net closure [17]. In the present work, we use a closed loop PD 
control, such that the tether is reeled in slower and slower as the net closes 
around the target. Spooling in of the tether is initiated at ti = 15 s, after 
the first contact between the net and the debris target, and is controlled ac-
cording to: L̇ 

t = KP d + KDḋ, where d is the length of the portion of a tether 
along the perimeter of the net, and ḋ its derivative. In order to prevent high 
tensioning of the tethers, the winch constraint was modified as follows: if 
at any time the tension in any of the tethers exceeded a value of 1 N, the 
winch was locked until tension returned to below the aforementioned limit. 
It is noted that the particular controller represents one of many possible 
control algorithms that could be employed to demonstrate the performance 
of the closing mechanism proposed. Further work on control strategies for 
this task is needed to ensure optimal performance within practical hardware 
limitations and is beyond the scope of the present work. 

5.2. Simulations 

The simulation results presented in the following are obtained with the 
parameters collected in Table 1. The material chosen for the net is Technora. 
The net starts in a packed configuration (with packing coefficient αnet), with 
the nodes uniformly distributed in a 1.1 m2 square area. In this research, 
deployment of the net is achieved by imparting a vi initial velocity to the 
four corner masses with an angle θi from the launch direction. The surface 
of the target closer to the chaser is at a distance of dT from the latter. The 
tethers are characterized by a cross-section radius rt, and their material is 
assumed to be the same as that of the net. Simulation is performed with a 
first order semi-implicit integration scheme and a 1 ms time step. 

Figure 11 displays several screen shots from a complete capture simula-
tion starting with the folded configuration of the net, through deployment 
and to the closure of the net around the debris. It is confirmed that the 
closing mechanism behaves as expected, i.e., it shortens the tether around 
the net perimeter, herein keeping the net closed around the target spacecraft 
for more than 100 s. Differently from what happened in the laboratory ex-
periments, parts of the net not directly constrained by the tether experience 
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Table 1: Simulation parameters. 

Net 
Lnet (m) l0,net (m) rnet (m) ρnet (kg/m

3) Enet (GPa) 
22 1 0.0005 1390 70 

Corner masses 
l0,CT (m) rCT (m) ρCM (kg/m

3) mCM (kg) ECM (GPa) 
1.414 0.0007 2700 0.5 69 

Chaser Winch 
Lc (m) mc (kg) rw (m) hw (m) mw (kg) 

1 1600 0.05 0.02 0.1 
Tether Winching profile 

rt (m) ρt (kg/m
3) ti (s) KP (1/s) KD (-) 

0.002 1390 15 0.1 -0.01 
Debris target spacecraft 

HT (m) RT (m) mT (kg) ET (GPa) dT (m) 
11 1.95 9000 69 21 

Initial conditions Damping ratio 
vi (m/s) θi ( ◦) αnet (-) ξa (-) 

2.5 36.87 0.05 0.106 
Contact friction parameters 

µs,net/net (-) µs,net/al (-) µs,al/al (-) µs/µk (-) 
0.20 0.19 0.42 1.25 

motion away from the debris. The same simulation was performed with dif-
ferent integration step sizes to ascertain the proper functioning of the closing 
mechanism and the time the net remains around the debris. After closure, 
the response is more sensitive to the step size, varying from the net remaining 
around the target for longer, to slipping off it. The latter occurs due to the 
modeling of a single ring only to constrain each side of the net to the cord 
of the closing mechanism. Ideally, and as was the case in our experiments, 
more rings would be constraining the tether to the net perimeter, and the 
net would remain consistently closed around the target. 

In Figure 12, the length, tether speed and maximum tension of one of 
the tethers during capture with a cinch-cord closing mechanism are plotted, 
to verify the correctness and feasbility of winching. One can observe that 
the tether elongates during the net deployment under low tension, when it 
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(a) t = 1 s (b) t = 17 s (c) t = 33 s

(d) t = 40 s (e) t = 78 s (f) t = 100 s

Figure 11: Simulation of net deployment, envelopment and containment of rotating de-
bris: (a) net starts deploying, (b) net and debris are in contact, (c) closing mechanism is 
activated and tethers are shortened, (d) debris is captured, (e)-(f) capture is sustained. 

is free to spool out; afterwards, the tether starts to be winched in, its length 
decreases and the tension rises. The highest peak in tension occurs at the 
initiation of closure, at t = 15 s. For the whole simulation, tension remains 
within reasonable limits, although it exhibits high-frequency fluctuations. 
The speed of the tether remains under 2 m/s during the net closing phase, 
well within the speed ranges reported in [21] for comparable tension loading. 
As noted earlier, control law design to optimize the response of the system 
during the closing of the net should be explored further, but even the basic 
controller employed for simulatoins in this manuscript indicates reasonable 
requirements on the winch-reel hardware. 

We remark that although the results presented in this paper were ob-
tained with the standard lumped-parameter model of the net, we have also 
performed corresponding simulations with inclusion of the bending stiffness 
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Figure 12: Length, rate of change of length and maximum tension of one of the tethers 
during simulation of capture with a cinch-cord closing mechanism. 

of the net threads: notwithstanding some differences in the dynamics of the 
net, the results of capture showed similar success and confirmed the working 
principle of the closing mechanism. 

6. Experimentation on net deployment dynamics 

The tether-net test-bed presented in this paper offers a simple and inex-
pensive, albeit, not a gravity-free option for experimental investigations on 
the dynamics and actuation of tether-net systems for space debris capture. 
In the following, we present experimental and simulation results to demon-
strate the dynamics of a simple net-drop experiment and how the response 
of the net compares to that predicted in simulation. 
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Several experiments were conducted using the net and frame setup de-
scribed in Section 3.1, where the net, without the main tether and cinch 
cord, was released from the supporting frame by manual activation of the 
latches and allowed to drop in free-fall to the floor. Figure 13 presents four 
snapshots of the experimental recording from a net-drop test without the cor-
ner masses, while Figure 14 shows the simulated response snapshots of the 
same experiment, at the time instances matching those of the experimental 
snapshots. Using the recorded video of the experiment and the known ini-
tial height of the net, we were also able to reconstruct the vertical positions 
of the two front corners of the net over the duration of the fall. These are 
plotted in Figure 15 together with the corresponding simulated responses;1 

both indicate an approximate time of flight of 0.68 s and are in very good 
agreement. Considering the overall net response in Figure 13, we note a 
significant feature observed in the experiments: the behavior of the net cor-
ners, which appear to be dropping faster than the rest of the net. Indeed, 
this effect could only be reproduced in simulation by prescribing an initial 
velocity to the corner nodes of the net. The simulated response of the net in 
Figure 14 and the simulated vertical motion of the corners in Figure 15 were 
obtained by prescribing initial velocities of [±1, ±1, −2.34] m/s to the four 
corner nodes, respectively; the vertical component (−2.34 m/s) was identi-
fied from the experimental profiles of corner heights as the initial slope. The 
horizontal components of the initial velocity were selected arbitrarily, but 
other values of the same order of magnitude produce similar quantitative 
behavior, with minor differences in the details in the vicinity of the corners. 
These results seem to indicate that with the present net release mechanism, 
a downwards and outwards velocity is imparted to the net corners upon re-
lease. Lastly, we draw attention to the free-fall response of the net corners 
included in Figure 15 and how it compares to the measured (and simulated) 
vertical motions. The increasing difference from the free-fall motion is due 
to the tension in the corner threads as well as from the aerodynamic drag; 
both influences contribute to the lagging of the simulated and experimen-
tal responses relative to the free-fall motion. Overall, our results show very 
good correspondence between the experimental and simulated net response, 

1A timeshift of 0.025 s was applied to the measured results in producing this graph, in 
order to align the simulated and measured responses initially. This reflects the uncertainty 
in the exact moment of the net release in the experiment. 
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providing further confidence in the modeling and simulation tools developed 
for the tether-net ADR mission. 

7. Conclusion 

In this paper, we presented a new concept for a mechanism to close the 
tether-net around the debris, for application in the net-based space debris 
capture mission. The closure is accomplished by using the main tether, 
extended around the perimeter of the net to create a cinch cord. A dedicated 
laboratory test-bed comprising the net and the supporting frame, the net 
release mechanism and tethers required for the manual net release and for 
closure of the cinch cord was constructed. As well, a model of the closing 
mechanism was implemented in the existing high-fidelity simulator which 
incorporates the chaser, the main tether winch, the tether-net and the debris 
target modeled after a stage 2 of Zenit-2 rocket. 

Experiments carried out with the test-bed demonstrated the robust per-
formance of the closing mechanism under the influence of gravity and with 
the manual initiation of closure. Simulations of the debris closure in the 
gravity-free conditions, using a realistic debris target, confirmed the viabil-
ity of the closing concept, in spite of several limitations of the cinch-cord 
modeling imposed by the Vortex Dynamics engine (e.g., in the number and 
modeling of rings and in the modeling of friction). 

Further development to match the actual mission scenario more closely 
is needed to continue the maturation and validation of the proposed net 
closing solution, as well as other solutions in the future. The test-bed de-
scribed in this manuscript represents our first prototype towards a larger and 
a more advanced facility for studying various aspects of the tether-net debris 
capture. We intend to scale up the net and frame setup to a size more rep-
resentative of a realistic net for this application. The mechanical net-release 
mechanism used in the present prototype occasionally causes the test-bed 
frame to sway after release and also, imparts unpredictable initial velocity 
to the net corners, possibly by pre-tensioning the net near its corners. Re-
placing the mechanical latches with solenoid-operated valves would ensure 
simultaneous and automatic release of the net from the frame, alleviating 
some of the aforementioned issues. An automated winch-reel system needs 
to be incorporated into the facility to initiate the closure according to the 
degree of envelopment of the debris and to validate the requirements on the 
tether actuation system. Consistent position tracking of various points on 
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the tether-net using a motion capture system would be beneficial for com-
paring the experimental data to simulation data more precisely. Additional 
sensing can be integrated into the test-bed, both for the purposes of valida-
tion of other aspects of the net-based debris capture, as well as for testing 
mission-specific aspects of the operation in space. Finally, as part of the 
scaled-up facility, we will construct a more realistic debris mockup capable 
of rotational motion to emulate a tumbling debris. 
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Figures captions 

FIG. 1: Simulation of net deployment and envelopment of rotating debris: 
(a) net starts deploying, (b) sufficient deployment for capture is achieved, 
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(c) net and debris are in contact, (d) debris is captured, (e) net slips off the 
target, (f) net flies away from the target. 

FIG. 2: Net perimeter with two cinch cords. 
FIG. 3: Latch mechanism to secure and to release net corners: (a) ren-

dering, (b) implementation on prototype. 
FIG. 4: Cubic blimp used as “debris” target for testing and demonstra-

tion. 
FIG. 5: Rendering of net with closing mechanism mounted on test-bed 

frame. 
FIG. 6: Net attached to frame, prior to lifting. 
FIG. 7: Typical net and frame configuration at beginning of experiments. 
FIG. 8: Snapshots of tether-actuated net closing experiment. 
FIG. 9: Collision geometry of stage 2 of Zenit-2 rocket used in simulation. 
FIG. 10: Sketch of topology of four tethers, rings and attachments of 

closing mechanism implemented for simulations. Green arrows indicate the 
flow of the green tether. 

FIG. 11: Simulation of net deployment, envelopment and containment of 
rotating debris: (a) net starts deploying, (b) net and debris are in contact, 
(c) closing mechanism is activated and tethers are shortened, (d) debris is 
captured, (e)-(f) capture is sustained. 

FIG. 12: Length, rate of change of length and maximum tension of one of 
the tethers during simulation of capture with a cinch-cord closing mechanism. 

FIG. 13: Snapshots from net drop experiment. 
FIG. 14: Snapshots from simulated net drop. 
FIG. 15: Vertical positions of two corners of the net: as reconstructed 

from experimental video, as simulated, and predicted with free-fall solution. 
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Figure 13: Snapshots from net drop experiment. Figure 14: Snapshots from simulated net drop. 
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Figure 15: Vertical positions of two corners of the net: as reconstructed from experimental 
video, as simulated, and predicted with free-fall solution. 
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