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Abstract

This research aims to propose a new paradigm in orbital debris removal systems. While most groups addressing this
issue focus on the high priority of removing the largest debris, we consider the threat posed by those smaller than 10cm as
serious. A 2cm paint chip is known to be able to render useless most spacecraft as well as being way more difficult to follow
and thus to avoid. We propose a mission to sweep the main Low Earth Orbits with a 100 to 500 metre diameter cupola
that would collect small debris. The cupola consists of a deployable mechanism supporting a membrane. The deployment
mechanism has to reach a minimal expansion ratio of about 30, in order to create a very wide collecting surface. The
membrane covering its surface would be rigid enough to capture most small debris and to at least slow down the medium-
sized ones, accelerating their fall. An overview of our almost-rigid-link mechanism proposed to support the collecting surface
is presented. The proposed mechanisms is based on previous work on deployable mechanisms developed for a variety of
applications. However, conventional deployable rigid-link mechanisms typically produce expansions that are much smaller
that the ratio required in the present application. Therefore, cable or belts systems are included in order to further increase the
expansion ratio while maintaining a low mass. While in operation, the cupola will obviously be subjected to many ultra-high-
velocity impacts and its orientation will likely undergo deviations from the targeted optimum. Therefore, another important
feature of the proposed debris removal concept is the development of means of reorienting and stabilizing the cupola using
internal electric deployment actuators instead of fuel thrusters. The concept of reorientation using internal actuators is
presented and simple examples are provided. Finally, the performance of the concept is confronted to data analysis from
MASTER09 and with the recent release of ORDEM3. This data serves as the basis for the design specifications. Space
debris removal is a high priority for the future of space missions and space exploration. The approach proposed here is
believed to be one of the pieces of the puzzle.

1 INTRODUCTION
Awareness of the threat posed by space debris has been
growing in the scientific community for more than a decade
and more recently in the general population1. Research
groups are focusing on retrieving the large debris, easily
tractable and posing a threat to future space missions. Un-
fortunately smaller size debris is not that simple to track
and thus to retrieve or even to avoid with spacecraft ma-

1Gravity movie shown in 3820 theaters, Warner Bros. Pictures, 2013.

neuvers. Lately a note from J-C Liou in the NASA Orbital
Debris journal states that in order to reduce mission-ending
threats to operational spacecraft, the focus should be to re-
move the 5mm to 1cm debris[1]. The problem of grasping
or slowing down large debris was adressed intensively in the
past decade, but small and medium sized debris removal re-
quires an area-time product of thousands of km2.year to be
meaningful. In other words, the larger the device to sweep
the orbit volume, the shorter the mission time to retrieve a
given amount of space debris.
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With available rocket payloads, the first step is to pack a
large device (0.5km) in a relatively restricted space (10m).
Deployable systems are being studied for telescopes, sails
and solar panels in space [2], but existing solutions are ei-
ther too fragile to resist many small hits (as with inflatable
membranes) or too small at full extension.

We introduce a belt-driven rigid planar mechanism with a
high expansion ratio taking advantage of both robust rigid
links and light belt driving transmission. The triangular
mechanism is meant to be a base unit to assemble any sur-
face which can be tessallated. Such a large surface will be
subjected to torque reaction from the debris hits and thus
will need frequent re-orientation. Instead of using common
costly fuel thrusters we present here a new internal actuator
concept to control the orientation of the device without the
needs for dedicated actuators and fuel. To understand the
context and requirements of this design we first present the
small to medium sized debris population and our targets.

2 MISSION PARAMETERS

2.1 LEO debris model

In 1978, Dr. Kessler and Dr. Cour-Palais developed a model
predicting that the orbital debris population will reach a
point where it will inevitably grow exponentially in an un-
controllable chain reaction [3]. The number of debris will
be so important that impacts will not be preventable; dis-
persing, multiplying their number and preventing any space-
craft to be safely launched, reaching a point where each new
spacecraft will be hit by some space debris, adding itself
to the list of drifting objects. It is possible that the situa-
tion has already passed the no-return point, mainly since the
2007 and 2009 collisions [4]. The latter involved a commer-
cial satellite, Iridium-33 (560kg)2 and the military Russian
satellite Cosmos-2251 (900kg), out of service for 10 years
[5], creating thousand of new small-to-medium sized debris
as shown in figure 1.

Even in a scenario in which we would stop launching new
spacecraft, objects already on orbit will collide with one an-
other until their number prevents any further space mission
without high risk. Since year 2000, the National Centre for
Spatial Studies in France3 has been monitoring the debris
population and has been working on predicting their evo-
lution as well as ways to retrieve them [4]. Following one
of their studies, a satellite already on orbit has from 3% to
5% chances to lose functionality because of a debris impact

2part of the telecommunication satellite constellation Iridium
3CNES

Figure 1: Debris cloud after the Iridium/Cosmos collision
(Celestrak/AGI Viewer 9)

within the next 7 years of operation.
The most crowded orbits in terms of debris are the ones

popular for Earth observation and satellite-based communi-
cations, called the Low Earth Orbits, below 2000km of alti-
tude. On these orbits, debris as small as 1mm can be statisti-
cally tracked (interpolation of returning spacecraft shielding
and atmosphere density). The large debris are getting most
attention because one percent of all debris represents 99%
of the overall mass to be removed from space [6]. Large de-
bris also have the potential to generate a lot more debris if
they collide. By removing 5 of these per year, the growing
rate of debris will stop (over 200 years) and the number of
collisions over the same period would drop from 45 to 27
[7].

But the number of the remaining 99%, mostly debris
smaller than 10cm, was determined to be over 170 billions
in July 20134. If the American parts of the International
Space Station (ISS) are made to resist impact of objects un-
der 1.4cm, this is not the case for all spacecraft. In 2012,
about 1200 objects of more than 1.5cm crossed the path of
the ISS, from which 800 were under 3cm. A collector of
1000km2.an would be required to cut by half this quantity
[8]. Depending on the component destroyed by a debris col-
lision, the consequences vary. These small debris impacts
are better understood thanks to scientific installations on the
space stations (Mir, ISS and Skylab) as well as the inspec-
tion of returning spacecraft [9, 10, 11, 12].

An object as small as a paint chip, common in orbit, can
render useless a satellite. The speed at which LEO ob-
jects are moving is computed by equating the centrifugal

4from ESA website, last visited on 09/09/2014

2



and gravitational forces:

FG =
GmEmS

r2 and FC =
mSv2

r
, hence v =

√
GmE

RO +RE
(1)

For orbital distance (RO) of 300km to 2000km we then get:

v =

√
(6,673x10−11 Nm

kg )(5,974x1024kg)

RO +6378km
= [6,6−7,4]

km
s
(2)

Hence, the absolute relative speed between 2 objects in LEO
will be between 0 to 15km/s. Hence, a small paint chip (ap-
proximated by an aluminum sphere of 2.44g) can transfer
an energy of 56kJ by hypervelocity impact. At these hyper-
velocities, an object of about 25g has the same momentum
as a 1360kg car driving at 100km/h [13].

Apart from the dynamics of impact at hypervelocity, a
complex aspect is their traveling dynamics: their high area-
to-mass ratio makes them vulnerable to atmospheric pertur-
bations. The populations below 1000km have strong short-
term variations (monthly). Debris smaller than 10cm are ex-
pected to re-enter the atmosphere slightly more rapidly, but
their substantially greater numbers results in even greater
collision risks to operational spacecraft in LEO [14].

Figure 2: Projected debris flux according to size at 800km
altitude, 80˚declination in 2020 (ORDEM3)

Since most data analysis focus on large debris we search
for the specific flux of the small-to-medium sized ones us-
ing ORDEM3.0. This software developed and shared by
NASA gives a quick and up-to-date overview of the situa-
tion. We observe from figure 2 that the majority of the flux
comes from debris smaller then 1cm. We can also state that
at 800km altitude a little more than 200 objects over 5cm
in size may hit a 0.5km device over a year. The analysis is
restricted to objects between 1cm to 10cm, since below that

range most shielding can withstand an impact and above that
other strategies must be applied. Within this range, there is
approximately 670000 objects on all Earth orbits.

2.2 Mission objectives
Three main parameters influence the mission planing: the
area swept, the time spent on orbit and the target orbit (al-
titude and declination). All three are correlated to the num-
ber of objects retrieved. From the MASTER09 simulation
in figure 3, the most populated orbits are around 800km to
1000km altitude and 80˚ to 100˚ declination. Selecting one
of the most crowded orbits as the target, say 800km altitude
and 80˚ declination, the other two parameters are shown in
figure 4.

ESA MASTER-2009 Model 
3D spatial density distribution vs. S.D. Altitude and S.D. Declination

Global Average: 0.5263E-06 [1/km^3]
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Figure 3: Density of small-to-medium sized debris on LEO
(MASTER09)

From the latter, a disk of 250m radius will catch or slow
down over 1900 objects between 1cm and 10cm while on
orbit for a year and possibly a lot more of smaller size.
Considering an approximated weight of 9450kg (30 units
of 115kg5 structure and 200kg membrane6) and a cost of
3600$ per kilogram [16], the price per piece of debris
touched is growing quickly with the time spent on orbit
(1200$/debris for a single year).

The physical dimensions of the system need to fit a stan-
dard launching platform. The selected rocket is the com-
mercial Ariane 5, operated by Airbus Defense [17]. It can
contain 10000kg of material and potentially 2 satellites as

5Considering full aluminium structure
6Assuming a "membrane" made of silicone (968kg/m3), such as the

widely used space grade encapsulant DC-93-500[15], with 20% kevlar
fibers (1400kg/m3), to form 50m side triangular unit (extended) of 175µm
(standard thickness of a solar array back panel protector [10])
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Figure 4: Number of objects (1cm to 10cm) collected versus
area and year on orbit in 2020 (ORDEM3)

shown in figure 5. It is possible to use the whole large cargo
space or to split the cost by launching 2 missions together.

Figure 5: ESA Ariane 5 [17]

The payload space is a cylinder of approximately 4.5m
diameter by 10m height.

The membrane is not expected to resist an impact with
a small object at opposite velocity – approximately 15km/s
relative velocity – but it should rip on impact without creat-
ing more debris and thus slowing it down. The membrane
design is not covered by this study but a promising material
configuration could be the stuffed Whipple shield, making
use of flexible layers of Kevlar and Nextek fabrics.

3 MECHANISM

3.1 1 Dof rigid-link planar mechanism

A wide variety of deployable mechanisms were proposed
for space applications where the dimensions at launch are
limited [2, 18]. Some of these mechanisms are being used
currently mainly for telescopes or telecomunication cupolas
and solar panels. Solar sails can also benefit from deploy-
able mechanisms since the area required to produce a rele-
vant thrust is considerable. De-orbiting and re-entry devices
are now adding to the list, since the IADC debris mitigation
report [19] states that it is essential to such feature before
launch, but still the avaible space and payload are extremely
limited. The solution may reside in inflatable or deployable
mechanisms. The University of Naples already suggested
devices for the CubeSat and the NanoSat [20]. Recent mis-
sion projects for Mars and Moon based stations renew inter-
est in inflatable structures. If the latter require more research
to stabilize (or rigidize) their shape after inflation, most of
these mechanisms are unstable and hard to control in the
deployment phase. Extending masts may get stuck or thin
folded membranes ripped. We aim to find a robust and rigid
solution.

Figure 6: Belt-driven module

Based on previous work on expandable one-degree-of-
freedom three-dimensional structures [21], inspired by the
work of Wohlhart [22] and the results presented by Wei
[23], we introduce a new almost-rigid-link deployable pla-
nar mechanism. Instead of using linkages to extend each
section of each leg in the mechanism to ensure symmetri-
cal deployment from the only actuator, it uses timing belts.
The design and specificities of the belt-driven mechanism
are the subject of a separate publication [24], but we will
quickly explain its geometry and introduce an optimization
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for the context of this paper.

Figure 7: Belt-driven mechanism schematic

The pulleys and the respective joints share the same axis,
yet, they can freely rotate around it without transmitting the
rotation to the link. Each member has a fixed pulley on each
end, and the driving belts join two non adjacent members.
For instance, member 1 drives member 3 (through a top belt
in figure 7), while member 2 and 1 are driven by the base
(respectively by a bottom and top belt in figure 7), thus the
mechanism has only one degree of freedom. The design is
hard to parameterize due to assembly constraints referred to
as the virtual triangle [24], but is approximated in this con-
text to allow a basic optimization. The ratio is obtained from
the deployed height of a triangular face, HD, to its retracted
height, HR:

RP =
HD

HR
(3)

Both of these quantities depend on the number of links on
each leg, the length of each of these links, their width and
the height of the inner fixed triangle. Based on the rocket
launcher geometry constraint, the space available for a face
is a disk of 4.5 metre diameter and thus we can fix HR to
half of that and maximize HD. From our experiment on the
robustness of with plastic prototypes of this mechanism and
given the possible range of link lengths (expected to be be-
tween 0.5m to 2.5m before the optimization process), the
link width was uniformly set to 60mm. To further restrict
the number of parameters a recursive dimensioning pattern
was determined between link lengths to infer them solely
from the first one. The optimization process for HD is then
defined in terms of the number of links n and the first link
length l1 as shown in figure 8.

0

2

4

0

20

40

60
0

20

40

l
1
(m)

↓  2.1 m & 25 links

n

H
D

Figure 8: Optimization of extended length

The optimal configuration within this context is 25 links
with the first one being 2.1m long. This design leads to
a planar ratio RP = 23. Based on 12mm belts, the mecha-
nism is 75mm thick, which allows to stack a large number of
units in the 10 metres long rocket cylinder (figure 10). For
instance, 80 units would deploy following a folded pattern
such as the one shown in figure 11 to create a final surface
of 0.13km2.

Figure 9: 25 links shuttle optimized geometry with a 2.4m
side length inner triangle

The final structure has a large surface to links thickness
ratio. The possible buckling of the links must also be an-
alyzed [25]. Some structural flexibility is desirable to help
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absorb the impacts of colliding debris. Compliant capture
of debris was shown successful with a flexible effector and
compliant joints [26].

The links were designed using a closed shape profile, en-
hancing their structural robustness perpendicular to the de-
ployment direction. Since the cupola moves perpendicularly
to its orbit plane, this direction is considered to be the direc-
tion of higher velocity impact. The high deployment ratio
makes the surface of the links (9.6m2 for a single unit) small
compared to the surface of the membrane (2815m2 for a sin-
gle unit). Hence, any of the 200 objects over 5cm has only
a probability of 0.3% of hitting the structure. For the fastest
and largest ones the membrane will simply rip and the debris
will be slowed down.

As shown in figures 10 and 11, the shuttle cylinder is
filled with triangular faces packed one on top of the other,
having only one edge physically attached to the previous
and next faces. When the first phase of deployment is trig-
gered, the spring loaded hinges between each of the adjacent
faces release one after the other and the cupola is assembled
in a spiral, starting from its centre. Magnetic locks on each
vertex allow the shape to fully stabilize before the second
deployment phase. At that point the belt mechanism on each
of the faces, linked together, is controlled from the cupola
centre by a single actuator. The membrane on each face
unfolds itself and stretches to the fully extended surface of
415m diameter.

Figure 10: Folded Icocupola

4 RE-ORIENTATION
Reorienting a spacecraft is a complex maneuver but it is re-
quired to compensate for the orbital trajectory perturbations.
Many Attitude Control Systems (ACS) were developed to
address this issue [27, 28, 29, 30, 31]. Free-floating space
robotic systems are spacecraft manoeuvers that do not use
fuel to actively control attitude - a review of the research in
this area is given by Dubowsky and Papadopoulos in [32].

Our suggested approach is to control the orientation of the
spacecraft using its internal actuators, thus taking advantage
of a deployable mechanism or an arm to induce a moment
to the free-floating object.

A free-floating rigid body without input forces and

Figure 11: Folding pattern of an unfolded Icocupola

torques conserves its angular momentum, but the latter is
not necessarily zero. Kolmanovsky et al. showed that with
at least 4 links, a multibody system can be oriented follow-
ing any trajectory whose derivative is periodic [33].

Following non-holonomic motion planning, a field of
study developed around planar multibody reorientation [34,
35, 36, 37, 38, 39]. Underactuated mechanisms are a good
example of such mechanisms, being nonholonomic for in-
stance due to the constraint of a passive joint. They are
popular for space applications because they reduce weight,
cost and energy consumption while simplifying the struc-
ture. However, their drawbacks are the lack of redundancy
and the more complex control. With the second-order non-
holonomic constraint of passive joints, a rest-to-rest motion
planing for a multibody planar mechanism can be achieved
by controlling the planar motion of a joint (ẍ, ÿ, θ̈ ) [34]. A
more pratical way of actuating such mechanisms is to use
only the joint actuators (as for a robot arm).

4.1 Dynamic equations
We derive the dynamic model based on two postulates:

• There is no external force to our system, so linear mo-
mentum is conserved and is zero (without loss of gen-
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erality [35]):
n

∑
i=1

mivvvi = 000 (4)

• The angular momentum taken at the centre of mass of
our system is conserved:

n

∑
i=1

(IIIiωωω i + rrri×mivvvi) = CCC0 (5)

where IIIi is the inertia matrix of link i expressed in the
inertial global frame for each of the n links, vvvi its velocity
vector, ωωω i its angular velocity vector and rrri the position of
the centre of mass of link i relative to the global centre of
mass. The constant CCC0 will be later taken as zero to simplify
the derivation since it only impacts the magnitude of the
velocities and not the general behaviour of the system.

For the sake of this demonstration, the mechanism is
simplified to a n-links serial manipulator with n-1 revolute
joints. Then the link velocity are obtained as:

vvvi = vvvi−1 +ωωω i−1× rrrki−1−ωωω i× rrrki (6)

where k is the joint between link i and i− 1. Knowing that
ωωω i = ωωω i−1 + θ̇keeek and substituting in (5) so that ωωω1 only
depends on geometric parameters, joint inputs (θ̇ j,eee j) and
vvv1, we get:

ωωω1

n

∑
i=1

IIIi +
k

∑
j=1

n

∑
i= j+1

IIIiθ̇ jeee j +
n

∑
i=1

rrri×mivvv1

+
n

∑
i=2

rrri×mi[ωωω1× rrr11− (ωωω1 + θ̇1eee1)× rrr12]

+
n

∑
i=3

rrri×mi[(ωωω1 + θ̇1eee1)× rrr22− (ωωω1 + θ̇1eee1 + θ̇2eee2)× rrr23]

+ ...

where θ̇ j is the angular velocity of joint j, eee j its direction
and r12 is the position of joint 1 from the centre of link 2.
The velocity of link 1 can be obtained directly from the con-
servation of the linear momentum (equation 4) and the ve-
locities relation (6).

This equation needs to be expressed in the global iner-
tial frame, so the rotation matrix of the first link is QQQ01 =
RRRx(φ)RRRy(θ)RRRz(ψ), and each rotation matrix representing
the rotation of link i− 1 to link i follows the orientation of
the corresponding joint as for instance: QQQ12 = RRRz(α) for
ek = [0,0,1]′.

Equation (6) can be re-written as:

AAAωωω1 = bbbθ̇ (7)

hence we get a matrix equation to either determine the joint
velocities from the desired orientation or the converse. For
instance, for a 2-link one-joint system, we get the expres-
sion:

AAA = I1 + I2 +m1[(rrr11− rrr12)rrrT
1 − rrrT

1 (rrr11− rrr12)111] (8)

and
bbb =−(I2eee1 +m1[rrr1× (eee1× rrr12)]) (9)

Similar expressions were found for a general case and de-
rived by Papadopoulos and Dubowsky in [32].

Using XYZ Euler angles (for compatibility with most
simulation and CAD softwares) the relation between the an-
gular velocity of the first body and the time derivatives of
the Euler angles is:

ωωω1 = QQQωη̇ η̇ηη , (10)

where η̇ηη =
[
φ̇ θ̇ ψ̇

]′ and QQQωη̇ =
[
eeex RRRxeeey RRRxRRRyeeez

]
.
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Figure 12: Simulation results comparison for θ̇ = 2sin(2t)

In the context of a planar mechanism, we have direct con-
trol over only one of the three orientation angles, regardless
of the number of links. The inverse system (getting joint
velocity from desired orientation) is then overconstrained
(more equations than unknowns).

4.2 Simulations
Simulations were conducted with a simplified 2-link one-
revolute-joint Matlab model and compared to the results for
an identical geometry and dynamics in MSC Adams. The
results show that our equations correctly represent the be-
haviour of such a mechanism, but that some care should be
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taken with the integration solver used. For simulation times
longer than 40 to 50 seconds, we begin to observe a drift
with a simple Euler integration as well as with the c++ MSC
Adams solver. Using a robust medium-order Matlab solver
(ode45) the precision over larger simulation times remains
good.
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Figure 13: Desired orientation trajectory for 2-link one-
revolute-joint mechanism (ψ = θ = 0)
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Figure 14: Resulting trajectory for 2-link one-revolute-joint
mechanism

Figure 12 compares the results where θ̇ in equation (7)
is imposed and ωωω1 is determined by inverting matrix AAA.
Now a more pratical derivation is to impose a movement
of the first link (ωωω1 or the Euler angles) and find the re-
quired joint movement. This system has only one actuated

joint for three desired orientational degrees of freedom and
the least-squares solution is therefore computed, namely:

θ̇ = (bbb′bbb)−1bbb′(AAAωωω1) (11)

Using the same mass for both links (m1,2 = 20kg), same
length (L1,2 = 0.25m) and the following inertia matrices, we
obtain the results shown in figures 13 and 14:

I1 =

40 0 20
0 40 20

20 20 40

 , I2 =

40 0 0
0 40 0
0 0 40

 (12)

0 5 10 15 20
−1

0

1

2

3

4

time(s)

an
gl

e(
ra

d)

 

 

ψ
θ
φ

Figure 15: Resulting trajectory for 3-links 2-revolute-joints
(Adapted geometry design - EQ.12)

Adding another body to the free end of the second,
through a new revolute joint not parallel to the previous,
leads to a system with better control of its orientation as seen
in figure 15. For this simulation the same desired trajectory
as in figure 13 was used and the least-squares solution for
the joints velocities is computed. The third link is identical
to the second one (diagonal inertial matrix).

The physical parameters of the links have a great im-
pact on the re-orientation performances. For instance, using
these inertia matrices instead:

I1 =

40 30 30
30 40 30
30 30 40

 , I2 = 2I1, I3 = I1 (13)

with m1 = 20kg, m2 = 2m1 and m3 = m1, leads to a resulting
trajectory that is less acurate, as shown in figure 16.

By extrapolation of the difference between figures 15 and
16 we conclude that the geometric properties of the mecha-
nism can be set in such a way that better control is achieved.

8



0 5 10 15 20
−1

0

1

2

3

4

time(s)

an
gl

e(
ra

d)

 

 

ψ
θ
φ

Figure 16: Resulting trajectory for 3-links 2-revolute-joint
(Less acurate geometry design - EQ.13)

Figure 17: Simulation steps of mechanism re-orientation ex-
ample

It should then be feasible to use such results in the mecha-
nism design process.

A complete triangular face unit with 3 links per leg and 3
legs based on the mechanism of the previous section is then
simulated as shown in figure 17.

The trajectory resulting from the asymmetrical input tra-
jectory of figure 18 is shown in figure 19. Each leg is ac-
tuated separately and thus influences the final orientation of
the device by moving through configurations of different in-
ertia. In figure 18, the first leg is extended while the other
two are retracted. The first leg then retracts itself when leg 2
and 3 are all extended. The effect is a final mechanism con-
figuration identical to the intial state but whose orientation
has changed.
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Figure 18: Input joint angles for 9-link 9-revolute-joint
mechanism (triangular unit)
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Figure 19: Resulting trajectory for 9-link 9-revolute-joint
mechanism (triangular unit)

5 CONCLUSION

We presented a new mechanism and mechanism concept
that can be used to design a net or membrane device to cap-
ture or slow down the small-to-medium sized debris in LEO.

Another closely related application is to use the mecha-
nism as an end of life device to enhance the drag of a space-
craft when its lifetime expired. For instance the area of the
satellite EnviSat is 260m2, equipped with a 0.15km2 slow-
down device, it would greatly enhance the drag force. For
de-orbiting systems, the idea is to reach a low ballistic coef-
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ficient, i.e. the ratio between the mass and the area, times the
drag coefficient; the lower this index, the slower the space-
craft will move when starting its re-entry sequence. The
most common strategy for de-orbiting spacecraft is to use
thrusters, but then limit the lifetime of the device due to its
limited fuel ressources. A light and compact device such
as the mechanism presented in this paper could be a good
solution.

Future works are to be conducted in using the internal
actuators of the deployable system for re-orientation to de-
termine design strategies of a mechanism optimizing its ori-
entation control. It is also planned to extend this approach
to other kinds of deployable structures.
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