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ABSTRACT 
Current protection techniques leave spacecraft vulnerable 
to objects between approximately 1 and 10 cm. This 
paper summarizes the conceptual design of a space 
vehicle capable of shielding spacecraft from objects in 
this range of sizes, which was made to study the 
feasibility of such a method for spacecraft protection. 
The design was divided into three stages: first, using SPH 
simulations, a multi-layer shield capable of defeating 
large projectiles was designed; next, a deployment 
mechanism that allowed the shield to be stored 
compactly for launch was designed and analyzed using a 
vector-based kinematics and dynamics method; finally, a 
general design of the service module was made. The final 
design has feasible dimensions for a spacecraft to be 
placed in Low Earth Orbit (LEO) and consists of an 
eight-layer shield with an umbrella-inspired deployment 
mechanism. 
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1. INTRODUCTION  

The threat posed by orbital debris (OD) has been a 
growing concern for many years; ever since the hazard 
was first acknowledged in the early 1980’s it has been the 
subject of numerous studies, and it continuously 
increases the demands on spacecraft protection systems, 
thus leading to an increase in the weight, size and cost of 
spacecraft [1]. 

In addition, current protection techniques are not capable 
of protecting spacecraft from the whole range of orbital 
debris; there is a group of objects, from approximately 1 
to 10 cm in diameter to which even well protected 
spacecraft remain vulnerable [2]. Therefore, the objective 
of this project was the design of a conceptual space 
vehicle to act as a shield to protect other larger and 
higher-value spacecraft from orbital debris, and to 

explore the feasibility of such a measure for orbital debris 
protection. 

Larger and higher-value spacecraft, such as manned 
space stations or refueling/docking stations, will likely 
become more common in the future, and due to their 
larger size and long expected lifetimes, they will be more 
susceptible to unforeseeable impacts from debris. 
Therefore, the objective for this project, motivated by the 
ideas circulated in the early era of space debris research 
in 90’s, was the design of a conceptual space vehicle to 
act as a relatively inexpensive, external form of passive 
protection from orbital debris for other larger and higher-
value spacecraft [3-7].  

The proposed “defender” vehicle would consist of a 
shield capable of protecting these spacecraft from the 
larger objects in the 1-10 cm range. A deployment 
mechanism would allow the shield to be stored 
compactly during launch and deployed once in orbit. A 
representation of the concept is shown in Fig. 1. 

 

Figure 1. Representation of the initial proposal. 

The conceptual design of this “defender” spacecraft was 
carried out in 3 stages: first, inspired by existing 
micrometeoroid and orbital debris (MMOD) shield 
models, a multi-layer shield was designed and tested 
using Smoothed-Particle Hydrodynamics (SPH) 
simulations; next, the shield deployment mechanism was 
designed and analyzed with a vector-based kinematics 
and dynamics method; and, finally, a general design of 
the service module, on which both the shield and 
deployment mechanism would be mounted, was made. 
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2. MULTI-LAYER SHIELD DESIGN 

2.1 Shield configuration 

Shield configuration used in analysis consisted of a 
combination of aluminum mesh and aluminum plate 
layers (Fig. 2). Aluminum mesh was chosen for the first 
layers because it breaks up projectiles more effectively 
than a solid plate of the same areal density [8]. After the 
first few layers of mesh, solid aluminum plate layers 
were used to slow down and defeat the generated debris 
cloud.  

 
Figure 2. Representation of the Multi-layer shield model. 

The initial estimate for the dimensions of the aluminum 
mesh was made by scaling up the mesh from an existing 
MMOD shield [8], resulting in a mesh with 2 mm 
diameter wires in a square pattern with a wire every 5 
mm, as seen in Fig. 3.  

 
Figure 3. Initial dimensions of the mesh used in the 

bumper layers. 

Numerical simulations were used to determine the 
minimum required number of aluminum layers. 

2.2 Numerical simulations 

Traditionally, grid or mesh-based methods, such as the 
Lagrangian and Eulerian methods, have been used for 
numerical simulations in many different fields; however, 
these methods have difficulties dealing with perforation 
and fragmentation of materials, as is the case in this 
project [10].  

Mesh free methods have become a popular alternative to 
both Lagrangian and Eulerian grid based techniques. In 
this project a commercial implementation of mesh-free 
SPH method [14] was used.  

All simulations were executed at a workstation with 2 8-
core Xenon E5-2680 CPUs running at 2.7 GHz and 32 
Gb of RAM. 

Projectiles were modeled as 60x60 mm2 aluminum plates 
with a thickness of 5 mm (Fig. 4). 

 

 
Figure 4. Projectile geometry and orientation used in the 

SPH simulations.  

This geometry was selected because it was simple to 
implement while still being an adequate representation of 
the debris population in this size range [12]. The size of 
the plate was selected taking into consideration that 
debris sensors and tracking systems are improving; the 
most recent technologies allow the tracking of debris in 
LEO as small as 5 cm [13]. Finally, the plate was 
oriented perpendicular to the shield, as shown in Fig. 4, 
to guarantee its effectiveness in the worst case scenario; 
and it was given an initial velocity of 10 km/s. 

Table 1. Al 7039 material model properties [14], [15]. 

 

Since all the simulations consisted only of aluminum 
parts, a single material model was used. The material 
model used was the high strength AL 7039 aluminum 
alloy from the available material library, which uses a 
Shock equation of state (EOS) and Johnson Cook 
Strength equation [14]. In addition to the provided 
material properties, a Johnson Cook failure model was 
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implemented [15]. The material model properties for the 
AL 7039 alloy used in the simulations are summarized in 
table 1. 

To reduce computational expenses, most of simulations 
were conducted in 2D. However, for adequate 
representation of the aluminum mesh in two-dimensional 
analyses, a few three-dimensional simulations of a single 
mesh layer under HVI were carried out. They aimed to 
find an “equivalent-thickness” aluminum plate capable to 
substitute the mesh in the two-dimensional frame. 

The first test that was simulated was the aluminum plate 
impacting a layer of mesh. This was done in 3D and then 
a number of 2D simulations with thicknesses for the layer 
of shielding ranging from 1 to 4 mm were done to 
compare the results and find the equivalent. Each of the 
simulations took from 2000 to 3000 computational cycles 
and around 1 hour to complete. 

It was found that the 2 mm aluminum plate produced the 
closest results to the aluminum mesh, as can be seen in 
Fig. 5, so this was used for the full simulation to 
represent the mesh layers. In addition, by looking at the 
debris cloud produced by the first layer of mesh and the 
portion of the projectile that remains intact, it was 
estimated that three layers of mesh would be enough to 
fully break up the projectile and sufficiently spread out 
the debris cloud.  

 
Figure 5. SPH simulation results of a 2mm solid plate in 

2D (left) and the 3D aluminum mesh (right). 

In the full 2D simulation, overall ten layers were used 
with the first three layers representing the aluminum 
mesh. Results of the simulation are shown in Fig. 6. 

 
Figure 6. Final SPH simulation results. 

It took approx. 110,000 cycles to complete and ran for 
approximately 80 hours. Once it was completed, the 
results showed that a total of eight layers were needed to 
fully defeat the 60x60 mm2 plate. With 500 mm of 
standoff between layers this resulted in a total distance of 
3.5 m from the first to the last layer. The final shield 
configuration is shown in Fig. 7. 

 
Figure 7. Final shield design dimensions. 

It should be noted that, the final shield design was not 
optimized to minimize its weight, and if the design of this 
conceptual vehicle for OD protection were to be explored 
further, a lighter and more effective shield design could 
be made by considering other possible configurations and 
materials. For this reason, the design of the deployment 
mechanism in the next chapter bears in mind the 
possibility of accommodating different types of shields. 

3. SHIELD DEPLOYMENT MECHANISM DESIGN 

Of the various possibilities that were considered, the 
foldable umbrella mechanism was selected in this work 
for being the most versatile as well as being very 
compact. Because of its versatility, it fulfilled all of the 
established requirements: It is a simple mechanism that 
can easily be adapted to slightly different shapes (e.g. 
circular, square or rectangular depending on the number 
and length of branches in the umbrella) and sizes, an 
example is shown in Fig. 8; and the same type of 
mechanism can be used with flexible fabric-type 
materials as well as more rigid materials by folding them 
in on themselves (e.g. paper umbrella). 

Having foldable umbrella mechanism as a basis for the 
final design, some slight modifications were made to 
adapt it to the specific requirements of this project: An 
extra link was added to the end of the mechanism shown 
in Fig. 8 to extend its reach, the whole mechanism was 
scaled up to fit a 12 m diameter shield with 8 branches, 
one every 45o, supporting each layer. 
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Figure 8. Single branch of a foldable umbrella 

mechanism next to different possible shapes made with 
different number and lengths of branches: square (a), 

rectangle (b), circle (c) and hexagon (d). 

Study of the whole mechanism was simplified to the 
study of a single branch supporting 1/8 of the shield, as 
seen in Fig. 9. At the same time, since in this mechanism 
every additional layer of shielding followed the same 
motion as the bottom layer, it was sufficient to analyze 
only this first layer in the kinematic and dynamic 
analysis. 

 

Figure 9. Shield deployment mechanism final design, 
dimensions in m. 

Kinematic and dynamic analysis of the mechanism was 
made to determine its motion and the resulting forces 
acting on it as a function of the motion of the slider. This 
allowed the input motion to be defined in such a way as 
to minimize the accelerations and, therefore, the inertial 
forces acting on the mechanism. This analysis was 
carried out for the simplified mechanism shown in Fig. 
10 using the method described in [16]. 

Since the mechanism was designed to be opened in orbit, 
the only forces acting on it were the inertial forces 
associated with the acceleration of the segments of 
shielding. With a sinusoidal motion of the slider lasting 
10 seconds, the greatest of the four inertial forces acting 
on each branch of the deployment mechanism was of 25 
N. This shows that the implementation of such a 
mechanism for the shield deployment is feasible. 
Furthermore, by slowing down the motion of the slider, 

the resulting accelerations and inertial forces could be 
decreased even further. 

 

 

 
Figure 10. Representation of the final deployment 

mechanism in three different positions. 

4. SERVICE MODULE DESIGN 

To conclude the conceptual design, once the shield and 
the deployment mechanism had been completed, a 
general design of the rest of the spacecraft that would 
carry them was made. Since this spacecraft was not 
intended to carry any payload other than the shield and its 
deployment mechanism, this stage in the design focused 
on selecting the components for the service module.  

 
Figure 11. Diagram of the Gaia satellite’s service 

module [17]. 

To simplify the design, the service module was modelled 
after that of an existing satellite. The ESA’s Gaia 
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satellite, launched on 19 December 2013, was chosen as 
the model for the design of the service module. A 
diagram of Gaia’s service module is shown in Fig. 11 
below. 

With the Gaia satellite as a reference, the following 
components were selected for the spacecraft’s service 
module [18], [19]: 

a) Micro propulsion system: 12 cold gas thrusters for 
attitude control on the service module, an additional 12 
thrusters on the shield because of its additional mass with 
respect to the Gaia satellite and an estimate of 100 kg of 
propellant. 

b) Chemical propulsion system: The Gaia satellite 
required a chemical propulsion system to place it into its 
Lissajous-type orbit around L2 (Lagrangian Point 2), 
about 1.5 million km from Earth. In the case at hand no 
propulsion of this sort was necessary, since the spacecraft 
is to be placed directly into its desired orbit in LEO. This 
allowed for a significant reduction in size and mass, by 
removing the main propulsion system and its propellant. 

c) Navigation and control: Three gyroscopes, star 
trackers, three fine sun sensors for attitude control. 

d) Power: Although the shield will generally not be 
oriented towards the sun, its large area makes it a 
reasonable location to place solar cells. Alternatively, 
solar cells could be placed on the side of the spacecraft 
and shielding, which might provide a higher efficiency. 
The same six solar cells with a total 12.8 m2 and 1910 W 
of capability and 72 Amp-hour battery used in the Gaia 
satellite should be enough, taking into account the lower 
power requirement due to the lack of a payload module 
and the lower efficiency due to non-optimal orientation 
of the cells. An estimate of the power requirements is 
shown in table 2. 

Since the spacecraft is intended to travel alongside the 
spacecraft it is protecting (e.g. ISS or other large 
structures), there is the possibility of linking the two 
together to share their power. For example, at times when 
the solar cells of the shield generate excess power, this 
could be transferred to the spacecraft behind it. 

e) Communication system: Three Low Gain Antennas: 
the medium gain Phased Array Antenna used in the Gaia 
satellite for science data and telemetry downlink is not 
required in this case. 

f) Thermal tent: CFRP sandwich panels covered with 
MLI and a thermal radiator. The thermal tent also 
protects the electronics from radiation and contamination. 

Table 2. Estimated power requirements. 

 

 

Figure 12. Possible layout for the service module (top) 
and an estimate of its overall mass (bottom). 

With all the basic components selected, a general layout 
and estimation of the overall weight of the service 
module were made. Following the model of the Gaia 
satellite in Fig. 11, the service module was housed in a 
cylindrical structure with a smaller cylinder inside, in 
which the propellant is stored.  The inner cylinder was 
also made to accommodate the actuator for the shield 
deployment mechanism. The rest of the components, 
excepting the thrusters, were located around the inner 
cylinder. Fig. 12 exemplifies a cross section of the 
service module with a diagram showing a possible layout 
for its components; the module is 2 m in diameter and 1.5 
m in height and its estimated mass, 900 kg, is based on 
the previous component selection. 

5. FINAL DESIGN SUMMARY, CONCLUSIONS 
AND RECOMMENDATIONS 

With all three design stages complete, the final design for 
the spacecraft was put together. This final design is 
shown in Fig. 13 and is summarized below. 

45Conceptual esign of an “ brella” acecraft for bital bris ielding  D Um Sp Or De Sh



 

 

  

Figure 13. Final design of the “Defender” spacecraft for 
OD protection, dimensions in m.  

a) Orbital debris shield: The orbital debris shield 
consists of 8 layers of shielding with a 500 mm standoff 
between each layer; the first three are 2 mm diameter Al 
7039 wire mesh in a square pattern with a wire every 5 
mm and the next five are 2 mm thick Al 7039 plate. It 
has an overall areal density of 3.72 g/cm2 and covers an 
octagonal area with an outside diameter of 12 m, 
resulting in a total mass of 4200 kg.  

b) Deployment mechanism: The deployment 
mechanism is based on a foldable umbrella and folds the 
shield from a 12 m diameter octagonal shape down to a 
2.8 m diameter fitted into a 3 m diameter cover. Its final 
dimensions are shown in Fig. 14. The only loads on the 
mechanism as it opens in orbit are the inertial forces and, 
therefore, the mechanism can be very lightweight. It’s 
worth mentioning that, although the spacecraft was 
designed with a 12 m diameter shield, the deployment 
mechanism can easily be extended to cover a greater 
area.  

c) Service module: The service module, based on that of 
the Gaia satellite’s one, has a 2 m diameter cylindrical 
structure with a height of 1.5 m and an estimated mass of 
900 kg. 

 

Figure 14. Final deployment mechanism dimensions in 
mm. 

Overall, the spacecraft has a 2.8 m diameter and 7 m 
length when the shield is folded and a 12 m diameter and 
7 m length when the shield is deployed. The total mass at 

launch is estimated at 5100 kg. Fig. 15 is a 3D render of 
what the spacecraft could look like in operation. 

 
Figure 15. 3D render of the final spacecraft design. 

After completing the conceptual design it can be 
concluded that the use of a “defender” spacecraft of this 
type for the OD protection of larger structures in orbit is 
a feasible option that could successfully protect such 
structures from unforeseeable collisions.  

Although a thorough cost analysis would have to be done 
in each case, the spacecraft’s mass and dimensions are 
within what can be considered reasonable for a satellite 
in LEO and, therefore, the cost associated with this 
method of protection should be justifiable for large, high-
value spacecraft such as the ISS or missions where the 
life of astronauts could be at risk. Taking into 
consideration the growing orbital debris population and 
the growing probability of impact from objects large 
enough to cause serious damage to spacecraft but small 
enough to go undetected, the cost of using a spacecraft of 
this type for protection would be relatively low compared 
to the cost of the potential damage from a single 
collision. 

Since this is an initial conceptual design, however, much 
work remains to be done before this measure could 
successfully be employed for OD protection. Therefore, 
recommendations for the further development of this 
spacecraft are given below. 

First, the shield used in the conceptual design was merely 
the first that was found that fit the requirements; with a 
more in-depth study, considering alternative materials 
and layer configurations, the mass of the shield could be 
greatly reduced. At the same time, the use of fabric based 
materials, such as Nextel and Kevlar, instead of rigid 
materials would simplify the deployment mechanism. 

46 homson et al.D.M. T



 

 

As for the deployment mechanism, it was seen that the 
inertial forces involved were relatively low. Nevertheless, 
a more in-depth analysis should be made to determine the 
loads on every bar and joint in the mechanism and 
optimize their dimensions. Furthermore, the effect on the 
mechanism of the acceleration at launch and of an impact 
by a projectile should also be studied.  

Finally, since the main focus in this project was the 
design of the shield and its deployment mechanism, only 
a general component selection for the service module was 
made and a more complete design of the service module 
should be undertaken. 

As a final conclusion, even though this is a conceptual 
design and there is still a lot of work to be done, the 
project achieved its objective of showing that the use of a 
spacecraft of this type for orbital debris protection is a 
feasible option with great potential benefit for the safety 
of future missions in LEO as well as for the orbital debris 
environment as a whole. 
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