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Abstract 

Near Earth Asteroids are attractive targets for new space missions; firstly, because of their scientific importance, but 

also because of their impact threat and prospective resources. The asteroid retrieval mission concept has thus arisen 

as a synergistic approach to tackle these three facets of interest in one single mission. This paper reviews the 

methodology used by the authors (2013) in a previous search for objects that could be transported from accessible 

heliocentric orbits into the Earth’s neighbourhood at affordable costs (or Easily Retrievable Objects, a.k.a. EROs). 

This methodology consisted of a heuristic pruning and an impulsive manoeuvre trajectory optimisation. Low thrust 

propulsion on the other hand clearly enables the transportation of much larger objects due to its much higher specific 

impulse. Hence, in this paper, low thrust retrieval transfers are sought using impulsive trajectories as first guesses to 

solve the optimal control problem. GPOPS-II is used to transcribe the continuous-time optimal control problem to a 

nonlinear programming problem (NLP). The latter is solved by IPOPT, an open source software package for large-

scale NLPs. Finally, a natural continuation procedure that increases the asteroid mass allows to find out the largest 

objects that could be retrieved from a given asteroid orbit. If this retrievable mass is larger than the actual mass of the 

asteroid, the asteroid retrieval mission for this particular object is said to be feasible. The paper concludes with an 

updated list of 17 EROs, as of April 2016, with their maximum retrievable masses by means of low thrust 

propulsion. This ranges from 2,000 tonnes for the easiest object to be retrieved to 300 tonnes for the least accessible 

of them.  
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1. INTRODUCTION 

Recently, significant interest has been devoted to the understanding of the minor bodies of the Solar System, 

including near-Earth and main belt asteroids and comets. NASA, ESA and JAXA have conceived a series of 

missions to obtain data from such bodies, having in mind that their characterisation not only provides a deeper 

insight into the Solar System but also represents a technological challenge for space exploration. Near Earth objects 

(NEOs), in particular, have also stepped into prominence because of two important aspects: they are among the 

easiest celestial bodies to reach from the Earth and they may represent a threat to our planet.    

As witnesses of the early Solar System, NEOs could cast some light into the unresolved questions about the 

formation of planets from the pre-solar nebula, and perhaps settle debates on the origin of water on Earth or 

panspermian theories, among others (e.g., [1, 2]). This scientific importance has translated into an increasing number 

of robotic probes sent to NEOs, and many more planned for the near future. Their low gravity well have also 

identified them as the only “planetary” surface that can be visited by crewed missions under NASA’s flexible path 

plan [3]. Science however is not the only interest of these objects and mission concepts exploring synergies with 

science, planetary protection and space resources utilization have started to be uttered. Examples of this are recent 

NASA and ESA studies on a kinetic impact demonstration mission on a binary object, DART and AIM [4]. 

Proposed technologies and methods for the deflection of Earth-impacting objects have experienced significant 

advances, along with increasing knowledge of the asteroid population. While initially devised to mitigate the hazard 

posed by global impact threats, the current impact risk is largely posed by the population of small undiscovered 

objects [5], and thus methods have been proposed to provide subtle changes to the orbits of small objects, as opposed 

to large-scale interventions such as the use of nuclear devices [6]. This latter batch of deflection methods, such as the 

low thrust tugboat [7], gravity tractor [8], ion beam [9] or small kinetic impactor [10] are moreover based on 

currently proven space technologies. They can therefore render the apparently ambitious scenario of manipulating 

asteroid trajectories a likely option for the near future. 
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On the other hand, the in-situ utilisation of resources in space has long been suggested as the means of lowering 

the cost of space missions, for example, by providing bulk mass for radiation shielding or manufacturing propellant 

for interplanetary transfers [11]. The development of technologies for in-situ resource utilisation (ISRU) could 

become a potentially disruptive innovation for space exploration and utilisation and, for example, enable large-scale 

space ventures that could today be considered far-fetched, such as large space solar power satellites, sustaining 

communities in space or geoengineering [12]. Although the concept of asteroid mining dates back to the early 

rocketry pioneers [13], evidences of a renewed interest in the topic can be found in the growing body of literature 

[14-16], as well as in high profile private enterprise ventures such as by Planetary Resources Inc. [17]. 

With regards to the accessibility of asteroid resources, recent work by Sanchez and McInnes [18] discusses how a 

substantial quantity of resources could potentially be accessed at relatively low energy; on the order of 10
14

 kg of 

material could be harvested at an energy cost lower than that required to access resources from the surface of the 

Moon. More importantly, asteroid resources could be accessed across a wide spectrum of energies, and thus, current 

technologies could be adapted to return to the Earth’s neighbourhood small objects from 2 to 30 meters diameter for 

scientific exploration and resource utilisation purposes [18]. 

Together with the availability of small objects in the Earth’s orbital vicinity, recent advances in invariant 

manifold dynamics (e.g., [19]) provide the necessary tools to design surprisingly low energy trajectories, which may 

in turn enable the possibility to retrieve small celestial objects from their natural heliocentric trajectories. An asteroid 

retrieval mission envisages a spacecraft that rendezvous with an asteroid, lassos it and then hauls it back to Earth 

neighbourhood [20]. Current interplanetary spacecraft however have masses on the order of 10
3
 kg, while an asteroid 

of 10 meters diameter will most likely have a mass of the order of 10
6
 kg. Hence, moving such a large object, with 

the same ease that scientific payload is transported today, would demand propulsion systems order of magnitudes 

more powerful and efficient; or alternatively, orbital transfers orders of magnitude less demanding than those to 

reach other planets in the Solar System. Hence, it is here that invariant manifolds associated with periodic and quasi-

periodic orbits near the Sun-Earth L1 and L2 points provide important pathways to design extremely low energy 

transfers.  

This paper reports on the latest results from AsteroidRetrieval Project (PIEF-GA-2012-330649
*
). The project 

aimed at gaining further understanding of the current and near-term capability to modify the asteroid’s trajectory by 

judicious use of orbital mechanics. More particularly, the project focused on exploiting the subtle underlying 

dynamics of multi-body systems, in order to benefit from simultaneous gravitational interactions between the Sun, 

Earth and Moon to find effective means to transport asteroid material to the Earth’s vicinity. The paper will also 

review the earlier work by García Yárnoz  et al. [21], which presented a new sub-category of NEOs in an attempt to 

provide an objective and quantifiable classification of asteroids that could be transported from accessible heliocentric 

orbits into the Earth’s neighbourhood at affordable costs.  

Section 2 will briefly describe fundamental aspects of low energy transport phenomena in multi-body systems. 

The methodology used to distinguish between those asteroids that can be “easily” transported back to Earth vicinity 

and those that cannot is then discussed in Section 3, and was originally presented in García Yárnoz  et al. [21]. The 

list of potential candidates for retrieval, as of 12
th

 April 2016, is given in Section 4, together with their optimized 

impulsive capture trajectories. The latter set of solutions is then used as first guesses to solve the low thrust optimal 

control problem, which is described in Section 5. The opportunities and potential retrieval capability enabled by 

invariant manifold dynamics associated with periodic and quasi-periodic orbits in the Sun-Earth system is finally 

discussed and compared with published results from NASA’s Asteroid Redirect Robotic Mission (ARRM) [22] 

(Section 6). 

2. LOW ENERGY TRANSPORT CONDUITS 

Solar system transport phenomena, such as the rapid orbital transitions experienced by comets Oterma and 

Gehrels 3, from heliocentric orbits outside Jupiter orbital radius to orbits enclosed by it [23], or the Kirkwood gaps in 

the main asteroid belt, are some manifestations of the sensitivities of multi-body dynamics. The hyperbolic invariant 

manifold structures associated with periodic orbits near the L1 and L2 collinear points of the Three Body Problem 

provide a mathematical representation of the mechanism that controls the aforementioned transport phenomena [23-

25]. The same underlying principles that enable these transport phenomena allow also for excellent opportunities to 

design incredibly low energy transfers.   

2.1. Periodic and Quasi-Periodic orbits 

This paper thus focuses on the dynamics near the Sun-Earth L1 and L2 points, as they are the gate keepers for 

ballistic capture of asteroids in the Earth’s vicinity. The paper assumes the motion of the spacecraft and asteroid 

                                                           
*
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under the gravitational influence of the Sun and Earth within the framework of the Circular Restricted Three Body 

Problem (CR3BP). Thus, in a synodic reference frame centred in the barycentre of the Sun-Earth system, the 

unpropelled motion of the asteroid-hauling spacecraft can be modelled by [26, 27]:  
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where the potential function Ω is defined as: 
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where rS and rE are the distances to the Sun and the Earth respectively and the mass parameter µ considered in the 

paper is 3.0032080443x10
-6

, which neglects the mass of the Moon. Note that the usual normalised units are used 

when citing Jacobi constant values [26]. 

Together with the five well-known equilibrium positions of Eq.(0), from which L1 and L2 points are the two 

closest to the Earth, respectively defined as in Figure 1, an extensive catalogue of bounded motion near these 

equilibria has also been comprehensively mapped (e.g., [28]). The principal families of these are planar and vertical 

families of Lyapunov periodic orbits, quasi-periodic Lissajous orbits, and periodic and quasi-periodic halo orbits 

[29]. Although, some other families of periodic orbits can be found by exploring bifurcations in the aforementioned 

main families [28]. This paper however presents capture or retrieval opportunities enabled by three classes of 

periodic motion near the Sun-Earth L1 and L2 points: These are planar and vertical Lyapunov and halo orbits, from 

now on referred to as a whole as libration point orbits (LPOs). 

  
Figure 1. Series of planar and vertical Lyapunov orbits (left) and northern and southern halo orbits (right) associated with the 

Sun-Earth L1 and L2 points. Lyapunov orbits are plotted ranging from Jacobi constant 3.0007982727 to 3.0000030032. Halo 

orbits are plotted ranging from Jacobi constant of 3.0008189806 to 3.0004448196. The thicker red line corresponds to a Jacobi 

constant of 3.0004448196, which corresponds to half the distance between the energy at equilibrium in L2 and L3, at the 

corresponding µ. 

Ideally, an asteroid transported into one of these orbits would remain near the libration point for an indefinite 

time. In practice, however, these orbits are unstable, and an infinitesimal deviation from the periodic orbit will make 

the asteroid depart asymptotically from the libration point regions. Nevertheless, small correction manoeuvres can be 

planned to keep the asteroid in the vicinity of the periodic orbit [30, 31]. Indeed, for example, the Δv budget for 

station-keeping  of the James Webb Space Telescope near the Sun-Earth L2 point is much smaller than the standard 

station-keeping  budget for geostationary satellites [32].  

2.2. Invariant Manifold Dynamics 

In fact, the instability associated with these classes of bounded motion near the collinear libration points brings 

certain benefits to the possibility of transporting asteroid material into them. The linear behaviour of the motion near 
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the collinear libration points is of the type centre x centre x saddle [27]. This particular dynamical behaviour ensures 

that, inherent to any bounded trajectory near the collinear libration points, an infinite number of trajectories exist that 

asymptotically approach, or depart, from the bounded motion. Each set of trajectories asymptotically approaching, or 

departing, a periodic or quasi-periodic orbit near the L1 or L2 points forms a hyperbolic invariant manifold structure. 

There are two classes of invariant manifolds: the central invariant and the hyperbolic invariant. The central 

invariant manifold is composed of periodic and quasi-periodic orbits near the libration points, while the hyperbolic 

invariant manifold consists of a stable and an unstable set of trajectories associated to the central invariant manifold 

near an equilibrium point. The unstable manifold is formed by the infinite set of trajectories that exponentially leaves 

a periodic or quasi-periodic orbit belonging to the central invariant manifold to which they are associated. The stable 

manifold, on the other hand, consists of an infinite number of trajectories exponentially approaching the periodic or 

quasi-periodic orbit. 

 
Figure 2. Schematic representation of the four categories of motion near the L2 point (represented by the set of axes in the 

figure): periodic motion around L2 (i.e., halo orbit), hyperbolic invariant manifold structure (i.e., set of stable hyperbolic invariant 

manifold trajectories), transit trajectory and non-transit trajectory. Also, an asteroid retrieval opportunity enabled by the invariant 

manifold structure is depicted by the small Δv necessary to change the motion of an asteroid in a non-transit trajectory to a 

trajectory that asymptotically reached the halo orbit.  

It is well known that the phase space near the equilibrium regions can be divided into four broad classes of 

motion; bound motion near the equilibrium position (e.g., periodic as shown in Figure 1), asymptotic trajectories that 

approach or depart from the latter, transit trajectories, and, non-transit trajectories (see Figure 2). A transit orbit is a 

trajectory such that its motion undergoes a rapid transition between orbital regimes, e.g., heliocentric and 

planetocentric. In the Sun-Earth case depicted in Figure 2, for example, the transit trajectory approaches Earth 

following a heliocentric trajectory, transits through the bottle neck delimited by the halo orbit and becomes 

temporarily captured at the Earth. An important observation from dynamical system theory is that the hyperbolic 

invariant manifold structure defined by the set of asymptotic trajectories forms a phase space separatrix between 

transit and non-transit orbits. 

As illustrated in Figure 2, an asteroid retrieval opportunity benefits from the insights provided by the stable 

invariant manifold structures, associated with a given LPO, in such a way that with relatively little manoeuvering 

(only a single small burn in the example shown in Figure 2) an asteroid may be place into a trajectory that 

asymptotically reaches an equilibrium configuration near the Sun-Earth L1 and L2 points. It also follows from the 

aformentioned four categories of motion near the libration points that periodic orbits near the Sun-Earth L1 and L2 

points can also be targeted as natural gateways of low energy trajectories to Earth-centred temporarily captured 

trajectories or transfers to other locations of the cislunar space, such as the Earth-Moon Lagrangian points [33, 34]. 

3. EASILY RETRIEVABLE OBJECTS 
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Given the opportunities underlined above for low cost retrieval of asteroids, it is yet to be defined the number of 

suitable candidates within the known population of these objects. This section then describes the search for easily 

retrievable objects among the surveyed population of asteroids as of 12
th

 April 2016. The term easily retrievable 

objects (EROs) was originally defined in García-Yárnoz et al. [21], and refers to objects whose orbits could be 

modified into an stable hyperbolic trajectory by means of at most two impulsive manoeuvres with a combined cost 

below 500 m/s. A systematic search for EROs is now carried out, selecting the L1 and L2 regions as the target 

destination for the captured material. 

3.1. Invariant Manifold Trajectories leading to L1 and L2 

In order to provide a simple but robust method for categorizing EROs, the design of the transfer from the asteroid 

orbit to the L1 and L2 LPO consists of a ballistic arc, with two impulsive burns at the start and end, intersecting a 

hyperbolic stable invariant manifold asymptotically approaching the desired periodic orbits. Note that this work then 

considers only the inbound leg of a full capture mission. 

Planar Lyapunov, vertical Lyapunov, and halo orbits around L1 and L2 generated with the methods described in 

the previous section were considered as target orbits. The invariant stable manifold trajectories were computed by 

perturbing the target orbit periodic solutions around the Lagrangian point on the stable eigenvector direction with a 

magnitude of 10
-6

 in normalized units [26]. These initial conditions were propagated backwards in the Circular 

Restricted 3-Body Problem (Eq.(0)) until they reached a desired fixed section in the Sun-Earth rotating frame. We 

refer to this backward propagation time as the manifold transfer time tm. The section was arbitrarily selected as the 

one forming an angle of ±π/8 with the Sun-Earth line (π/8 for L2 orbits, see Figure 3, the symmetrical section at -π/8 

for those targeting L1). This corresponds roughly to a distance to Earth of the order of 0.4 AU, where the 

gravitational influence of the planet can be considered small. No additional perturbations were considered in the 

backward propagation. 

 
Figure 3. Schematic representation of a transfer to L2. 

In this analysis, the Earth is assumed to be in a circular orbit 1 AU away from the Sun. This simplification allows 

the conditions of the manifold trajectories (and in particular in the selected section) to be independent of the insertion 

time into the final orbit. The only exception is the longitude of the perihelion, i.e., the sum of the right ascension of 

the ascending node Ω and the argument of perihelion ω, which varies with the insertion time with respect to a 

reference time with the following relation: 

                                                   
2

( )REF REF REFt t
T


         (1) 

where ΩREF and ωREF are the right ascension of the ascending node and the argument of perihelion at the ±π/8 section 

for an insertion into a target orbit at reference time tREF, and T is the period of the Earth. For orbits with non-zero 
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inclination, the argument of perihelion of the manifolds is also independent of the insertion time and the above 

equation indicates a variation in Ω. However, in the case of planar Lyapunov with zero inclination, Ω is not defined 

and an arbitrary value of zero can be selected, resulting in the equation representing a change in argument of 

perihelion. 

A large database of conditions (a, e, i, ΩREF, ωREF, M) at the target section was then generated. The purpose of the 

database is to store beforehand all relevant data, in order to avoid large computational costs during the optimization 

of the capture trajectories. It was verified that if a sufficiently accurate discretization of all the capture conditions was 

performed, any hyperbolic trajectory within the infinite set in the invariant manifold could be quickly estimated by 

interpolating the stored data. Hence, 10
6
 sets of (a, e, i, ΩREF, ωREF, M) were generated that covered the eight 

different target LPOs (i.e. 4 at each libration point) for a range of Jacobi constants as shown in Figure 1. In other 

words, sets of (a, e, i, ΩREF, ωREF, M) were generated and used as bullseye to target asteroids into the hyperbolic 

trajectories associated with all the periodic orbits shown in Figure 1. 

The transfer between the NEO orbit and the manifold is then calculated as a heliocentric Lambert arc of a 

restricted two-body problem with two impulsive burns, one to depart from the original NEO orbit, the final one for 

insertion into the manifold, with the insertion constrained to take place before or at the ±π/8 section in the synodic 

reference frame. 

Thus, within the framework described above, an impulsive capture transfer can be uniquely defined with only 

five design variables. These are, as shown Figure 3, the time of the Lambert arc departure manoeuvre t1, the time of 

the Lambert insertion manoeuvre t2, the insertion date at the target periodic orbit tend, the energy of the final orbit J, 

and a fifth parameter that determines the insertion point of the manifold transfer along the target periodic orbit nmnfd. 

This last three design parameters (tend, J, nmnfd) uniquely determine a target hyperbolic trajectory represented as a 

Keplerian set (a, e, i, ΩREF, ωREF, M) for a given type of LPO and libration point.  

The total Δv change, composed by the departure and insertion manoeuvres (Δv1, Δv2), can then be used as the 

performance index of the transfer. A single objective optimization problem has now been defined, in which ideally 

the set of design variables (t1, t2, tend, J, nmnfd) that minimize the transfer cost Δvtotal are sought for each asteroid. Note 

also that this optimization problem targets one single asteroid into the hyperbolic stable invariant manifold associated 

with one specific type of periodic orbit (either vertical, planar Lyapunov or halo) at one of the two collinear 

equilibrium points (L1, L2). Hence, the same optimization problem needs to be repeated for each equilibrium point 

considered and target periodic orbit (i.e., sixfold).  

3.2. Asteroid Catalogue Pruning 

The NEO population known on 12
th

 April  2016 is composed by 14,166 objects. The ephemerides of all these 

objects were downloaded from the Minor Planets Center Database
†
.  

Performing for each known asteroid a single objective optimization as that described in previous section would 

entail high computational costs. However, this is clearly not necessary, since only a small portion of all the known 

asteroids would make good candidates for retrieval. The issue then is to use simple heuristic rules to resolve the 

candidates that may have a minimum potential to become good candidates, from those that can be completely 

discarded.   

As an integral of motion in the CR3BP, the Jacobi Constant can provide a first guess of the suitability of an 

asteroid to be captured [35]. If the Jacobi Constant of an asteroid diverges excessively from that of the target 

hyperbolic trajectories, then it would also mean that the energy costs to retrieve the asteroid would be high.  The 

Jacobi constant J of an asteroid in the Sun-Earth system can be approximated with the Tisserand parameter as: 

                                                          21
2 1 cosJ a e i

a
     (2) 

where a, e and i are the semi-major axis (in AU), eccentricity and inclination of the asteroid orbit, respectively. 

Figure 4 represents the complete range of different hyperbolic invariant manifolds used as target capture 

trajectories. These are represented in terms of its Jacobi Constant, but also in terms of perihelion and aphelion radius, 

as well as inclination, for the two collinear points. The figure illustrates the proximity of a much reduced set of 

asteroids (represented as crosses) to the capture manifolds. Note that among the 14,166 objects, only 77 have a 

Jacobi Constant ranging within [2.9992, 3.001], but once periapsis, apoapsis and inclination are also accounted for 

only 5 objects are plotted. It is also worth noting that asteroid 2006 RH120 has been highlighted, due to its proximity 

to the L2 manifolds. From these graphs and ignoring any phasing issues, 2006 RH120 can already be identified as a 

good retrieval mission candidate, as its perihelion and aphelion radius are close to or within the range of all three 

                                                           
†
 http://www.minorplanetcenter.org/ 
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types of considered manifolds, and its inclination also lies close to the halo orbit manifolds. The manifold orbital 

elements appear to be a good filter to prune the list of NEOs to be captured. 

  
Figure 4. Minimum and maximum perihelion and aphelion radius (left) and inclination (right) of the manifolds leading to 

planar Lyapunov, vertical Lyapunov and halo orbits around L1 and L2, as a function of Jacobi Constant J.  

Aside from the discussion on Figure 4, a more systematic filter is thus devised. As a first approximation of the 

expected total cost in terms of Δv, a bi-impulsive cost prediction with both burns assumed at aphelion and perihelion 

was implemented. Either of the two burns is also responsible for correcting the inclination. The Δv required to 

modify the apsides can be expressed as:  

                                                        

0

2 1 2 1
Δ

f

a s sv
r a r a

 
   

       
  

  (3) 

where µS is the Sun’s gravitational constant, r is the distance to the Sun at which the burn is made (perihelion or 

aphelion distance), a0 and af are the initial and final semimajor axis before and after the burn.  On the other hand, the 

Δv required to modify the inclination at either apsis can be approximated by: 

                                                                *

0

0

Δ 2 / 2s
i tv r sin i i

a


    (4) 

where 
0ti i  is the absolute magnitude of the difference between the initial inclination of the asteroid i0 and the 

inclination of the target hyperbolic trajectory it, and r
*
 corresponds to the ratio of perihelion and aphelion distance if 

the burn is performed at aphelion, or its inverse if performed at perihelion. The total Δvt of the capture trajectory can 

then be estimated as: 

                                                     
2 2 2 2

1 1 2 2Δ Δ Δ Δ Δt a i a iv v v v v      (5) 

with one burn performed at each of the apsis, and one of the two inclination change Δv assumed zero. The estimated 

transfer Δv corresponds to the minimum of four cases: aphelion burn modifying perihelion distance as well as 

inclination followed by a perihelion burn modifying only the aphelion distance; perihelion burn modifying aphelion 

distance and inclination followed by an aphelion burn modifying only perihelion distance; and two more equivalent 

sequences with the only difference that the inclination change is done during the second burn instead. Eq.(5) 

provides only a very rough approximations, intended for pruning unlikely candidates from the large asteroid 

database. In particular, it implicitly assumes that the line of nodes coincides with the line of apsides, and thus the 

inclination change can be performed at one of the apsides. Also, these formulas only take into consideration the 

shape and inclination of the orbits, ignoring any phasing with the Earth. 

Note finally that in order to obtain a Δv estimate from Eq.(5) both the initial (a0, e0, i0) of the asteroid orbit and 

the target (at, et, it) of the hyperbolic trajectory are needed. The minimum Δvt is then computed for each asteroid 

targeting each one of the 10
6
 possible capture trajectories generated previously. The results of this are described in 

the following section. 

4. ASTEROID RETRIEVAL OPPORTUNITIES 

The analytical Δv estimate described by Eq.(5) was used to filter the original population of 14,166 objects to only 

33 potential candidates. A threshold Δv cost of 700 m/s was used to prune out all likely unsuitable targets. Although, 

the appropriateness of the threshold was difficult to assess beforehand, it was later confirmed that none of the 33 
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candidates yielded optimized ballistic capture transfers with costs substantially below that indicated by the filter. The 

complete list of filtered candidates is reproduced in Table 1. 

 

Table 1. List of remaining asteroid after pruning.   

 

 

For each of the potentially retrievable NEOs in Table 1, feasible capture transfers with arrival dates in the interval 

2020-2100 were obtained. More accurate ephemerides were downloaded for each asteroid from JPL’s Horizon 

system
‡
. The ephemerides consisted in sets of osculating Keplerian elements ranging from 2020-2100. However, 

since the first guess generation of retrieval transfers is here based in a Lambert arc optimization, transfers were 

computed only for the first complete synodic period on which the asteroid is outside regions where the Earth’s 

gravitational effect plays an important role. These are, as described earlier, the regions with angular distance from 

the Sun-Earth line larger than π/8 radians. The Keplerian elements of each asteroid were then taken as the osculating 

elements furthest from the Earth during the synodic period of the first Lambert transfer opportunity.  

The Lambert transfers between the asteroid initial orbit and the hyperbolic target transfers were optimised using 

EPIC, a global optimisation method that uses a stochastic search blended with an automatic solution space 

decomposition technique [36]. Single objective optimisations with total transfer Δv as the cost function were carried 

out. Trajectories obtained with EPIC were then locally optimised with MATLAB’s built-in constrained optimisation 

function fmincon. Lambert arcs with up to 3 complete revolutions before insertion into the manifold were considered. 

For cases with at least one complete revolution, the two possible solutions of the Lambert problem were optimised. 

This implies that 7 full problem optimisations needed to be run for each potential NEO. In order to limit the total 

duration of the transfers, the insertion into the manifold was arbitrarily constrained to take place not earlier than 1000 

days before the ±π/8 section during the global search. This constraint was released in the local optimisation.  

Table 2 summarises the optimized results for all objects for which transfers below 500 m/s were found. The Δv 

reported in the table are the minimum achieved transfer cost to capture a given asteroid into each different LPO orbit. 

Note however that the result of the global optimization is an extensive database of capture opportunities, all with 

different time of flight, departure date, etc, and yet relatively similar Δv. Also, it is important to highlight that the 

earliest departure time allowed for the transfers reported in Table 2 is the 1
st
 January 2020. This is an important 

difference with the impulsive transfers reported in Garcia-Yarnoz et al [21], and it is the cause of some of the 

differences between the two tables. 

As shown in the table, the average size of all the objects with potential to be retrieve is of 10 meters diameter. 

This is clear indicative that asteroids that can be easily transported to Earth vicinity are rare, and they can only be 

found among the numerous population of extremely small objects. Nevertheless, the sizes reported in Table 2 are 

only based in the rough approximation given by the following relation [37]: 

                                                                
/5 1/2  [k1329  10 m]H

vD p     (6) 

where the absolute magnitude H is obtained from NEODys
§
, and the albedo pv may range from 0.05, for very dark 

objects, to 0.5 for very bright objects [38]. 

                                                           
‡
 http://ssd.jpl.nasa.gov/?horizons 

§
 http://newton.dm.unipi.it/neodys/ 

2006 RH120 2007 UN12 2012 TF79 2011 BL45 2010 VQ98 2011 UD21 2012 LA 2010 UE51 

2008 EA9 2013 RZ53 2008 UA202 2000 SG344 2011 MD 2009 BD 1991 VG 2014 QN266 

2014WU200 2010 UJ 2013 GH66 2011 BQ50 2006 QQ56 2001 GP2 2008 HU4 2012 WR10 

2008 JL24 2014WA366 2010 JW34 2013 BS45 2006 JY26 2015 XZ378 2015 VC2 2015 JD3 

2015 KK57        
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Table 2. NEOs with ballistic transfer trajectories below 500 m/s as of asteroid database on 12th April 2016. The type of 

transfer is indicated by a 1 or 2 indicating L1 or L2 plus the letter P for planar Lyapunov, V for vertical Lyapunov, and Hn or Hs 

for north and south halo. 

Rank 

# 
 

a 

[AU] 
e 

i 

[deg] 
H 

Diameter 

[m] 
Type 

Δv 

[km/s] 

1 2006 RH120 1.033 0.024 0.595 29.50 2.4-7.5 

2Hs 

2Hn 

2V 

2P 

0.059 

0.107 

0.187 

0.298 

2 2010 VQ98 1.023 0.027 1.475 28.20 4.3-13.6 

2V 

2Hn 

2Hs 

0.182 

0.393 

0.487 

3 2007 UN12 1.049 0.059 0.235 28.70 3.4-10.8 

2P 

2Hs 

2Hn 

2V 

0.195 

0.271 

0.327 

0.434 

4 2010 UE51 1.071 0.072 0.59 28.30 4.1-13.0 
2Hs 

2P 

0.405 

0.348 

5 2012 TF79 1.050 0.038 1.001 27.40 6.2-19.7 
2Hn 

2V 

0.273 

0.282 

6 2013 RZ53 1.016 0.028 2.123 31.30 1.1-3.6 2V 0.270 

7 2014 WX202 1.036 0.059 0.413 29.63 2.2 – 7.0 

2Hn 

2Hs 

2P 

0.297 

0.402 

0.337 

8 2008 EA9 1.059 0.080 0.424 27.70 5.4-17.1 2P 0.341 

9 2011 UD21 0.980 0.030 1.062 28.50 3.8-11.9 

1Hs 

1V 

1Hn 

0.347 

0.204 

0.300 

10 2008 UA202 1.033 0.069 0.264 29.40 2.5- 7.8 
2Hn 

2P 

0.438 

0.367 

11 2015 PS228 1.057 0.084 0.439 28.80 3.3-10.3 2P 0.395 

12 2009 BD 1.062 0.052 1.267 28.10 4.5-14.3 
2Hn 

2V 

0.395 

0.487 

13 2011 BL45 1.033 0.069 3.049 27.00 7.5-23.7 2V 0.395 

14 2011 MD 1.056 0.037 2.446 28.00 4.7-14.9 2V 0.431 

15 1991 VG 1.027 0.049 1.445 28.50 3.8-11.9 2Hs 0.453 

16 2000 SG344 0.978 0.067 0.111 24.70 21.6-68.2 

1P 

1Hs 

1Hn 

0.470 

0.487 

0.500 

17 2015 JD3 1.058 0.008 2.719 25.6 14.3-45.1 2V 0.496 

5. LOW THRUST ASTEROID RETRIEVAL 

The asteroids and capture trajectories summarized in Table 2  provide only the impulsive Δv costs of the retrieval 

trajectories. As such, they convey little understanding on the feasibility to retrieve these asteroids with current or 

near-term space technology. In order to obtain a first estimate of the mass and size of the asteroids that could be 

potentially captured, we need to consider also the basic mass budget of the spacecraft responsible to haul the asteroid 

back to Earth. Clearly then, the most relevant mission design for this is that of NASA’s Asteroid Redirect Robotic 

Mission (ARRM) concept [22], which is still largely based on the original proposal by Keck’s Asteroid Retrieval 

Feasibility Study [20]. The current design for NASA’s ARRM envisages a mission capable to deliver a space system 

with the ability to grab a small asteroid and use a high power (~40 kW) solar electric propulsion to push the asteroid 

back to Earth vicinity. ARRM spacecraft dry mass mdry is of 5,500 kg, a launch mass of about 18 tonnes, and an 

outbound transfer leg, i.e., Earth to asteroid, such that the spacecraft reaches the target asteroid with still about 10 

tonnes of propellant that would be used to haul the asteroid back to Earth’s vicinity. Hence, these figures are also 

used in the remaining of the paper.  

Since the trajectories in Table 2 are impulsive approximations, given the spacecraft mass budget mentioned 

above and assuming a standard high-thrust propulsion system (Isp~300s), a quick estimate of the retrievable mass 

from each capture trajectory can be computed by means of Tsiolkovsky’s rocket equation. Table 3 summarises the 

set of impulsive trajectories used to compute this first estimate of retrievable mass and the asteroid mass that could 

be retrieved with an Isp of 300s and impulsive manoeuvers. Note that the trajectories shown in Table 3 may differ 
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slightly from those reported in Table 2, i.e. marginally higher Δv. The reasons for these will be clear in the following 

paragraphs. 
 

 

 

Table 3. Capture trajectories and retrievable mass estimates in impulsive transfer approximation. 

 

 

 

Although a high thrust propulsion system has clear advantages, the tenfold excess velocity of the exhaust gasses 

in the ionized plasma of low thrust propulsion systems would likely be a much more valuable benefit here. On the 

other hand, while a low thrust engine may use up to 10 times less propellant than its high-thrust counterpart, the key 

issue for the latter is how large an asteroid can be pushed given the low acceleration and the available transfer time. 

Hence, to solve these issues, low thrust retrieval trajectories are now sought for all the transfer options reported in 

Table 2. The power available for the low thrust system is assumed to be ~40 kW [22]. This yields a maximum thrust 

capability of nearly 2 N with thrust efficiencies in the order of 70% [39]. A propulsion system specific impulse of 

~3000s [22] is assumed.  

5.1. Low Thrust Transfer Design 

Low thrust trajectories are now sought using the first guess provided by the high thrust optimized results. The 

departure conditions are thus fixed to those obtained in the high thrust solutions, and summarized in Table 3. The 

arrival conditions are selected as the particular stable hyperbolic manifold trajectory at which the high thrust solution 

is targeted, at the crossing of the π/8 section. Hence, boundary conditions are such that trajectories equivalent to 

those reported in Table 3 could be flown with low thrust propulsion technology. The complete low thrust transfer is 

thus defined within the region of space that was previously regarded as a two-body problem, and finishes just at the 

threshold distance with the three-body problem dynamics, i.e., section at π/8 radians angular distance from Earth. 

Therefore, the low-thrust transfer is also modelled as in a two-body dynamical approximation, perturbed in this case 

only by the low thrust propulsion acceleration.  

Hence, the dynamical system is defined such as: 

     , ,t t tx f x T  (6) 

where f is the vector field, x is the state vector and  , ,r t nT T TT is the thrust vector along the radial, transversal 

and out-of-plane direction. The state vector x is defined by means of the Gauss’ form of the variational equations 

[40], and in order to avoid singularities near zero inclination, the nonsingular modified equinoctial elements [41],

 , , , , , ,p f g h k L m , were used: 

 

Asteroid name 
Orbit  

destination 

Date [yyyy/mm/dd] 
Energy of 
Manifold 

Total 
Duration 

[yrs] 

Δv [m/s] Isp=300s 
retribable mass 

[t] 
Asteroid 

departure 
Manifold 
insertion 

L1/2 
arrival 

Dep Ins Total 

1. 2006 RH120 2Hs 2021/02/04 2021/02/01 2028/08/05 3.000421 7.50 58 0 59 488 
2. 2010 VQ98 2V 2028/12/12 2033/01/09 2037/10/23 3.000072 8.86 204 5 209 130 
3. 2007 UN12 2P 2028/09/22 2032/2/13 2036/08/20 2.999887 7.91 15 180 195 140 
4. 2010 UE51 2P 2027/07/08 2030/12/17 2035/12/18 2.999887 8.45 40 309 349 74 
5. 2012 TF79 2Hn 2020/11/15 2024/08/01 2028/03/04 3.000249 7.30 42 238 280 95 
6. 2013 RZ53 2V 2045/01/14 2048/08/25 2054/04/06 2.998840 9.22 200 91 291 91 
7. 2014 WX202 2Hn 2023/12/05 2028/04/03 2031/08/24 3.000598 7.72 282 15 297 89 
8. 2008 EA9 2P 2025/12/24 2030/4/26 2034/04/30 3.000158 8.35 112 245 357 72 
9. 2011 UD21 1V 2032/08/19 2036/06/28 2040/10/28 3.000160 8.19 39 165 204 134 

10. 2008 UA202 2P 2036/09/23 2040/11/08 2045/08/01 2.999887 8.85 202 165 367 70 
11. 2015 PS228 2P 2033/02/01 2036/09/05 2041/06/07 2.999887 8.35 62 347 409 62 
12. 2009 BD 2Hn 2028/11/27 2032/08/25 2036/05/11 3.000291 7.45 269 144 413 61 
13. 2011 BL45 2V 2024/01/24 2027/06/10 2032/11/24 2.998570 8.84 106 345 451 55 
14. 2011 MD 2V 2033/03/27 2037/02/17 2041/10/16 2.998680 8.56 407 25 431 58 
15. 1991 VG 2Hs 2028/12/11 2032/03/12 2037/02/22 3.000249 8.20 401 53 454 54 
16. 2000 SG344 1P 2054/05/11 2057/05/02 2061/06/27 3.000357 7.13 240 230 470 52 
17. 2015 JD3 2V 2034/11/23 2038/10/12 2043/09/30 2.998846 8.85 134 410 543 44 
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The optimal control problem is now solved by finding a control law  tT and associated state history  tx that 

satisfies boundary conditions and path constraints (as mentioned earlier) and that minimizes a given cost function J. 

Since we seek to maximize the mass of the retrieved asteroid Mretrievable, the cost function is defined as: 

 fJ m   (6) 

where mf is the final mass of the asteroid-hauling spacecraft, i.e. spacecraft dry mass and asteroid mf =mdry+ 

Mretrievable. The time-continuous optimal control problem is transcribed using collocation methods into a finite 

dimensional nonlinear programming problem (NLP), using GPOPS-II [42] software package. Finally, the NLP is 

solved by IPOPT [43], an open source software package using an interior point algorithm to solve large-scale NLPs 

[44].  

When assuming high thrust propulsion systems, the retrievable mass can be straightforwardly computed by 

means of the rocket equation, as previously done. On the other hand, the asteroid mass Mretrievable that is attempted to 

be retrieved from a given orbit by means of a low thrust propulsion system strongly drives the feasibility of a low 

thrust transfer, since both maximum thrust (fixed in this case to 2 N) and time of flight are fixed. Hence, an iterative 

continuation process is used where the optimal control problem is solved for increasing initial asteroid-hauling 

spacecraft mass m0. The continuation algorithm is initialized with initial mass m0 such that the total thrust time 

should be on the order of 1% of total time of flight. This initial mass m0 ensures that a first guess, as provided by the 

previously optimized Lambert arcs, will have a fast convergence. This mass m0 is then increased at small steps. The 

final convergence of this process occurs either when the full 10,000 kg of propellant have been used or, in many 

cases, when the spacecraft thrusts at maximum power for the full transfer time. Note that an additional constraint is 

added to the retrieval trajectories; the total time of flight, i.e., from departure date to arrival to the LPO, should be 

less than 10 years. Figure 5 shows an example of the case on which all propellant available is used within the 10 

years of transfer time. This allows to retrieve a maximum asteroid mass of 340 tonnes of material. Note that in those 

solutions on which all the propellant cannot be used, the paper simply assumes that the unused propellant is instead 

asteroid material (instead of carrying ballast mass as propellant). 
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Figure 5. Final retrieval transfer for asteroid 2000 SG344 in both the synodic and inertial reference frame. Also, the top right 

corner figure shows the thrust profile and propellant mass as a function of time. 

5.2. Asteroid Retrieval Mission Feasibility 

The final results of the process described above are reported in Table 4. Among the complete database of 

impulsive transfer opportunities that resulted from the previous global optimization, there were all sorts of transfer 

opportunities with different transfer conditions but similar Δv. Hence, to ensure that the largest possible object was 

retrieved, several different transfers were optimized for each asteroid. Table 3 reports only those impulsive 

trajectories that yielded the maximum retrievable mass in low thrust, after the aforementioned optimal control 

problem and continuation process. As it can be seen in Table 3, the largest transport of asteroid mass was always 

achieved with a long transfer, of nearly 10 years. Hence, this is the reason why transfers in Table 3 differ slightly 

from those reported in Table 2, which were those minimising Δv and not maximizing transported mass in low thrust. 

The range of retrievable masses, as shown in Table 4, goes from 277 to 2,100 tonnes. For comparison, the total mass 

of the ISS is approximately of 450 tonnes. 
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Table 4: Asteroid retrieval mission feasibility summary for the capture trajectories in Table 3. Mission feasibility is represented 

with <Mmin if the retrievable mass Mretrievable is lower than the minimum asteroid mass, with >Mmin if Mretrievable is bigger than 

minimum asteroid mass but lower than mean mass, with >Mmean if Mretrievable is larger than mean mass and >Mmax if Mretrievable is 

larger than the maximum asteroid mass. 
 

Asteroid name 

Physical Properties 
Isp=300s 

Chemical Prop. 
Isp=3000s 

Electric Prop. 

H Drange 
[m] 

Mrange 
[t] 

Mmean 
[t] 

Mretrievable 

[t] 
Mission 

Feasibility 
Mretrievable 

[t] 
Mission 

Feasibility 

1. 2006 RH120 29.50 2.4 - 7.5 86 - 311 105 488 >Mmax 2,100 >Mmax 
2. 2007 UN12 28.70 3.4 - 10.8 259 - 941 318 140 <Mmin 973 >Mmax 
3. 2011 UD21 28.50 3.8 – 11.9 342 – 1,240 420 134 <Mmin 925 >Mmean 

4. 2012 TF79 27.40 6.2 – 19.7 1,562 – 5,667 1,919 95 <Mmin 739 <Mmin 

5. 2010 VQ98 28.20 4.3 – 13.6 517 – 1,877 635 130 <Mmin 727 >Mmean 
6. 2010 UE51 28.30 4.1 – 13.0 450 – 1,634 553 74 <Mmin 677 >Mmean 

7. 2013 RZ53 31.30 1 – 3.3 7 - 26 9 91 >Mmax 595 >Mmax 

8. 2008 UA202 29.40 2.5 – 7.8 99 - 358 121 70 <Mmin 576 >Mmax 

9. 2011 BL45 27.00 7.5 – 23.7 2,714 – 9,849 3,335 55 <Mmin 562 <Mmin 

10. 2008 EA9 27.70 5.4 – 17.1 1,032 – 3,744 1,268 72 <Mmin 556 <Mmin 

11. 2015 PS228 28.80 3.3-10.3 226-819 277 62 <Mmin 536 >Mmean 
12. 2009 BD 28.10 4.5 – 14.3 594 – 2,155 730 61 <Mmin 493 <Mmin 

13. 2014 WX202 29.63 2.2 – 7.0 72 - 260 88 89 >Mmean 459 >Mmax 
14. 2015 JD3 25.60 14.3-45.1 19x10

3
-68x10

3
 23x10

3
 44 <Mmin 427 <Mmin 

15. 1991 VG 28.50 3.8 – 11.9 342 - 1240 420 54 <Mmin 407 >Mmin 
16. 2000 SG344 24.70 21.6 – 68.2 65x10

3
 – 236x10

3
 80x10

3
 52 <Mmin 340 <Mmin 

17. 2011 MD 28.00 4.7 -14.9 682 - 2474 838 58 <Mmin 277 <Mmin 

Finally, an asteroid retrieval mission can here be said to be feasible if the maximum retrievable mass Mretrievable 

computed from the original asteroid orbit is larger than the actual mass of the asteroid. However, the mass of the 

asteroid, as its size, can only be inferred by the measure of its brightness in the sky, and again, this represents only an 

extremely rough approximation of its real mass. Knowing the absolute magnitude H of each asteroid, the diameter of 

the asteroid can then be computed using Eq.(6), and assuming a constant density and spherical shape the mass is 

given by: 

                                                   5

3
61.329 10
10 m
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H

ast

v

m
p





 
    
 


   (7) 

where the asteroid’s density ρ may range from 1,300 kg/m
3
, for very porous objects, to 5.300 kg/m

3 
for metalling 

high-density objects [45]. However, note that both density ρ and albedo pv depend on the object type and thus are not 

independent parameters. Thus, in order to obtain maximum and minimum ranges of asteroid mass, the combined 

parameter ρ(pv)
-3/2

 is assumed to go from 35,000 kg/m
3
 for S-class asteroids to 127,000 kg/m

3
 for M-class, while the 

average NEA is assumed to have ρ(pv)
-3/2

 of 43,000 kg/m
3
. Hence, the range of asteroid plausible masses, as well as 

the average (~most likely) mass, are reported in Table 4. A mission feasibility flag is also used to report when the 

retrievable mass Mretrievable is above the full range of plausible asteroid masses Mrange, above the average mass Mmean, 

above the minimum mass or below the plausible range Mrange .  

6. FURTHER DISCUSSION 

Perhaps the most relevant result from Table 4 are the five objects (2006 RH120, 2007 UN12, 2013 RZ53, 2008 

UA202 and 2014 WX202) that appear to be feasible targets for asteroid retrieval missions. Four additional objects 

are also likely candidates, but their real mass should be assessed accurately before their actual retribability can be 

definitively discerned. These results are also extremely promising when compared with recently reported studies on 

the feasibility of NASA’s Asteroid Redirect Robotic Mission (ARRM) [22]. Table 5 summarizes the differences 

between the results in the aforementioned NASA study [22] and those reported here. Note however that at least four 

of the objects (2013 RZ53, 2014 WX202, 2015 PS228 and 2015 JD3) had not been discovered by the time the study 

was performed, therefore they could not possibly be on their list. Most importantly, the methodology is inherently 

different; here, for example, the dynamical systems used are that of the CR3BP and the two body problem, which 

allows us to easily benefit from both Keplerian formulation and modern dynamical system techniques such as that of 

the computation of invariant manifold dynamics. NASA’s work, on the other hand, considers higher fidelity 

dynamics that include the perturbations from Earth, Moon, Sun, Jupiter and Venus [46]. The solutions presented in 

this paper still require to be fed into higher fidelity dynamical models as guesses for yet another optimization process 

seeking the LPO dynamical substitutes in higher fidelity models. Similarly, the retrieval transfer computed here have 

considered only the outbound leg (Earth-to-asteroid), and assumed an average usage of 2.5 tonnes of propellant to 

reach the asteroid. Clearly, since the retrievable mass capability will be a strong function of the launch and return 
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dates, this needs to be examined in further work. Nevertheless, the purpose of comparing the data reported in [22] 

with that reported here (Table 4) is simply to show qualitatively the prospective benefits of targeting Sun-Earth LPOs 

as opposed to Earth-Moon DROs.  
Table 5: Comparison of retrievability results as reported here and those reported in [22]. 

Asteroid 

Here ARRM [22] 

Mret 

[t] 
Mission 
Feasib. 

NASA

retM
 

[t] 

Mission 
Feasib. 

2006 RH120 2,100 >Mmax 490 >Mmax 
2008 HU4 - - 1,600 >Mmean 

2007 UN12 973 >Mmax 490 >Mmean 
2011 UD21 925 >Mmean - - 
2012 TF79 739 <Mmin 170 <Mmin 
2010 VQ98 727 >Mmean - - 
2010 UE51 677 >Mmean 130 <Mmin 
2013 RZ53 595 >Mmax - - 

2008 UA202 576 >Mmax 310 >Mmean 

2011 BL45 562 <Mmin 1,400 <Mmin 

2008 EA9 556 <Mmin 130 <Mmin 

2015 PS228 536 >Mmean - - 

2009 BD 493 <Mmin 590 <Mmin 

2014 WX202 459 >Mmax - - 

2015 JD3 427 <Mmin - - 

1991 VG 407 >Mmin - - 

2000 SG344 340 <Mmin - - 

2011 MD 277 <Mmin 690 >Mmin 

2012 LA - - 230 <Mmin 

2013 EC20 - - 120 <Mmin 

It is clear by the results in Table 5 that targeting Sun-Earth LPOs may allow either retrieving different objects or 

more favourable opportunities to haul larger masses. Earth-Moon DROs also offer opportunities to retrieve objects 

that could have not been possibly captured into LPOs. This is by itself a very interesting result, highlighting that 

different capture orbits in the Earth’s neighbourhood enable the capture of different asteroids, albeit with substantial 

overlap. The different final capture orbits may also entail different features in terms of controllability and safety. All 

these multi-body dynamical phenomena are highly nonlinear, thus when considering the uncertainties associated and 

the complexity of the mission, the different target capture orbits may offer different benefits in terms of 

controllability [47]. Similarly, each capture orbit entails different stability features which subsequently define 

characteristics such as the safety for Earth and its closest orbital environment (i.e. LEO, MEO, GEO) in terms of 

asteroid impact or debris generated during asteroid manipulation [48, 49].  

Finally, it is also worth comparing the results computed here with those reported in Mingotti et al. [50]. Mingotti 

et al. targeted also 12 of the objects used here to similar capture conditions. The retrievable masses reported here for 

the same 12 objects are all superior to those reported in [50]. However, further analysis is required to draw 

conclusions on the reasons for that. The methodologies used here and in [50] are radically different, but there are also 

differences on the asteroid initial orbital conditions and on the system characteristics of the tugboat, or asteroid 

retrieval spacecraft, hence making a straightforward comparison difficult.  

7. CONCLUSIONS 

This paper has reported the latest results from AsteroidRetrieval Project (PIEF-GA-2012-330649). These show 

the potential of invariant manifold dynamics associated with periodic motion, and by extension also to quasi-

periodic, to become an important enabler for asteroid retrieval missions. The paper reports the list of 17 asteroids, as 

of April 2016, that sufficiently accessible to become reasonable targets for asteroid retrieval missions. Among these, 

five objects (2006 RH120, 2007 UN12, 2013 RZ53, 2008 UA202 and 2014 WX202) appear to be feasible targets for 

asteroid retrieval missions; considering uncertainties on asteroid mass and a hypothetical space system based in 

current design studies for NASA’s Asteroid Redirect Robotic Mission.  
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Highlights: 

 This paper summarizes the final results of the EU-funded ASTEROIDRETRIEVAL Project. 

 Low thrust trajectories to retrieve 17 of the closest asteroids are presented. 

 These retrieval trajectories are enabled by hyperbolic invariant manifold dynamics. 

 Five asteroids appear to be feasible targets for asteroid retrieval missions. 
 These are; 2006 RH120, 2007 UN12, 2013 RZ53, 2008 UA202 and 2014WX202. 




