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Abstract

Landing on small-bodies is a very challenging problem that requires high degrees of robustness and autonomy. Being able to perform simula-

tions with great flexibility and accuracy is paramount for the development and design of landing systems. To this end, contact dynamics plays a

fundamental role and is often handled by complex tools that require large amount of development and validation efforts and very specific expertise.

In the last decade, the Visual Effects (VFX) industry has developed numerous suites that deal with contact dynamics frameworks. In this work, the

possibility of leveraging on the work of the VFX industry by using Blender, one of these tools, as the source for the contact dynamics modelling

is investigated.

This research focuses on the description of the methodology used for the landing simulations and the validation of the tool developed. A

step-by-step guide through the simulation setup is given, discussing how the wrapping GNC simulator and Blender interact. Validation tests for

the different parameters and dynamic models involved in the simulations are also presented. The results refer to the landing of a CubeSat in the

crater region of an asteroid. In particular, the artificial crater that will be generated on Dimorphos by NASA’s DART impact in late September

2022, is considered in the simulations presented in this work. Safety maps are generated by post-processing these results, and are used to assess

different landing strategies or site-selection criteria on the Dimorphos crater study case. Finally, the role of the developed tool in optimising the

use of space resources and its contribution to landing design strategies is discussed.

© 2022 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction

An increasing number of missions in the recent past have

attempted to perform landings on small bodies, which poses

a very challenging problem in a highly uncertain environ-
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ment. Designing these landing sequences in a robust manner

is paramount for the success of the mission concept, and re-

quires a wide range of tools. Having these tools is an asset that

makes this complex process more manageable, reducing of the

overall mission risk.

One of the key functionalities among this range of software

suites involves impact simulation tools. A great effort has been

put forth by the scientific community to study many different

contact models and develop software capable of tackling this
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complex task. Thuillet et al. (2021) performed a campaign of

hundreds of numerical simulations using a soft-sphere discrete

element method based on the Mobile Asteroid Surface Scout

(MASCOT) lander, carried by the Hayabusa2 mission (Grimm

et al., 2013), using the Parallel K-D tree GRAVity code (PKD-

GRAV) code (Dikaiakos & Stadel, 1996), which is a parallel

hierarchical tree-structured code used to conduct cosmological

simulations on shared-memory and message-passing multipro-

cessors. In Sunday, Cecily et al. (2021), a comparative study

was performed to assess the performances of that code with re-

spect to Chrono. Van Wal et al. (2020) presented a method-

ology for fast, parallelized simulation of the bouncing deploy-

ment of landers and rover probes onto a small celestial body.

All of these works developed their own simulation framework

and offer accurate analyses about the specific interactions be-

tween the spacecraft and the terrain, for a very detailed study-

case. However, the development of such simulation frameworks

is a time-consuming and technically challenging part of such

projects that require very specific expertise.

On the other hand, and with the huge rise of the video-game

and Visual Effects (VFX) industries, many tools have been de-

veloped to perform visual rendering of a certain scene, under

a set of physical constraints, e.g., impacts, fluid dynamics, or

deformations. These industries have invested in improving the

quality of such effects and it is precisely in these sectors where

some of the most powerful and renowned tools are developed

(Senkic, 2010; Ivaldi et al., 2014). These frameworks offer the

advantage of being Commercial Off-The-Shelf (COTS) tools

that are ready-to-use, i.e., the development and validation effort

is avoided by the user. They are, however, designed for a certain

segment of public, namely, VFX industries, professionals, and

enthusiasts. This translates into software primarily conceived

to be used for visualization purposes.

As a consequence, parameters and settings used in such tools

by the user often do not exhibit a clear link with real-world

physical properties, to support engineering purposes. The result

is a framework whose scenario-setting parameters include for

example, the bounciness of a certain rigid body or the strength

of a force field. These, however, are terms which are neither

used nor unequivocally defined within the scientific and engi-

neering communities. Therefore, behind this implementation,

a great deal of calibration (or translation from visualization to

physics) is needed. The interest of this objective is to find out

how large this effort is and to analyse how accurate the obtained

results can be, i.e., to investigate whether adapting already ex-

isting tools to asteroid landing simulation is worth the effort or

whether it would be preferred to tailor a software suite for the

needs of a certain space project.

To comprehend the reach that such a tool should have, it is

key to understand how far traditional methodologies have gone

in the past decades. Robotics is the discipline in which contact

dynamics has been studied the most and longest (see Bekker

(1960), for instance), and has been only relatively recently ap-

plied to space-related studies. Krenn & Hirzinger (2008), for

instance, developed and studied a contact dynamic model for

both satellite docking and rover locomotion on planetary sur-

faces. There, a detailed description of their contact detection

models and included forces is given. To perform contact detec-

tion, the coordinates of the meshes involved in the simulation

were transformed to a common reference frame. Then, these

points are mapped into a two-dimensional radial-axial reference

frame. The computational effort of using this technique was

mitigated by the authors by choosing to reduce the dimensions

(and thus the matrix operations) from three to two dimensions.

Parameters like normal penetration or penetration velocity are

key for the computation of the resulting forces in the dynamical

system, based on the model by Bekker (1960), which has been

extensively used in other robotic locomotion research projects

like in Gerhart (2004). An updated version of that methodol-

ogy was introduced by Zhang et al. (2021), where their authors

use Polygonal Contact Model (PCM)s to simulate six-degree-

of-freedom (6-DoF) motion of arbitrary-shaped landers in the

neighborhood of a small body with multi-contact dynamics.

Van Wal et al. (2017) presented a parametric analysis to

study the role that different design and physical parameters

play in the landing design and their corresponding sensitiv-
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ities. Their simulation framework took restitution, Coulomb

friction, and rolling resistance into account, and included a per-

sistent rock model, which was generated stochastically and pro-

cedurally (similarly to what was developed by Tardivel et al.

(2014a)). One of the key conclusions of this work highlights

the importance of modelling the full rigid-body dynamics of

the spacecraft or lander, in opposition to the traditionally used

spherical models. On top of that, it was found that the Coeffi-

cient of Restitution (CoR) of the surface is the most significant

influence in the simulation results, while the friction has a very

low impact in the deployment.

For the Hayabusa mission, (Yano et al., 2006), Takashi Kub-

ota et al. (2008) showed how they modelled their sampler horn

and the analysis they run to study interactions with the terrain.

Later, for the Hayabusa2 mission, a small lander called MAS-

COT (Grimm et al., 2013) was carried by the spacecraft to be

launched into the asteroid’s surface. Similar studies were con-

ducted for OSIRIS-REx, as described by Berry et al. (2013),

where their Touch-and-Go (TaG) technology is included in the

contact dynamics analysis to understand the interactions with

the surface of Bennu. More recently, an interesting method

for a three-legged robotic lander was proposed by Caruso et al.

(2020). In there, the authors make use of MSC Adams (see

Giesbers (2012)) as dynamics engine provider for their analy-

ses, which is a proprietary software used as a multibody dynam-

ics simulation solution.

Currently, there are a number of tools that offer physics func-

tionalities, typically aimed at the generation of animations and

renderings. Some of them are commercialised under private

licenses and developed by the industry and others have open-

use licenses and are built by the community. In an attempt to

make use of the great amount of resources available, this work

screened some of these tools and considered their application

for landing analysis.

Starting from rendering tools developed specifically for

space-related purposes, arguably, the most renown and signif-

icant contributions are the Planet and Asteroid Natural scene

Generation Utility (PANGU) and SurRender. PANGU (Martin

et al., 2019) is a tool used to render images of celestial bodies

from a space mission perspective. It offers instrument mod-

elling, image rendering, or CAD support and management and

is commercialised by STAR-Dundee (Mills et al., 2010). It has

been developed by the University of Dundee for the European

Space Agency (ESA) and is being used on several ESA stud-

ies and development projects aimed at producing precise and

robust planetary lander guidance systems. SurRender, which is

an in-house tool developed by Airbus, offers a similar set of ca-

pabilities described in Brochard et al. (2018). It addresses the

ray-tracing challenges in the space environment, including high

variability of sizes or specific optical properties, for instance. It

has been used in projects for ESA, Centre National D’Etudes

Spatiales (CNES), and for Airbus’ internal projects.

However, both of these tools lack a contact dynamics en-

gine underneath that could allow for the landing simulations

this work aims for. To find those capabilities, one could recur to

the video game industry, where physics are a fundamental part

of any realistic simulation. Unity is a well-known tool and has

been used before integrated into a larger framework dedicated

to image rendering , even for space applications, in Craighead

et al. (2008) or Wood et al. (2018).

Similarly, Unreal Engine (Sanders, 2016) offers a great al-

ternative to Unity, featuring similar capabilities. According to

Dickson et al. (2017), Unreal has a steeper learning curve at

the beginning but is capable of generating more professional-

looking results with less effort, and gives the users a free-to-use

alternative.

While rendering is not a basic requirement for impact sim-

ulations, it is a desirable feature that would contribute to the

problem understanding by the user, in particular for landing

simulations, where visual inspection of the trajectories is a rel-

evant evaluation method. Additionally, and with the scalabil-

ity of the tool in mind, integrating the software into a wider

Guidance, Navigation, and Control (GNC) simulation suite

would enable the generation of images for image-based naviga-

tion analysis or Image Processing (IP) technique investigations.

Some of the options above offer very specialised space-based



4

image rendering and instrument simulation, and others are de-

signed with their physics engines as a core functionality; but

none was deemed to offer a balanced alternative that could do

both satisfactory for this project. With that in mind, an effort

was made to find a trade-off between both the rendering and the

physics worlds that could be easily included in a GNC simula-

tion tool.

Blender (Community, 2018) is an open-use license VFX

suite with a strong community support that offers many differ-

ent features including 3D modelling, UV unwrapping, textur-

ing, raster graphics editing, fluid and smoke simulation, parti-

cle simulation, soft body simulation, sculpting, rendering, mo-

tion graphics, or compositing, for instance. These functionali-

ties make it very attractive for image-based navigation methods

around small bodies, since, given a mesh model of a certain

body, datasets of images can be rendered to simulate camera

influence in GNC performances or to train, validate, and test IP

algorithms, as exploited by Pajusalu et al. (2022), Pugliatti et al.

(2021), or Pugliatti et al. (2022). In addition to that, Blender of-

fers a set of dynamic modelling options (called Force Fields in

the suite) including, wind, magnetic, or harmonic force fields,

among many others. Since there is no limitation to the number

of force fields in a simulation (other than in terms of processing

power), any kind of dynamical environment could be poten-

tially simulated, including the surroundings of a small celestial

body.

The contact dynamics engine built within the tool enables

rigid-body simulations where collisions and deformations are

evaluated, once the defining parameters are established. This

engine is based on PyBullet (Coumans & Bai, 2016), and allows

for many different settings regarding collision type, enveloping

mesh selection, particle interaction, margin definition, or phys-

ical properties definition, for instance. On top of that, Blender

offers the option to initialise simulations using Python scripts

that are executed using the internal distribution that comes with

its installation.

All of the above-mentioned characteristics make it very ap-

pealing to integrate Blender into a GNC simulation tool to per-

form landing analyses without going through the effort of hav-

ing to develop each of the models and modules required.

The ultimate goal of this study, other than the proof-of-

concept of the use of Blender as a modelling engine for contact

simulations, is the development of a simulation package that

can be used to analyse landing sequences onto small celestial

bodies and to help designing landing strategies tailored to the

different elements involved in the scenario. By performing such

analyses, the different design parameters that define a landing

scenario (e.g., impact attitude, touchdown velocity, or settling

position, for instance) can be optimised with respect to a cer-

tain criteria. By post-processing the results obtained from these

simulations, safety-maps could be created, to be used as a look-

up tables for trajectory and landing feasibility functions within

the guidance capabilities of a flight dynamics suite, or even on-

board autonomous GNC systems. These maps are envisioned to

inform about the different landing design parameters for a cer-

tain scenario, acting as a key resource in close-proximity and

landing-stage mission design.

Having access to such a resource would increase the robust-

ness of the mission design and would allow for quick adap-

tation to newly acquired information in later stages of the mis-

sion, characterized by limited decision windows or critical turn-

around times. The design of disposal strategies could also be

aided by this methodology, contributing, thus, to a responsible

management of the space environment around small bodies and

to a sustainable use of the resources needed to realise such mis-

sions.

The rest of the paper is organized as follows: Section 2 in-

troduces and justifies the study-cases and scenarios considered.

Section 3 describes the modelling of the elements included in

the scenario, such as orbital dynamics models, problem geome-

try, shape models, or small body morphology, among other pa-

rameters. After that, Section 4 explains the methodology used

to achieve the objectives discussed above. Section 5 shows the

results of the validation and calibration tests performed prior

to the analyses, including orbital dynamics and contact physics

tests, the two main contributors to the simulated trajectories.
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Finally, Section 6 shows the obtained results and poses a dis-

cussion about their most important aspects.

2. Study-Case and Context

To give the obtained results a significant context, a mis-

sion scenario corresponding to a current mission to an aster-

oid is used. In particular, a case study in the context of the

Asteroid Impact and Deflection Assessment (AIDA) collabora-

tion (Michel et al., 2016) was selected. AIDA is a collabora-

tion between National Aeronautics and Space Administration

(NASA) and ESA that encompasses two missions: Double As-

teroid Redirection Test (DART) (Cheng et al., 2012) and Hera

(Michel et al., 2021), respectively. The former will send an im-

pactor spacecraft to crash on the secondary body of the Didy-

mos binary system, called Dimorphos, allegedly creating an ar-

tificial crater on the surface of the secondary body (Rivkin et al.,

2021). A few years later, the Hera mission will rendezvous with

the system and visit it together with two 6U CubeSats: Juventas

(Goldberg et al., 2019) and Milani (Ferrari et al., 2021a). The

scope of the latter two is to demonstrate CubeSat technologies

in deep-space as well as to augment the scientific outcome of

the mission. As part of their disposal strategies, one of the op-

tions under consideration is to attempt a landing close to the

crater region of Dimorphos. The landing and bouncing off the

surface of Dimorphos are part of an experimental phase which

follows after the successful conclusion of the nominal scientific

objectives of the mission, as described by Ferrari et al. (2021a).

Since the trajectory design for this landing attempt is not the

focus of this work, the simulation efforts are constrained to the

very last stage of the landing sequence. Thus, the study-case

used here is based on an “entry-gate” concept: a very traditional

landing technique in which a gate is defined close to the landing

spot (Bennett, 1970). The spacecraft trajectory then aims to

arrive at such a gate within a certain velocity threshold (both

in magnitude and direction) to guarantee a touchdown near the

selected region.

For the preliminary analyses in this work and to test the

methodology developed, the initial velocity at the entry-gate

Fig. 1: Example of an entry-gate simulation, where initial states are distributed

on a grid at an altitude of 10.0 m above crater model C2, spanning 20.0 m in

diameter.Trajectories from an arbitrary entry-gate simulation (CubeSat rain) on

a crater.

is set to null, starting from a resting condition relative to Di-

morphos. The direction of the descent, thus, is solely decided

by the accelerations in the simulation. This effect is referred to

as “CubeSat rain”. Different grid resolutions are tested, start-

ing from a gate at an altitude of around 10 m, uniformly dis-

tributed. The width of the grid is chosen so that it covers the

higher diameter craters included in the simulation. The grid

shape corresponds to the intersection of the sphere at the alti-

tude mentioned above with a pyramid with a half-angle of 10.0°

with its vertex at the centre of the mesh, i.e., a spherical patch.

A representative example of this scenario is depicted Figure 1.

3. Shape and Dynamical Modelling

The dynamical environment used for this analysis is the

Didymos Near-Earth Asteroid (NEA) binary system (although

some assumptions are introduced in Section 4). In Naidu

et al. (2020), a very thorough description of the system is

given, based on delay-Doppler radar imaging of the binary

system. There, the observations were used to estimate 3D

shape model and spin states for the primary (Didymos) and size

and spin state of the secondary (Dimorphos). The aforemen-

tioned DART spacecraft will produce a crater on Dimorphos,

whose properties are unknown. Studies have been performed

in this direction where possible crater morphologies are sug-

gested (Ormö et al., 2020), but the exact shape of the body is
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Table 1: Didymos system physical parameters, from Naidu et al. (2020) and Wiegert (2020).

Parameter Value
Aphelion 2.2755 au

Perihelion 1.0141 au

Heliocentric semi-major axis 1.6444 au

Eccentricity 0.383 88

Sidereal spin period 2.26 years

Orbital heliocentric inclination 3.4078°

Known satellites 1

Rotational period (primary) 2.26 h

Distance between primary and moonlet 1.18 km

Orbital period of moonlet 11.92 h (tidally locked)

Diameter of primary 780 m

Diameter of moonlet 160 m

System mass 5.278 × 1011 kg

Density 1.7 g cm−3

Absolute magnitude 18.16

Last close approach to Earth (Nov 2003) 7.18 × 106 km

Close approach for DART mission (Oct 2022) 11.0 × 106 km

still unknown and will only be resolved once the DART space-

craft visits the system in October 2022. The most relevant char-

acteristics of the system are gathered in Table 1.

Currently, Dimorphos is estimated to orbit about the

barycenter of the system in a circular orbit of 1.18 km radius

and an orbital period of 11.92 h. The orbit is coplanar with the

equatorial plane of Didymos. Similarly to the Earth-Moon sys-

tem, Dimorphos is tidally locked, always exhibiting the same

face to the primary. The impact of the DART spacecraft on

the secondary body will likely change the tidal lock and the ro-

tation of the secondary around the primary. For the scope of

this study, that plays no role in the modelling of the system or

the results obtained, since illumination conditions are out of the

parameters considered and a body-fixed frame is adopted for

the simulations. The ellipsoidal shape model for Dimorphos is

taken from Ferrari et al. (2021a) and has the dimensions recol-

lected in Table 2.

Table 2: Ellipsoidal shape model used as a reference for Dimorphos (Ferrari

et al., 2021b).

Axis Value
a 103.0 m

b 79.0 m

c 66.0 m

The key characteristics of the crater, such as shape, size, and

depth, have large uncertainties associated with them. For the

purpose of this work, a number of craters are created to ac-

count for the different possibilities. Based on Marchi et al.

(2015), a depth-to-width aspect ratio of around 0.2 has been

used as a reference to model these craters, which are integrated

on the reference shape model shown in Figure 2a using a pro-

portional deformation tool in Blender. As explained in Gue-

varra (2020), proportional editing affects the nearby geometry

of the modified mesh vertex, which makes it a very useful re-

source when a smooth deformation of the surface of a dense

mesh is needed. The mesh’s resolution is increased over the

crater region to make sure that the impacts registered in the sim-

ulations accounted for the very irregular topography of some of

the crater models, as it can be observed looking at Figure 2b.

Eleven different crater types are designed using diameter and

depth as size-defining parameters and by assuming different

possible morphologies for the crater. The five different crater

morphologies used are:

• C0: Obtained as a smooth proportional deformation on the

mesh of Dimorphos.

• C1: Obtained by merging the Arizona crater (Barringer,

1914).

• C2: Obtained by merging a peak crater, based on C1 with
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(a) Original Dimorphos mesh.

(b) Modified Dimorphos mesh.

Fig. 2: Grid of the shape model used for Dimorphos from X-Z plane, crater is

placed centred on the Y-axis of the body-fixed reference system. Top: reference

shape model. Bottom: shape model with the 20 m C0 crater merged with the

original mesh.

the inclusion of a small elevation in the centre of the crater,

to include one of the most typical crater morphologies

(Allen, 1975).

• C3: Obtained by merging a soft-crater with 1.0 m depth.

• C4: Obtained by merging a soft-crater with 1.5 m depth.

Each shape of the C0, C1, and C2 craters features diame-

ters of roughly 5, 10, and 20 m. C3 and C4 craters both span

10 m in diameter. Such crater size range is consistent with lat-

est simulation-based estimates for the DART mission (Rivkin

et al., 2021). Figure 3 shows renderings of some of the mod-

elled craters as well as the mesh used for the CubeSat , which

corresponds to a 6U CubeSat, whose dimensions are detailed in

Figure 4.

The orbital and suborbital dynamics of the problem is one

of the two main drivers for the landing simulations performed

in this work, together with the contact dynamics. Orbital per-

turbations around asteroids are primarily driven by the gravity

potentials of the bodies involved and by the Solar Radiation

Pressure (SRP) exerted by the Sun. These are the only forces

accounted for in the dynamics model used here. To compute

these accelerations during the simulation, Astrodynamics Sim-

ulator (AstroSim) is used. AstroSim is a GNC simulator that

includes an orbital propagator with the relevant orbital accel-

erations for small body environments (Peñarroya et al., 2022),

among other functionalities. All of the algorithms and frame-

works developed in this work are included in the AstroSim suite

as a module called astroContact, which can be used both inte-

grated with a larger GNC simulation or completely detached

from the AstroSim environment, since there are no strict inter-

nal dependencies.

4. Methodology

Once the different modelling elements have been introduced,

the next step is to develop a methodology to produce analy-

ses for landing trajectories systematically. The parametric na-

ture of this study (similarly to what was presented by Van Wal

et al. (2017)), makes Monte Carlo approaches desirable, since

the different combinations of parameters involved can be anal-

ysed separately to understand the effects that each generates on

the landing trajectories obtained. The idea is to use the above-

mentioned landing gates as a grid to set up the initial positions

and velocities of the CubeSat prior to the impact (the latter is

always zero in this case). By placing the initial conditions of

the trajectory at each of these grid points, it would be possible

to create a dense cloud of initial states from which to simulate

the descent trajectories and their corresponding rebounds until

they reach a settling point, as it was previously shown in Figure

1.

This simulation setup requires a number of steps:

1. set up the simulation scenario,

2. fix initial state for the CubeSat,

3. propagate its trajectory until it reaches the gate,

4. switch to Blender to propagate the trajectory from the final

state provided by AstroSim until touch-down is achieved,

5. use Blender’s internal dynamics to simulate the rebounds,

6. log the propagated trajectory, and
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(a) C0 with 20 m diameter. (b) C1 with 20 m diameter. (c) C2 with 20 m diameter.

(d) C3 with 10 m diameter. (e) C4 with 10 m diameter. (f) Model used for the 6U CubeSat.

Fig. 3: Examples of the different models used for the craters and the CubeSat.

Fig. 4: CubeSat dimensions used in the simulations.

7. process the obtained results and construct a safety map.

Steps 1-3 are carried out using AstroSim, which propagates

a certain initial trajectory until it reaches the low-gate. Step

4 requires the final state provided by AstroSim to be fed into

Blender’s internal dynamics simulation. To do that, and mak-

ing use of the feature that Blender offers to launch simulation

scenarios from Python scripts, astroContact launches a Blender

instance with the scenario parameters that correspond to step 3,

i.e., after the initial propagation in AstroSim.

Doing that is not as trivial as it may seem, and some con-

siderations need to be made. To begin with, even if the low-

gate is set at a very low altitude with respect to the surface of

Dimorphos, the fact that the spacecraft keeps moving while de-

scending would mean that the different accelerations would also

change, so it is not ideal to set a constant value for the gravity

vector in Blender and let the simulation run. Hence, the pertur-

bations that need to be included must be analysed. As it was

stated before, gravitational potential and SRP are the two most

significant dynamical effects during ballistic flight, as discussed

in Ferrari et al. (2021b).

To analyse the environment, the work from Ferrari et al.

(2021b) is considered, where a perturbation analysis was per-

formed in the vicinities of Dimorphos. In such an analysis, the

gravity of the primary, the secondary, the Sun, and the SRP

accelerations are considered. Since the distance from the Didy-

mos binary system to the Sun varies widely along its orbit due

to its high eccentricity (see Table 1), the SRP is considered as a

range from the closest to the furthest positions of the binary sys-

tems with respect to the Sun. Other perturbations that could be

considered in this scenario include Thermal Radiation Pressure

(TRP) or Albedo Pressure (AP), which for Bennu’s environ-

ment are, respectively, 3 and 2 orders of magnitude below SRP,

according to Chesley et al. (2020). Because of such a low weak

influence, and given the short time frame of the simulations,

these perturbations are not included in the analyses shown in

this work.

Because the cases to be analysed for this analysis start from

around 10.0 m altitude above Dimorphos’ surface, the results

shown in Figure 4 from Ferrari et al. (2021b) indicate that the

central gravity acceleration of the secondary body is the main

driver of the accelerations undergone by the CubeSat. Thus,
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two assumptions are posed regarding orbital dynamics.

The CubeSat is assumed to be under the influence of Di-

morphos’ point-mass gravity only. Gravitational effects of the

primary and the SRP are neglected, due to the short time of

flight before touch down, and the vicinity to Dimorphos’ sur-

face at initial simulation time. This assumption is consistent

with Didymos system’s acceleration field reported in Ferrari

et al. (2021b), and suitable to support the goals of this work.

Thus, only the gravitational potential of the secondary is

considered. However, there is still a choice to be made regard-

ing how this potential would be implemented. Blender offers

two ways to add dynamic effects to a certain simulation: by set-

ting a gravity vector inertially or to include a property to the

bodies involved known as Force Field. The former requires

the use of a built-in functionality in Blender called keyframes,

which are way-points that fix any simulation parameter in a

temporal scale forcing them to take certain value at a certain

frame. The latter, instead, leaves the responsibility of the com-

putation of these values to Blender’s internal physics engine and

numerical integrator.

To trade both methods off, an assessment is performed based

on the following criteria:

• modelling,

• computational effort,

• implementation,

• flexibility, and

• numerical error.

Fixing acceleration keyframes means that, because these ac-

celeration values, which are computed using AstroSim, depend

on the position of the spacecraft at each frame, they need to

be updated accordingly as the simulation goes. This means a

constant back-and-forth communication between Blender and

AstroSim during the propagation, which makes for a huge com-

putational burden.

In order to keep Blender’s simulation script as detached as

possible from the GNC simulator, an interpolator for the accel-

Fig. 5: Example of Fibonacci spheres around Dimorphos. Three spheres with

radii of 100.0 m, 200.0 m, and 300.0 m, containing 500, 600, and 700 each,

respectively, are laid over the mesh of the asteroid to conform the interpolator

cloud.

eration values is created using an homogeneous spherical dis-

tribution (Fibonacci distribution (González, 2009)) around the

body. Figure 5 shows an example of how the points would be

distributed for a setup with three spheres with radii 100.0 m,

200.0 m, and 300.0 m, containing 500, 600, and 700 each, re-

spectively. It is important to make sure that the radius and the

number of points are aligned with the desired resolution in the

sphere surface. Radial resolution can be controlled via sepa-

ration between consecutive spheres. With a grid resolution of

10 m, concentric spheres are superimposed to guarantee that the

simulation is not outside the interpolated region and that the

distance from any position coordinate to its closest sphere does

not surpass the chosen resolution. The values for the accelera-

tion are then obtained by querying values to the interpolator in-

putting a three-dimensional position array. A similar approach,

although using the mesh’s vertices as points for the interpola-

tion, is used in Van Wal et al. (2020), where a voxelization of

a polyhedron model is pre-computed offline and stored for its

online interpolation. There, the selected scheme computed the

perturbation of the chosen polyhedron model with respect to a

central gravity model, since it showed to be the most memory
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efficient.

The benefit of such interpolators is that their points can con-

tain information about any kind of acceleration AstroSim could

compute, including different types of gravity potentials (point-

mass, spherical harmonics, or polyhedron models, for instance).

To improve the fidelity of the interpolator to the actual model,

the spatial resolution of the cloud of points in the interpolated

gravity field can be tailored to the dynamical environment and

the right interpolation scheme can be chosen to contribute to

mitigating approximation errors in the acceleration values ob-

tained.

However, one drawback they present is their heavy com-

putational weight. Depending on the resolution of this cloud,

the computation of the points is typically on the order of tens

of minutes. On top of that, if any of the accelerations are

time-varying (as it is the case for SRP or Third-Body Gravity

(TBG)), the cloud needs to have an extra dimension accounting

for time, making the process even slower and heavier. Nev-

ertheless, this does not burden the simulation time since, once

the interpolation cloud is created, there is no need to recompute

those values for each simulation, i.e., the cloud is stored as a

variable that is then loaded into the simulation.

Even if clouds can be computed and stored beforehand, the

sample trajectories take several minutes to simulate. This is

due to the way Blender interprets the dynamics, which requires

the simulation to bake (computer-graphics term referring to, for

example, pre-computing dynamics in a simulation) all of the

simulation frames every time a new acceleration keyframe is

(a) Position error for keyframes. (b) Trajectory comparison for keyframes.

(c) Position error for force fields. (d) Trajectory comparison for forcefields.

Fig. 6: Trajectories propagated in AstroSim and in Blender around Dimorphos at 2.0 radii, in body-fixed reference frame.
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added, i.e., each time-step. This not only increases the com-

putational time of the analyses, but also limits the maximum

timespan a certain analysis can be run for, since each addi-

tional frame scales the computational effort quadratically. For

example, for a simulation spanning 500 time-steps, the dynam-

ics of the simulation need to be updated at each step for each

of the 500 time-steps (or frames), thus, making for a total of

250 000 frames to be baked. Consider that, for the usual time-

step sizes used for landing simulations, 500 frames would cor-

respond to around 500 s, which is already a very limiting times-

pan for landing simulations.

On top of that, the frame-by-frame addition of keyframes

to the simulation makes the acceleration values interpreted

by Blender become discontinuous, even if the interpolation

schemes for the keyframes are set properly. This fact results

in the behaviour shown in Figure 6a. There, it can be observed

how, in spite of the fact that errors are not growing exceedingly

large in time, their behaviour is very much influenced by the

interpolation error create by the nature of this method.

Force fields, on the other hand, provide an alternative to

keyframes that only needs to be set up at the beginning of the

simulation, saving a great deal of the computational effort since

dynamics need to be baked only once, resulting in simulations

that take few seconds to finish. In this case, accelerations are

fully computed within Blender, using the internal dynamics en-

gine. The perturbations to be included in the simulation need

to be modelled using the different force field options provided

in Blender , adjusting the input parameters so that the produced

output has physical sense. A more detailed description on how

this is achieved is given in Section 5.

Because of that, and despite Blender being a very flexible

tool, the modelling of a richer perturbational environment (in-

cluding SRP or TBG, for instance) becomes more challenging

than with the keyframe method described above, where they can

be computed using other tools and techniques and included into

the cloud interpolator. This does not mean, however, that more

complex perturbations can not be modelled in Blender. For in-

stance, force fields include a tunable parameter called shape,

which is used to choose the way in which the direction of the

effector force (in this case gravity) is calculated. Available op-

tions include:

• point: field originates from the centre of the object;

• line: field originates from the local Z axis of the object;

• plane: field originates from the local XY plane of the ob-

ject;

• surface: field originates from the surface of the object; and

• every point: field originates from all vertices of the object.

From that list, the option every point can be chosen to model

what is known as polyhedron models or Mass Concentrations

(Mascon)s, which are explained in detail in Werner & Scheeres

(1997) and Muller & Sjogren (1968), respectively.

Nevertheless, and as discussed in previous sections based on

the work from Ferrari et al. (2021a) and Van Wal et al. (2020),

once contact begins, the rest of the accelerations involved in the

simulation become much less relevant, in relation to the effect

impacts have on the trajectory. Thus, the force model imple-

mented for the segment of the simulation computed by Blender

for the results shown in this work represents a point-mass grav-

ity potential . Note that this setup does not limit the orbital

and sub-orbital regimes of the simulations, which still are sim-

ulated in AstroSim, where other accelerations of interest can be

included to bring simulation results closer to reality.

On the other hand, time-dependent accelerations are much

better handled with this approach , even though, as previously

discussed, they might not play a relevant role, given the short

simulation timeframe.

In terms of accuracy, the results for the obtained trajecto-

ries can be observed in subfigures 6c and 6d, where errors are

much smoother than those obtained with the keyframe method.

It is also worth noting how the error introduced by the interpo-

lator used in the keyframe method is larger than that introduced

by assuming point-mass gravitational model, as it is done in

the force field method. More detailed figures for position error

evolution are shown in Figure 10 and discussed in Section 5.
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Table 3: Trade space for gravity vector keyframes and force fields as Blender’s orbital dynamics source. Bolded fields are preferred criteria.

Criteria Gravity keyframes Force fields

Modelling Validated perturbations Blender internal dynamics

Comp. effort Very high Low
Implementation Complex Simple

Flexibility Any perturbation Only Blender perturbations

Numerical error High Low

After testing both options, the force field approach is chosen

because of its much lower computational effort, its lower imple-

mentation complexity, and the higher accuracy that is observed

during testing. Table 3 summarises the pros and cons of both

approaches.

The trade-off criteria where force fields present worse re-

sults than the keyframe approach are not as relevant for the de-

cision. The accuracy of Blender’s internal force models have

been proven to be satisfactory (as it will be shown in Section 5)

and, when the numerical noise is taken into account, they ac-

tually end up providing more accurate results. The flexibility

regarding, for instance, the implementation of different pertur-

bations is not important for this work, considering the assump-

tions made in Section 3.

Once the dynamics have been set up, position keyframes (not

to be mistaken with acceleration keyframes) are used to set up

the initial position and velocity of the CubeSat at the beginning

of the simulation, until the integration is released to Blender’s

internal dynamics.

The other relevant contributor to the simulation is the contact

dynamics engine. As it has been previously justified, all the re-

sponsibility of this is given to Blender, which, in turn, uses Bul-

let to compute the corresponding dynamics. Thus, rigid-object

physical properties are also set in Blender, including bounci-

ness coefficients (see Section 5) and frictional properties of the

bodies involved in the simulation.

Blender offers a great variety of parameters to configure a

simulation scenario with rigid-body objects. In Van Wal et al.

(2020), the authors perform sensitivity analysis with respect to

several design parameters, such as, the shape of the object, the

CoR, and the coefficient of friction. The different analyses per-

formed there, extract their conclusions from two main results:

settling time and surface dispersion. The former refers to the

time it takes for an impactor to settle down stationary on the sur-

face of the body starting from touchdown. The latter helps un-

derstanding how large the dispersion of the settling coordinates

can be with respect to the initial touchdown point. In Van Wal

et al. (2017), the authors also study the relevance of rock dis-

tributions on the surface of the body and the effect they have

on the final landing trajectory. Tardivel et al. (2014b) already

concluded that the presence of rocks on the surface of a body

can not be neglected for landing simulation purposes. However,

in this work, the focus of the simulation lies on the presence of

craters and their morphology. Additionally, in Allen (1975), it

is shown how rocks are not so often present in craters, due to the

latter being generated by collisions, which clear the area around

the impact point.

The software developed allows to configure the simulation

so that the effects of the aforementioned parameters can be stud-

ied. Numerical values are straight-forward to set, since they

only need to be specified and transmitted to Blender. The fea-

ture generation is a more complex process and a pipeline has

been developed in AstroSim specifically to address this prob-

lem. This pipeline, originally generated to create databases for

Convolutional Neural Network (CNN)-based IP algorithms, is

able to distribute population of features on the surface of a given

mesh, using Blender as well. The user needs to define the fea-

tures that need to be included in the population, such as rocks

or craters, for instance; select the number of features to be dis-

tributed, their size, which can also be specified as a normal dis-

tribution with mean size and standard deviation. Thus, a pop-

ulation of features can be stochastically and programmatically

generated. Figure 7 shows two randomly generated distribu-

tions for the mesh model with C2 with 20.0 m diameter.
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(a)

(b)

Fig. 7: Arbitrary rendered images for Dimorphos with crater model C2 gen-

erated using AstroSim. Notice how features (craters and boulders) have been

randomly distributed around the surface of the body.

As mentioned before, Blender offers a very wide variety of

adjustable parameters for contact dynamics simulations. These

parameters, on which the software developed is focused (but

not limited to), include:

• CoR for the object and the body,

• coefficient of friction for the object and the body,

• mesh geometry for object and body (including features

such as craters or rocks),

• collision margin and shape,

• spacecraft mass and inertia,

• linear and angular damping,

• simulation time-step and maximum timespan, and

• initial state and velocity (linear and angular).

For the simulations in this work, damping values are always

Fig. 8: Screenshot of a simulation in Blender to run a landing trajectory and

analyse the conditions at impact using Blender’s contact dynamics engine.

set to null, the collision margin is adjusted to 1.0 cm, and the

shape of the collision, which is the enveloping volume that is

used to compute contacts, is chosen to be the mesh itself in or-

der to obtain more accurate impact simulations. Other collision

shapes, which is the geometry that is used to compute the con-

tact points, available in Blender include convex hulls, spheres,

or cubes, for instance.

The different coefficients, the mesh geometry (including its

features), the initial state, and the simulation time-step are part

of a more detailed analysis that will be shown in Section 6.

Finally the trajectory and the rebounds are simulated in

Blender, i.e., executing Step 5 in the above algorithmic process.

When the CubeSat settles down, the position-and-orientation

data are saved to a file, completing step 6. The settling criteria is

studied and, at the time of writing, a combination of linear and

rotational kinetic energy law is designed to stop the simulation.

Step 7 takes the results and creates visualizations of interest

as the ones shown in Section 6. Figure 8 shows a screenshot of

a simulation environment in Blender’s Graphical User Interface

(GUI).

5. Validation and Calibration

Blender is originally designed as a VFX and computer-

graphics tool. Thus, the parameters included as properties are

not always based on physics. For instance, the CoR (which was
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one of the key parameters highlighted by Van Wal et al. (2017))

is referred to as Coefficient of Bounciness (CoB), which may or

may not be the same parameter that is usually applied in con-

tact dynamics formulation. The way in which such parameters

are utilised in Blender is not always transparent or thoroughly

explained in the documentation. To achieve a proper under-

standing of the physical meaning of such parameters, some val-

idation and calibration tests are performed.

The first test is meant to calibrate the design parameters

in Blender that refer to the rigid-body properties (in particu-

lar CoR) of the simulated objects and involves a plane and an

sphere-like polygon, which is dropped from a fixed height. By

changing the CoB of the two objects, the CoR can be computed

as the fraction between the magnitude of the velocity after and

before the impact. From this simple test it is possible to deter-

mine that the CoR is the product of the bodies’ CoBs, as it is

shown in Figure 9. This experiments shows that, if the CoB of

the plane is fixed to 1.0, then the CoR = CoBob j.

Other than rigid-body dynamics parameters, it is necessary

to validate the implementation of the orbital dynamics as ex-

plained in Section 4, i.e., using force fields as attractors to sim-

ulate gravitational potential of Dimorphos. In these tests, the

ground-truth provided by AstroSim and the trajectories simu-

lated in Blender are compared.

This becomes more of a calibration task, since, as mentioned

before, most of the parameters that Blender uses to set up sim-

ulations are not strictly physical terms. In this particular case,

force fields require a value of strength, which, would typically

correspond to the gravitational parameter, μ, in astrodynam-

ics. To perform this calibration, and after inspecting Blender’s

source code , the strength parameter in Blender is found to cor-

respond to:

F = χ · μ · msc · Δt2
f rame (1)

where μ is the gravitational parameter of the body exerting

the force field, msc is the mass of the Spacecraft (S/C), Δt f rame

is the time-step simulated per frame, and χ is a constant pa-

rameter that needs to be tuned for each gravitational attractor

(a) Correlation between CoR and CoB.

(b) 3D representation of the objects used for calibration, in Blender’s GUI

Fig. 9: CoR-CoB validation test in Blender (Peñarroya et al., 2021).

in Blender, acting as a calibration parameter to adapt Blender’s

internal units to International System (IS)’s units. For the study-

case and simulations shown in this work, its value corresponds

to 138 922.69 s2 m−2. The resulting value, F, represents a force

and should be expressed in force units (in line with the units of

the elements provided in equation 1).

Figure 10 shows the validation results for three orbits around

Dimorphos with semi-major axis of 1.5 radii, 2 radii, and

3 radii, in plots 10a, 10b, and 10c, respectively, where radii

refers to the reference radius for Dimorphos, corresponding to

a in Table 2, i.e., 103.0 m. There, it can be observed that, the

closer to the body the orbit is, the faster the dynamics and the

higher the errors (for equal propagation time); getting up to 3 m
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(a) Trajectory at 1.5 radii distance. (b) Trajectory at 2 radii distance. (c) Trajectory at 3 radii distance.

(d) Vertical drop along X-axis. (e) Vertical drop along Y-axis. (f) Vertical drop along Z-axis.

Fig. 10: Position error for the trajectory validation tests.

after 100 min of propagation for the closest cases.

The behaviour for the position components in the upper row

of Figure 10 is similar for all three cases, only modified by the

magnitude of the error at the end of the timespan of the propaga-

tion, which is fixed to half an orbital period, to obtain equivalent

dynamical behaviours. Errors are always under 15 m, even for

the longest timespans that go over 400 min. Considering that

the timespans to be typically simulated for touchdown simula-

tions range from seconds to few minutes, the errors observed in

the validation tests are deemed satisfactory.

However, there is one issue still to be analysed. As men-

tioned above, the closer the S/C gets to the asteroid, the more

intense the gravitational pull becomes, and, with it, the larger

the propagation error. Since the intention of astroContact is

to simulate landing sequences, i.e., trajectories that reach the

body surface, an extra set of tests are performed, where the

trajectories are vertical drops onto the surface of the asteroid.

For such tests, the error is plotted until the moment of impact,

in which AstroSim stops the propagation (flagging a collision

event), while Blender keeps simulating until the settling cri-

teria, corresponding to linear velocities under 0.001 m s−1 and

rotational rates under 0.001 deg/s, is met. The results shown

in the lower row of Figure 10 are obtained by comparing both

trajectories only until the moment of impact.

Thus, a drop is simulated along each of the body axes of Di-

morphos. From Table 2, the reference radius can be estimated

as 103.0 m (the longest semi-major axis). The drop-trajectories

depart from an altitude of 50.0 m from that reference radius, i.e.,

a total of 153.0 m from the centre of the body. Notice how, due

to the non-spherical shape of the body, the simulation times-
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pans, which are governed by the touchdown time, vary slightly

from 38 min to 49 min. For reference, the altitude used for the

results that will be shown in Section 6 is 10.0 m, so simulation

timespans will go even lower, supporting the argument posed

above.

The errors for these drops increase only along the velocity

direction and are always in the order of cm. With that, it can

be concluded that, for the nature of the simulations intended for

this work, the orbital dynamics can be considered validated.

Finally, the the contact-dynamics engined needs to be vali-

dated. The aim of this batch of tests is not to validate the un-

derlying engine (PyBullet, as mentioned in Section 1), but to

validate whether the parameters used to set up the simulation

maintain rigor from a scientific perspective.

Following energy conservation principles, as the descent

takes place, the energy of the S/C shall remain constant, dis-

tributed among linear kinetic, rotational, and potential energies.

Then, at the moment of the impact, a momentum transfer takes

place between the CubeSat and the colliding object, i.e., Dimor-

phos. In this impact, a fraction of the energy of the CubeSat is

transferred to the asteroid as kinetic energy, another fraction

is dissipated if the colliding objects are not perfectly rigid and

the impact is not perfectly elastic, and the remaining fraction

remains to the CubeSat.

Fig. 11: Sample drop-point simulated with various Δt values.

An interesting fact is found while running the simulations

for this test. As for any kind of numerical integration task, the

chosen time-step plays a fundamental role in the accuracy of the

results obtained. Same holds true for contact dynamics. Figure

11 shows how varying the time-step used for the simulations,

makes the trajectories diverge due to numerical propagation er-

rors.

When checking the energy summary of the CubeSat, for

the different time-steps used, singularities appear for certain

curves. Figure 12a shows how the trajectory corresponding to

Δt = 0.5 s presents peaks that are well out of the ranges of en-

ergy observed for the rest of the components. In that figure, U

stands for potential energy, K for kinetic linear energy, Kw for

kinetic rotational energy, and E for mechanical energy (the sum

of all three former ones). The inertia matrix used to compute

Kw is a diagonal matrix obtained by internal communication

with the authors of (Ferrari et al., 2021a) and is represented by:

I = 10−4[0.4782, 0.2566, 0.2566] kg m−2.

These peaks are due to collision tolerances and margins not

being in line with the simulation time-steps used. When two

rigid-body meshes intersect each other, the dynamics would

generate a collision and bounce effect that would cause the two

bodies to reject each other, affecting their trajectories and in-

troducing a rotational momentum to each of them. However, if

the time-step is too small, then next dynamical evaluation might

not be far enough for the intersection to have disappeared and

then numerical errors appear due to two consecutive steps eval-

uations detecting contact. This is the case for Δt of 0.5 s and

1.0 s in Figure 12a.

Thus, it becomes clear that the selection of the time-step to

be used in the simulations is crucial to the quality of the output

generated by astroContact. Two criteria need to be followed:

avoid excessively long time-steps to prevent inaccuracies in the

orbital dynamics (trajectory), and avoid excessively short time-

steps to prevent numerical errors in the contact dynamics (im-

pacts and bounces).

Filtering the results using these two criteria, rules the two

smaller time-steps out due to numerical errors and the two
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(a) Energy summary for all the Δt values tried.

(b) Energy summary for the selected Δt value.

Fig. 12: Energy summaries for a set of candidates Δt values tried before and after filtering. Lower values are discarded due to numerical errors while higher values

are discarded due to trajectory divergences.

longer ones due to trajectory divergence (as shown in Figure

11); resulting in the energy summary observed in Figure 12b.

There, it can be seen how the sample with a Δt of 5.0 s yields

satisfactory results.

Finally, after studying the effect that the time-step has on the

simulations, the energy plots can be analysed to check whether

energy is in fact conserved. To do that, this work will only

focus on the energy states of the CubeSat, i.e., the energy trans-

ferred from the CubeSat to the asteroid will not be analysed.

As expected, the kinetic energy levels increase as the space-

craft gains velocity and drop abruptly at touchdown. This re-

sults in the first drop in mechanical energy that can be observed

around the 500.0 s mark in Figure 12b. Then, a parabolic curve

can be observed with inverted aspects in kinetic and potential

energy, respectively. This can be attributed to the first bounce

after touchdown. After that, another impact happens, indicated

by the kinetic rotational energy, around the 700.0 s mark (this

time much smaller). The probe then keeps bouncing and rolling

until it settles onto the surface of Dimorphos.

The results shown in this section conclude that the validation

and calibration test for the simulations run by astroContact are

satisfactory and that the validity of the latter as a framework for
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(a) Crater C0 with 20.0 m diameter. (b) Crater C2 with 20.0 m diameter.

Fig. 13: Horizontal displacement plots for a 900 samples batch. Dots in the figure represent the final settling points for each of the simulations run, and their color

code corresponds to the horizontal displacement relative to their initial position in the grid.

landing simulations including contact dynamics is confirmed.

6. Results

The ultimate idea, as briefly exposed in Section 1, is to gen-

erate safety maps that can be used to design the landing strategy

for a certain mission scenario. To do that, a parametric analysis

is performed, considering the different values that the design

parameters could take. Thus, for each combination of design

parameters, a batch of simulations needs to be performed to

draw conclusions from it, using a Monte Carlo approach.

In order to do that, a script is generated, where the design

parameters are specified, that calls various instances of Blender

(depending on the machine’s processing capabilities) to exe-

cute the simulations in parallel. Some of the design parameters

used include grid resolution, CoR, attitude profile, initial po-

sition and velocity, or crater model, for instance. The design

parameters used in this work are just a sample of what could

be analysed. These parameters can potentially include anything

that could influence the simulations, so it is possible to perform

analysis with respect to any other aspects the mission designers

deem relevant.

For the simulations presented in this work, the default pa-

rameters are collected in Table 4. If not otherwise specified, the

results obtained would correspond to these numbers.

Table 4: Default input parameters for the contact dynamics simulations.

Parameter Value
CoR spacecraft 0.5

CoR body 0.5

Coefficient of friction 0.5

Collision margin 1.0 cm

Grid resolution 1.0 m

Initial position 10.0 m altitude (on the grid)

Initial velocity 0.0 m s−1

Initial attitude Smaller CubeSat side to nadir

Simulations provide some information, such as the horizon-

tal displacement analysis, i.e., the horizontal variation in po-

sition from the start of the trajectory (at the gate) to the final

settling point (on the surface). Figure 13 shows the horizontal

displacement for a simulation batch of 900 samples run using

craters C0 and C2, both in their 20.0 m diameter versions. Tra-

jectories that started above a highly-sloped point of the surface

exhibit the greatest displacement, which is direct consequence

of the slide/rebounds they suffer until they stop. Figure 13 in-

cludes a miniature of the crater used for the simulation and,
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there, it can be observed how the crater morphology plays a

major role in the distribution of the settling points. This is a

powerful tool to study how different morphologies or features

can affect the touchdown selection or settling probabilities in

different spots of interest. For instance, the small hill in the

centre of crater C2 clearly affects the distribution of the scat-

tered points around it.

Fig. 14: Higher resolution (0.5 m at the gate, i.e. 3600 samples) batch horizontal

displacement results on crater C0. Dots in the figure represent the final settling

points for each of the simulations run, and their color code corresponds to the

horizontal displacement relative to their initial position in the grid.

When increasing the resolution of the simulation (raising,

thus, the number of samples), more detailed information on the

nature of the landing can be extracted. Figure 14, for instance,

shows the results of a 0.5 m resolution batch on crater C0 with

20.0 m diameter, featuring 3600 samples. There, as is for all the

simulations shown in this work, the initial velocity is set to null,

and the attitude profile pointed the smaller side of the CubeSat

to nadir, while aligning the solar panels to the Z-axis. This

crater is generated by smoothly and symmetrically deforming

the surface of Dimorphos, so no irregularities or features are

present in its morphology.

The most obvious result is that the trajectories whose first

bounce happens within the crater diameter tend to end up ly-

ing on the centre of the concavity. On top of that, an interesting

Fig. 15: Examples of landings where the panels generate a “braking effect”

(left) and where they don’t (right) (Peñarroya et al., 2021).

Fig. 16: Crater C2 with the target settling area highlighted in light-blue.

consequence of the selected attitude is a denser group of settling

points along the Z-axis. This is explained by the orientation of

the solar panels, which are parallel to this axis, and prevent the

CubeSat from rolling towards the centre (see Figure 15). Be-

cause the CubeSat will slide over the crater’s interior instead of

rolling, the settling point for a considerable number of trajecto-

ries ends up further away from the crater’s center. These results

demonstrate how easily the attitude can affect the bouncing of

the CubeSat on the surface of the asteroid.

With the data from the simulations, the next and final step is

to create the safety maps for a certain landing strategy. First,

a set of constraints that define the condition of ”safety” needs

to be defined, e.g., areas of interest for the settling point, maxi-

mum number of bounces, duration of the landing until settling,

or even specific criteria such as preventing the panels from suf-

fering any impact. The way in which the creation of such maps
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are conceived is to overlay a number of logic masks to each of

the samples run on the Monte Carlo and deem successful those

that are compliant with all criteria. Of course, the more detailed

the success criteria, the fewer samples will be successful, and

the less ”safe” the generated map will be.

For demonstration, a relatively simple safety criteria will be

applied for the results that will be shown throughout this sec-

tion, which will consist only on constraining the final settling

area. Figure 16 shows an example of a target settling area for

crater C2, spanning 20.0 m in diameter. In this example, crater

C2 has been chosen because its features and irregularities make

for richer and more complex simulation results. The reason

why the upper bound of the light-blue area in the figure is not

straight is due to the way in which the area is designated, which

checks for each of the triangular facelets of the mesh, resulting

on that saw-tooh shape visible on the upper limit.

Figure 1 in Section 3 represents the batch of simulations run

for the creation of this map, where a resolution of 1.0 m for the

initial grid, and a nadir pointing attitude are chosen; the same

conditions used for the higher resolution test shown in Figure

14.

The generation of the maps require an individual evaluation

of each of the samples on a simulation. For each of these sam-

ples, the touchdown point is retrieved by analysing the simu-

lated velocities and accelerations. Then, the CubeSat trajectory

is simulated until the settling point is reached. Once the tra-

jectory ends, the safety criteria defined are evaluated to label

the sample as ”safe” or ”unsafe”. In this case, the only criteria

to be checked is whether the settling point is inside the target

area or not. Figure 17 shows two samples with successful and

failed results, respectively. Even though the touchdown points

are close to each other, the irregularity of the terrain (in this

case the rim of the crater) makes them diverge from each other,

after impacting on the surface.

By repeating this process for each sample in the simulation,

all of the touchdown points can be evaluated as ”safe” or ”un-

safe”, creating a map that, for a given set of landing initial con-

ditions (at the gate), serves as look-up table for touchdown point

selection that can be used by the guidance algorithms for the

mission to set the end-constraints for the trajectory optimisa-

tion. Figure 18 shows the results for the test under consider-

ation. There, it can be observed how most of the touchdown

points in the upper interior part of the crater are considered safe

because the CubeSat ends up settling inside the target area. It is

worth commenting on the isolated red points inside the mostly

green area, and the green points inside the mostly red area. The

fact that the surface of the asteroid (or the crater in this case) is

not a smooth curve justifies the outliers inside confidence areas

(a) Success example. (b) Failure example.

Fig. 17: Landing simulation examples used for safety map generation. Light blue represents the target area, the blue box represents the first touch-down, green

represents settling point inside target area, and red represents settling point outside target area.
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and shows how challenging and sensitive the problem is.

Fig. 18: Safety map for settling area constraints. Light blue represents the

target area, green represents touchdown points that end up settling inside the

target area, and red represents touchdown points settling outside the target area.

Success ratio is 32.96%.

Post-processing the results on the map in Figure 18 shows

a success ratio of 32.96%, understood as the samples deemed

safe with respect to the total number of samples. This number

has no practical meaning by itself, since it depends greatly on

the simulation resolution or the restrictiveness of the safety cri-

teria selected. However, it becomes useful when compared to

other maps where some input parameters have been modified,

and provides insight into how the different landing design pa-

rameters affect the safety maps. Figure 19 shows two examples

of modifications that affect the generation of safety maps.

The map shown in Figure 19a corresponds to a case where

the safety criteria has been modified: the target area has been

shifted to the lower half of the crater. Due to crater morphology,

the success ratio drops to 18.09%, which is a consequence from

the fact that this lower half of the crater is richer in irregularities

that prevent the CubeSat from settling in the target area and that

the slope of that side of the crater is higher and makes it more

challeging for the CubeSat to settle close to the centre of the

crater.

One of the problems observed in Figure 18 is that there are

some inconsistencies inside the safe areas, corresponding to red

outlying points. Van Wal et al. (2017) show in their work how

the angle of impact plays an important role in the settling time

for the simulation, increasing it and letting the lander traverse

longer. Following that idea, and in an attempt to improve the

obtained results, a new simulation batch is run in which the

attitude at impact is not nadir pointing but a tilt of 45.0° is in-

troduced so that the solar panels would hit the surface first, in-

troducing some rotational momentum onto the CubeSat. This

case might not be feasible for missions that need to preserve

the integrity of the panels to perform tasks on the surface of the

body. However, using the structure of the panels as a damping

system for the impact energy is something that could be utilised

in missions where the landing trajectory follows a ballistic de-

scent without braking mechanisms and that need to preserve the

integrity of the scientific payload. By doing so, the success ra-

tio raised to a 34.62% (1.66% higher than the first attempt), as

depicted by subfigure 19b. Even though the increase in success

ratio might seem small, the reader needs to recall that this ratio

is computed with respect to the totality of the samples simu-

lated, not the specific area that is intended to improve. Upon

visual inspection of the map, it can be clearly observed how the

mostly green area is much more consistent now, and few out-

liers are present, which supports the design strategy of tilting

the CubeSat before impact to favour rotation towards the cen-

tre.

According to Van Wal et al. (2017), the coefficient of resti-

tution of the surface is found to have a stronger effect on the

deployment statistics than the coefficient of friction, which ap-

pears to have no effect in their results. Performing similar sen-

sitivity analyses, Figure 20 shows the results obtained from sen-

sitivity analysis for both cases.

For this particular scenario, results show that the success ra-

tio drops over 1% when the CoR is increased from 0.5 to 1.0.

On the other hand, changing the friction coefficient from 0.5

to 1.0 considerably reduces the success ratio, dropping it to

24.22%. To better understand these plots, the time-of-settling

plots are also generated for the four cases presented so far with

the target area on the upper half of the crater. Figure 21 shows

the obtained results. There, it can be observed how changing

the initial attitude of the CubeSat shifts the distribution to the
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right, i.e., increases the settling times, allowing the spacecraft

to traverse longer and reach the target area, as it was expected.

Results for the increased CoR present a similar effect in the

settling time to those of the change in the initial attitude. How-

ever, the success ratio drops and the outlier touchdown points

do not seem to disappear, contrarily to the modified attitude ex-

ample. On the other hand, changing the coefficient of friction

makes a larger impact in the results, both from a success ra-

tio and a time of settling perspective. Simulation times were

capped to 5000.0 s, which explains the last bar in the three first

histograms of Figure 21, but in the fourth scenario (increased

friction), the distribution moves to the left so much that the

time-cap can no longer be appreciated. This result contrasts

with the conclusions obtained by Van Wal et al. (2017), where

the authors deemed the effect of the CoR to be much stronger

than that of the coefficient of friction.

Upon further investigation, the difference is found to be due

to the nature of the simulation scenario. In the results shown

in this work, the trajectories present mainly two types of be-

haviour: bouncing and sliding. The bouncing (including im-

pacts and rolling) is led primarily by the CoR, while the slid-

ing is determined by the coefficient of friction. The simulation

scenario used for the analyses shown here consists on a crater,

which features relatively large slopes (with respect to the sur-

rounding asteroid’s surface, for instance). If the spacecraft’s

geometry is such that rolling is not favoured by it the space-

craft trajectory slides downhill due to the slopes of crater un-

til, by means of frictional forces, it settles down in a certain

location. It has already been described how the solar panels

prevented the CubeSat from rolling in in this chapter (see Fig-

ure 14), and Van Wal et al. (2020) already showed how the

geometry of the probes used in their simulations affected the

settling time, mostly due to ”the shapes’ geometry, which de-

termines the range of aspect angles at which surface impacts

can take place”. There, it was found that a tetrahedron was the

shape that shortened the most the settling time, followed by the

octahedron, the cube, the icosahedron, and the dodecahedron.

Looking at Figure 4, it can be argued that the geometry of the

CubeSat used in this work resembles that of a cube, or even a

octahedron, if the solar panels are considered.

The result, as it can be observed in Figure 20b is that most of

the successful touchdown points on the lower half of the crater

turn into failures because the higher friction prevents them from

sliding longer and reaching the target area. Even some touch-

(a) Shift in the target area. Success ratio is 18.09%. (b) Change of impact attitude. Success ratio is 34.62%.

Fig. 19: Landing simulation examples used for safety map generation with modified criteria and landing design parameters. Light blue represents the target area,

orange represents the first touch-down, green represents settling point inside target area, and red represents settling point outside target area.
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(a) CoR for the body changed to 1.0. Success ratio is 31.88%. (b) Coefficient of friction for the body changed to 1.0. Success ratio is 24.22%.

Fig. 20: Landing simulation examples used for safety map generation with modified criteria and landing design parameters. Light blue represents the target area,

orange represents the first touch-down, green represents settling point inside target area, and red represents settling point outside target area.

down points on the upper half of the crater turn into failure

cases, constraining the landing spot selection further.

The generated safety maps provide a straight-forward and

clear way to understand which regions can be targeted for a

given landing scenario and a set of configuration parameters.

They are a valuable tool for landing spot selection and trajec-

tory design, and could be even used to iterate the geometry of

the spacecraft to fit the morphology of a certain landing region,

such as a crater, rocky surfaces, or flat areas.

One of the most challenging aspects of landing on asteroids

is the uncertainty about the physical properties of the body of

interest. Very often, detailed information can only be obtained

when the spacecraft already orbits close to the body, or even at

the contact itself. Ideally, safety maps could be computed on

board for any update on the scenario parameters for the land-

ing. However, the generation of such maps requires relatively

high computation capabilities, so doing so on-board is, at least

with the current implementation, not possible. A proposed al-

ternative would be to perform a sensibility analysis for a set of

parameters of interest. Thus, a number of maps can be com-

puted and stored to use as look-up tables by mission designers

and operators.

Even uploading these pre-computed maps to the spacecraft

is useful for the final approach trajectory. For the study-case

under consideration in this work, the CubeSat has no control

over its trajectory but it does over its attitude. Therefore, and

provided a sufficiently high navigation loop frequency, these

maps could be used to extract the touchdown point from the

current trajectory estimated by the navigation filter and steer

the spacecraft to an attitude profile that satisfies the imposed

conditions for successful landing, e.g., settling inside the light-

blue area in the example provided in this work.

7. Conclusions

In this work, Blender has been adopted as a simulation tool

for contact dynamics applied to CubeSat landing within the

crater region of asteroid Dimorphos. The system dynamics have

been replaced by a force field attached to a rigid-body and the

trajectories have been propagated using Blender’s own numeri-

cal methods.

Furthermore, the developed software has been included into

the astroContact module to generate safety maps for landing

strategy design. This module allows for parametric analysis

of relevant landing design parameters including (but not lim-
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Fig. 21: Histogram for the settling times for different scenarios. Upper-left is the nominal case, upper-right case was generated by changing the initial attitude of the

spacecraft, lower-left case was generated by increasing the CoR of the body to 1.0, and lower-right case was generated increasing the coefficient of friction to 1.0.

ited to) spacecraft initial state and pose, CoR for the spacecraft

and the body, coefficient of friction, mesh geometry and fea-

tures, collision margins and shape, spacecraft mass and inertia

properties, or simulation time-step, for instance. It provides a

useful, quick, and reliable framework for missions attempting

landings, giving mission designers an excellent option to tackle

these very challenging tasks.

Even though a validation and calibration tests have been per-

formed, comparing astroContact to other state-of-the-art mod-

els and tools for contact dynamics would help to further bench-

mark its performance. Both an energy-based validation and a

qualitative validation have been performed. The former using

a sample trajectory and analysing the evolution in time of the

energy of the system and the latter against results available in

the literature showing how the results obtained in this work fol-

low the same behaviour, only affected by the presence of crater

slopes in the landing simulations presented in this work. Fu-

ture work will be directed towards performing a validation cam-

paign against a peer-reviewed state-of-the-art method to further

support the results obtained by astroContact.

Safety maps generated by this tool can be used as a com-

plement to other hazard detection modules to determine safe

landing spots. Training a model with a set of maps account-

ing for possible ranges of landing design parameters could be

used on-board as look-up tables to increase mission success,

by changing attitude profiles or re-directing the trajectory to a

safer area. These maps could then even be over overlaid with

classical Hazard Detection and Avoidance (HDA) maps such as

shadow detection, feature detection, or slope estimation ones,

contributing to the final safe area estimation.

Using these maps for the study-case of a CubeSat landing

on an asteroid crater, it is found that, pitching the impact atti-

tude of the spacecraft has a beneficial impact when the target

settling area is in the centre of the crater, since it increases the

horizontal displacement of the touchdown points that are fur-

ther apart from it. It is also observed how the coefficient of

friction appears to have a stronger influence in the settling time

when it comes to sloped terrain (such as craters) than the CoR,

for spacecraft geometries that do not favour rolling.

Future steps are directed towards how to make use of such

maps for navigation purposes, correlating them with on-board

images. The use of these maps for autonomous landing site

selection on-board could be an interesting research path, even

including Machine Learning (ML) methods (instead of tradi-

tional look-up table approaches) to mitigate the computational

effort.
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Appendix A. Acronyms

List of Acronyms

AIDA Asteroid Impact and Deflection Assessment

AP Albedo Pressure

AstroSim Astrodynamics Simulator

CNES Centre National D’Etudes Spatiales

CNN Convolutional Neural Network

CoB Coefficient of Bounciness

CoR Coefficient of Restitution

COTS Commercial Off-The-Shelf

DART Double Asteroid Redirection Test

ESA European Space Agency

GNC Guidance, Navigation, and Control

GUI Graphical User Interface

HDA Hazard Detection and Avoidance

IP Image Processing

IS International System

Mascon Mass Concentrations

MASCOT Mobile Asteroid Surface Scout

ML Machine Learning

NASA National Aeronautics and Space Adminis-

tration

NEA Near-Earth Asteroid

OSIRIS-REx Origins, Spectral Interpretation, Resource

Identification, and Security–Regolith Ex-

plorer

PANGU Planet and Asteroid Natural scene Genera-

tion Utility

PCM Polygonal Contact Model

PKDGRAV Parallel K-D tree GRAVity code

S/C Spacecraft

SRP Solar Radiation Pressure

TaG Touch-and-Go

TBG Third-Body Gravity

TRP Thermal Radiation Pressure

VFX Visual Effects


	FronteRivista
	PENAP_OA_01-22sssffff

