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The effect of a rocky terrain for CubeSat landing on asteroid surfaces
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Abstract

The paper describes a general modelling procedure to build a simulation tool to investigate contact motion of a CubeSat on an asteroid surface.
We investigate landing performance and landing success for the case of elastic rocky terrain and flat surfaces. As a case study, we focus on the
disposal of ESA’s Hera Milani CubeSat by landing on the moon of Didymos binary asteroid system. The simulation environment includes the
modelling of real shape and 6-DOF motion of the lander, the shape-based gravity models of Didymos and Dimorphos and rocks on surface, that
are generated as physical obstacles. Trends and estimates on the performance of the landing phase and the most relevant effects on the outcome
of the soil interaction process, are inferred. The statistical results on settling time, dispersion area and motion characteristics, such as number of
bounces, show and quantify the effect of rocks on a successful passive and permanent landing.
© 2022 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction1

Nowadays more than 27000 Near-Earth Asteroids (NEAs),2

whose orbit enters the Earth’s neighbourhood, have been dis-3

covered and classified. The continuously updated population4

of near-Earth minor bodies is a large and accessible set of tar-5

gets for space missions (Ferrari & Lavagna (2018), Ferrari et al.6

(2021a)). Asteroid research is attracting growing notice for sci-7

entific and economic reasons and for planetary defence (Rivkin8

et al. (2021)). From a scientific standpoint asteroids are con-9

sidered leftovers of the formation process of the Solar System.10

Close-proximity missions can help refine the models and shed a11

light on the formation processes of these objects (Michel et al.12

(2016)). Asteroids are also considered a unique opportunity for13

In-Situ Resource Utilization (ISRU) technology development.14

To be effective, ISRU techniques require to fill the knowledge15

gap of mechanical, physical and environmental properties of16

small bodies. Direct interaction is the only way to determine17

detailed information (Michel et al. (2018)). Finally, attention18
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is set on bodies threatening to impact the surface of the Earth. 19

NEAs include Potentially Hazardous Asteroids (PHAs), clas- 20

sified based on the possibility of threatening impacts on the 21

Earth. The design of effective mitigation strategies relies upon 22

the knowledge of asteroid properties and their material interac- 23

tion with man-made probes (Michel et al. (2016)). 24

Landing on a small body is a high-risk high-gain solution (Fer- 25

rari et al. (2021b)): the scientific information obtainable is bal- 26

anced by critical issues and uncertainties in the design of the 27

manoeuvre. The presence of small bodies with irregular mass 28

distribution makes the dynamics of the satellite, that moves in 29

the surroundings, highly chaotic (Ferrari & Lavagna (2018)). 30

Moreover, there is little information on the physical character- 31

istics of the surface during preliminary mission design (Ferrari 32

& Lavagna (2018), Michel et al. (2016), Michel et al. (2018)). 33

Considering these issues, we performed a statistical analysis on 34

the effect of environmental parameters to investigate the perfor- 35

mance of a landing disposal. 36

The paper describes the modelling of a CubeSat passive landing 37

on the surface of the small moon of a binary system. The simu- 38

lation campaign investigated the effect on landing performance 39

of a rigid and elastic rocky terrain compared to a flat one, with 40
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no obstacles or soil irregularities. An irregular soil is typical of41

asteroids and a rigid and elastic terrain is a worst-case assump-42

tion. In fact, an undeformable soil performs low energy dissipa-43

tion at impact, while a deformable regolith bed is associated to44

a low coefficient of restitution (Van Wal et al. (2019), Van Wal45

et al. (2017), Tardivel et al. (2014)), according to the contact46

model described in Section 3.5. In the specific case considered,47

a successful manoeuvre is targeted, with success identified as48

the capability for the lander to stay on the target surface. Goal49

is to estimate the influence of a rough soil on contact motion50

performance. The case studied is the end-of-mission transfer of51

Milani, a small CubeSat on board the upcoming Hera mission52

by ESA, by landing on Dimorphos, the moon of Didymos bi-53

nary asteroid system. Hera is part of the Asteroid Impact and54

Deflection Assessment (AIDA) collaboration between NASA55

and ESA. We provide a general procedure to build a simulation56

tool for the analysis.57

The article is structured as follows: first a brief overview of58

previous missions and literature on the topic in Section 1.1;59

then the case of study considered is presented in Section 2; the60

physical modelling of the problem is described through every61

component of the simulation building process in Section 3; the62

numerical implementation in the software and the simulation63

campaign carried out are given in Section 4; finally, the results64

obtained are presented, discussed and the main conclusions de-65

rived in Sections 5, 6 and 7, respectively.66

1.1. Previous missions and studies67

No detailed information is available on the surface of Dimor-68

phos (Naidu et al. (2020)), so we considered previous missions69

to similar bodies as baselines.70

To date very few probes managed to land on a small body, was71

it to perform Touch And Go (TAG) operations or to rest per-72

manently on the surface. NEAR-Shoemaker spacecraft ended73

its mission around the km-sized rocky asteroid 433 Eros with74

an unprogrammed landing (Antreasian et al. (2001)). Hayabusa75

spacecraft performed a completely controlled descent for TAG76

operations on S-type asteroid 25143 Itokawa of medium dimen-77

sions, approximately 330 m (Yano et al. (2006)). The follow-up78

mission Hayabusa2 deployed successfully two hopping rovers79

called MINERVA II 1A/B and the MASCOT lander on the half-80

km sized carbonaceous asteroid Ryugu (Tsuda et al. (2020)).81

The most recent mission targeting an asteroid is OSIRIS-REx,82

which performed TAG sampling on the medium-size C-type83

101955 Bennu (Lauretta D.S. (2019)). Earlier, Rosetta’s Philae84

lander performed the first soft-landing on the irregular nucleus85

of comet 67P/Churyumov-Gerasimenko (Jurado et al. (2016)).86

The landing trajectories analyzed in the literature of the previ-87

ous missions have been mainly characterized in the aftermath,88

while the paper focuses on a preliminary analysis of the land-89

ing, when no accurate environmental data are available (Biele90

et al. (2015), Yano et al. (2006), Antreasian et al. (2001)).91

Previous studies introduced modelling and simulation proce-92

dures to investigate the motion of probes approaching and mov-93

ing on the surface of small bodies. Works as Tardivel et al.94

(2014), Van Wal et al. (2017) and Van Wal (2014) focused on95

the global landing performance of spherical probes, to ease cal- 96

culations. However, Van Wal et al. (2019) and Zeng et al. 97

(2022b) proved the non-negligible effect of a non-spherical 98

shape on contact motion. The irregular mass distribution of 99

small bodies is typically represented with the most accurate 100

shape model available, such as a polyhedron one for Itokawa 101

in Van Wal & Tardivel (2016) or Bennu in Van wal et al. (2018) 102

and Wen et al. (2020). In Zhang et al. (2021) the combina- 103

tion of polyhedron models for both the small body and the 104

lander, and consequently multi-contact dynamics of the lander 105

analysed. Often, in a preliminary design there are no high- 106

resolution shape models of secondary bodies of binary systems. 107

Commonly, the shape models described assume constant den- 108

sity. The gravity field must be well represented in the proximity 109

of the surface. Van Wal et al. (2017) and Van Wal et al. (2019) 110

proposed solutions to lower the cost of gravity calculation re- 111

lated to a polyhedron model of the mass distribution, a reso- 112

lution reduction has been also applied in Zhang et al. (2021). 113

Surface features can be included to perturb the motion, they are 114

modeled in Tardivel et al. (2014) with a stochastic approach, 115

while in Van Wal et al. (2017) and Van Wal & Tardivel (2016) 116

as physical obstacles through the persistent rocks generation 117

technique. Due to the high uncertainty on the physical char- 118

acteristics of the environment, the typical approach exploits an 119

impulsive model for contact event solution on a hard terrain: 120

the collision is of infinitesimal duration and modelled through 121

impulses acting at contact point (Van Wal et al. (2019), Tardivel 122

et al. (2014)). Differently, when focus is set on the interaction 123

with a regolith soil, Van wal et al. (2018) suggests carrying out 124

specific Discrete Element Method (DEM) analyses. 125

The study of the text fits in the literature on the topic de- 126

scribed, that is currently growing interest. Another recent sim- 127

ilar study that applies different methods can be found in Zeng 128

et al. (2022a). The paper provides an approach that combines 129

the real shape of the CubeSat, the most accurate shape and grav- 130

ity models available for the case at hand and rocks generated as 131

physical obstacles. The techniques adopted are taken from lit- 132

erature examples: arbitrary shapes of the satellite have already 133

been studied in Van Wal et al. (2019) and Zeng et al. (2022b) 134

and the rocks generation method comes from Van Wal et al. 135

(2017). These elements are put together to adequately analyse 136

the landing phase to an original target: the smallest secondary 137

body ever targeted to date, by considering the full 6-DOF dy- 138

namics of the case studied. We focused on the final descent and 139

impulsive interaction with the terrain. In particular, we inves- 140

tigated the effect of rocks on landing performance. The results 141

obtained will be valuable to understand the contact dynamics 142

of a small satellite on a small body in a binary system and will 143

provide performance estimates for Milani’s landing. 144

2. Case of study 145

The analysis is carried out in the context of the AIDA col- 146

laboration between NASA and ESA. ESA’s Hera mission will 147

carry and deploy CubeSats Milani and Juventas in the prox- 148

imities of the target, Didymos binary asteroid system (Cheng 149

et al. (2015)). Hera is a self-standing mission to be launched 150
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Table 1. Physical and dynamical properties of Didymos system of asteroids. Note: The orbital elements are given at epoch 2457000.5 (2014-Dec-09.0).

Parameter Value
Heliocentric eccentricity 0.383752501 ± 7.7 × 10−9

Heliocentric semi-major axis 1.6444327821 ± 9.8 × 10−9 AU
Heliocentric inclination to the ecliptic 3.4076499 ± 2.4 × 10−6 °
Rotation period of the primary 2.2600±0.0001 h
Secondary orbital period 11.920+0.004/-0.006 h
Distance between the centre of primary and secondary 1.18+0.04/-0.02 km
Diameter of primary 0.780 km ±10%
Diameter of secondary 0.163±0.018 km
Dimorphos semi-major axes of ellipsoid representation (α, β, γ) (103, 79, 66) m
Total mass 5.278 × 1011 ± 0.54 × 1011 kg
Mass parameter 9.214 × 10−3

Didymos primary mass 5.2294 × 1011 kg
Dimorphos mass 4.8631 × 109 kg
Bulk density of the primary 2104 kgm-3 ± 30%
J2 parameter of primary body 0.012

in 2024 following the NASA’s Double Asteroid Redirection151

Test (DART), launched in November 2021, that performed a152

kinetic impact on the secondary body of the system, Dimor-153

phos (Cheng et al. (2018)). Hera will characterize the impact154

effects and deploy the deep space CubeSats to complement its155

measurements (Michel et al. (2018)). Milani is a 6U-XL Cube-156

Sat of wet mass 12 kg and dimensions 365.9×226.3×100mm,157

with two sets of solar panels. A ballistic soft-landing on Di-158

morphos, targeting the DART crater site or its proximity, is be-159

ing considered for disposal. Landing on target’s surface would160

highly increase the scientific return of the mission. However,161

the manoeuvre is still an option to be investigated due to the162

critical issues it presents (Ferrari et al. (2021a)). In the anal-163

ysis performed the goal of the landing was to stay on surface164

after contact, but the actual purpose of such a disposal is still165

undefined. The paper focuses on one specific option. Dimor-166

phos is the smallest asteroid to be targeted by a space mission to167

date and the first one that is part of a binary system (Cheng et al.168

(2018), Michel et al. (2018)), both factors make the landing ma-169

noeuvre challenging. Its gravity field is very weak on surface:170

around 10−4 - 10−5 m/s2 and escape velocity is estimated with171

average order of magnitude of few cm/s (Ferrari et al. (2021a),172

Ferrari & Lavagna (2018), Laino (2021)). Moreover, the dy-173

namical environment generated in the surroundings by the as-174

teroids is highly chaotic due to the combination of effects of the175

two attractors (Ferrari & Lavagna (2018)). Dimorphos orbits176

the primary on a quasi-circular path at a distance of 1180m in177

approximately 11.9h. The moon’s rotation is assumed in a syn-178

chronous 1:1 spin-orbit resonance, similarly to other observed179

binaries (Michel et al. (2016)). The target is spectroscopically180

classified as Sq-type, chondrite-like (Cheng et al. (2015)). The181

physical characteristics of the body are mainly obtained from182

ground-based observations. Table 1 reports Dydimos system183

properties.184

3. Physical problem modelling 185

To accurately reproduce the final descent of the satellite pas- 186

sive landing and its interaction with surface, it is crucial to 187

model the micro gravity near surface and the characteristics of 188

the terrain, both in terms of soil profile and of mechanical prop- 189

erties (Ferrari & Lavagna (2018), Van Wal et al. (2017), Tardi- 190

vel et al. (2014)). 191

The simulation set-up originates from the available literature 192

on contact dynamics and surface motion on small bodies, and 193

extends their validity within the limitations of the present work. 194

The full 6-DOF translational-rotational dynamics is considered. 195

Each element is modelled applying adequate techniques se- 196

lected from trade-off analyses between the methods in the lit- 197

erature. Main drivers for the choices have been accuracy and 198

realism and a compromise with the computational capabilities 199

available. 200

The implemented method adopts the real shape of the CubeSat 201

that moves in the dynamical environment generated by the bi- 202

nary system and interacts with a hard and rigid soil, which is 203

assumed flat in an extreme case scenario of highly elastic ter- 204

rain or with rocky elements generated as physical obstacles to 205

the surface motion. The paper focuses on these possible terrain 206

configuration and investigates their influence on the contact mo- 207

tion. 208

3.1. Dynamics 209

The final landing phase includes ballistic flight, collision 210

event and continuous surface motion. The lander’s state vari- 211

ables are propagated with respect to a body-fixed frame, in Fig- 212

ure 1, centred in Dimorphos’ barycentre and aligned to its prin- 213

cipal axes of inertia, based on the examples in Van Wal et al. 214

(2019), Van Wal et al. (2017), Van Wal & Tardivel (2016) and 215

Tardivel et al. (2014) about Itokawa. A typical assumption is 216



4

Fig. 1. Fixed body reference frame on Dimorphos, centred in Dimorphos’
barycentre and aligned to its principal axes of inertia. x-axis is aligned and
opposite to Didymos primary, the z-axis is assumed aligned to the spin axis of
the asteroid and the y-axis is assumed aligned to Dimorphos velocity.

uniform rotation of the asteroid (Van Wal et al. (2019), Van Wal217

et al. (2017), Van Wal & Tardivel (2016) Tardivel et al. (2014)).218

Gravitational attraction is the dominant force acting on the219

CubeSat when close to the asteroid surface (Ferrari & Lavagna220

(2018), Van Wal et al. (2017)). Contact dynamics simulation221

propagates in time scales low enough that external perturbing222

forces, such as solar radiation pressure, can be considered neg-223

ligible for such small times of flight (Van Wal et al. (2019),224

Van Wal et al. (2017), Tardivel et al. (2014), Van Wal & Tar-225

divel (2016)). From previous considerations the fundamental226

dynamics equation 1 describes the lander’s centre of mass lin-227

ear acceleration in the body-fixed rotating frame (Wen & Zeng228

(2022), Scheeres et al. (2019)).229

a⃗CG =g⃗D2 (⃗r) + g⃗D1 (⃗rD1 − r⃗) + g⃗tidal(−r⃗D1)+

− Ω⃗ × (Ω⃗ × r⃗) − 2Ω⃗ × v⃗ +
1
m

F⃗c
(1)

External actions on the satellite are gravitational attraction of230

the two asteroids g⃗D1 (⃗rD1 − r⃗) + g⃗D2 (⃗r), dependent on the probe231

state r⃗ and on the primary position with respect to the frame232

fixed in Dimorphos r⃗D1, the tidal acceleration term g⃗tidal(−r⃗D1)233

and centrifugal and Coriolis terms due to Dimorphos’ rotation,234

and contact forces (F⃗c), which equal zero during ballistic flight.235

3.2. Probe and asteroid bodies236

Probe shape’s simplification is acceptable when dealing with237

global landing trajectory design (Ferrari & Lavagna (2018),238

Laino (2021)). However, studies from Van Wal et al. (2019),239

Van Wal et al. (2017) and Zeng et al. (2022b) proved that lan-240

der shape effect when focusing on surface motion performance241

is non negligible. The higher computational cost is justified by242

better representativeness of the results. Hera mission design243

is at an advanced stage, so Milani’s definitive configuration is244

available and simulated in Figure 2: a 6U CubeSat with two245

sets of deployed solar panels, which cannot be retracted. Two246

Fig. 2. Milani CubeSat shape in the simulation environment.

important approximations are: uniform mass distribution and 247

rigid solar panels, whose realistic representation and effect are 248

beyond the scope of this work. 249

Since the realistic shape of the CubeSat is considered, the 6- 250

DOF dynamics is solved in the simulation. The attitude models 251

and equations of the software described in Section 4 have been 252

exploited. A complete explanation is available in the documen- 253

tation of Project Chrono. The body is modelled as rigid and 254

the baseline attitude equations of motion are reported as refer- 255

ence. Equation 2 defines the angular velocity (ω⃗) evolution of 256

the satellite in its local frame, with given inertias (I), and equa- 257

tion 3 the kinematics evolution of quaternions (q⃗). The torque 258

effect of the asteroids’ gravity field is not considered in the anal- 259

ysis, because assumed negligible with respect to the contact ac- 260

tions. The term T⃗contact defines the rotational effect on the lan- 261

der caused by the interaction with the surface. The software 262

automatically deals with reference frames conversions to inte- 263

grate the attitude motion. The initial body angular velocity in 264

local frame, initial attitude quaternions and mass properties are 265

taken as inputs by the software to set up the rigid body of the 266

lander, the reference frame in which each parameter is defined 267

is declared by the user and the software automatically imposes 268

frames conversion to keep consistency in the integration of the 269

equations of motion. Since the embedded models of the soft- 270

ware are exploited to solve for the contact dynamics, the reader 271

is referred to the available documentation of the software for a 272

more detailed explanation. The equations of motion are given 273

as qualitative representation of the analysis performed, in which 274

the complete 6-DOF dynamics is solved for with the software. 275

˙⃗ω = −I−1(ω⃗ × Iω⃗) + T⃗contact (2)

˙⃗q =
1
2

B(q⃗)
[
0
ω⃗

]
(3)

Target’s high-resolution shape representations allow to 276

model the surface configuration of the terrain (Van Wal et al. 277

(2017)), which influences the collision detection as the relative 278

distance of the surface with any point of the satellite goes to 279

zero, and the local normal inclination, which influences the con- 280

tact dynamics model, at the expense of a larger computational 281
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cost than simpler shapes. Data availability limits modelling op-282

tions for target shape. In fact, models inferred from ground-283

based observations are highly uncertain (Michel et al. (2018),284

Michel et al. (2016)). Considering Didymos binary system, the285

primary is sufficiently large that a polyhedron shape model has286

been derived for it, while Dimorphos’ can only be approximated287

as a tri-axial ellipsoid (Ferrari & Lavagna (2018)) from semi-288

major axes estimates in Table 1 and shown in Figures 1 and 3.289

As proved by the literature, a polyhedron model for Dimorphos290

would have been beneficial to the study, however the flat ellip-291

soid model was the only available. The flatness of the surface292

influences the evolution of the lander dynamics when impact-293

ing the ellipsoid because the local normal defines the direction294

in which the contact impulses act and the absence of irregu-295

larities on surface influences the collision detection when the296

lander approaches Dimorphos. The drawback of low realism of297

surface configuration can be reduced including an independent298

model for terrain rendering. On the other hand, a flat ellipsoid299

model is computationally beneficial in terms of cost and colli-300

sion detection evaluation and solution. There is no reason to301

implement cost-reduction techniques to ease the shape interac-302

tions computations, such as the Signed Distance Field (SDF) in303

Van Wal et al. (2019). Since the target is Dimorphos and the304

analysis focuses on the interaction with its surface, Didymos305

primary is only modelled as an external action on the satellite,306

even if a higher resolution model is available.307

3.3. Gravity308

The irregular shape and mass distribution of an asteroid
cause a chaotic dynamical environment in its surroundings and
the gravity field varies locally on the surface. Moreover, grav-
ity approximations may diverge in the close-proximity of the
attracting body (Van Wal et al. (2017)). The lander descent
near surface happens inside the Brillouin sphere, this makes the
shape-based gravity field representation the most favourable so-
lution (Laino (2021)). Data availability has been the main driver
to choose the tri-axial ellipsoid shape-based approach. Dimor-
phos’ attraction evaluation is based on the work by Scheeres

Fig. 3. Dimorphos ellipsoidal shape in the simulation environment. (Note: the
Figure is taken from Project Chrono simulation rendering tool, the grey box on
the left side can be ignored for the purposes of the Figure).

(1994). Given the gravity potential definition through elliptic
integrals in Eq. 4

UD2 = −
3
4
µD2

∫ ∞

λ(⃗r)

ϕ(⃗r, u)
∆(u)

du

ϕ(⃗r, u) =
r2

x

u + α2 +
r2

y

u + β2 +
r2

z

u + γ2 − 1

∆(u) =
√

(u + α2)(u + β2)(u + γ2)

λ(⃗r) : ϕ(⃗r, λ) = 0

(4)

gravity acceleration is derived as its gradient as in Eq. 5.

g⃗D2 = ∇UD2 (⃗r) =

=


− 3

2µD2rx
∫ ∞
λ(⃗r)

1
(u+α2)∆(u) du

− 3
2µD2ry

∫ ∞
λ(⃗r)

1
(u+β2)∆(u) du

− 3
2µD2rz

∫ ∞
λ(⃗r)

1
(u+γ2)∆(u) du

(5)

The force is punctually evaluated at each time step applying 309

the model described at the current position. 310

The target is part of a binary system, so the gravity of the pri- 311

mary must be included , along with the tidal effect caused by 312

the primary attraction on the secondary (Wen & Zeng (2022)). 313

Didymos primary is represented only through its effect on the 314

dynamics due to the large distance between the two asteroids 315

with respect to the length scale of the simulation. The work in 316

Ferrari & Lavagna (2018) proved that, at the position of Dimor- 317

phos, approximating Didymos’ gravity field by that of a point 318

source is similar to the polyhedron shape result. Consequently, 319

a central field superimposed with spherical harmonics up to or- 320

der 2, given the data in Table 1 (Zannoni et al. (2018)), has been 321

used as an acceptable compromise between computational cost 322

and accuracy. Eq. 6 reports the definition of the gravity po- 323

tential when the spherical harmonics’ model up to order 2 is 324

considered. To take into account the attraction of the primary 325

to both the lander and the secondary, the gravity acceleration 326

terms in Eq. 7 are computed at the lander position with respect 327

to Didymos and at the primary position with respect to the sec- 328

ondary, with opposite signs, accordingly to the sign convention 329

introduced in Eq. 6. 330

UJ2 = −
µD1

r

[
1 − J2

(RP

r

)2 1
2

(
3
( rz

r

)2
− 1

)]
(6)

g⃗D1 + g⃗tidal = ∇UD1 (⃗rD1 − r⃗) + ∇UD1(−r⃗D1) (7)

Simulating the forces on Milani in a trajectory nominally tar- 331

geting the DART crater, the secondary body is proved the major 332

influence on the dynamics, with average magnitude of gravity 333

force roughly 1×10−3 - 1×10−4N, closer to 1×10−3N. However, 334

Didymos primary has non-negligible effect of order of magni- 335

tude 1×10−4N. The apparent rotation force due to asteroid spin 336

has a minor effect than the other influences, it includes both cen- 337

trifugal and Coriolis contribution and has order of magnitude of 338

1 × 10−5 - 1 × 10−6N. 339
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3.4. Surface features340

We introduced a specific model to simulate surface features341

of Dimorphos to compensate for the flatness of the ellipsoidal342

shape. The lander is not designed specifically for landing on343

Dimorphos surface (Ferrari et al. (2021a)), whose morphology344

is highly uncertain. This variability has an important effect on345

the probe’s dynamics (Tardivel et al. (2014), Van Wal et al.346

(2017)). A rigid rocky terrain has been simulated in view of347

an extreme case scenario approach compared to a soft regolith348

layer. The rocks generation technique in Van Wal et al. (2017)349

and Van Wal & Tardivel (2016) procedurally creates rigid bod-350

ies and puts them on the surface of the target crossed by the lan-351

der to simulate rocks and obstacle the trajectory of the probe.352

It is preferable to the stochastic model in Tardivel et al. (2014)353

and Van Wal (2014), that simulates the effect of rocks as ran-354

dom impulses applied to the probe dynamics on surface, be-355

cause the elements created are physical obstacles to lander’s356

motion, which can bounce on a rock or lean on it. This im-357

proves the realism and balances the lack of data on rocks dis-358

tribution on Dimorphos, for which we make assumptions from359

similar asteroids. In our simulation tool, rocks are modelled as360

rigid bodies as well. Due to the huge memory and computa-361

tional cost required to simulate many single rocks over all the362

asteroid ellipsoid, the rocky area has been limited to a local sur-363

face world near the satellite. The region is defined as a grid on364

the ellipsoid, centred in the crater site, with each cell of 10° side365

in latitude and longitude. Rocks are icosahedra with maximum366

12 vertices. Mean dimensions are computed randomly from a367

Zhang distribution based on minimum and average chord in-368

puts (Zhang et al. (1999)), which are taken from literature data369

about Itokawa in Van Wal et al. (2017) and Tardivel et al. (2014)370

and the classification of Dimorphos gravel elements in Michel371

et al. (2016). Data are given in Table 2. Since granular media372

effects are not investigated, the possible size of rocks is lower373

bounded, while no real limit is put on large blocks, in fact the374

ellipsoid shape model does not represent eventual big masses on375

the surface, which can affect lander’s motion. Rocky elements376

are randomly generated, positioned and oriented on the surface377

of each active cell. The seed of random number generation is378

controlled to get always the same terrain pattern in the same379

area in different simulations. The density of rocks distribution380

comes from visual inspection, similarly to the work in Van Wal381

et al. (2017), and a compromise between realism and computa-382

tional time. One important assumption is that the elements do383

not work as gravitationally attracting masses, which is however384

reasonable for the Dimorphos case study, and considering the385

small times of flight between bounces.386

3.5. Contact Dynamics387

Crucial to satellite’s dynamics is surface collision detection388

and solution. These require specific models and a local frame389

centred in the contact point and axes aligned with the local nor-390

mal and terrain’s tangential directions, as in Figure 4. First,391

contact between the two bodies is detected when the relative392

distance between them goes to zero. Probe shape selection and393

surface configuration modelling influence the distance calcula-394

tion. Satellite structure and terrain physical properties influence395

Table 2. Input parameters to generate rocky elements on Dimorphos surface.

Parameter Value
Minimum chord 0.05m
Average chord 2m
Number of rocks generated per
surface cell 100

Number of active cells 16

Fig. 4. Contact point reference frame example.

the collision forces modelling. Given the goals of the study, an 396

extreme case scenario is assumed: interaction of the satellite 397

with a hard terrain, which results in low energy dissipation at 398

touch down. Differently, high dissipation would help avoiding 399

escape from the target gravitational attraction after bouncing 400

and decrease of the dispersion area on surface, which can be 401

critical on small asteroids as Dimorphos. Contact forces acting 402

on the lander during collision and continuous surface motion 403

involve several effects whose complicate interaction is hardly 404

reproducible (Van Wal et al. (2019), Van Wal et al. (2017)). 405

Stronge model represents impact as a general eccentric impul- 406

sive collision and it is mostly used in previous works (Van wal 407

et al. (2018), Van Wal et al. (2019), Van Wal & Tardivel (2016)). 408

The main assumptions of Stronge model are: 409

• contact in an infinitesimal region; 410

• rigid and non-deformable impacting surfaces; 411

• immobile asteroid surface; 412

• impulses act at contact point to vary the satellite velocity 413

and rotation states; 414

• impulses parametrized by scalar coefficients. 415

Impulse forces acting at collision instant have a normal com- 416

ponent and a tangential one, with respect to the local soil in- 417

clination. The normal impulse enforces the non-penetrability 418

condition, which can be parametrized through a scalar coeffi- 419

cient. The Coefficient Of Restitution (COR) measures the en- 420

ergy dissipation due to the normal impulse effect of the terrain 421

and structure deformation: the lower the COR the more energy 422

is dissipated. There is not a unique definition for the coefficient 423

of restitution, Stronge defines it energetically in Van Wal et al. 424
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(2019), while the Newtonian kinetic definition is applied in Tar-425

divel et al. (2014), for example. The software exploited for the426

analysis defines it automatically and it is hardly obtainable out-427

side the embedded algorithm, while the definitions applied in428

the post-process of the data are given in Section 5. The tan-429

gential component of the impulse is caused by friction, which430

is described by Coulomb model and the associated Coefficient431

Of Friction (COF). Implementing the realistic shape of Milani432

causes coupling between the two effects (Van Wal et al. (2019)).433

The reference equations used to model the contact dynamics434

are given in Section 4, to clarify the contact model embedded435

in the software that is exploited for the analysis. Scalar coeffi-436

cients depend on shape, mass, surface physical properties and437

state of the impacting bodies (Van Wal et al. (2019), Van wal438

et al. (2018)). They can be estimated from the available data,439

from previous similar missions or from experiments, scaling440

the results to asteroid’s environment. High uncertainty is as-441

sociated to Dimorphos COR, while Milani’s structure has al-442

ready been designed, so its COR is estimated at 0.6 (Ferrari &443

Lavagna (2018)). Previous studies showed the dominant effect444

of the COR and the minor effect of the COF on the contact dy-445

namics (Van wal et al. (2018), Van Wal (2014), Tardivel et al.446

(2014), Van Wal et al. (2017)). After the bouncing dynamics,447

the satellite can be at rest or begin surface continuous contact448

motion. Stronge’s model originates from impulsive collision449

considerations, happening in an infinitesimal amount of time.450

Same actions can be applied during continuous contact motion451

on the surface, generalizing the model following the example452

from Van Wal et al. (2019).453

Since contact action is just split into non-penetrability normal454

reaction force and friction, parametrized through scalar coef-455

ficients, these are the only parameters required to model the456

collision event.457

4. Numerical implementation458

We used Project Chrono (Tasora et al. (2016)) as a simula-459

tion tool. Chrono is a library with a modular interface, typically460

used for multi-body and granular dynamics problems. The soft-461

ware derives the underlying equations of motion from the envi-462

ronment set-up by the user. The default solver calls a symplec-463

tic semi-implicit Euler integrator to propagate the dynamics at464

each time step, which is set equal to 0.1 seconds. Translational465

dynamics of the lander is based on equation 1, while the rota-466

tional dynamics of equation 2 is automatically set up and solved467

within the Chrono’s contact model exploited and later defined.468

Collision shape, an envelope surrounding the physical item,469

must be defined to activate collision detection on a body in470

Project Chrono. In particular the outward margin, provided471

by this additional external shape added to the colliding bodies,472

allows the software to anticipate impacts. In fact, numerical473

schemes must anticipate the instants of contact, it would be in-474

accurate to solve for the dynamics of interpenetrated bodies, as475

explained in the software online tutorials. A triangular mesh476

surrounding Milani is considered to match the lander’s colli-477

sion shape and the actual shape. A collision envelope is given478

also to the asteroid and each rock on it. Contact happens when479

the distance between two bodies falls under a default threshold. 480

The collision shape of Chrono exploits two default collision tol- 481

erances. An outward safe envelope around the body to define 482

the volume of potential contacts’ research; if at the beginning 483

of a time step the envelopes of two bodies are not in contact 484

and at the end of it they are interpenetrated, a collision is given 485

to that time step. An inward margin limits the acceptable inter- 486

penetration in a step; in case of excessive interpenetration, the 487

solver moves back to a slower algorithm for collision detection. 488

Chrono contact detection algorithm has two subsequent phases. 489

Broad phase is applied at each time step, and is used to broadly 490

separate couples of possibly colliding bodies and not. Axis 491

Aligned Bounding Boxes (AABBs) divide the tridimensional 492

space occupied by a body, while the simulation environment is 493

divided in bins; when two bounding volumes touch the same 494

space bin in a time instant a possible collision is detected. The 495

successive phase is called narrow phase and is solved only when 496

there is a possible collision and the default algorithm accurately 497

calculates the relative distance between two convex shapes, ap- 498

plying the Minkowski Portal Refinement method. When two 499

shapes are found to interpenetrate within a default tolerance in 500

a time step, a collision point is detected (Ferrari et al. (2019)). 501

We use the Non-Smooth Contacts (NSC) method embedded in 502

Chrono to solve for point contact dynamics. The effect of the 503

contact forces is solved for the full 6-DOF dynamics of the lan- 504

der, so both translational and rotational states after contact are 505

automatically computed by the algorithm. In this model, colli- 506

sions are impulsive and between hard and rigid bodies, so same 507

assumption of Stronge model baseline. In particular, NSC im- 508

plements a complementarity approach, by solving a DVI (Dif- 509

ferential Variational Inequality) problem at each time step when 510

contact is detected (Tasora & Anitescu (2010)). Similarly to 511

the model in Section 3.5, the contact forces applied in a single 512

time instant are a normal one to enforce non penetrability and 513

a tangential one for Coulomb friction effect, with slip and stick 514

automatically dealed with by the algorithm. In our analysis, we 515

used the same value for COF in slip or stick. The normal force 516

at contact (F⃗N , and its magnitude FN) is defined as in equation 517

8a, directed as the local normal unit vector N⃗. The complemen- 518

tarity condition in equation 8b is enforced: when the distance 519

between colliding bodies (ϕ) is positive the normal force is zero, 520

while if a collision happens and the distance is considered zero, 521

the normal force is non zero. 522

F⃗N = FN N⃗ (8a)

FN ≥ 0, ϕ ≥ 0, FNϕ = 0 (8b)

The tangential effect F⃗t (equation 9a) is modelled as 523

Coulomb friction in equation 9b, with the COF symbol f . The 524

force is collinear and opposite to contact point tangential veloc- 525

ity v⃗t (see equation 9b) and both stick and slip conditions are 526

considered in equation 9d. 527

F⃗t = Ft1 t⃗1 + Ft2 t⃗2 (9a)

f FN ≥

√
F2

t1 + F2
t2 (9b)
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F⃗T
t v⃗t = −∥F⃗t∥∥⃗vt∥ (9c)

∥⃗vt∥( f Fn −

√
F2

t1 + F2
t2 ) = 0 (9d)

Non-linear constraints are relaxed, friction is modelled528

through the maximum dissipation method, to obtain an equiv-529

alent Cone Complementarity Problem. At each time step the530

problem is solved iteratively to get reaction forces and the new531

lander’s state. A more detailed explanation of the embedded al-532

gorithms is in the software online tutorials and articles (Mazhar533

et al. (2013)).534

The same material properties are assumed for asteroid and rocks535

and others for the lander. A note is due on the COR definition,536

the values for lander and terrain given to Chrono are used to537

solve impulsively one single contact and are not the same pa-538

rameters derived in the post-process discussed in Section 5, that539

consider the global impact event from multi-contact 6-DOF dy-540

namics of the lander.541

In each simulation, from initial conditions on position, velocity542

and orientation, the lander moves in the dynamical environment543

of the binary system gravity field to the target asteroid. The mo-544

tion is reconstructed in the proximity of the surface propagat-545

ing the ballistic equations of motion; when the default collision546

condition is satisfied contact is detected and the probe config-547

uration after impact is obtained solving the impulsive contact548

dynamics. After each collision the lander can bounce back on549

a ballistic arc or continue surface motion until it successfully550

comes to rest on the asteroid.551

4.1. Computational capability552

Three sets of simulations (S1, S2, S3), whose input parame-553

ters are defined in Table 3, have been performed. 300 samples554

have been simulated for the S1 set that considers a flat surface,555

100 samples for the S2 set, due to the higher computational556

cost required by rocks generation, and the S3 set includes 500557

samples, divided in 5 sub-sets of 100 simulations each target-558

ing different surface sites. Computational capabilities and time559

constituted a limit to the analysis performed. The number of560

samples analysed in each set was selected as a compromise be-561

tween the necessity to have a sufficiently large population to562

infer statistical trends and the necessity to have a limited com-563

putational time. The generation of rocks in the S2 and S3 sets564

highly increased the simulation time. This drove the decision to565

limit the rocky area simulated in Chrono, as said in Section 3.4.566

In fact, it took less than 1 minute to complete one simulation567

in the S1 set, while approximately 15 minutes per sample were568

needed when rocks were generated in the S2 and S3 sets. In fu-569

ture updates the computational efficiency of the analysis can be570

optimized by improving the computational capability available571

and through more efficient coding, such as inserting a break572

of the simulation when the threshold for successful landing is573

crossed.574

4.2. Simulation Campaign575

The initial conditions of the simulation campaign are based576

on the data available for the case at hand and previous similar577

studies. In particular, Milani Cubesat is required to target the578

DART crater site on the surface, or its surroundings, to infer 579

the impact effects with onsite measurements. Nominal crater 580

coordinates to date are (0°, 90°), given in the format (latitude, 581

longitude), with 0° longitude at meridian crossing x-axis of mi- 582

nor inertia of Dimorphos in Figure 1. 583

To focus on the effect of a rocky soil on landing performance, 584

we performed a simulation campaign with two sets of simu- 585

lations, where the probe moves on a flat and a rocky terrain, 586

respectively, with equal initial conditions of highly elastic soil. 587

In the S1 set Dimorphos surface is a flat and rigid ellipsoid, as 588

in Figure 3. The terrain COR is close to Itokawa’s one found 589

in literature as an extreme case and equal to 0.85 (Yano et al. 590

(2006)). The region of possible initial positions of Milani, in 591

longitude and latitude coordinates, is chosen to target the DART 592

crater site or its proximity. The mean crater diameter’s typical 593

estimates are around 17m (Michel et al. (2016)). From propor- 594

tionality considerations, approximating the elliptic perimeter of 595

the surface as a circumference, a grid cell of 10° on Dimor- 596

phos is estimated to be 16m long. So, a square area of 40° side 597

surrounding the nominal crater coordinates is considered and 598

shown in Figure 5. 599

In the S2 set surface rocks are included and generated as 600

detailed in Section 3.4. Rocks slow down the code execution, 601

so these are added to a limited area in the surroundings of the 602

targeted DART crater in Figure 6, and equal to the region of 603

possible initial positions of S1 set. 604

The terrain COR is still 0.85 to infer direct comparison be- 605

tween S1 and S2 results. The latitude and longitude intervals, 606

for the selection of initial lander coordinates in a simulation, 607

are reduced of 5° on each side in Figure 7, to keep the initial 608

contact with the surface inside the rocky area. The choice was 609

based on the results about average distance travelled in S1 set, 610

where most of the samples cover less than 5° on surface. Com- 611

paring the results of S1 and S2 simulations, the effect of a rocky 612

terrain with respect to a flat one is inferred. Even if the rocky 613

area simulated is limited, the samples in S2 mainly move inside 614

Fig. 5. Area of possible initial latitude and longitude coordinates in S1 set on
the ellipsoid. The area is centered in the DART crater position at (0°, 90°),
along the y-axis of the body-fixed frame.
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Fig. 6. Rocky terrain area simulated on Dimorphos ellipsoid in Project Chrono
environment. (Note: the Figure is taken from Project Chrono simulation ren-
dering tool, the grey box on the left side can be ignored for the purposes of the
Figure).

Fig. 7. Area of possible initial latitude and longitude coordinates in S2 set,
delimited by the solid line. Rocky area inside the dotted line. Both centered in
the DART crater site at (0°, 90°), along the y-axis of the body-fixed frame.

the region.615

A third set of simulations, S3, investigates the effect of local ter-616

rain configuration. Rocks are generated on the same region of617

S2 and the initial probe position is kept fixed, targeting 5 differ-618

ent sites on surface in consecutive sub-sets of samples. The ini-619

tial coordinates are shown in Figure 8. The targeted points right620

underneath the satellite landing trajectory may include quite flat621

areas as in Figure 9, where rocks are rarely distributed and the622

approximate dimensions of the rocks, on which the satellite can623

perform first impact, are of the order of few centimeters. Dif-624

ferently, the lander may happen to encounter the surface first on625

a big rock, with average chord in the order of meters, so larger626

than the CubeSat itself, as in Figure 10. Initial coordinates are627

the DART crater nominal position and 4 sites surrounding it,628

still on the rocky area but close to its boundaries to consider629

for possible change in terrain profile along the trajectory, from630

rocky to flat when motion continues outside the rocky area.631

Changing the terrain encountered by the satellite during its mo-632

tion is a realistic assumption based on the data about Itokawa633

Fig. 8. S3 sub-sets fixed initial coordinates on the ellipsoid. Rocky area inside
the dotted line.

Fig. 9. Local terrain configuration in the nominal position (-10°, 80°) in Chrono
simulation environment. The satellite falling will collide at first impact on few
small rocks rarely distributed in the area. (Note: the Figure is taken from Project
Chrono simulation rendering tool, the grey box on the left side can be ignored
for the purposes of the Figure).

surface (Yano et al. (2006)). The latter is covered by two main 634

types of soil: a very rocky one and quite a smooth one, this 635

dichotomy is included for Dimorphos as flat and rough terrain 636

profiles, since little information is available about Didymos ter- 637

rain features. The study considers one possible terrain profile 638

that combines superficial rugosity and flatness. The COR of 639

the terrain is randomly varied to lower values in S3. The varia- 640

tion interval is between the worst-cases in literature, extremely 641

elastic surface with COR of 0.85 close to Itokawa’s one (Yano 642

et al. (2006)) and extremely low COR of 0.1 as the one esti- 643

mated for Eros surface in Tardivel et al. (2014). 644

So far the differences between each set of simulations have been 645

described, but all the samples have some common inputs for 646

initial height, velocity, orientation, spin and friction coefficient, 647

given in Table 3. The trajectories simulated in the paper are the 648

ending part of a passive landing. The complete landing trajec- 649
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Fig. 10. Local terrain configuration in the nominal position (10°,100°) in
Chrono simulation environment. The satellite falling will collide at first im-
pact on the big rock right underneath it, which is even larger than the CubeSat
itself. (Note: the Figure is taken from Project Chrono simulation rendering tool,
the grey box on the left side can be ignored for the purposes of the Figure).

tory design of Milani, that starts from its operational orbit, has650

already been studied in previous documents (Ferrari & Lavagna651

(2018), Laino (2021)). So, the initial height range in Table 3 is652

the height from which the simulated fall is considered, close to653

the small body. Impact velocity module for Milani is expected654

in the order of few cm/s (Ferrari & Lavagna (2018)). So, the ini-655

tial value is randomly varied between 1 cm/s and 8 cm/s, with656

upper bound chosen close to the estimated Dimorphos escape657

velocity in Ferrari & Lavagna (2018), and the velocity range is658

expected to be compatible with a successful landing, so man-659

aging to stay on surface. The initial velocity vector is directed660

towards the surface, putting the satellite on a trajectory inter-661

secting the target. Random initial attitude and small spin rate662

are given to the probe adding realism to the descent approach663

(Van wal et al. (2018)). The coefficients of restitution and fric-664

tion are constant in each sample. Milani’s COR is the real665

value 0.6 given in Ferrari & Lavagna (2018). Friction coeffi-666

cients are fixed in every set to 0.6, average value from literature667

(Van wal et al. (2018)). In fact, previous studies showed that the668

COF has less influence on the dynamics than the COR (Van wal669

et al. (2018), Van Wal (2014), Tardivel et al. (2014), Van Wal670

et al. (2017)). The simulation time and number of samples per671

set have been chosen as a compromise between computational672

time and cost. More than two hours is expected in Laino (2021)673

for landing on a flat surface in S1 , when starting the simula-674

tion from a farther distance, while S1 results show that 5000s675

(roughly 1 hour and 23 minutes) are more than enough, consid-676

ering margins, for settling in most scenarios.677

5. Results678

Average results of performance are obtained for every set679

and shown in Table 4. The effect of rocks and trends in the680

results are investigated comparing the outcomes of each set.681

5.1. Flat vs rocky terrain 682

From the results of S1 and S2 sets, the effect of rocks on 683

lander motion can be appreciated and considerations inferred to 684

help the disposal design of the landing region and time. 685

Keeping in mind the goal to stay on surface after contact, the 686

initial conditions have been set accordingly. A simulation is 687

considered successful if the lander comes to rest on Dimorphos, 688

with final velocity module below 1mm/s. Since the expected es- 689

cape velocity is in the order of few cm/s, the rest condition is 690

strictly set one order lower. The results obtained show that the 691

imposed initial conditions to the campaign, in particular the ini- 692

tial velocity of the lander constrained below the expected escape 693

threshold on surface, proved to be compatible with a successful 694

landing and all the simulations managed to stay on Dimorphos’ 695

surface. From the performance results and statistical charac- 696

terization of the campaign carried out, relevant outcomes for 697

landing on an unknown terrain and for surface motion evolu- 698

tion can be inferred. Results show and quantify rough terrain 699

effects: perturbation of the trajectory and increase of number of 700

impacts, when lander’s energy is dissipated. 701

Settling time is computed from the initial instant of descent up 702

to the instant the velocity drops below 1mm/s on the surface. 703

Comparing the values in Table 4 of S1 and S2 sets, time de- 704

creases when rocks are included. The rougher the soil is, the 705

more the satellite motion is perturbed and energy is dissipated at 706

each impact. The major effect of terrain irregularities on settling 707

time can be noticed also comparing the S1 and S2 results with 708

the mean settling time of set S3, decreasing the surface COR 709

has a minor effect on the parameter with respect to targeting a 710

rocky region than a flat one, even in extreme case conditions of 711

elastic soil. Analysing the samples obtained, the settling time 712

in the S1 set can reach up to 50 minutes, while in both the S2 713

and S3 sets, where rocks are included, the maximum settling 714

time reachable, within the simulated environment, is limited to 715

40-45 minutes. 716

The bounding circle defined in Table 4 is the minimum-radius 717

circle on the surface that circumscribes all the final rest sites 718

in a set of simulations. Its radius is computed as the ellipsoid 719

dihedral angle from the centre of this circle up to the farthest 720

rest point obtained. The radius of the bounding circle is given 721

in terms of latitude and longitude coordinates, while the maxi- 722

mum straight linear distance covered by the probe is computed 723

from first impact site to rest position. The effect of rocks causes 724

reduction of the dispersion area with respect to a flat surface. 725

This influence on the dispersion area is relevant and compara- 726

ble with the effect of a lower terrain COR investigated in S3 set. 727

In fact the results of S3 set, in terms of bounding circle radius 728

and maximum linear distance travelled by the lander, are af- 729

fected by the presence of one single simulation in which Milani 730

travels far on the surface (see the maximum data of the first col- 731

umn for S3 set in Table 4). The results in the second column of 732

Table 4 for S3 set, cleared of this extreme sample, are closer to 733

the ones caused by the elastic rocky terrain effect of S2. Reduc- 734

ing the distance travelled by the satellite during contact motion 735

is beneficial when targeting a specific site on surface, such as 736

the DART crater. Moreover, it limits the possibility that the lan- 737

der moves to regions with lower escape velocity threshold. 738
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Table 3. Input parameters to each set of simulations. Since some inputs are equal in all the sets they are reported only once in the Table and the column of the data
is shared by all the sets. Differently, the peculiar inputs of each set of simulations are given in separate columns for each set.

Parameter S1 S2 S3
(0°, 90°)

(10°, 80°)
(-10°, 80)

(-10°, 100°)
(10°, 100°)

Initial longitude [70°; 110°] [75°; 105°]

Initial latitude [-20°; 20°] [-15°; 15°]

Initial height [2m; 10m]
Initial linear velocity [1cm/s; 8cm/s]
Initial angular velocity 1 × 10−3rad/s
Milani COR 0.6
Terrain COR 0.85 [0.1; 0.85]
Milani and terrain COF 0.6
Simulation time 9000s 5000s
Number of simulations 300 100 500

During the initial ballistic descent the satellite tends to equa-739

torial latitude, while on surface motion there is no clear trend.740

The trends in motion evolution are highlighted in terms of co-741

ordinates variation on surface in Figure 11. In the S3 set of742

simulations it might be inferred some trend towards increasing743

longitudes of the lander’s motion, that may be related to the lo-744

cal terrain configuration targeted, as will be better detailed in745

Section 5.2. A linear relation can be approximated between the746

surface distance covered and the number of hops of the probe747

and it is shown in Figure 12. A hop is defined when the satel-748

lite travels at least 1cm between two consecutive impacts on the749

surface, less than Milani’s size 365.9× 226.3× 100mm, later in750

Fig. 11. ∆ longitude and ∆ latitude coordinates from first impact to rest position
of each sample in S1, S2 and S3 sets. (Positive values of ∆ latitude mean that
the overall motion of the lander brought it closer to the equator, so final latitude
closer to zero).

the paper the distinction between bounces and rollings will be 751

introduced, with the term hops we consider both bounces and 752

rollings, without distinction. Linear fitting slopes confirm that 753

the presence of rocks increases the number of motion pertur- 754

bations with respect to a flat surface, when covering the same 755

distance. 756

Before coming to a rest, the probe typically performs a 757

rolling motion of successive small rebounces with no relevant 758

distance travelled. In Figure 12 any hop covering more than 759

1cm on surface was detected, now a distinction is made between 760

bounces and rollings. If a ballistic arc covers more than 1m, one 761

Fig. 12. Number of hops (any hop covering more than 1cm on the surface, later
in the paper the distinction between bounces and rollings will be introduced)
relations with the linear distance covered by simulations in S1, S2 and S3 sets.
Linear fitting slopes of hops number and distance relations are (S1; S2; S3) =
(0.70; 0.65; 0.44); lower slope means less distance traveled for same number of
hops.
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Table 4. Main results obtained in the analysis, for each set of simulations. The S3 column reports the average results of all the samples in the set (left column), and
the results of the S3 samples without that one single simulation that managed to perform more than 65 m on surface (right column).

S1 S2 S3 Reduced
S3 results

Mean settling time 14min 33s 13min 57s 13min 54s 13min 51s
Bounding circle radius 47.2° 29.1° 43.9° 36.2°
Maximum linear distance 58.2m 34.5m 65.8m 48m
Mean angular distance 2.9° 3.2° 3.3° 3.2°
Mean linear distance 4.1m 4.5m 4.7m 4.6m
Mean number of bounces <1 (0.76) <1 (0.82) <1 (0.93) <1 (0.92)
Mean number of rollings 12 13 14 14
Mean distance of one bounce 3.3m 4.1m 3.5m 3.5 m
Mean velocity of one bounce 1.5cm/s 1.7cm/s 1.6cm/s 1.6cm/s
Mean velocity of one rolling 0.93cm/s 0.98cm/s 0.97cm/s 0.97cm/s
Percentage of samples with no bounces 56% 51% 47% 47%
Percentage of rollings after last bounce 87% 86.8% 85.6% 85.7%

order larger than the CubeSat dimensions, the lander is said to762

bounce, otherwise a step between 1cm and 1m is considered763

rolling. When Milani lands on an irregular soil in the simulated764

environment it is more probable that it performs a bouncing mo-765

tion. As can be seen from the histograms in Figure 13, many766

simulations performed only one energetic jump on the smooth767

surface of S1 before rolling and coming to rest, differently, the768

distributions in Figure 13 for sets S2 and S3 show a significant769

number of simulations that performed even 2-4 bounces on the770

surface. Rollings data include the final path travelled by the771

lander, where it rolls up to rest, and the in-place reorientation772

of the satellite between bounces. Rocks favour rolling between773

bounces since the lander orientation changes with every impact.774

The smooth soil favours the final rolling path of the satellite on775

surface, while rocks perturb the satellite’s motion and allow it776

Fig. 13. Histogram that shows the distribution of number of bounces per sample
in each set of simulations.

to get stuck on the terrain. In fact, the mean impact velocity 777

of the rollings in the S1 simulations is lower than the S2 and 778

S3 ones, and the average percentage of rollings after the last 779

bounce in one simulation is higher when the lander moves on 780

the smooth ellipsoid than when it travels through rocks. 781

In approximately half of the simulations in each set the satellite 782

did not bounce on surface. Given the velocity of first impact 783

considered, which is compatible with landing, the CubeSat in 784

many cases undergoes only rolling motion on surface before 785

coming to rest. As can be noticed from data in Table 4 the pres- 786

ence of rocks on the terrain favours bouncing and also the local 787

terrain configuration has an important effect, as will be detailed 788

in Section 5.2. In fact, as the complex 6-DOF dynamics of the 789

lander is being considered, the orientation of impact influences 790

much the evolution of the motion, due to coupling of normal- 791

tangential effect. An irregular soil combined with the realistic 792

shape of the CubeSat simulated result in higher aspect angle 793

variability at impact. 794

5.2. Mixed topography 795

S3 results in Table 5 focus on the effect of local terrain con- 796

figuration and change of topography during the motion. Rocks 797

effects are combined with a lower COR of the terrain, increas- 798

ing the amount of probe’s energy absorbed by the terrain per 799

collision, according to the contact model implemented. 800

However, the effect of a rocky terrain (i.e. S2 compared to
S1) is more significant than the effect of a less elastic soil.
More energy is dissipated per each contact in the S3 scenario,
so settling time and dispersion area performance decrease with
respect to the other cases in Table 4. The effect of soil con-
figuration and terrain topography during motion emerge from
Table 5. The effect of local terrain configuration on the evolu-
tion of surface motion can be inferred focusing on the samples
of S3 with initial position set at (10°,100°). In fact, as shown
in Figure 10, the lander targets the site on surface covered by a
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Table 5. Main results obtained in the analysis for the successful simulations in each sub-set of S3. The (10°,100°) column reports the average results of all the
samples in the sub-set (left column), and the results of the sub-set without that one single simulation that managed to perform more than 65 m on surface (right
column).

(0°, 90°) (10°, 80°) (-10°, 80°) (-10°, 100°) (10°, 100°)
Mean settling time 13min 24s 13min 36s 13min 55s 13min 4s 15min 29s 15min 12s
Bounding radius 19.0° 17.7° 17.5° 20.6° 35.2° 21.3°
Maximum linear distance 42.6m 36.4m 35.3m 48.0m 65.8m 39.5m
Mean angular distance 2.3° 3.1° 3.2° 2.3° 5.4° 5.0°
Mean linear distance 3.3m 4.4m 4.5m 3.3m 8.0m 7.4m
Mean number of bounces <1 (0.62) <1 (0.76) <1 (0.88) <1 (0.60) >1 (1.79) >1 (1.27)
Mean number of rollings 12 15 14 12 15 15
Percentage of samples with
no bounces 62% 56% 47% 60% 12% 12%

large rock right underneath it and this causes an energetic im-
pact on the boulder and bouncing of the satellite. The bounce
may allow it to cover large distance on surface, as proved by the
average data in Table 5, in terms of distance covered, bouncing
motion characteristics and less percentage of samples that stop
without bouncing.
Observing the latitude and longitude variations on surface with
respect to the S3 set in Figure 14, general trends in the motion
of the lander can be investigated, as motion towards higher lat-
itudes, that prevails when starting from positive latitudes, and
motion towards increasing longitudes, that prevails when start-
ing from negative latitudes. In fact, simulations that targeted
the site at (-10°, 80°) on surface, mainly developed on rough
terrain. This sub-set shows a smaller dispersion area and more
energetic bounces than the sub-sets targeting the other sites,
in which many samples moved from the rocky region to the
smooth ellipsoid in the surroundings. From the data in Table
5 it is inferred that the local terrain configuration plays a sig-
nificant role on the motion evolution, as proved by the data for
samples starting at (10°,100°) that differ from the other sub-sets
of set S3.
The resulting mean time needed for CubeSat Milani to come

to rest on Dimorphos can be set around 15 minutes covering an
average distance of 4-5m, considering the COR interval of S3.
In average Milani is expected to bounce once on surface, which
is more probable if the landing site is rocky, and roll up to rest.
The investigated impact velocity is compatible with a success-
ful landing, as expected from previous results on the estimated
escape velocity threshold.
As mentioned, the terrain COR is not fixed for all simulations
in the S3 set. This numerical coefficient is provided to set up
the terrain material property in Chrono and is different from the
global COR that includes both terrain and lander effects. The
latter is computed at post-processing level, by using equations
10 and 11 applied to the results of each simulation, and shown
per each sample in Figure 15. We define a kinetic COR, as the
ratio between the probe velocity after and before collision (eq.
10), and an energetic COR, as the ratio between the lander’s
energy after and before the collision, both translational and ro-

Fig. 14. The Figure shows the final resting sites on surface of each sample in
every seb-set of simulations of S3, identified by different colors. The black
continuous line is the region of possible initial position of set S2, that includes
the targeted locations on surface in S3. The black dotted line defines the rocky
region simulated.

tational contributions (eq. 11).

CORkinetic =

=
velocity a f ter impact

velocity be f ore impact
(10)

CORenergetic =

=
(Etranslation + Erotation)a f ter impact

(Etranslation + Erotation)be f ore impact

(11)

The kinetic definition takes into account only the point trans- 801

lational velocity variation at contact. This is a typical approach 802

in literature when dealing with point-masses, but when dealing 803

with full 6-DOF dynamics the energetic definition is more accu- 804

rate. The overall energetic COR includes the rotational energy 805

that is not bound to decrease at each collision and it hardly goes 806

below 0.6, which is exactly the lander’s COR in Chrono. When 807
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Fig. 15. Kinetic (o) and energetic (∗) COR computed for each simulation of S3
set. The horizontal line is the 0.6 COR value of Milani’s structure.

the asteroid’s COR is high it is the main contribution to the en-808

ergetic parameter, while the satellite’s coefficient has the major809

effect when the soil’s one is low. The lander’s COR partially810

mitigates terrain variability.811

In addition to the rocky terrain effect, the restitution coefficient812

is found to influence the satellite landing. The information on813

these characteristics of the soil should be combined to design a814

successful and robust disposal for Milani on Dimorphos.815

6. Discussion816

The performance parameters inferred from the three sets of817

simulations show the importance of the presence of rocks com-818

pared to a flatter soil. Tardivel et al. (2014) and Van Wal et al.819

(2019) had already concluded how rocks increase trajectory820

variability, when modelled in the dynamical environment, re-821

spectively as physical obstacles through persistent rocks gener-822

ation technique or as stochastic impulses during motion. A per-823

turbed motion on an irregular soil can give valuable measure-824

ments from the on-board instrumentation about surface charac-825

teristics, as happened for Hayabusa and Rosetta missions (Yano826

et al. (2006), Biele et al. (2015)). Adding rocks to the envi-827

ronment reduces the mean settling time, and even more when828

the soil COR is below the extreme case of 0.85. However, it829

must be pointed out how the local terrain configuration plays a830

fundamental role on the landing performance. These data help831

with landing site and time choice; reducing the time needed to832

land could be beneficial to perform a surface experiment before833

passivation. Considerations are made on the dispersion area:834

a rocky soil favours the bouncing motion of the lander and al-835

lows for energetic impacts that may cover significant distances836

on surface and still manage to come to rest on Dimorphos, given837

the range of impact velocity. The results are in accordance with838

the outcomes in Van Wal et al. (2019) and Van Wal et al. (2017)839

stating how impacts on rocks randomize the local normal direc-840

tion at each bounce. This is enforced by our use of a realistic841

shape for the lander whose attitude at different impacts varies842

the velocity direction at contact point, as discussed in Van Wal 843

et al. (2019) in terms of higher aspect angle variability com- 844

pared to spherical shapes. 845

Two other major effects on the contact dynamics of the lander 846

are the local terrain conformation and the COR of the soil. Set- 847

tling time and dispersion area performance depend on the local 848

topography of the landing site, as proved by the single nom- 849

inal trajectories analyzed in S3. When considering the effect 850

of mixed topography simulated, the trends in motion evolution 851

seen in the data cause many samples to move from the rocky re- 852

gion to the smooth surface in the surroundings, this influences 853

the dispersion area of landing and the bouncing motion. The 854

COR of the terrain represents the physical characteristics of the 855

soil and, in addition to the topography, is another main param- 856

eter influencing the design of the landing. 857

7. Conclusions 858

The paper describes the modelling and simulation procedure 859

of a CubeSat landing on an asteroid, with focus on the contact 860

motion. The aim was to investigate the effects of a rocky soil 861

and estimate landing performance, as well as the most relevant 862

effects on the dynamics of the probe. 863

The simulation procedure described has general validity, and 864

applies to the problem of small-body landing. The method aims 865

at combining a realistic simulation environment, constrained by 866

the available data of the case studied, with an acceptable com- 867

putational cost. 868

As a study case, we investigated the problem of Milani CubeSat 869

which is planned to land on Dimorphos at its end-of-life, target- 870

ing the DART crater region on the surface. The simulation ex- 871

ploits the built-in Chrono algorithms for dynamics integration 872

and to solve contact dynamics. Milani is modelled as a 6-DOF 873

rigid body, using its realistic shape. Dimorphos asteroid is mod- 874

elled as a tri-axial ellipsoid with convex hulls randomly put on 875

a limited surface area to reproduce rocks. The dynamical en- 876

vironment includes Didymos primary central gravity perturbed 877

by spherical harmonics, Dimorphos shape-based gravity, appar- 878

ent rotation forces and contact interactions between rigid and 879

elastic surfaces: the normal non-penetration reaction and the 880

tangential Coulomb friction, both parameterized by scalar co- 881

efficients. Since there is little knowledge on Dimorphos physi- 882

cal characteristics, three sets of simulations considered different 883

scenarios. The satellite moved towards a flat terrain and a rocky 884

one. A worst-case scenario is investigated with rigid and elas- 885

tic soil and also a more realistic one in terms of higher energy 886

absorbed by the terrain per impact. 887

Changes in performance parameters in the rocky scenario, with 888

respect to the flat one, have been inferred. The settling time and 889

the dispersion area are more limited when Milani is simulated 890

to land on an irregular soil. The presence of rocks perturbs con- 891

tact motion, increasing the number of impacts; in fact motion 892

perturbations increase with respect to a flat surface, when con- 893

sidering the same distance covered. Some trends in the motion 894

evolution in terms of direction of travel have been found, but 895

significantly influenced by the local terrain configuration con- 896

sidered. Landing showed to be feasible even with no bouncing 897
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motion on surface and the expected acceptable velocity range898

for successfully landing has been confirmed with the obtained899

results. An irregular soil would allow Milani to bounce on sur-900

face and to undergo many impacts with the terrain, which would901

be beneficial for instruments’ measurements, and still come to902

rest permanently on surface. The described effects of a rocky903

terrain on the performance have been quantified for the case at904

hand. The obtained results for Milani landing on Dimorphos905

will help in the design of the best landing site, time and trajec-906

tory options, depending on the targeted mission goals. More-907

over, two important effects have been proved to have a relevant908

influence on the lander contact dynamics: the local terrain con-909

figuration with change in the topography during motion and the910

effect of the terrain COR. Many assumptions have been made911

during the study. The analysis can be further extended in the912

future, both to a higher degree of accuracy and to investigate913

the influence of different parameters and scenarios. The im-914

ages captured during the DART impact (Handal et al. (2022))915

showed an irregular soil of Dimorphos. The surface charac-916

terisation from the recently obtained data is currently ongoing917

and will prove crucial to select the ideal landing site for Milani,918

in view of the expected effects of the terrain and of the future919

estimates on surface characteristics.920
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