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ABSTRACT The asteroid landing detection is of great scientific and economic value. The traditional landing
rigid probe is prone to rebound and escape due to the asteroid’s weak gravity and rugged terrain. Flexible
body can avoid these problems by its deformation energy dissipation and ability to recovery. To promote
the development of asteroid detection, this paper proposes a new type of flexible asteroid landing probe and
demonstrates its advantages and feasibility. Firstly, this paper establishes a theory of asteroid’s dynamics
environment with the polyhedron method and the spherical harmonic method. Secondly, this paper uses
the discrete shell model to calculate the flexible probe’s internal force, the spring damping model and
viscous-sliding friction model for its external force. Thirdly, this paper builds the flexible landing dynamics
equations and achieves the dynamics simulation of the flexible probe. Finally, this paper demonstrates the
advantages and feasibility of the flexible probe through two landing examples.

INDEX TERMS Asteroid exploration, dynamics, flexible probe, landing detection.

I. INTRODUCTION

Asteroid detection is one of the most valuable and difficult
researches in aerospace science. It is very likely that asteroids
originated from planetary collisions and bursts in ancient
times [1]. By detecting the structure and internal matter of
asteroids, humans can obtain information about the evolution
of the solar system and even the origin and development
of the universe. In addition to research value, asteroids also
have great economic value for its rich rare metal [2]. What’s
more, asteroids could be used as the propellants supply depot
for future deep space exploration missions. Current asteroid
detection methods include surround detection, short-range
leap detection, landing detection. However, only landing
detection is feasible to realize the above-mentioned values of
asteroids.

In recent years, with the development of aerospace tech-
nology, many countries have carried out asteroid detec-
tion. Since the 20th century, there have been more than 20
asteroid-related missions, but only three missions have
achieved asteroid landing, which are Japanese Hayabusa
probe, European Rosetta probe and American OSIRIS Rex
probe. Launched in May 2003, reaching the target asteroid
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Ishikawa in September 2005, the Japanese Hayabusa 1
probe achieved the first-ever sampling of asteroid surface
material and successfully sent the sample to the earth
in June 2010 [3], [4]. However, the Minerva landing
probe released by Hayabusa 1 failed to land on the
asteroid due to the weak gravity of Ishikawa. Following
Hayabusa 1, the Hayabusa 2 asteroid probe was launched in
December 2014, reaching the target asteroid 1999JU3
in 2018 [5]. It successfully took samples of the interior of
asteroids in addition to surface material and sent the samples
to the earth. Besides that, its Minerva probe also achieved a
successful landing, which the Hayabusa 1 probe failed to do.
However, both Hayabusa 1 and Hayabusa 2 did not achieve
a steady landing and they sampled by a brief collision with
target asteroids [6], [7]. The European Rosetta probe was
launched in March 2004 and approached the target comet
Chury in August 2014 and successfully achieved a stable
orbit around the target comet [8]. In November 2014, the
Rosetta probe released the Philae landing probe which tried
to land on the surface of the comet through a special harpoon
tripod fixation anchoring system [9]. Unfortunately, the Phi-
lae anchoring system did not achieve the expected effect
on the complex surface of the asteroid, causing it to fall in
the absence of sunlight and lose contact. NASA’s OSIRIS
Rex probe was launched in September 2016 and approached
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the target asteroid Bennu in December 2018 [10], [11].
In July 2020, the OSIRIS Rex detector touched the surface
of Bennu through a robotic arm and successfully collected
samples [12], [13]. However, OSIRIS Rex landed for such a
short time that it was not a landing detection so much as a
contact detection.

From the three asteroid landing exploration missions
above, it can be seen that stable landing on the surface of the
asteroid is still faced with lots of difficulties, which mainly
lies in the weak gravity and rugged terrain of the asteroid.
Due to the limited size of the asteroid probe and in order
not to contaminate the samples, the probe usually lands on
the asteroid’s surface through hard landing [14]. However,
by hard-landing, the probe is prone to rebound and escape
in a weak gravity [4]. At the same time, the rugged terrain
of the asteroid and lack of corresponding information make
it difficult to determine the landing point so that the probe
is prone to overturning [15]. In general, the asteroid landing
detection is still challenging and worth further research.

In the past research, some scholars have proposed some
new asteroid landing detection plans. Yongbin et al. [16] and
Zhao et al. [17] proposed an improved asteroid anchoring
system based on the Philae anchoring system respectively.
NASA also proposed an anchoring attachment system based
on elastic elements. However, all of these anchoring systems
adopt mechanical fixation with rigid structure, and face the
same problem encountered by the Philae probe.

Compared with the rigid structure, the flexible structure
can effectively avoid the rebound and escape caused by hard
landing in weak gravity with the flexible energy dissipation
mechanism. The deformation recovery ability also makes it
better adaptable to rugged terrain of asteroids. With above
advantages, the probe with flexible material as main structure
is expected to become a new generation of asteroid land-
ing probe. In order to promote the development of asteroid
detection, this paper proposes a new type of flexible probe
(shown in the fig.4), which consists of a flexible base with a
Im diameter and three rigid masses for protecting payloads.

To verify the advantages and feasibility of the flexible
probe, it is essential to establish a dynamics model of
the process when the flexible probe lands on the asteroid.
In this regard, there are many relevant studies. For instance,
Yoshikawa [7] et al. recommended a detailed study on the
Hayabusa 2’s trajectory and attitude on the asteroid, which
conduced to the subsequent asteroid landing. Zhang et al. [18]
also proposed a model of asteroid dynamics environment
and demonstrated the feasibility of a flexible net spacecraft.
In addition, Si et al. [19] studied the attachment and collision
theory of the flexible bodies, and put forward a flexible net
for space capture. What’s more, Zhang et al. [20] used the
nonlinear spring damping method and Hertz contact theory to
study the collision of flexible bodies and made a research on
the control rate of space flexible capture. Gingold et al. [21]
proposed an efficient modeling method for large-deformation
flexible bodies, which provided a theoretical basis for numer-
ical study of the flexible probe.
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The flexible probe in this paper includes flexible part and
rigid part. Different from the Earth environment, the work-
ing environment is the rugged asteroid surface with a weak
gravity. Considering that, there are still many problems to be
solved in the dynamics study of the flexible probe. First of all,
how to model the complex interaction between the flexible
probe and the asteroid [18] ? Secondly, how’s the cushioning
effect of the flexible probe under a weak gravity?

To solve problems above, this paper proposes a new
type of flexible asteroid landing probe and a corresponding
dynamics theory, demonstrating the advantages and feasibil-
ity of such probe through numerical simulation. The second
section establishes the theory of asteroid’s dynamics environ-
ment, including the asteroid gravity and rugged terrain. The
third section introduces the flexible asteroid probe, building
the flexible landing dynamics equations. The fourth section
demonstrates the advantages and feasibility of flexible probe
through numerical simulation. The fifth part introduces the
conclusion of this paper.

Il. DYNAMICS ENVIRONMENT OF THE ASTEROID

The asteroid dynamics environment is the foundation of the
dynamics of the flexible probe. When the probe approaches
the asteroid, it will be affected by the gravity of the asteroid,
planets nearby and the sun, as well as the light pressure. Stud-
ies have shown that only the influence of the asteroid gravity
need to be considered for short-term orbiting and landing
detection within the Hill radius of the asteroid. Therefore,
this paper mainly considers the asteroid gravity and surface
model.

A. THE ASTEROID GRAVITY MODEL
Originating from computer graphics, the polyhedron method
has been widely used for gravity model of irregular aster-
oids. This method uses triangles as the basic unit to simu-
late the complex surface of the asteroid. Through integral
transformation, the gravitational potential energy of the aster-
oid is expressed as functions related to the units and their
edges. This study takes asteroid Bennu as the target. Fig.1(a)
shows the polyhedral model of Bennu [22]. This polyhedral
model disintegrates Bennu into 2692 triangular units and
4038 edges.

According to the polyhedron method, the formula of the
gravitational potential per unit mass and gravity is as follows:
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FIGURE 1. The polyhedral model of Bennu. (a) The whole units of Bennu.
(b) Any two units of Bennu.

where G is the gravitational constant, p is the asteroid’s
density, FS is the set of all polyhedral units, ES is the set of
all edges of the units, r,, is the vector from the target point M
to any point of the edge e, ry is the vector from the target
point M to any point of the unitf. f] and f are the units which
have the public edge e. ny, and ny, is the unit normal vector of
the unit f; and f> respectively, and both of them point to the
outside of the asteroid. n);l is the unit normal vector which
lies in the unit f; and is perpendicular to the edge e and points
tod. n’zz is the unit normal vector which lies in the unit f and
is perpendicular to the edge e and points to c. L, and wy are
the dimensionless coefficients of the unit, and the formula is:

@=m<zi&iﬁg
Ta+71p— eap

wy =2 arctan < Fa - (rp X Tc) )

Falple+rq (Fp - 1e)+rp (Fe - TFa)+re (Fg - p)

@

wherer,, rp, r. are the vectors from the target point M to point
a, b, c respectively, ey, is the distance between point a and c.
For the symbols above, please refer to Fig.1(b).

Fig.2 shows the distribution of gravitational potential per
unit mass and gravity magnitude on the asteroid Bennu.
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FIGURE 2. (a) Gravitational potential per unit mass of Bennu. (b) Gravity
magnitude of Bennu.

B. THE ASTEROID SURFACE MODEL

The surface model is the first step for the study of col-
lisions between the flexible probe and asteroids. In this
paper, the spherical harmonic method is used to reconstruct
the irregular surface of asteroids. This method converts the
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surface into the spherical harmonics, and get a continuous
parameter model through the survey points on the asteroid
surface. With the continuous model, the information required
for collision modeling can be easily obtained.

In order to ensure that the surface parameter model will not
change with the movement of the asteroid, this paper adopts
the satellite coordinate system, which take the asteroid’s cen-
troid as the coordinate origin, the principal axis of minimum
inertia as the x axis, and the principal axis of maximum inertia
as the z axis. The y axis and the x, z axis form a right-handed
system. In this coordinate system, the formula is as follows:

o n

R(9,<P)=E E G'Y,'©,¢9) 0€l0,7], p€l0,2r]
n=0m=-—n
3)

where R (6, ¢) is the radial distance from the origin to the
surface, 0, ¢ are the zenith angle and the azimuth angle of the
spherical coordinates on the asteroid, and C; is the spherical
harmonic complex coefficients, Y (8, ¢) is the spherical
harmonic basis function, which can be determined according
to the accuracy of the solution. The formula for any order is
as follows:
(n—m)!
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where P (-) is the Legendre polynomials, i is the imaginary
unit, e is the base of natural logarithms. Legendre polynomi-
als of any order are as follows:

(_l)m ) m/2 dn+m ) n
UL — — —
P, (cosf)= ] (1 cos 9) T (cos 6 1)
(5)

According to (3)(4)(5), the distance at any position of
the asteroid surface to the centroid can be obtained. The
normal and tangential information of the asteroid surface
can be calculated by (3). Suppose r is the unit vector from
the centroid to the asteroid surface, then the position vector
at this place is R = RF, so the tangent vectors T, T2
at this place and the normal vector A can be calculated as
follows:

R, 0

= —7Fr —_—

= %0 PY:

dR.  oF
=234 rE ©)

ap ap

A=T| X T2

Combining (3)(4)(5)(6), the normal information and tan-
gential information of the asteroid surface can be obtained.
Fig.3 shows the surface of the Bennu solved by the spherical
harmonic method.

IIl. THE FLEXIBLE LANDING DYNAMICS

A. THE FLEXIBLE PROBE

The asteroid landing probes before were rigid probes, such
as the Minerva and Philae probes mentioned above. In order
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FIGURE 3. The surface of Bennu.

to solve the problem that the rigid probe is prone to rebound
and escape due to weak gravity and rugged terrain, this paper
proposes a new type of flexible asteroid landing probe. The
flexible probe (Fig.4) includes a flexible chassis with a 2m
diameter and three rigid masses distributed in the circumfer-
ential direction. The flexible chassis is 2cm thick, and the
material can be flexible materials such as silicone rubber and
vulcanized rubber. The flexible chassis deforms during the
landing, which enables the probe to achieve rapid and stable
attachment through deformation dissipation and collision dis-
sipation. Due to its large bottom, the flexible detector is not
prone to overturning at a large-angle, avoiding being out of
control. Embedded in the flexible chassis through the bottom,
the mass block contains rigid components such as jets and
payloads (See fig.5 for details). The rigid mass block will
sample and carry out other detection work after landing and
provide control force and control moment when moving on
the asteroid.

FIGURE 4. The flexible probe.

FIGURE 5. The mass block.

In this study, the rigid mass block is 0.6m away from
the center of the chassis, and its outer wall is a sinu-
soidal surface while the shape and position can be adjusted
in practice. The following study uses numerical simula-
tion to illustrate the advantages of the flexible probe in
detection.

129866

B. DYNAMICS MODEL OF THE FLEXIBLE PROBE

The flexible probe contains both flexible and rigid parts.
The flexible part of the probe has the characteristic of shell.
Therefore, the traditional finite element method will have
numerical divergence when dealing with such problems.
In order to establish the dynamics model of the flexible probe,
this paper introduces the discrete shell model in differential
geometry to model the rigid-flexible coupling of the flexible
probe [21], [23]. In this method, the flexible probe is divided
into triangular units along the middle plane. The mass of the
probe is equivalent to the vertex (mass point) of the triangular
unit, and the movement of the probe is equal to the mass
point. When the flexible probe deforms, the discrete shell
model calculates the internal force by deformation energy,
which is divided into membrane energy and bending energy.
Fig.6 shows units of the flexible probe. For observation,
the flexible part is marked as blue and the rigid part as yellow.
The following describes the discrete shell model method.

FIGURE 6. The whole units of the flexible probe.

1) MEMBRANE ENERGY

The membrane energy of the flexible body after deformation
can be calculated by membrane strain. From the definition of
strain, the calculation formula of membrane strain can be as

follows:

o [(F-R) wen+nen + (B-4).

X (t1Qt; +t3®1t1) + (7§—l§)
X (1 Qtr+t,®t)] @)

where &,, is the membrane strain, A is the area of the tri-
angular unit, [y, l», [3 represent the length of the triangular
unit’s each edge respectively, 71, 73, 73 represent length of the
triangular unit’s each edge without deformation respectively.
t1, t7,t3 are the norm vectors of the unit’s edges respectively,
lying in the plane of the triangle unit and pointing to the
outside of the unit. Their norms are as follows: ||£1]| = i,
lt2]] = by, I£3]] = I3. (- ® -) is the dyadic of vectors. The
symbols above are shown in the fig.7.

After obtaining the membrane strain, the following for-
mula can be used to calculate the membrane energy:

AEh
2 (1 - Mz)
where W,, is the membrane energy, A is the area of the
triangular unit before deformation, E is the Young’s modulus

€m

W, = [(1 — W Tr (e%,,) Fu(Tr (em))z] ®)
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FIGURE 7. One unit for membrane energy.

of the flexible material, u is the Poisson’s ratio of the flexible
material, & is the thickness of the flexible body, 77 (-) is the
trace of the matrix. Combining (7) and (8), the membrane
energy of the flexible body is obtained. It is worth noting
that only &, changes in each time step, which means high
efficiency of simulation.

2) BENDING ENERGY
The bending energy of the flexible body during the large
deformation can be derived from the bending stress which
is calculated by the curvature of the middle surface. Though
being continuous in space, the curvature of the surface in the
triangular units can be converted to the edge, which is conve-
nient for implementation of the program. In the discrete shell
model, the curvature is equivalent to the adjacent triangular
units’ dihedral angle, by which the bending strain is obtained.
The formula is as follows:
[0(7)-20)]

ep Sl s®s ©)]
where €, represents the bending strain, 6 is the dihedral
of the two units, 0 is the dihedral of the two units without
deformation, A is the sum of the area when the two triangle
units are not deformed, s is the unit vector perpendicular to
the adjacent units’ average normal and the edge I, / is the
norm of /, and @ (-) is the undetermined curvature conversion
function. The symbols above are referred to the fig.8§.

FIGURE 8. The adjacent units for bending energy.

In order to ensure that the equilibrium state is undeformed,
it is necessary that @ (-) is O when the dihedral’s change is 0,
and @ (-) should be an increasing function relative to the
dihedral change. Three simple curvature conversion functions
are as follows:

OO =7 —0
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® (0) = 2sin [ 2
) = sm( 7 )
T —0
<I>(9):2tan< > ) (10)

Considering that the lager the degree is, the more dif-
ficult the bending will be, this paper adopts ® (#) =
2tan (/2 — 6/2) as the curvature conversion function. After
the function is determined, the Koiter shell model theory is
used to calculate the bending energy, and the formula is as
follows:

. 5 (=T (&) +0 (T @] (1)

S 24(1-p
where W, is the bending energy, E is the Young’s modulus
of material, u is the Poisson’s ratio, & is the thickness of
the flexible body, 7r (-) is the trace of the matrix. In the
simulation, only &; needs to be calculated in each time step,
and the rest is only related to the undeformed state, which
improves the efficiency of simulation calculation.

3) THE INTERNAL FORCE

Equation (8) and (11) can be used to calculate the membrane
energy and bending energy of any unit after deformation. The
energy of the entire flexible body is as follows:

Nt Ne
Wiotat = Y Wi + Y _, Wi (12)
i=1 i=1

where W, is the total energy, Nt is the number of triangular
units, Ne is the number of units with a common edge, W,,; is
the membrane energy of the ith unit, W), is the bending energy
of the ith units with a common edge.

With the deformed energy of the flexible body, the internal
force can be calculated by the principle of virtual displace-
ment, F f” = 0Wiota1/0r;. Where F f” is the internal force of
the ith mass point, and r; is the position vector of the ith mass
point.

Since this study adopts the discrete shell model for the
rigid and flexible part, it is necessary to verify the accuracy
of the model in simulating the two materials. There are two
examples to illustrate the accuracy of the discrete shell model.
Fig.9 shows the comparison between the fixed-supported
rigid beam’ deflection curves calculated by the discrete shell
model (DSM) and the standard deflection formula respec-
tively. Fig.10 shows the comparison between the simply sup-
ported flexible beam’s deflection curves calculated by the
discrete shell model (DSM) and Abaqus software respec-
tively. Through these two comparisons, it can be seen that the
discrete shell model is very accurate in simulation of rigid
materials and flexible materials.

C. COLLISION MODEL

When the flexible probe approaches the asteroid, the col-
lision between the asteroid and the probe must be con-
sidered. Therefore, a reasonable collision model is of
great significance to the selection of the trajectory and
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FIGURE 10. The simply supported flexible beam.

landing sites. In this study, the collision between the flexible
probe and the asteroid is separated into the collision of the
mass point, which can be decomposed into normal collision
and tangential collision. Next, this paper introduces the nor-
mal collision model and tangential collision model of the
flexible body.

1) NORMAL COLLISION

The normal collision force adopts the spring damping model
which is based on the Hertz collision and the Hunt-crossly
damping theory. Taking the impact of material properties and
contact area into consideration, the spring damping model
can accurately model the changes of physical quantities such
as the speed and displacement of the mass point during the
collision process. For each mass point, the formula of the
normal collision force is as follows:

N = (Kyd + Cyd) - § (13)

where N is the normal collision force. d = R (0, ¢) — ||r|,
where 0, ¢ are the zenith angle and the azimuth angle of
the mass point, and R (8, ¢) is the radial distance from the
origin to the asteroid surface, which can be calculated by the
method in section I.B. d is the normal component of the mass
point’s velocity on the asteroid surface, and the normal infor-
mation is detailed in section II.B. § is the collision function,
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FIGURE 11. The motion of a flexible hat.

ifd < 0,6 = 1,else § = 1. K, is the elastic coefficient, which
can be calculated according to the Hertz collision theory,
C, is the damping coefficient, which is determined by K;, and
the coefficient of restitution. The formula for K, and C,, is as
follows:

4
K, = —«*E*
3
K
Co= -2 =" e (14)
72+ (Ine)
where k* = (1/k1 +1 /Kz)_o's , where k1 is the curvature

radius of the asteroid surface at the collision point, «7 is the
curvature radius of the mass point, which can be replaced by a
smaller fixed value. E* = ((1 — Ulz)/El + (1 - v%)/Eg)_l,
where Ej is the Young’s modulus of the asteroid, v is the
Poisson’s ratio of the asteroid, E; is the Young’s modulus
of the mass point, and v, is the Poisson’s ratio of the mass
point. is the mass of the mass point, e is the coefficient of
restitution between the mass point and the asteroid, which can
be determined through experiments.

2) TANGENTIAL COLLISION

On the asteroid surface, the collision force includes not only
the normal collision force, but also the tangential collision
force. In this paper, viscous-sliding friction model is used for
the tangential collision force of the mass point. The formula
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is as follows:
(Kts + Cti'r) 8, K:lsll < uN

f: Fi
uN - —) 3, Kilsll = uN

I

where f is the tangential collision force, 7 is the tangential
velocity of the mass point relative to the asteroid surface,

the tangential information is detailed in section IL.B. § is the
13

collision function, s = f T dt, where t is the current time
1o

and t¢ is the time of the initial collision. K; is the tangential

friction coefficient, C; is the damping coefficient of tangential

friction, and p is the friction coefficient.

5)

D. THE FLEXIBLE LANDING DYNAMICS EQUATIONS
Combining the internal and the external force with the dis-
crete shell model, the flexible landing dynamic equations in
the asteroid’s satellite coordinate system is as follows:

mi¥; = F&* + F'

G, i=1,2,...,Np
F{* = —mi20 xri+ ® x (@ X 1;)]
—miVU(l‘i)-l-(Ni'ni _fi)

where Np is the number of mass points, m; is the mass of
the ith mass point, w is the angular velocity of the asteroid’s
satellite coordinate system relative to the inertial system,
VU (r;) is the asteroid gravity, f; is the normal collision force
between the mass point and the asteroid, NV; is the tangential
collision force, see section III.C. F’ i" is the internal force, see
section III.B. Due to the difference between the masses, this
paper disregards the collision’s impact on asteroids as well as
the relative and angular acceleration of the asteroid and the
probe.

The equations (16) consists of Np second-order differential
equations. Combining the initial position and velocity infor-
mation with RK45 method, the information on the motion of

(16)
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the flexible probe on the asteroid can be obtained. Here equa-
tions (16) are applied to the deformation process of a flexible
dome straw hat (see fig.11), showing the dynamics accuracy
and versatility of the flexible landing dynamic equations.

IV. SIMULATION AND RESULT

The research above has completed the study of the aster-
oid dynamics’ environment and the flexible probe dynamics
model, obtaining the flexible landing dynamics equations,
which lays a theoretical foundation for the application of the
flexible probe in the asteroid landing detection. This chapter
completes the simulation of the flexible probe landing on the
asteroid, and verifies the advantages and feasibility of the
flexible probe.

A. ADVANTAGES OF THE FLEXIBLE PROBE

In order to verify the advantages of the flexible probe in aster-
oid landing detection, this paper takes Bennu as the target,
completing the landing simulation of probes with different
flexible materials at a certain initial speed, and comparing the
results after the first collision.

The material of the rigid block is steel, whose Young’s
modulus is 201GPa, Poisson’s ratio is 0.28, and the total
weight of the three rigid block is 74kg. The Young’s modulus
of the flexible material is 0.001GPa—300GPa, Poisson’s ratio
is 0.4, and the total mass of the flexible chassis is 44kg. At the
initial moment, the chassis is parallel to the asteroid’s equa-
torial plane and its center is located at [0; 0; 260] m,whose
speedisat[0.1; 0.1; —0.5] m/s (equivalent to Philae’s landing
speed).

In this case, the relationship between the rebound kinetic
energy after collision and the Young’s modulus of the flexible
material is shown in the fig.12. From the figure, it can be
seen that the rebound kinetic energy of the probe after a hard
landing experiences a significant decrease as the Young’s
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FIGURE 13. Four examples with different materials. (a) Displacement of the flexible probe. (b) Displacement in X-direction. (c) Displacement in
Y-direction. (d) Displacement in Z-direction. (e) The material dissipation. (f) The collision dissipation.

modulus decreases. When materials with a small Young’s
modulus used in the chassis, such as silicon rubber, vulcan-
ized rubber, and polyurethane, the rebound kinetic energy
is apparently less than the escape energy, which means that
the probe will be captured by the asteroid gravity instead
of rebounding and escaping. In contrast, when the chassis is
made of rigid materials, such as steel, similar to the current
rigid asteroid probe, the rebound kinetic energy is greater than
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the escape energy so the probe will not be captured by the
asteroid gravity, which means a failed mission.

Next the probes with materials of £ = 0.001GPa,
E = 0.01GPa, E = 0.1GPa, and E = 201GPa, which
correspond to the three types of flexible materials commonly
used in the aerospace field (silicon rubber, vulcanized rubber,
polyurethane) and steel, are used to analyze the advantages
of the flexible probe. Fig.13(a) shows the displacement of
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FIGURE 14. The trajectory of the flexible probe.

a t=0s

b t=6.5s

C t=150s

d t=360s

FIGURE 15. (a) The flexible at 0s. (b) The flexible probe at 6.5s. (c) The flexible probe at 150s. (d) The flexible probe at 360s.

the center of the flexible probe with different chassis mate-
rials. Fig.13(b) to Fig.13(d) show the changes of the dis-
placement in the X, Y, and Z directions respectively. It can
be seen that although the initial state is exactly the same,
the probe with flexible material can effectively reduce the
tangential velocity during the collision, so as to avoid large
tangential displacement. Besides, the smaller the Young’s
modulus of the material, the better the effect of reducing
the tangential velocity is, which ensures that the probe will
not deviate too far from the target. In contrast, the probe
with material of £ = 201GPa can hardly reduce the tan-
gential velocity, which means a large drift will occur even if
the probe has small tangential velocity. For example, Philae
drifted for 1.2km after its anchoring system failed. The flex-
ible probe can also reduce the normal speed, which means
higher possibility of a safe asteroid landing. For example,
the probes with material of E = 0.001GPa, E = 0.01GPa,

VOLUME 9, 2021

E = 0.1GPa do not escape while the rigid probe does. With
a rigid probe, additional fixtures or higher delivery accuracy
are required, which will bring about more burden to asteroid
detection.

Fig.13(e) and fig.14(f) show the comparison of the mate-
rial dissipation and collision dissipation among four probes,
which is another proof of the flexible probe’s advantages.
During the collision, the flexible probe will deform, increas-
ing the contact area and the collision dissipation. This effect
will be more distinctive as the material becomes more flex-
ible. More importantly, the deformation of flexible material
will also bring additional material dissipation, which is close
to 0 in rigid probe.

In general, through hard landing on the asteroid, the flex-
ible probe has greater energy dissipation, less prone to
rebound and escape, closer to the target point, compared with
the traditional probe.
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FIGURE 16. (a) Distance between the flexible probe and Bennu. (b) Displacement of the flexible probe.

B. SUCCESSFUL LANDING OF THE FLEXIBLE PROBE

In order to verify the feasibility of the flexible probe, this
paper completes a simulation in which the flexible probe
successfully lands on the asteroid. The material of the rigid
block is steel, whose Young’s modulus is 201GPa, Pois-
son’s ratio is 0.28, and the total weight of the three rigid
block is 74kg. The chassis material is silicon rubber, whose
Young’s modulus is 0.001GPa, Poisson’s ratio is 0.4, and
the total mass of the flexible chassis is 44kg. At the initial
moment, the chassis is parallel to the asteroid’s equatorial
plane and its center is located at [0; 0; 260] m, whose speed
is at [0.1; 0.1; —0.5] m/s. The simulation duration is 360s.

Fig.14 shows the trajectory of the flexible probe on the
asteroid. Fig.15 show the state of the flexible probe at Os,
6.5s, 150s, and 360s. Fig.16(a) shows the variation of the
chassis center’s displacement component. Fig.16(b) shows
the change in the distance between the chassis center and the
surface of the asteroid.

Figures show that under the conditions above, the flexible
probe collides with the asteroid for the first time at 6s and then
leaves the asteroid. At 185s, 235s, 270s and 310s, the flexible
probe collides with the asteroid again and lands stably at
325s. From the first collision to the stable landing, the flexible
probe bounces for 6 minutes. It is 19.0366m between the
initial collision point and the final landing point. In addition,
the flexible probe doesn’t overturn finally.

In general, the flexible probe can achieve asteroid hard
landing.

V. CONCLUSION

This paper proposes a new type of flexible asteroid landing
probe and the corresponding dynamic theory, providing a
new plan for asteroid landing detection. Studies in this paper
shows that, compared with the rigid probe, the flexible probe
can reduce its energy faster through material and collision
dissipation when landing on the asteroid, avoiding rebound
and escape. Therefore, the flexible probe can land on aster-
oids through a simple hard landing without additional control
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or fixed devices, which is of great potential. In the following
research, it is necessary to study the impact of the flexible
probe’s structure on landing, including the distribution of
the rigid mass block, the shape and thickness of the flexible
chassis and so on. In addition, it is necessary to study the
criterion which ensures a safe landing. Last but not least,
how the flexible probe uses jet devices to perform large-scale
movement on the asteroid needs further study.
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