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Abstract: Stable landing on asteroids is of considerable scientific and economic value but accom-
panied by huge difficulties. This paper proposes a novel flexible lander suitable for asteroids with
microgravity and rugged surface. The gravity model with the artificial neural network and the
surface model with the spherical harmonic method are introduced to establish the target asteroid’s
dynamical environment. The flexible dynamics with the discrete shell model, the collision with
the spring-damping model and viscous sliding friction, and the rigid coupling with the constraint
violation stabilization method are elaborated for the lander. Combining the asteroid’s model with the
lander’s dynamics, one successful landing scenario of the lander is presented. The lander’s landing
stability of the final uncontrolled touching phase is studied through massive simulations. It is found
that reasonable touching conditions can largely enhance the landing stability, and the lander can
achieve a stable landing on the asteroid under a particular touching condition without control. The
flexible lander’s comparison to the rigid lander is also discussed. It is concluded that the flexible
lander does have higher adaptability and lower risk in asteroid landing. What is more, the attitude
controller and position controller for the lander’s descent phase are also proposed and tested.

Keywords: asteroid exploration; flexible lander; landing stability; control

1. Introduction

Asteroid exploration is getting more and more attention due to its academic and
economic value. It is widely recognized that some asteroids were born at the beginning of
the solar system and therefore contained information about the solar system evolution [1,2],
which is of great significance to planetary science. In addition, studies show that there
exist rich rare metal resources on some asteroids [2]. With the development of deep space
exploration, asteroids can be used as supply depots with abundant propulsion material.

With the development of aerospace technology and increasing interest in planetary
protection, more and more asteroid exploration missions are being proposed and conducted.
The exploration missions in the past can be roughly divided into circling exploration,
short-range leap exploration, and landing exploration [3]. Landing exploration is a must to
achieve comprehensive research about asteroids [4]. However, there exist a lot of difficulties
in landing exploration. Different from planets with enough mass, asteroids’ gravity is so
weak that the lander is likely to rebound or escape even at a slow velocity. Additionally,
the asteroids’ terrain is usually rugged, which may cause the lander to overturn. The
challenges above were first shown by the Philae lander, which tried but failed to stably
land on Chury [5,6]. The Philae lander bounced for thousands of meters into a shaded
crack after the failure of its anchoring harpoon system, and finally lost contact. In addition,
the MINERVA-II and MASCOT landers of the Hayabusa2 mission also jumped for a long
distance before their final stable landing [7,8]. Overall, the stable landing on asteroids is
still tricky and worth further research.

Various feasible strategies for asteroid landing exploration have been proposed in past
research. In the literature, there are several works that have focused on soft landing and in
which asteroids’ orbit dynamics and the control scheme have been discussed [9–12]. There
have also been some works about landing exploration with a CubeSat-based lander, as
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well as its simulation methods [13–18]. Some works have studied the improved anchoring
method for asteroid landing based on Philae’s harpoon [19,20]. Recently, some researchers
have noticed the unique advantages of flexible materials in asteroid landings. Some
relevant works have focused on dissipating residual energy with flexible nets [21]; others
have focused on the dynamical behavior of flexible materials in microgravity [4,22,23].
To expand on past research, this paper focuses on providing a feasible flexible lander of
engineering significance for asteroid landing exploration, which should have both a flexible
part to dissipate energy and a rigid part to carry out control and exploration. The asteroid
flexible lander (shown in Figure 1) in this study is comprised of three rigid blocks connected
with a thin layer of flexible materials, such as silicone rubber and vulcanized rubber. The
necessary payloads, such as jets and the sampling instrument, are contained in the rigid
blocks to conduct the control and sampling operations. When landing on the asteroid, the
flexible lander will deform and dissipate energy via the deformation dissipation as well as
the collision. Past research has indicated that the flexible structures can effectively avoid
rebound and escape in weak gravity [4,21]. The symmetrical structure of the flexible lander
can also avoid overturning on rugged terrain. Moreover, the symmetrical distribution and
hexagonal prism shape of the blocks ensure that the blocks can be put together before
the release phase to reduce space consumption, which is of great engineering significance.
One asteroid landing mission can be divided into the launch of the exploration satellite,
interplanetary transfer, orbital transfer to the target orbit, circling exploration, release of
the lander, descent phase, and touching phase to the asteroid’s surface (see Figure 2). To
avoid polluting the sampling area and damaging the lander during the landing, the jets are
usually switched off after the descent phase, meaning the touching phase is uncontrolled.
This paper mainly focuses on the touching phase, and the landing stability is discussed. In
addition, a feasible controller for the descent phase is proposed and discussed briefly.
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The main contributions of this paper can be summarized as follows. Firstly, this
paper proposes an abstract physical model of a novel asteroid lander and develops the
corresponding dynamical mode, including the asteroid’s dynamical model and the flexible
landing dynamics, which are highly efficient and suitable for the flexible lander’s simula-
tion. Secondly, this paper establishes the control scheme for the descent phase, in which
reduced attitude equations are derived and the lander’s controllability is proved. Thirdly,
this paper details the landing stability of the flexible lander for the touching phase, which
gives accuracy requirements for the descent phase and shows the lander’s advantages in
asteroid landing.

The rest of this paper is organized as follows. Section 2 establishes the asteroid’s
dynamical environment, including the gravity and surface models. The following Section 3
details the flexible dynamics and the coupling dynamics of the flexible lander. Section 4
proposes a feasible controller for the descent phase for the flexible lander. Section 5
discusses one successful landing scenario, the landing stability of the proposed lander,
the comparison to the rigid lander, and the simulation of the descent phase. Finally, the
conclusion of this paper is given.
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2. Asteroid’s Dynamical Environment

When exploring within the asteroid’s Hill radius for a short term, only the asteroid’s
gravity and the collision need to be considered [24]. In this section, an efficient asteroid
gravity model combing the artificial neural network (ANN) with the polyhedron method is
proposed, and the asteroid surface model is also introduced.

2.1. Gravity Model

Asteroids usually have irregular shapes and mass distribution, which result in ir-
regular gravity. To numerically model the asteroid’s irregular gravity, Werner et al. [25]
established the polyhedron method, which has high accuracy but low efficiency. Mean-
while, ANN can fit and predict complex functions with high efficiency and accuracy [26].
This paper adopts the polyhedron method to calculate the sample data for ANN and then
predicts the asteroid’s gravity.

The asteroid coordinate system is utilized, with the centroid as the origin, the minimum
inertial axis as the x axis, the middle inertial axis as the y axis, and the maximum inertial
axis as the z axis. In this coordinate system, the gravity is expressed as follows:

g(r) = Gρ ∑
f∈FS

F f r f rω f − Gρ ∑
e∈ES

EereLe (1)

where g(r) is the asteroid’s gravity at position r, ρ is the asteroid’s average density, FS
represents all polyhedral units of the polyhedral model, ES stands for all edges of FS, r f r is
one vector from any point on f to the target point r, re is one vector from any point on e to
the target point, F f and E f are the tensors of f and e, respectively, and Le and ω f are two
dimensionless coefficients of the polyhedral units, as shown in ref [21,25].

This paper focuses on the gravity near the asteroid’s surface, from which the sam-
ple data for the ANN are taken. Take Bennu as the target asteroid [27], whose size is
565 m × 535 m × 508 m. Accordingly, a ball with Bennu’s centroid as the center and a
radius of 500 m was chosen as the sample space. The sample point and its gravity calcu-
lated with the polyhedron method were set as the ANN’s input and output, respectively.
The number of sample data was 637,000, of which 90% were training data and 10% were
validation data for the ANN; see Figure 3 for details.
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Factoring in accuracy and efficiency, the authors chose a network with 4 hidden layers
and 256 nodes in each layer. The activation function for the input and output layers was the
hyperbolic tangent (tanh). The activation function for the hidden layers was the rectified
linear unit (ReLU). In the training, the learning rate was 0.0001, the batch case was 200,
the training epoch was 60, and the training strategy was stochastic gradient descent with
momentum (SGDM).

faccuracy = 1− 1
N

N
∑

i=1
‖Netg(ri)− g(ri)‖/‖g(ri)‖ was adopted as the fitting accuracy to

evaluate the ANN, where g(ri) is the gravity at ri, N means the number of sample data, and
Netg(ri) stands for the gravity calculated with ANN. After training, the fitting accuracy
was 98.63%, which means a highly accurate prediction of the irregular gravity. Calculating
10,000 points’ gravity in the same computer, the ANN took 0.16 s while the polyhedron
method took 360.43 s, proving the ANN’s great advantage in efficiency. What is more,
the result of the ANN is an explicit continuous function, and therefore it is easy to be
transplanted to other computing environments, and the gravitational gradient can also be
estimated easily. Bennu’s gravity calculated by the ANN is shown in Figure 4.
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2.2. Surface Model

The asteroid’s surface model is required when detecting the collision between the flex-
ible lander and the asteroid. Usually, a polyhedron model is used to capture the asteroid’s
irregular shape, and reconstruction is used to obtain a continuous surface expression [13].
The spherical harmonic method is an efficient and mature reconstruction method that
transforms the irregular surface into a series of spherical harmonics [28]. Here, this paper
briefly introduces the spherical harmonic method.

The asteroid coordinate system mentioned above is utilized in this section. In this
coordinate system, the formula for the spherical harmonic method is:

R(θ, ϕ) =
∞

∑
n=0

n

∑
m=−n

Cm
n Ym

n (θ, ϕ) θ ∈ [0, π], ϕ ∈ [0, 2π] (2)
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where R(θ, ϕ), θ, and ϕ are the surface point’s three components in the spherical coordinates,
and Cm

n stands for the spherical harmonic complex coefficient, which can be calculated by
the least square method with the surface data. Ym

n (θ, ϕ) represents the spherical harmonic
basis function, and its formula is:

Ym
n (θ, ϕ) =

√
2n + 1

4π
· (n−m)!
(n + m)!

Pm
n (cos θ)eimϕ (3)

where Pm
n (·) is the Legendre polynomial; see Formula (4) for details:

Pm
n (cos θ) =

(−1)m

2nn!

(
1− cos2 θ

)m/2 dn+m

dxn+m

(
cos2 θ − 1

)n
(4)

With Formulas (2)–(4), an explicit and continuous function for points on the asteroid’s
surface was obtained. The formula for the surface’s local tangential and normal directions is:

τ1 = ∂R
∂θ

^
r + R ∂

^
r

∂θ

τ2 = ∂R
∂ϕ

^
r + R ∂

^
r

∂ϕ

λ = τ1 × τ2

(5)

where
^
r is the unit vector from the origin to the surface point, τ1 and τ2 are two tangent

vectors, and λ stands for the normal vector of the surface point; see [28] for details. Figure 5
shows the surface of Bennu reconstructed with the spherical harmonic method.
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3. Flexible Landing Dynamics

There are flexible and rigid parts in the flexible lander. A shell characteristic exists
in the flexible part, resulting in low computational efficiency when simulating with the
finite element method or absolute node coordinate method. At the final landing on the
asteroid, the collision between the lander and the asteroid’s surface also needs to be taken
into consideration. In this section, the discrete shell model suitable for the simulation of
the flexible shell under large deformation is adopted. The tangential and normal collisions
between the lander and the asteroid’s surface are modeled, and the coupling dynamics for
coupling the flexible and rigid parts are also introduced.

3.1. Dynamics of the Flexible Part

The discrete shell model divides the flexible part along the middle plane into triangular
units. The mass is assigned to the triangular units’ vertex, called the mass point; see
Figure 6 for details. The lander’s movement is equivalent to the movement of the mass
points during the simulation. It is worth noting that in this paper, the surface of the whole
lander, including the rigid parts, is divided into units. The mass points corresponding to
the rigid parts are fixed relative to the centroid through constraints. To describe the shell’s
deformation, the discrete shell model calculates the membrane energy and bending energy
with the relative variation among units, and then obtains the inner forces with the two
deformation energies [29–32].
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When the flexible part deforms, one triangular unit’s membrane energy [31] is calcu-
lated by the following formula:

Wm =
Eh

2(1− µ2)

x [
µ(trε)2 + (1− µ)trε2

]
dA (6)

where Wm is the membrane energy for a deformed unit, E stands for Young’s modulus of
the flexible material, h represents the thickness of the unit, µ means the Poisson’s ratio of
the flexible material, tr(·) is the trace function, and ε stands for the strain. According to
ref [31], trε and trε2 can be rewritten as:

trε =
(l2

1−L2
1) cot α1+(l2

2−L2
2) cot α2+(l2

3−L2
3) cot α3

2A

trε2 =
∑

i 6=j
2∆2li∆2lj−

3
∑

i=1
(∆2li)

2

64A2

(7)

where l1, l2, and l3 are the three side lengths of the deformed unit, L1, L2, and L3 represent
the three side lengths of the undeformed unit, α1, α2, α3 stand for the three angles of the
undeformed unit, A is the area of the undeformed unit, and ∆2li is equal to

(
l2
i − L2

i
)
. More

details about the symbols above are shown in Figure 7.
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According to the Rayleigh-Ritz analysis, the inner force resulting from the membrane
energy is the negative derivative of that membrane energy with respect to the positions of
the unit’s mass points. The formula is:

Fmi = ∑
j 6=i

[
Kij

(
l2
k − L2

k

)
+ Ki

(
l2
j − L2

j

)
+ Kj

(
l2
i − L2

i

)](
xj − xi

)
(8)
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where Fmi is the membrane inner force at point Qi (i = 1, 2, 3), (i, j, k) represents the non-
repeated arrangement of (1, 2, 3), and xi stands for the position vector of Qi. Kij and Ki are
constants related to the undeformed unit:

Kij =
Eh(2 cot αk+1−µ)

16(1−µ2)A

Ki =
Eh(2 cot αj cot αk+µ−1)

16(1−µ2)A

(9)

With Formulas (6)–(9), the membrane inner force caused by one deformed unit is
derived. The total membrane inner force is obtained by summing the forces resulting from
all deformed units. It is worth noting that only the units’ side lengths and position vectors
are required to update during the simulation, which ensures high computational efficiency.

When the flexible part deforms, the bending energy between two connected units [29]
is calculated by the following formula:

Wb =
Eh3

24(1− µ2)

‖e0‖
he

(
θe − θe

)2
(10)

where Wb is the bending energy for the two connected units, θe is the angle between the
two connected units with deformation, θe is the angle between the two connected units
without deformation, and ‖e0‖ is the length of the undeformed common edge. he is equal
to
(

h f 0 + h f 1

)
/6, where h f 0 and h f 1 represent the undeformed heights of the two units on

the common edge. respectively. See Figure 8 for more details about the symbols above.
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Like the membrane energy, the inner force resulting from the bending energy is the
negative derivative of that bending energy with respect to the position of the unit’s mass
points. Noting that only θe varies during the simulation, the formula is written as follows:

Fbi = −
Eh3

12(1− µ2)

‖e0‖
he

(
θe − θe

)∂θe

∂xi
i = 0, 1, 2, 3 (11)

where Fbi stands for the bending force on mass point xi. According to ref [30], ∂θe/∂xi is
written as:

∂θe
∂x0

= − cot α03n0+cot α04n1
‖e0‖

∂θe
∂x1

= − cot α01n0+cot α02n1
‖e0‖

∂θe
∂x2

= ‖e0‖
2A f 0

n0

∂θe
∂x3

= ‖e0‖
2A f 1

n1

(12)

where α01 represents the angle between
→

x0x1 and
→

x0x2, α02 stands for the angle between
→

x0x1 and
→

x0x3, α03 is the angle between
→

x1x0 and
→

x1x2, α04 represents the angle between
→

x1x0

and
→

x1x3, A f 0 stands for the area of unit f0, and A f 1 means the area of unit f1. The other
symbols are the same as mentioned above.
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Shells dissipate energy via bending oscillations [32]. Here. the dissipation force is
given directly as a supplement to the bending force:

Fci = −
Eh3γ

12(1− µ2)

‖e0‖
he

.
θe

∂θe

∂xi
(13)

where Fci is the dissipation force on the mass point xi, and γ is the dissipation coefficient,
which is set as 5 × 10−4 in this paper.

By combining Formulas (10)–(13), the force resulting from bending is obtained. The to-
tal bending force is then obtained by calculating all two connected units. In each simulation
step, only the ∂θe/∂xi and θe are recalculated, and therefore, high efficiency is ensured.

3.2. Collision Model

The landing exploration must consider the collision between the flexible model and
the asteroid’s surface. A precise collision model will contribute a lot to the choices of the
flexible material, landing site, and so on. In this study, the collision was equivalent to the
normal and tangential interactions between the mass point and the surface. The spring-
damping model based on the Hunt-Crossley theory and the Hertz model was adopted for
the normal collision [4,33–35]. Such a collision model has been widely used in past research,
so only the main equations are presented here. The formula for the normal collision is
as follows:

Fn =
(

Knd + Cn
.
d
)

n·δ (14)

where Fn is the normal collision force of the mass point, and d stands for the embedding
depth of the mass point into the surface and is equal to R(θ, ϕ)− ‖r‖, where r is the mass
point’s position vector. R(θ, ϕ) means the asteroid surface distance to the origin with the
same zenith angle and azimuth angle to the mass point; see Section 2.2 for details.

.
d is

the component of the mass point’s velocity in the surface normal direction, n is the unit
normal vector of the asteroid surface, which is introduced in Section 2.2. δ is the collision
detection function; if d < 0, δ = 1, otherwise δ = 0. Kn and Cn are the stiffness coefficient
and damping coefficient from the Hertz model and Hunt-Crossley theory, respectively:

Kn = 4
3 κ∗E∗

Cn = −2
√

Knm
π2+(ln e)2 ln e (15)

where m is the mass point’s mass, e means the coefficient of restitution, κ∗ stands for
the equivalent curvature radius between the mass point and the asteroid surface, and E∗

represents the equivalent Young’s modulus. The formulas for κ∗ and E∗ are:

κ∗ =
(

1
κ1

+ 1
κ2

)−0.5

E∗ =
(
(1−µ2

1)
E1

+
(1−µ2)

E

)−1 (16)

where κ1 is the asteroid’s curvature radius at the collision point, κ2 means the mass point’s
radius, which can be equivalent to a constant [21]. E1 and µ1 are the estimated Young’s
modulus and Poisson’s ratio of material on the asteroid, and E and µ represent Young’s
modulus and Poisson’s ratio of the flexible material, respectively.

The viscous sliding friction was adopted for the tangential collision of the mass point
and fully considers the asteroid surface’s characteristics. The formula is as follows:

Ft =

{
(ζFn·vτ/‖vτ‖)δ, Kt‖s‖ < µFn
(Kts + Ctvτ)δ, Kt‖s‖ ≥ µFn

(17)
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where Ft stands for the force resulting from the tangential collision, ζ means the coulomb
friction coefficient, vτ is the mass point’s velocity with respect to the collision point’s
tangential direction. δ represents the collision detection function, as mentioned above. s
stands for the mass point’s slippage on the surface, which is equal to

∫ t
t0

vτdt, where t0
represents the start time of the collision. Kt is the tangential friction coefficient, Ct means
the damping coefficient of the tangential frictions, which are considered to be equal to
Kn/ 10, and Cn/ 100, respectively.

3.3. Coupling Dynamics

This paper presents the completed asteroid gravity model, the flexible dynamics for
the flexible part, and the collision model. The coupling between the flexible and rigid parts
was then solved with the constraint violation stabilization method [36]. In the asteroid
coordinate system, the dynamical equation for the mass point i without connection to the
rigid parts is:

mi
..
ri = −mi

[
2ω× .

ri + ω× (ω× ri)
]
+ mig(ri) +

(
F(i)

n + F(i)
t

)
+ Fin

i (18)

where mi is the mass of the mass point i, ri represents the position vector of the mass
point, ω stands for the asteroid’s angular velocity, g(ri) means the asteroid gravity, F(i)

n and
F(i)

t are the normal and tangential collision forces on the mass point respectively, and Fin
i

represents the inner force from the flexible part. The dynamical equations for the mass
point j connected to the rigid parts are:

mj
..
rj = −mj

[
2ω× .

rj + ω×
(
ω× rj

)]
+ mjg

(
rj
)
+
(

F(j)
n + F(j)

t

)
+ Fin

j

φj = Rc
(
rj − rc

)
+ C = 0

(19)

where φj is the constraint on the mass point j, λj is the Lagrange multiplier, rc is the rigid
parts’ centroids, Rc represents the transformation matrix from the asteroid’s ontology
coordinate system to the rigid parts’ ontology coordinate system, and C is a constant
decided by the lander’s undeformed state. The dynamical equations for the rigid part k are:

mk
..
rk = −mk

[
2ω× .

rk + ω× (ω× rk)
]
+ mkg(rk)

..
Λk =

(
RTJR

)−1
(

1
2 RTMr − 2RTR

.
R

T
JR

.
Λk

)
φk = ΛT

k Λk − 1 = 0

(20)

where Λk is the quaternion of the rigid part, J stands for the inertia matrix, Mr is the
moment on the rigid part, φk is the constraint for Λk, and R represents a 3× 4 matrix
consisting of Λk; see ref [37] for details.

The generalized coordinates q =
[

r1 · · · rNp rc1 rc2 rc3 Λ1 Λ2 Λ3
]T

were adopted to rewrite Formulas (18)–(20), where Np is the number of the mass point,
r1 · · · rNp stands for the position vectors of all mass points, and[
rc1 rc2 rc3 Λ1 Λ2 Λ3

]T represent the position and attitude vectors of the three
rigid parts. The rewritten formula is:

M
..
q + ΦT

q λ = F
Φ = 0

(21)

where M is the generalized mass matrix, F is the generalized force, Φ is the vector consisting
of all constraints, and ΦT

q is the transposed Jacobian matrix of Φ. The constraint violation
stabilization method solves Equation (21) as follows (see ref [38] for more details):[

M ΦT
q

Φq 0

][ ..
q
λ

]
=

[
F

−
(
Φq

.
q
)

q
.
q− 100

.
Φq − 2500Φq

]
(22)
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By solving the linear Equation (22), the generalized acceleration
..
q is solved. Combined with

the initial condition, the lander’s movement over time is obtained via numerical integration.

4. Control Scheme for the Descent Phase

In this section, the control scheme for the descent phase is proposed, which guides
the flexible lander from the mother spacecraft to an appropriate state for the final touching
phase. The corresponding simulation and test are set in Section 6.

4.1. Attitude Control

The reduced attitude equations governing the flexible lander’s attitude and its control
scheme are derived in this part. The complete attitude formula for the flexible lander is:

Ĩ(t)
.

ω̃ + ω̃×
(

Ĩ(t)ω̃
)
= M̃∑ (23)

where Ĩ(t) is the inertia matrix, ω̃ is the angular velocity of the lander, and M̃∑ is the
total moment from the control thruster and the environment. It is worth noting that Ĩ(t)
is not a constant matrix in the lander’s ontology coordinate system since the lander will
deform during the motion. To reduce the difficulty in designing the control scheme, the
deformation was not considered and the simplified attitude formula is as follows:

I
.

ω + ω× (Iω) = M∑ (24)

where I represents the inertia matrix, ω is the angular velocity of the lander, and M∑ stands
for the moment caused by the control thruster and the environment under the premise
that the flexible lander will not deform, respectively. In the lander’s ontology coordinate
system, I and Formula (24) can be written as:

I =

Ixx 0 0
0 Iyy 0
0 0 Izz

 (25)

Ixx
.

ωx = (Izz − Ixx)ωyωz + Mcx + Mex
Iyy

.
ωy =

(
Izz − Iyy

)
ωxωz + Mcy + Mey

Izz
.

ωz = Mcz + Mez

(26)

where Ixx = 134.58 kg/m2, Iyy = 134.58 kg/m2, and Ixx = 73.81 kg/m2 in this

research, ωx, ωy, and ωz are the three elements of ω, Mc =
[
Mcx, Mcy, Mcz

]T stands for the

moment from the control thruster, and Me =
[
Mex, Mey, Mez

]T means the moment from
the environment. Ixx, Iyy, and Izz are the elements of I, and Ixx is equal to Iyy, so ωz is the
decoupling, as shown in Formula (26). As mentioned above, Mcz is equal to 0 if there is no
deformation, and only the ωx, ωy are controllable. According to ref [39], this study adopted
the reduced attitude equations for the flexible lander, which means controlling a single unit
vector of the attitude instead of controlling the whole attitude.

The equation governing the unit vector n =
[
nx, ny, nz

]T, which is expressed in the
lander’s ontology coordinate system but fixed in the inertial system, is as follows:

.
n = −ω× n (27)

where ‖n‖ = 1. Combining Formula (26) with (27), and disregarding the environmental
disturbance, the reduced attitude equations are proposed:

Ixx
.

ωx = (Izz − Ixx)ωyωz + Mcx + Mex
Iyy

.
ωy =

(
Izz − Iyy

)
ωxωz + Mcy + Mey.

nx = −ωynz + ωzny.
ny = ωxnz −ωznx

(28)
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x =
[
ωx, ωy, nx, ny

]T − [ωx, ωy, nx, ny
]T was chosen as the state vector, where[

ωx, ωy, nx, ny
]T represents the targeted state. u =

[
Mx, My

]
was chosen as the input.

Under the condition of one order of simplification, Formula (28) is derived into a linear
time-invariant system:

.
x = Ax + Bu

A =


0 Ixx−Izz

Ixx
ωz 0 0

Izz−Iyy
Iyy

ωz 0 0 0
0 −nz 0 ωz
nz 0 ωz 0

, B =


0 1

Ixx
1

Iyy
0

0 0
0 0

 (29)

By checking the controllability matrix’s rank, it is easy to find that when nz 6= 0, the
system is controllable. Considering the time invariance of the attitude equation and that nz
is designable, it can be concluded that the flexible lander’s reduced attitude is controllable.
With Equation (29), the controller can be easily designed by using the linear-quadratic regu-
lator (LQR) method. LQR is a traditional and mature method for the linear time-invariant
system, and therefore, this paper does not discuss it deeply [40]. The descent simulation
with the LQR controller is discussed in the following section. With the attitude controller, n
is controllable to the target, which means that the lander’s attitude is controllable.

4.2. Position Control

The position controller was designed under the premise that the flexible lander will not
deform, and the lander’s normal direction is controllable since the thrust of the proposed
lander is along the lander’s normal direction. A feasible control is that the response time of
the attitude controller is much shorter than the position controller to ensure an appropriate
thrust direction.

This study adopted the PID controller for the position control, which makes the
lander’s ideal acceleration

..
ddes as a second-order system, as shown in Formula (30).

..
ddes + 2ηωn

.
d + ω2

nd = 0 (30)

where d stands for the vector from the lander to the target point, η is the damping ratio,
and ωn represents the natural frequency of the PID controller. The total thrust f∑ is derived
as follows:

f∑ = mndes·
..
ddes (31)

where m is the total mass of the lander, and ndes stands for the instantaneous normal
direction of the lander.

Combining the input u =
[
Mx, My

]
of the attitude controller and the total thrust f∑ of

the position controller, the thrust f1, f2, f3 that the three thrusters should produce during
the descent phase is as follows:Mx

My
f∑

 =

 0 −l/2 l/2
l/
√

3 −l/2
√

3 l/2
√

3
1 1 1

 f1
f2
f3

 (32)

where l means the distance between each two rigid parts’ centroid when the lander is
not deformed.

5. Landing Simulation and Discussions

This paper presents the completed method for simulating asteroids’ dynamic envi-
ronments and the motion of the flexible lander, which contributes to the foundation for
the landing simulation of the asteroid. In this section, a successful landing scenario on
the asteroid, the landing stability of the flexible lander, and the comparison between the
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flexible lander and the rigid lander are presented and discussed. The simulation of the
descent phase is also shown in this section.

5.1. Stable Landing Scenario

This section presents one successful landing of the flexible lander, demonstrating
its feasibility. The asteroid Bennu was chosen as the landing target, which was also the
target of NASA’s OSIRIS-Rex. The material with a Young’s modulus of 0.001 GPa, a
Poisson’s ratio of 0.4, and a density of 1000 kg/m3 was chosen as the flexible part’s
material, which corresponds to the silicone rubber. The thickness of the flexible part was
0.005 m and the total mass of the flexible material was 53.19 kg. The mass and the moment
of inertia for three rigid parts were all set as 150 kg and diag

([
10 10 10

])
kg/m3,

respectively. The initial center of the flexible lander was located at
[
13 −13 255

] T m,
the initial attitude quaternion between the asteroid’s ontology coordinate system and the
lander’s ontology coordinate system was

[
0.9582 0 0.2860 0

]T, and the initial speed

was
[
0.0199 0 −0.0980

]T m/s. Under the above conditions, the first collision happened

at
[
13.3 −13.0 253.6

]T m, which is a relatively flat area on the Bennu, and therefore was
chosen as an ideal landing point in this study. The whole simulation time was 2000 s.

It is difficult to use the lander’s centroid to describe the movement due to its deforma-
tion during the collision, so this study adopted the centroid of the three rigid parts instead.
Figure 9a,b shows the trajectory of the flexible lander on the asteroid. Figure 9c,d shows the
flexible lander at 17 s and 2000 s, respectively. Figure 10 shows the variation in the distance
between the center of the lander and the targeted landing site.
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Figures 9 and 10 show that with the conditions above, the first collision happened
at 17 s, during which the flexible lander deformed obviously, as shown in Figure 9c, and
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its energy dissipated through the collision and deformation. The asteroid’s gravity was
so weak that the lander could not achieve a stable landing through one collision. After
the first collision, the lander moved in the form of a parabola under the microgravity and
collided with the asteroid at 596 s again. The lander returned to the asteroid’s surface and
then bounced several times after the second collision. The lander finally achieved a stable
landing, as shown in Figure 9d. During a series of collisions, the lander did not leave the
target point too far during the whole landing, and the final distance between the lander
and the target point was just 0.8506 m, which shows the potential of the flexible lander in
avoiding rebound and escape under microgravity. See Figures 9 and 10 for more details.

All in all, the flexible lander completed a stable landing on the asteroid through passive
deformation in the uncontrolled touching phase.

5.2. Landing Stability of the Flexible Lander

This section focuses on the flexible lander’s landing stability through massive simula-
tions, guiding the touching condition of the lander. Too many factors affect the lander’s
landing, such as the lander’s attitude, the uneven surface, etc. Taking so many factors into
account is impossible, and therefore this study focused on three main elements, which are
the flexible lander’s initial velocity v0, the angle β between the ground and the velocity,
and the angle α between the ground and the lander. The three elements are also the main
control variables in the practical touching of the asteroid lander, as shown in Figure 11. In
this section, the rugged terrain is not considered as a main research factor since a flat area
is normally chosen for landing in practice. In microgravity, the influence of rugged terrain
and the error in observation of the asteroid’s surface can be equivalent to the errors of α
and β. The irregular asteroid’s gravity is also assumed to be constant since the primary
component of the gravity changes little on the asteroid’s surface, especially on the asteroid
Bennu, which is close to spherical.
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Figure 11. Illustration of the simulation conditions.

The rebound distance between the targeted landing site and the next touching point
was considered to be the index for the landing stability. This study took 5 m as the
criterion for a stable landing. In the simulation, v0 was set as 0.1 ∼ 0.3 m/s, α was set
as −45◦ ∼ 45◦, β was set as −45◦ ∼ 45◦, the parameters of the flexible lander were set
as mentioned in Section 5.1, and the gravity was set as

[
0 0 8 × 10−5] m/s2, which is

an estimate of the mean gravity on Bennu’s surface. Figure 12a–c illustrates the lander’s
tangential velocity, normal velocity after the first collision, and its rebound distance in
the condition of v0 = 0.1 m/s, respectively. Local amplification of Figure 12c is shown
in Figure 12d,e. Figure 12f illustrates the lander’s rebound distance in the condition of
v0 = 0.2 m/s. Figure 12g illustrates the lander’s rebound distance in the condition of
v0 = 0.3 m/s. The red contour in Figure 12c,f,g marks the feasible scope of α and β for a
stable landing using the mentioned criterion. It is worth noting that the lander’s rebound
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distance in this study was solved by assuming the lander’s movement as a parabola with
its tangential and normal velocity so as to reduce the simulation time.
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Figure 12. (a) The flexible lander’s tangential velocity after the first collision at v0 = 0.1 m/s ;
(b) the flexible lander’s normal velocity after the first collision at v0 = 0.1 m/s; (c) the flexible
lander’s rebound distance at v0 = 0.1 m/s; (d) local amplification of the origin in Figure 4c; (e) local
amplification of α = 0.58, β = −0.2 in Figure 4c; (f) the flexible lander’s rebound distance at
v0 = 0.2 m/s; (g) the flexible lander’s rebound distance at v0 = 0.3 m/s.

Figure 12 shows that v0, α, and β significantly impacted the landing, proving the
necessity of this research. Here, this paper presents a detailed discussion of Figure 12a–e,
which corresponds to v0 = 0.1 m/s. From Figure 12a, it can be concluded that the smaller
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α and β are, the larger the normal velocity will be, which brings more escaping risk to
a landing. In Figure 12b, there is an opposite trend in the tangential velocity, so α and
β will be neither too small nor too large. In Figure 12c, it is easy to find that a stable
landing only happens in some areas of α and β. Reasonable α and β values can enhance the
flexible lander’s adaptability on the asteroid through higher energy dissipation, while a
wrong touching condition of the lander will cause a long-rebound distance. When landing
under the conditions of v0 = 0.1 m/s, α = 0, and β = 0, the allowable errors in α, β, and
terrain slopes are (−0.03, 0.01), (−0.12, 0.14), and (−0.03, 0.01), respectively, as illustrated
in Figure 4d. When landing under the state of v0 = 0.1 m/s, α = 0.58, and β = −0.2,
corresponding to the initial condition in Section 5.1, the allowable errors in α, β, and terrain
slopes are (−0.12, 0.11), (−0.23, 0.17), and (−0.12, 0.15), respectively, which means much
better adaptability on the asteroid, as seen in Figure 12e. α = 0 and β = 0 are usually
chosen when landing on plants with larger gravity. However, this is not an appropriate
choice under the microgravity of the flexible lander. Under the condition of v0 = 0.2 m/s,
the feasible scopes of α and β are much smaller than that of v0 = 0.1 m/s, as shown in
Figure 12f. When v0 = 0.3 m/s, a stable landing is nearly impossible, as seen in Figure 12g.
It is evident that the higher the v0 is, the lower the possibility of a successful landing is,
which is also reflected in these results.

5.3. Comparison with the Rigid Lander

This section discusses the flexible lander’s comparison with the rigid lander, showing
the flexible lander’s potential advantage in asteroid exploration. The simulation was almost
the same as that in Section 5.2, and only the material of the lander’s flexible part was
substituted with steel with a Young’s modulus of 201 GPa and a Poisson’s ratio of 0.4. The
rigid lander’s deformation was negligible with this stiffness. Figure 13a–c shows the rigid
lander’s tangential velocity, the normal velocity after the first collision, and its rebound
distance under the condition of v0 = 0.1 m/s, respectively. Figure 13d,e shows the local
amplification of the origin and the best α and β, respectively.

Compared to Figure 12, it was found that the rigid lander’s feasible scopes for α and β
at v0 = 0.1 m/s were much smaller than the flexible lander, meaning more risk in landing.
The longest rebound distance was nearly double the flexible lander’s, indicating more
divergence to the targeted landing site. The sensitivity to α and β are also remarkable
for the rigid lander, showing the significance of this research. When landing under the
conditions of v0 = 0.1 m/s, α = 0, and β = 0, the allowable errors in α, β, and the terrain
slopes are (−0.02, 0.02), (−0.38, 0.38), and (−0.02, 0.02), respectively, as seen in Figure 13d.
When landing under the conditions of v0 = 0.1 m/s, α = 0.22, and β = −0.66, which are
better touching conditions for the rigid lander, the allowable errors in α, β, and the terrain
slopes are (−0.23, 0.08), (−0.07, 0.06), and (−0.08, 0.10), respectively, meaning a higher
possibility of a stable landing than landing under the conditions of v0 = 0.1 m/s, α = 0,
and β = 0, as seen in Figure 13e. Comparing the aforementioned results for the flexible
and rigid lander, it is clear that the flexible lander had better adaptability on the uneven
terrain and lower requirements for control.

In conclusion, the flexible lander does have an edge in asteroid landing.

5.4. Simulation of the Descent Phase

A feasible controller for the descent phase has been proposed above in theory. This
section applies the controller to the flexible lander to prove its feasibility.
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Figure 13. (a) The rigid lander’s tangential velocity after the first collision at v0 = 0.1 m/s ; (b) the
rigid lander’s normal velocity after the first collision at v0 = 0.1 m/s; (c) the rigid lander’s rebound
distance at v0 = 0.1 m/s; (d) local amplification of the origin in (c); (e) local amplification of α = 0.22,
β = −0.66 in (c).

In the simulation, this study assumed that the three rigid parts’ position and velocity
were measured in real-time, and the state vector needed by the controller was estimated
accordingly. The weighted matrices Q and R of the LQR controller were both set as the
unital matrix. The PID controller’s damping ratio and natural frequency were set to 2
and 0.01, respectively. In the beginning, the flexible lander was located at

[
0 0 280

]T m,
the initial attitude quaternion between the asteroid’s ontology coordinate system and
the lander’s ontology coordinate system was

[
1 0 0 0

]T, and the initial speed was[
0 0 0

] T m/s. The target point was
[
2 2 288

]T m, and
[
0.2357 0.2357 0.9428

]T
was chosen as target n. The parameters of the flexible lander were set as mentioned in
Section 5.1. The simulation lasted for 1000 s, and the attitude controller began working at
t = 0 s while the position controller began working at t = 100 s.

Figure 14 shows the distance between the lander and the target point, as well as the
angle between the lander’s normal direction and the target n. The lander’s normal direction
was calculated according to the three rigid parts’ position in case the lander deformed
during the control. Figure 14 shows that the controller could control the flexible lander to
the target point with centimeter position accuracy, and its normal direction to the target
direction had nearly 0 attitude error above the asteroid.
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6. Conclusions

In this work, a novel flexible asteroid lander is proposed, and the corresponding
dynamics, including the asteroid’s dynamical environment, the flexible dynamics, and the
coupling dynamics, are established. Taking Bennu as the target asteroid, simulations of
the final touching phase were performed and discussed, of which one successful stable
landing scenario is shown, the landing stability is detailed, and the comparison to the rigid
lander is presented. It is concluded that reasonable touching conditions can enhance the
flexible lander’s adaptability, and the flexible lander has better stability as well as lower
requirements for control than a rigid lander. Furthermore, the controller for the descent
phase was designed, and a corresponding simulation was conducted. The results of the
simulation show that the controller is feasible and the touching condition is controllable
with the controller. To expand on this research, it will be valuable to consider an optimum
design of the flexible lander, including the thickness of the flexible material and the distri-
bution of the rigid blocks. Designing an experimental prototype and test beds to simulate
the asteroid’s dynamical environment is also significant for future research. In addition, an
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