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Abstract: In this paper, a method for predicting the landing stability of a lunar lander by a classi-
fication map of the landing stability is proposed, considering the soft soil characteristics and the
slope angle of the lunar surface. First, the landing stability condition in terms of the safe (=stable),
sliding (=unstable), and tip-over (=statically unstable) possibilities was checked by dropping a lunar
lander onto flat lunar surfaces through finite-element (FE) simulation according to the slope angle,
friction coefficient, and soft/rigid ground, while the vertical touchdown velocity was maintained at
3 m/s. All of the simulation results were classified by a classification map with the aid of logistic
regression, a machine-learning classification algorithm. Finally, the landing stability status was
efficiently predicted by Monte Carlo (MC) simulation by just referring to the classification map for
10,000 input datasets, consisting of the friction coefficient, slope angles, and rigid/soft ground. To
demonstrate the performance, two virtual lunar surfaces were employed based on a 3D terrain map
of the LRO mission. Then, the landing stability was validated through landing simulation of an FE
model of a lunar lander requiring high computation cost. The prediction results showed excellent
agreement with those of landing simulations with a negligible computational cost of around a few
seconds.

Keywords: lunar lander; landing stability; classification map; Monte Carlo simulation; landing
success rate

1. Introduction

Most of the countries with developed space programs have been actively pursuing
planetary exploration missions to closely observe planets by sending probes to the Moon,
Mars, and asteroids. In the United States (US), lunar exploration missions of manned and
unmanned lunar landers, including Apollo landers and Surveyors, have been successfully
carried out [1]. In 2009, the US launched the Lunar Reconnaissance Orbiter (LRO) and
created a 100-m, coarse-resolution map of the entire lunar surface with a 0.5-m resolution
around Apollo landing sites. SpaceX recently began planning a project called DearMoon,
in which an orbiter will fly in the lunar orbit in 2023 and launch Orion spacecraft on the
Moon with NASA in 2024. In 2009, China launched a lunar orbiter, Chang’e 1, and then
launched a lunar lander, Chang’e 3, with a small rover that landed successfully on the lunar
surface in 2013. The exploration rover of Chang’e 3 explored the topography and geological
configuration of the lunar surface for 3 months and sent photographs and observations
back to Earth. In November 2020, China launched Chang’e 5 to the Moon, and it returned
with 1.73 kg of lunar soil and rock samples to Earth [2–4].
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In addition, India launched a lunar orbiting satellite, Chandrayaan 1, in 2008 and
launched Chandrayaan 2 to analyze the lunar surface in July 2019. A month after launch
from Earth, Chandrayaan 2 safely entered the lunar orbit and successfully separated
the orbiter and the lunar lander but lost communication while landing [5,6]. In Israel,
the world’s first private space exploration company, SpaceIL, launched a lunar lander,
Beresheet, in December 2018, but the onboard computer malfunctioned during its descent
to the surface of the Moon. Then Beresheet lost communication at 489 feet from the lunar
surface and crashed.

To perform successful lunar landing missions, a safe landing site must be chosen.
In the Apollo project, the landing site was determined by human eyes, and the existing
Mars/Moon landing missions used radar and lidar of various wavelengths to select the
final landing site using a simple altimeter, speed, and rangefinder. Recently, to increase the
success rate of lunar landing missions, a method of performing evasive maneuvers after
real-time terrain mapping using lidar is being studied [3]. The lunar lander has to hover
stably about 3 m above the lunar surface at the target landing point, stop the engine, and
perform a free fall to land on the ground. At this time, the touchdown speed must be less
than 3 m/s in the vertical direction and less than 1 m/s in the lateral direction, according
to the many lunar mission. Moreover, it is necessary to land safely on the lunar surface
without the lunar lander tipping over or sliding.

Thus, predicting the landing stability at a given landing site is essential for lunar
exploration missions [7–14]. As a method of predicting landing stability, many studies
have been conducted on selecting an optimal landing site by analyzing the slope angle
of the Moon’s surface. In the work of Cui [15] and Ploen [16], a safety index, which
is a criterion for evaluating several landing zones, was proposed by considering the
topographic stability and topography of landing points during the descent of lunar landers.
In addition, Serrano et al. [17] evaluated real-time, ground-based stability using fuzzy rules
and measurement data from onboard sensors, such as radar, cameras, and lidar, which
led to the selection of a safe landing site. Liu [18] proposed a method for selecting a safe
landing site by applying the optimization problem. In addition, methods for finding craters
through machine learning and deep learning are being studied for hazard avoidance or
real-time evaluation [19–22].

However, considering only the lunar surface configuration, it is somewhat difficult to
predict the actual landing stability because shock absorption caused by the soft lunar soil
and shock absorber cannot be simulated. Furthermore, the computation cost of predicting
the landing stability has to be minimized because of the limitation of the onboard computer
and memory, thus making the development of such algorithms more difficult.

Therefore, the goal of this work was to present a new method to estimate landing
site safety, which is more time efficient than full simulations through the classification
map with the help of logistic regression, a kind of machine learning-based classification
algorithm through explicit touchdown landing dynamics’ simulation.

The proposed method of predicting landing stability is summarized in the flow chart
shown in Figure 1.

First, a small, flat lunar surface was considered, and the landing simulation of the
lunar lander was conducted under various landing conditions according to the slope angle,
friction coefficient, and soft/rigid ground. All of the landing simulation results obtained for
the small, flat lunar surface were categorized into three stability conditions: safe (=stable),
sliding (=unstable), and tip-over (=statically unstable). Next, the results were converted
to a classification map of landing stability with the aid of a logistic regression model, a
machine-learning classification algorithm. Finally, the landing stability was evaluated by
Monte Carlo (MC) simulation [23] for two virtual lunar surfaces by just referring to the
classification map for an arbitrary input dataset, consisting of the friction coefficient, slope
angles, and rigid/soft ground. The accuracy of this prediction and the computation cost
were compared with those of the landing simulation of the FE model of a small lunar lander.
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Figure 1. Flow chart of landing stability prediction.

The rest of this paper is organized as follows. Section 2 will describe how to construct
FE models of a lunar lander and initial and boundary conditions for landing dynamics’
simulation. Section 3 discusses the process of predicting landing stability, followed by
the prediction accuracy and computation cost. Finally, we conclude this paper with
concluding remarks.

2. Touchdown Landing Dynamics’ Simulation
2.1. Finite-Element Model of the Lunar Lander

As shown in Figure 2a, a CAD model of the lunar lander consist of a central tube,
a propulsion tank, a body plate, panels, primary struts, secondary struts, footpads, and
so forth. A lunar lander FE model was constructed (see Figure 2b); the footpads, which
come into contact with the lunar surface, were modeled in detail. The primary struts have
shock absorbers made of aluminum (Al) honeycombs (HCs) and were modeled with truss
elements (T3D2 element) that can realize elastoplastic behavior. The others were simplified
as dummy mass elements in terms of mass and mass moment of inertia [24–26], which are
efficient for landing dynamics’ simulation.
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Figure 2. Lunar lander model: (a) CAD model; (b) FE model.

Among Al-HCs, CRIII-5/32-5052-.0007P-2.6 was chosen in Hexcel [27]. To simulate
the mechanical behavior of Al-HCs from the data obtained through the compression test in
ABAQUS, the truss element (T3D2) was employed with the elastoplastic material behavior.
To this end, the true axial stress (σtrue) and plastic strain (εpl) are required for ABAQUS
material input [28]. From the compressive load versus displacement test results in Figure 3,
the true axial stress and plastic strain were computed as

σtrue =
F

A0
× (1 +

δ

L0
) (1)

εpl = ln(1 +
δ

L0
)−

σyield

E
(2)

where σtrue and εpl indicate the true stress and the plastic strain, respectively, F and δ
represent the compressive load and compressive displacement of the compression test,
respectively, A0 and L0 indicate the initial compressive cross-sectional area and length of
Al-HC, respectively, and σyield and E are the yield stress and elastic modulus of Al-HC
obtained by the compression test. The curve of σtrue and εpl (see Figure 3) was implemented
in the truss element for the Al-HC of the shock absorbers in the landing gear to reproduce
the compression test data of the Al-HC specimen, as seen in Figure 4.
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The footpads support the lunar lander to avoid overturning upon touchdown and
were constructed using shell elements, as seen in Figure 5 [29]. The mass property table
and the major dimensions of the FE model according to the landing configurations of 1-2-1
and 2-2 landings are shown in Table 1 and Figure 5. A “1-2-1 landing” indicates a landing
configuration in which the lander first touches down on the ground with one leg; a 2-2
landing indicates a landing configuration in which the lander first touches down on the
ground with two legs.
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Table 1. Mass properties of the lunar lander.

FE Model Mass [kg] Element Type Number of Element

Body 35.02 Beam (B31) 16
Strut (Primary + Secondary) 2.96 × 4 Truss (T3D2) 12

Dummy mass 195.08 Lumped mass (Mass) 1
Footpad 0.52 × 4 Shell (S3, S4R) 328

Total 244.02

2.2. FE Model of the Soil Models

The mechanical behavior of many soil samples was approximately expressed by the
Mohr–Coulumb model. This was characterized by two parameters: the internal friction
angle (φd) and cohesion stress, which were obtained by a direct shear test of Jumunjin
sand [30], a lunar soil simulant, according to ASTM D3080. The φd was 33.6◦, typically
ranging from 30◦ to 50◦, and the cohesion was 2.45 kPa, which was confirmed to be similar
to the cohesion of lunar soil. The relations between φd, relative density Dr, and void ratio e
can be expressed as

φd = 0.0009(Dr)
2 + 0.0216Dr + 31.233 (3)

Dr =
emax − e

emax − emin
× 100 (4)

where emax is the maximum void ratio of 0.864 and emin is the minimum void ratio of 0.617.
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To compute the initial Young’s modulus (Ei), the initial shear modulus (Gi) is calcu-
lated as

Gi =
Bpatm

0.3 + 0.7e2 (
p′

patm
)

0.5

(5)

where B is the shear modulus number of 150, patm is the atmospheric pressure (assumed to
be 101.3 kPa), and p′ is the effective stress. Because dry Jumunjin soil was used for drop
testing, p′ can be calculated as

p′ = γd × H (6)

where γd is the dry unit weight and H is the depth of the soil. The dry unit weight is
calculated as

γd =
Gsγw

1 + e
(7)

Ei = 2Gi(1 + ν) (8)

where γw is the unit weight of water, Gs is the specific gravity, mostly in the range of 2.6–2.9,
initial Young’s modulus Ei is assumed as 1 MPa, and v is Poisson’s ratio. The mechanical
properties of Jumunjin sand for the touchdown dynamics’ simulations are listed in Table 2.

Table 2. Material properties of Jumunjin sand [30].

Parameter Value Remark

Internal friction angle, φd 33.6◦ Results of direct shear test
Cohesion stress [kPa] 2.45 Results of direct shear test
Relative density, Dr 40.67%

Void ratio, e 0.751 emax = 0.843, emin = 0.617
Shear modulus number, B 150 For initial loading

Specific gravity, Gs 2.64
Dry unit weight [kN/m3], γd 14.79

Particle density [kg/m3], ρ 1507.64
Depth of soil [m], H 0.001~0.04

Poisson’s ratio, v 0.39
Initial Young’s modulus [MPa], Ei 0.74~4.64 1 MPa

3. Prediction of Landing Stability
3.1. Static Stability Condition

After landing simulation, the final stability condition of the lunar lander was classified
into three categories, namely, safe (=stable), sliding (=unstable), and tip-over (=statically
unstable). During the landing, various landing results other than three categories may
come out. However, we classified the landing results into three types, safe, sliding, and
tip-over, as in the other references [12,17]. It was illustrated in Figure 6. Stability conditions
are highly dependent on the slope angle, drop height, and friction coefficient of the lunar
surface, the condition of soft/rigid ground, vertical and horizontal velocity [31,32], and so
forth. However, in this work, the drop height was fixed to maintain the vertical velocity at
3 m/s and the horizontal velocity was assumed to be zero for simplicity.

Landing stability was predicted by a theoretical static stability condition on rigid
ground, proposed by Pham et al. [33]. In their work, to distinguish between safe, sliding,
and tip-over landing conditions, the following quasi-static equilibrium equations of the
lunar lander were derived. The variables of the quasi-static equilibrium equations are
defined as shown in Figure 7.
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First, they assumed that sliding occurs when the horizontal touchdown force with
respect to the ground is greater than the friction force Ff between footpads and the ground.
Thus, the condition of sliding can be derived as in Equations (9) and (10)

mg× sin α ≥ Ff (= mg× µ× cos α) (9)

tan α ≥ µ (10)

where m and g indicate the mass of the lunar lander and the gravity acceleration, respec-
tively, µ is the friction coefficient between the footpads and the ground, respectively, and α
is the slope angle of the ground. According to the lunar surface data, the friction coefficient
ranges from 0.4 to 1.0 depending on the landing site [25].

Secondly, the static stability condition of tip-over was derived as in Equations (11) and (12).
At the point of reaction force FR1, the moment equilibrium can be expressed as

FR2 × L + mg× sin α× h−mg× cos α× L/2 = 0 (11)

In this state, if the reaction force FR2 is 0, the lunar lander loses its stability. When the
equilibrium is higher than zero, the lunar lander tips over and the moment equilibrium
can be simplified as

tan α ≥ L
2× h

(12)

As a result, the tip-over angle of the 1-2-1 landing configuration was 51.7◦, which
was higher than 41.8◦ of the 2-2 landing configuration. This means that the 1-2-1 landing
was more stable than the 2-2 landing. However, this static stability condition had some
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limitations because it cannot consider the effect of soft soil regolith and the actual 3D
terrain, leading to a complex interaction between the lander’s footpads and the lunar soil
during sliding.

3.2. Building a Landing Stability Classification Map by Logistic Regression

In this work, to distinguish between safe, sliding, and tip-over landing statuses, a total
of 300 touchdown dynamics’ simulations with a computation cost of 15 min per simulation
were conducted on a flat, rigid soil ground with finite-element models, as mentioned in
Section 2, according to the friction coefficient and the surface slope angle of lunar soils
similar to the reference [26]. During landing simulation, the slope angle ranged from 0◦

to 80◦ and the friction coefficient ranged from 0.1 to 0.8. The obtained landing stability
condition was simplified by the classification map. Using the logistic regression, we divided
the simulation results into three classes: safe/sliding, sliding/tip-over, and safe/tip-over.
Logistic regression classifies the data through a straight line as in Equation (13) [34].

z = ωTx + b (13)

where ω is the weight vectors, b is the bias term, and x is the input feature vector in terms
of the slope angle and the friction coefficients.

To create a probability function, z is plugged into a sigmoid function, as in Equation (14).

σ(z) =
1

1 + e−z ∈ (0, 1) (14)

It was mapped into the range [0, 1]. These values are almost linear around 0, but
outlier values get squashed toward 0 or 1. Here, the ω and b values were determined by
solving an optimization problem with a logarithmic likelihood function [34]. Through
this process, multiclass classification was achieved to divide the three landing stability
conditions. In our work, the logistic regression was conducted with the statistics and
machine learning toolbox in MATLAB [35].

In addition, the landing stability was color-coded for the mesh grid with the generated
logistic regression model, as shown in Figure 8. The landing stability status can be predicted
for any given friction coefficient and slope angle from the results.

From the simulation results on the rigid surface, as seen in Figure 8a,b, there are
some deviations of the tip-over angles according to friction angles between 1-2-1 land-
ing and 2-2 landing. This might be due to the complex interaction between the lander
and ground as the slope angles and friction coefficients increase. However, the sliding
angles were almost unchanged, consistent with those of the landing stability condition.
Furthermore, all of the simulation results were quite deviated from Pham’s formula [3], as
in Equations (10) and (12).

On the other hand, the prediction results on the soft soil surface are shown in
Figure 8c,d. Compared to the prediction results on the rigid ground, lower tip-over angles
were obtained due to the soil-digging effect of the footpads, as seen in Figure 9. It increased
the friction force between the footpads and soft ground, thus making the lander tip over
instead of sliding. In contrast to this phenomenon, the safe landing region was slightly
enlarged from 21.5% to 24.3% for 1-2-1 landing and from 22.6% to 23.7% for 2-2 landing
because the soft ground absorbs the landing impact loads.
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3.3. Preparation of Synthetic Lunar Surface Models

To demonstrate the performance of the prediction methods, two virtual lunar surface
models were prepared to predict and validate the landing stability, which was based on
a global terrain map of the LRO mission collection with a 100-m coarse resolution. Even
though we employed a map with 100-m coarse resolution, we added random artifacts of
0.5-cm class to simulate the actual lunar ground. In other words, the virtual lunar surface
was created by adding artificial small and large craters, rocks, and fractal noise to a flat
surface to make a realistic lunar surface. We implemented fractal noise using random
Gaussian values, which are listed in the reference paper [36,37]. Zone 1 (Figure 10a) had
a flat surface, but two craters were constructed to simulate the sea of tranquility on the
Moon. The area was 16.6 m × 16.6 m, and the maximum crater depth was 1.580 m. Zone 2
(Figure 10d) was created using 3-D terrain data with some data of the edges of Shackleton
craters at the south pole of the Moon with many small and large craters. This is a place of
high interest in countries with developed space programs because there is always sunlight
capable of generating power, shadows to bury water, and areas for communication with
the Earth. The area was 16.6 m × 16.6 m, and the maximum crater depth was 3.894 m.
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FE models of two virtual surfaces were created, as shown in Figure 10b–e. Additionally,
the root sum square (RSS) of the slope angles of the virtual lunar surface elements was
presented, as shown in Figure 10e,f. As a result, the RSS slope angle of zone 1 ranged from
0.4◦ to 40.4◦; those of zone 2 ranged from 1.4◦ to 48.7◦.

3.4. Prediction and Validation of Landing Stability with Classification Map for Virtual
Lunar Surfaces

On the two virtual surfaces, the landing stability was evaluated by Monte Carlo (MC)
simulation with 10,000 sample points. For the evaluation of landing stability at arbitrary
landing sites, the RSS of the slope angle was taken and was input to the classification map
of landing stability, shown in Figure 11. Note that when 10,000 random sample landing
sites were given, the computational cost was only 2~3 s with a computer equipped with an
Intel(R) Xeon(R) Gold 6248 CPU @ 2.50 GHz and RAM 128 GB.

As seen in Figure 10, green, yellow, and red indicate the prediction results of safe,
sliding, and tip-over conditions, respectively. To consider the effects of the landing con-
figurations of the 1-2-1 landing and 2-2 landing simultaneously, we simply merged two
prediction results into one by taking the worst case in the prediction results. Thus, the
safe landing site occupied 75.6% for zone 1 and 47.3% for zone 2 on the rigid ground. In
addition, on the soft ground, the safe landing site occupied 77.9% for zone 1 and 57.2% for
zone 2, as shown in Table 3.

Table 3. Comparison of landing stability between predictions and landing simulations.

Ground Condition Landing Status
Prediction

Zone 1 Zone 2

Rigid ground
Safe 76.0 47.3

Sliding 4.0 16.5
Tip-over 20.0 36.2

Soft ground
Safe 77.9 57.2

Sliding 1.4 4.9
Tip-over 20.7 37.9

Computational cost 2 s 2 s
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We conducted landing dynamics’ simulations with the FE model of the lunar lander
again on the virtual lunar surface at 100 landing sites with regular spacing to verify these
prediction results. The lander was lifted 2.75 m on the virtual lunar surface with lunar
gravity conditions to maintain the vertical touchdown velocity of 3 m/s. A laborious
landing simulation for 1-2-1 landing and 2-2 landing was conducted, which required 3 h for
one landing simulation. All of the landing simulation results in terms of landing stability
are presented in Figure 12. When two simulation results differed, the operator that selected
the worst case is defined in Equation (15)

#⊕4 = 4
4⊕× = ×
#⊕× = ×

(15)

where ‘#’ indicates safe landing, ‘4’ indicates sliding, and ‘×’ indicates tip-over. The pre-
diction of the landing success rate (P) by the landing dynamics’ simulation was evaluated
considering the landing status and the effective area Ai of each landing point, which was
obtained by Voronoi tessellation, as shown in Equations (16) and (17).

P =

ncell
∑

i=1
Ai pi

Atotal
(16)

Atotal =
ncell

∑
i=1

Ai (17)

where pi is 1 or 0 depending on the landing status.
The comparison results of the prediction and landing dynamics’ simulation are shown

in Figures 13 and 14. In the case of zone 1 (see Figures 13a,c and 14a,c), the virtual surface
was so smooth that the simulation point in FE simulation could be representative of the
neighboring points; thus, the predicted MC simulation results with the classification map
of landing stability were quite similar to those of landing dynamics’ simulation on soft
and rigid ground conditions. However, in zone 2 (see Figures 13b,d and 14b,d), the
virtual surface is locally irregular; hence, a certain simulation point in FE simulation
hardly represents the neighboring points, leading to a deviation between prediction and FE
simulation. Therefore, we believe that if we can update the inclined flat surface properly
for generating a classification map, its prediction results will be enhanced. However, it is
another complex issue, thus leaving it for future works.
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Figure 13. Prediction of landing success status and validation with FE simulation considering
100 landing sites: (a) zone 1 (rigid ground); (b) zone 2 (rigid ground); (c) zone 1 (soft ground);
(d) zone 2 (soft ground).
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Figure 14. Comparison of landing stability of predictions and landing simulations: (a) zone 1 (rigid
ground); (b) zone 2 (rigid ground); (c) zone 1 (soft ground); (d) zone 2 (soft ground).
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4. Conclusions

This paper proposed a new method for predicting the landing success rate of a lunar
lander with a classification map of landing stability considering the slope angle of the
lunar surface as well as soil regolith by landing dynamics’ simulation. To construct a
classification map of landing stability, a small, flat lunar surface was considered, and the
landing simulation of the lunar lander was conducted according to the slope angle, friction
coefficient, and soil/rigid ground. The simulation results were classified into three landing
statuses: the safe (=stable), sliding (=unstable), and tip-over (=statically unstable). The
results were converted to a classification map of the landing stability with the aid of logistic
regression. Finally, the landing stability on virtual lunar surfaces was predicted within
a few seconds combined with MC simulation by just referring to the classification map
for arbitrary inputs of the friction coefficient, slope angles, and rigid/soft ground. The
accuracy of this prediction showed excellent agreement with the landing simulation of
lunar landers requiring huge computation costs. In this work, for simplicity, we only
considered three variables: the friction coefficient, slope angles, and rigid/soft ground.
However, this framework can be extended to more complex situations considering the
horizontal and vertical velocity, and initial tilt angle, and so forth, and will be helpful to
predict landing stability.
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