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A B S T R A C T

Soft landers are a common systems for planetary exploration and have been successfully landed on Moon, Mars
and the comet Churyumov–Gerasimenko. In this study numerical simulations of the touchdown process of soft
landers on the moon surface are presented. The focus is on the soil footpad interaction and the resulting loading
on the primary strut of the landing gear. Main influence parameters like slope inclination, touchdown velocities
and soil properties are varied to show each individual influence on the structural loading of the landing
gear. The numerical simulations are done using the CEL-Method allowing for significant soil deformation at
touchdown.
1. Introduction

The soft landing of robotic spacecraft on lunar terrain has become
an integral part of lunar exploration. Recently, the Indian mission
Chandrayaan-3 successfully landed a soft lander on the lunar surface
(Fig. 1). In contrast, the Russian spacecraft Luna 25 was destroyed upon
landing a few days before, indication the need for better understanding
of the risks associated with the landing procedure. Focusing on the
geotechnical topics, the risks associated with the landing procedure are
unexpected ground conditions such as boulders on or below the surface,
craters and slopes. These conditions can result in structural damage due
to unexpected loadings, unstable footings after touchdown or turning
over of the structure.

The interaction between the footpad and the soil is of particular
interest, because it defines the structural load on the landing gear at
touchdown. In addition the footpad acts as a shallow foundation to
ensure the stability of the structure after touchdown. The mobilized
reaction forces in the vertical and horizontal directions and the pen-
etration of the footpad are crucial in the design of landing gears for
soft landers. To prevent severe damage to the landing gear, energy
absorbers such as honeycomb cartridges are integrated into the landing
gear. Such a system can prevent damage from high impact loads.
Penetration of the footpad improves the horizontal bearing capacity,
because the soil strength typically increases with increasing depth. On
the other hand, a minimum clearance between the bottom of the lander
and the lunar surface needs to be ensured to prevent damage to the
lander and, if needed, to allow an engine to ascend the lander for a
return mission (e.g. the Apollo missions).

This study investigates the soil footpad interaction at the touchdown
of a soft lander. While the study focuses on the moon environment,
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soft landers are also used to explore other planets and objects such
as comets. Famous examples are the viking missions that successfully
landed on Mars and the Phliae lander that successfully landed on the
surface of the comet Churyumov–Gerasimenko.

The interaction between the footpad and lunar soil surface has
been investigated intensively by NASA (1968) for the preparation of
the Apollo lunar landings between 1969 and 1972. For the viking
missions a detailed assessment of the landing performance including
several Monte-Carlo analyses was performed as described by Muraca
et al. (1975). More recent investigations including full-scale tests of
touchdown situations are documented by Witte et al. (2010) and Witte
(2015).

Zheng et al. (2018) analyze the touchdown of a soft lander using the
Finite Element Method (FEM) with explicit time integration scheme.
The software packages Abaqus and LS-Dyna are compared to ensure
simulation accuracy and reliability. Although the components of the
soft lander are modeled in detail, the lunar surface is modeled as a rigid
plane surface. This approach implies a significant simplification of the
soil reactions. The dynamic response of lunar regolith during landing
impact is studied by Che et al. (2018). Model scale tests and FEM
simulations are performed using the software package Abaqus Explicit.
The soil is modeled as a linear elastic, ideal plastic material. The study
focuses on the wave propagation in the soil.

A detailed focus on the soil reaction at touchdown is presented
in Yuncheng et al. (2020). The authors performed a numerical study of
the soil footpad interaction using the Discrete Element Method (DEM).
The size and properties of the DEM particles are chosen to represent
the properties of the grains of lunar regolith. Because of the extremely
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high number of soil particles affected by the touchdown underneath
one footpad, the study has been performed in 2D using a small section
of soil.

Ji and Liang (2021) model the touchdown process of a softlander
by combining different numerical approaches. The lander is modeled
with FEM using shell and beam elements. The motion characteristics
of the lander are calculated using multibody dynamics (MBD) and the
soil is modeled using DEM. Since the soil volume that needs to be
considered involves a large number of soil grains, the DEM particles are
increased in size up to 45 cm. Therefore, the DEM domain allows for
large deformations; however the particles do not represent the actual
soil grain behavior.

Another numerical study using the Abaqus Explicit software pack-
age is presented by Liang et al. (2022). The study models the soil in a
FEM domain with a linear elastic, ideal plastic material. This approach
does not allow for large soil deformations underneath the footpad
without risking mesh distortion problems. Additionally, only a quarter
of the soft lander, including one leg, is modeled in the study. Therefore,
the influence of an inclined soil surface is not investigated. Wang
et al. (2023) present a 6-DOF theoretical dynamic model to simulate
the touch down of a soft lander. This dynamic model is compared to
a multi-body model calculated using MSC Adams. Consequently, the
importance of accurately modeling the friction interaction between the
footpad and soil is highlighted.

Yin et al. (2023) investigate the impact of a lander footpad on the
asteroid regolith and develop a macro model to calculate the normal
force on the footpad. The macro model is calibrated using a parametric
study based on the Discrete Element Method (DEM). The DEM allows
the modeling of large deformations and dynamic impacts. However, the
DEM particles used in this study do not reflect the actual size and shape
of the asteroid regolith and can only be seen as a strongly simplified
soil model.

A numerical simulation of the touchdown process focusing on the
soil footpad interaction and the resulting forces in the landing gear of
the spacecraft was used in this study to investigate the influence of
touchdown velocity, soil properties and surface slope. The presented
approach allows for a detailed investigation of the footpad soil in-
teraction because the soil is modeled as a continuum. The Coupled
Eulerian–Lagrangian-Method (CEL) applied in this study allows for
dynamic loading and large soil deformation, which is expected to occur
when the footpads penetrate the lunar regolith. The quality of the
soil response depends on the applied constitutive model and can be
enhanced depending on the effects that shall be investigated. Because
the stiffness of the landing gear and the stiffness of the soil are modeled
accurately, its interaction can be calculated more realistically than
in previous studies where either the soil or the landing gear was
considered to be rigid.

2. Soft lander model

A soft lander with four legs was investigated. The soft lander mod-
eled in this study is taken in analogy with the studies of Witte (2015)
(Fig. 2). The main legs are attached to the upper ring of the lander
and supported by two secondary struts for each leg. The secondary
struts are attached to the lower ring of the lander and are connected at
approximately 55 cm above the footpad. Therefore, the lower part of
the leg, called the primary strut, experience a bending moment when
the footpad interacts with the soil. The leg has an outer diameter of
80 mm and a wall thickness of 5 mm. The outer diameter of the primary
struts is 68 mm and its wall thickness is 9 mm while the secondary
struts’ outer diameter is 34 mm and the wall thickness is 4 mm. In
this study the material properties of steel are assumed using a Young’s
modulus of 210 GPa and a Poisson’s ratio of 0.2 for the legs and primary
and secondary struts.
2

Fig. 1. Picture from Chandrayaan-3 on the lunar surface (ISRO, 2023).

Fig. 2. LEM body-fixed coordinate system and principal dimensions definition (Witte,
2015).

The lander has a diameter of 120 cm and a height of 58 cm.
It is modeled as a rigid body and therefore, cannot deform during
the analysis. The geometrical properties are provided in Table 1. The
numerical model of the lander is illustrated in Fig. 3.

The footpad geometry matches that of a spherical segment as shown
in Fig. 4. The radius of the spherical segment is 36 cm and the projected
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Fig. 3. Lander geometry and soil mesh at touch down on a slope with an inclination
of 5◦ including the naming of the legs.

Table 1
Geometry and mass properties of the soft lander.

Property Value Witte Value study

mass 𝑚 [kg] 310.7 311

center of
mass 𝑥𝐶𝑂𝑀 [mm] 115 117

ground clearance
𝑥𝑔𝑐 [mm] 806 800

landing gear
footprint 𝑑𝐹𝑃 [mm] 2400 2400

Fig. 4. Footpad geometry.

diameter of the footpad is 30 cm. The thickness of the footpad is taken
to 1 cm although the footpad is modeled as a rigid body and therefore
cannot deform. The footpads are fully connected in all translational
directions to the primary struts while it can freely rotate around the
connection point.

An aluminum honeycomb cartridge are included in the primary and
secondary struts of real soft landers to prevent the lander from being
damaged during touchdown. The cartridges absorb the impact energy
due to plastic deformation once a predefined load limit is reached. In
this numerical study the cartridges were not taken into account because
the actual impact load on the legs is investigated and therefore should
not be limited.

The best case in terms of leg loading occurs when all footpads touch
the soil surface simultaneously. In turn the worst case occurs when one
footpad touches the soil surface before the others, for example when
the lander descends on a slope. In this study only the worst case is
considered by rotating the lander such that always one single leg, Leg
1, is loaded first during touchdown. Fig. 3 shows the numerical model
of a lander penetrating the surface of a slope with an inclination of
5◦. Due to the inclination, Leg 1 touches the surface before the other
legs are in contact. The largest distance between the footpad and soil
surface occurs at Leg 3, which in turn touches the surface last.
3

Table 2
Soil properties for the three different soils used in this study.

soil 𝜑′ [◦ ] 𝑐′ [kPa] 𝐸 [kPa] 𝜈 [−] 𝜌 [t/m3]

1 42 0, 5 180 0, 25 1, 5
2 30 0, 1 55 0, 33 1, 3
3 55 3, 5 500 0, 15 1, 9

3. Soil

3.1. Soil properties

Samples of lunar soil (regolith) were returned to Earth by the
American Apollo missions and the Soviet space stations Luna-16, −20
and −24, see Slyuta (2014). Simulants have been developed because
the quantity of these soil materials is limited. These simulants were
designed to reproduce the mineralogy, grain-size distribution, and
soil mechanical properties of lunar regolith (Weiblen and Gordon,
1988, Sture (2006)). Many studies have investigated these simulants.
(e.g. Perkins and Madsen (1996); Klosky et al. (2000); Alshibli and
Hasan (2009); Kobayashi et al. (2009); Arslan et al. (2010); Vrettos
(2012); Venugopal et al. (2020)). The mechanical properties of lunar
regolith were obtained by combining these results with those of the
original soil material. Summarizing recent investigations and based
on Carrier et al. (1991), Slyuta (2014) presented a range of mechanical
properties that can be expected for the lunar regolith. In this study
Soil 3 represents the upper range and Soil 2 the lower range of
the mechanical properties presented in Slyuta (2014) to investigate
the expected range of the footpad soil interaction. In addition the
mechanical parameters for lunar regolith at the surface of intercrater
areas obtained by Carrier et al. (1991) are used as Soil 1. The properties
of lunar regolith change significantly with depth, see Carrier et al.
(1991). Nevertheless, constant soil parameters are chosen in this study
to demonstrate the influence of the soil parameters on the loading of
the landing structure. The soil parameters for Soil 1 to 3 are listed in
Table 2.

The variation in soil parameters shows uncertainty with respect to
the soil properties in extraterrestrial applications. Looking at the moon,
a very limited volume of real sample material exists, while for other
objects, no material is available for soil testing at all. Additionally, this
study deals with the landing of explorational space ships, meaning that
there will be no soil investigation before landing.

The soil is modeled using a linear elastic, ideal plastic constitutive
model with failure surface acc. to Mohr–Coulomb. The modeled soil
body has a depth of 10 m and an additional height of 2 m above the
soil surface. The volume above the soil surface is called the void area
and consists of empty elements that do not contain any material, (see
Section 4.1). The void area allows the soil to move into this area during
the impact event of the footpads. The outer dimensions of the soil area
is 50 × 50 m to ensure that the boundary conditions have no influence
on the actual impact event.

3.2. Slope inclination

The initial soil stress state is applied as the initial condition for
the numerical model. The soil stress state is defined as the vertical
stress state depending on the depth 𝑧 and the horizontal stress state
is calculated by the vertical stress and earth pressure coefficient 𝐾0.
Gravity is taken as 1.62 m∕s2 to consider the lunar environment. To
model an inclined slope, the initial stress state needs to be calculated
using the numerical model in a separate calculation step. Alternatively,
the initial stress state can be defined for every integration point within
the model, see Dassault Systèmes (2022).

Because the calculation of the initial stress state by the numerical
model itself involves an additional calculation step and accompanying
deformations, a different approach is used. Instead of inclining the
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Fig. 5. Dimensions of the numerical model.
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soil surface relative to the global coordinate system, the soft lander
itself is rotated to ensure correct rotation between the soil surface
and the lander. Hence, the direction of the lander’s velocity as well
as the direction of gravity must also be rotated. In doing so, the
vertical direction of soil stress is perpendicular to the slope surface. To
evaluate the calculations results, the rotation of the system needs to be
considered to ensure a comparable coordinate system.

4. Numerical method

4.1. CEL-method

The Coupled Eulerian–Lagrangian-Method (CEL) can overcome
mesh distortion problems in the simulation of large deformation pro-
cesses. The CEL-method is briefly introduced in this section. Detailed
information can be found in Dassault Systèmes (2022). It combines
the advantages of the Lagrangian and Eulerian formulations. Both
formulations differ in their description of the movement of small
volumetric elements as a function of time.

The Lagrangian formulation describes the movement of a continuum
as a function of material coordinates and time. Each node of the
Lagrangian mesh moves along with the material during the simulation.
Thus, the elements deform during the simulation and problems due to
mesh distortion can occur. The surface of the continuum is specified
precisely using this formulation. Furthermore, each Lagrangian element
is dedicated to one type of material only. Lagrangian formulation is
used in classical Finite-Element analyses and is often applied in solid
mechanics.

In contrast Eulerian formulation describes the movement of a con-
tinuum as a function of spatial coordinates and time. The nodes of the
Eulerian mesh are fixed during the simulation, such that the elements
cannot deform. To realize the movement of a continuum, the material
flows through the Eulerian mesh. Therefore, an Eulerian element is not
dedicated to only one type of material. The element has to be filled with
any material at all. With this formulation, no mesh distortion occurs
and the simulation of large deformations is possible.

The Coupled Eulerian–Lagrangian-Method realizes an interaction
between Lagrangian elements and Eulerian material using an Eulerian–
Lagrangian contact formulation, see Dassault Systèmes (2022). The
Eulerian time integration is realized by applying the “Lagrange-plus-
remap” formulation. First, a traditional Lagrangian phase is calculated
for each time increment and the nodes of the Eulerian mesh are tem-
porarily fixed within the material. Therefore, the Eulerian elements can
deform. Second, in the Eulerian phase, the so-called transport phase,
the elements are tested for significant deformation. These elements are
automatically remapped and the material flow through these elements
4

f

is calculated. The timestep has to be sufficiently small, so that no
element distortions occur in one timestep.

The application of the CEL-Method to geomechanical problems
involving large deformations was approved e.g. by Qiu et al. (2009,
2010), Bienen et al. (2011), Pucker and Grabe (2012) or Wang et al.
(2015).

4.2. Discretization

The soil domain covers an area of 50 × 50 m and a depth of 10 m,
ee Fig. 5 The soil volume is discretized using C3D8R elements: a
inear brick element with reduced integration and hour glass control,
ee Dassault Systèmes (2022). The element size is 0.1 × 0.1 × 0.1 m at
he soil surface in the near field of the lander. With increasing distance
rom the lander, the element size increases up to 1 m in height at
he soil bottom and 4 × 0.5 m at the surface. The boundaries are
ixed in normal direction at the sides and bottom of the soil domain.
o reduce the influence of wave reflections at the boundaries, the
istance between the lander and the boundaries is chosen to be 20
imes the diameter of the lander’s gear footprint. This approach has
een successfully used e.g. in Henke (2012) and Grabe et al. (2013).

.3. Contact

The Eulerian–Lagrangian contact formulation is an extension of
he general contact formulation in Abaqus/Explicit (Dassault Systèmes,
022). The contact algorithm automatically identifies the interface be-
ween the Lagrangian structure and Eulerian material. The Lagrangian
tructure pushes the material out of the Eulerian elements, and thus,
he void areas evolve. Eulerian elements filled with material are not
llowed in the region in which the Lagrangian structure is placed.
herefore, the Eulerian material is prevented from flowing into the
lements underlying the Lagrangian structure. The Lagrangian structure
an occupy Eulerian elements, such that the Eulerian mesh can be
reated independently from the contact interface.

Contact in the normal direction is defined as hard contact; therefore,
o intersection is allowed. The tangential contact model is a Coulomb
riction model with a friction coefficient of 𝛿 = 0.5.

.4. Damping

In Abaqus Explicit a bulk viscosity damping is associated with
he volumetric straining, see Dassault Systèmes (2022). This approach
mproves the modeling of high-speed dynamics events, such as impact
vents. Based on extensive studies by Kelm (2004) on the influence of
ulk viscosity on the soil response in dynamic compaction processes, a
ulk viscosity of 0.42 and a quadratic bulk viscosity of 1.6 is chosen
or this study.
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Table 3
Parameter variations calculated in this study.

No. 𝑣𝑣 [m/s] 𝑣ℎ [m/s] soil no. 𝛼 [◦ ]

1 2 0 1 0
2 2 0 1 5
3 2 0 1 15
4 2 0 2 0
5 2 0 2 5
6 2 0 2 15
7 2 0 3 0
8 2 0 3 5
9 2 0 3 15
10 1 0 1 5
11 1 0 2 5
12 1 0 3 5
13 3 0 1 5
14 3 0 2 5
15 3 0 3 5
16 2 0, 5 1 5
17 2 0, 5 2 5
18 2 0, 5 3 5
19 2 1, 0 1 5
20 2 1, 0 2 5
21 2 1, 0 3 5

4.5. Loading

The simulation is divided into three calculation steps. In the first
step, the initial stresses of the soil and lunar gravity with 𝑔 = 1.62 m∕s2

is applied. The lander is fixed at a distance of 1 cm between the
bottom of the closest footpad and soil surface. Hence, any initial contact
between the footpad and soil is avoided.

In the second step, the fixation of the lander is removed and veloc-
ities 𝑣𝑣 in the vertical and 𝑣ℎ in the horizontal direction are applied to
all elements of the lander. This allows the investigation of predefined
touchdown velocities.

The velocity boundaries are removed in the third step, immediately
before the footpad comes into contact with the soil. The lander still
moves with the initiated velocities from step two whereas the velocities
change owing to the influence of gravity and interaction with the soil.

5. Parametric study

In this study the influence of touchdown velocity in the vertical
and horizontal directions, surface slope and soil properties was in-
vestigated. The range of touchdown velocities is taken in the vertical
direction to 𝑣𝑣 = [1.0, 2.0, 3.0] m∕s and in the horizontal direction to
𝑣ℎ = [0.0, 0.5, 1.0] m∕s, as described in Witte (2015). The influence of
the surface slope is investigated by varying the surface slope angle
with 𝛼 = [0.0, 5.0, 15.0]◦ whereby the inclination of 15◦ corresponds
to the maximum value considered for the Viking lander, see Muraca
et al. (1975). Soil properties were varied by applying three sets of soil
parameters (see Section 3). A total of 21 calculations were performed
in this study, see Table 3.

6. Results

The calculated velocities of footpads 1 and 3 (attached to Leg 1
and Leg 3) are shown in Fig. 6. It can be seen, that the initial impact
velocity of 𝑣𝑧 = 2.0 m∕s in vertical direction and 𝑣ℎ = 0.0 m∕s in
horizontal direction is applied correctly at 𝑡 = 0.0 s. Footpad 1 touches
the soil surface first if a slope inclination 𝛼 > 0◦ is considered. For
the case without slope inclination, as indicated by the green lines in
Fig. 6, the vertical velocity decreases after the footpad is in contact
with the soil surface. The vertical velocity reaches its minimum value
of −1 m/s that is the corresponding maximum rebound velocity of the
lander. The horizontal velocity of both footpads remain 0 m/s. Looking
at the results obtained for the slop inclination, the blue and gray curves
5

in Fig. 6 show that the vertical velocity of footpad 3 increases before
decreasing. This is because of the distance between footpad and soil
is larger than the distance between footpad 1 and soil due to the
surface inclination. Gravity still acts on the structure causing additional
acceleration on the lander and footpad 3, and therefore increasing its
vertical velocity until touchdown occurs. After contact with the soil
surface, the vertical velocity of footpad 3 also starts decreasing. After
approx 0.7 s, the vertical velocity of both footpads is approximately
zero and the lander reaches a stable condition.

Once footpad 1 is in contact with the soil surface the friction resis-
tance is mobilized and the lander starts to rotate if a slope inclination
is considered. This rotation causes the leg to move horizontally in the
upward direction of the slope (Fig. 6 bottom left). Due to gravity and
the mobilized friction resistance, this uphill movement comes to a stop
at approx. 0.1 s for the slope inclination of 𝛼 = 5◦. Subsequently, the
lander started to move in the downhill direction until the sliding resis-
tance reached sufficient mobilization. Fig. 7 shows the corresponding
shear stress at the contact area between the soil and footpad.

6.1. Influence of surface slope on the structural loads

The influence of the surface slope inclination on the time history of
the touchdown forces of the primary struts in Leg 1 and 3 is shown in
Figs. 8 and 9. Subsequently, the term leg is used to address the loading
of the primary struts. The results are obtained from simulations using
Soil 3 (Variation No. 7–9). Footpad 1 touches the soil surface first and
the initial axial loading characteristic of Leg 1 is nearly independent
of the slope inclination (Fig. 8 top). After the initial impact the lander
starts to rotate, and footpad 3 touches the soil at a later point in time
depending on the slope inclination (Fig. 8 bottom). It can be observed
that the amplitude of axial loading of Leg 3 depends on the slope
inclination.

The corresponding bending moments are shown in Fig. 9. The legs
are inclined, and therefore point away from the main lander body
(Fig. 3). Due to this geometrical boundary, the bending moments of
the legs are significantly influenced by the slope inclination. In the case
without surface inclination where all legs touch the soil surface at the
same point in time, the legs are spread apart during touchdown and a
bending moment is induced (see green curves for 𝛼 = 0◦ in Fig. 9).

epending on the orientation of the local coordinate system of the
eg, a positive bending moment occurs. If the surface is inclined, the
ame effect can be observed for Leg 1 at the beginning of touchdown
Fig. 9 top). Once footpad 1 penetrates the soil and the lander starts
otating, the footpad mobilizes the horizontal bearing capacity. Due to
he rotation of the lander and the horizontal resistance of footpad 1,
he bending moment of Leg 1 changes its sign and becomes negative,
s shown by the blue lines at the top of Fig. 9. Ideally, this effect can
ead to a reduction in the absolute maximum bending moment as in the
ase of an inclination of 5◦.

The influence of the surface slope inclination on the maximum axial
ompression load of the primary struts in Leg 1 and Leg 3 is shown
n Fig. 10. The axial compression load shows only a minor influence
f the surface inclination (Fig. 10 top). Only for the high inclination
f 𝛼 = 15◦, the primary strut of Leg 3 experiences a higher axial
ompression load than the primary strut of Leg 1.

In addition, the maximum absolute bending moment of the primary
truts in Leg 1 and Leg 3 shows a minor influence of the surface
nclination (Fig. 10 bottom). Due to the effect of the change in sign of
he moment and a corresponding reduction in the maximum absolute
ending moment for the slope inclination of 5◦, sometimes the primary
trut in Leg 1 is higher loaded and sometimes the one in Leg 3.
evertheless, the absolute maximum bending moments of both legs

emain at a similar level.
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Fig. 6. Time history of the footpad velocities of Leg 1 (left) and Leg 3 (right) in vertical (top) and horizontal (bottom) direction for the touchdown process on a Soil 3 surface
ith different slope inclinations 𝛼, an impact speed of 𝑣𝑧 = 2.0 m∕s in vertical direction and 𝑣ℎ = 0.0 m∕s in horizontal direction.
Fig. 7. Shear stresses at the footpad surfaces for s simulation time 𝑡 = 0.10 s for Soil
with different slope of 𝛼 = 5◦, an impact speed of 𝑣𝑧 = 2.0 m∕s in vertical direction

nd 𝑣ℎ = 0.0 m∕s in horizontal direction.

.2. Influence of vertical impact velocity on the structural loads

The variation in the vertical velocity shows a clear influence on
he axial compression load of the primary struts in Leg 1 and Leg 3,
ee Fig. 11. All results are shown for a horizontal impact velocity of
ℎ = 0 m∕s and a slope inclination of 𝛼 = 0◦. As expected there is a
lear increase in the axial compression load of the struts with increasing
ertical impact velocity (Fig. 11 top). This effect is also shown in the
ncrease in the maximum absolute bending moment with increasing
ertical impact velocity (Fig. 11 bottom).
6

Fig. 8. Time history of axial loading of Leg 1 (top) and Leg 3 (bottom) depending on
the surface slope inclination obtained for Soil 3.
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Fig. 9. Time history of bending moment of Leg 1 (top) and Leg 3 (bottom) depending
on the surface slope inclination obtained for Soil 3.

Fig. 10. Maximum axial compression load in (top) and maximum absolute bending
moment of (bottom) the primary struts of Leg 1 and Leg 3 depending on the surface
inclination 𝛼 for three different soils at vertical impact velocity of 2 m/s and horizontal
impact velocity of 0 m/s.

6.3. Influence of horizontal impact velocity on the structural loads

The influence in the variation of the horizontal impact velocity on
the axial compression load of the primary struts in Leg 1 and Leg 3
7

Fig. 11. Maximum axial compression load in (top) and maximum absolute bending
moment of (bottom) the primary struts of Leg 1 and Leg 3 depending on the vertical
impact velocity 𝑣𝑧 for three different soils at horizontal impact velocity of 0 m/s and
a surface inclination of 𝛼 = 5◦.

is shown in Fig. 12. These results are obtained for a vertical impact
velocity of 𝑣𝑧 = 2 m∕s and a slope inclination of 𝛼 = 5◦. The horizontal
impact velocity points downwards from the slope. Therefore, the axial
compression force in the primary strut of Leg 1, which touches the
surface first, decreases with increasing horizontal velocity (Fig. 12
top). However, the axial compression force in the primary strut of
Leg 3 increases with increasing horizontal velocity. These effects do
not counteract each other, and the maximum compression loads of
both struts increase with the horizontal velocity. There are also some
variations in the bending moment in the primary struts of the legs with
increasing horizontal impact velocity (Fig. 12 bottom); however, this is
not as significant as that observed for the axial compression loads.

6.4. Influence of soil properties

The influence of the soil properties on the maximum axial com-
pression load and the maximum absolute bending moment of the
primary struts of Leg 1 and Leg 3 are shown in Figs. 10–12. It can be
clearly observed that the soil with the highest strength and stiffness
parameters, Soil 3, results in the highest impact loads. In turn the soil
with the lowest stiffness and strength parameters, Soil 2, results in the
smallest impact loads.

7. Conclusion

Numerical simulations of soft lander touchdown are presented. The
main influencing parameters slope inclination, impact velocities and
soil properties were varied in this study. Overall, the influence of
three different vertical and horizontal impact velocities, three slope
inclinations and three soils was investigated, resulting in a total of
21 calculations, The results show a significant influence of the impact
velocity and the soil properties while the slope inclination only has
a minor impact. Nevertheless, the presented approach still implies
important simplifications. The linear elastic, ideal plastic constitutive
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Fig. 12. Maximum axial compression load in (top) and maximum absolute bending
moment of (bottom) the primary struts of Leg 1 and Leg 3 depending on the horizontal
impact velocity 𝑣ℎ for three different soils at vertical impact velocity of 2 m/s and a
urface inclination of 𝛼 = 5◦.

odel cannot accurately account for stress dependent stiffness or small
train effects. In addition, the potential effects of the lunar environment
uch as vacuum, electrostatic charge and temperature are neglected.
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