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Xue-Liang Zhao,” and Zhong-Wei Hu®

SUMMARY

Lunar-based equipment plays a vital role in the exploration of the moon because it undertakes the tasks of
moving, transporting, digging, and so on. In order to control the gait of lunar-based equipment more pre-
cisely and guarantee mobile stability, the contact mechanism between its foot and lunar soil is worthy of
in-depth study. In this paper, a contact model is proposed to predict the stress, strain, and displacement
both on the contact surface and in the lunar soil when the foot is under vertical load. The axial stress in the
proposed contact model is verified through the experiment and its accuracy in the lunar equipment is veri-
fied through simulation. The error is in a reasonable range and the influence depth of load conforms to the
experiment results. This paper provides a relatively accurate model to describe the contact force between
the lunar-based equipment’s foot and the lunar soil and will promote the research of lunar exploration.

INTRODUCTION

The discovery of the moon was the first step of deep space exploration and it was the dream of mankind for thousands of years. Since the
middle of the 20th century, many countries and institutions proposed lunar exploration projects, such as the Apollo Program of the USA,
the Infiltrator Program of Russia, the Artemis Program of Japan, the SMART-1 Program of ESA, and so on.'™ Some projects have achieved
plenty of results and thus encourage scholars to conduct more relative research. In recent years, several countries with aerospace foundations
have proposed plans to build unmanned scientific research stations on the moon. There is no doubt that lunar exploration has important sci-
entific value and strategic significance.

The lunar-based equipment plays an important role in the exploration of the moon.” Lunar-based equipment is a general name for
legged robots, wheeled robots, landers, and other special equipment applied on the lunar surface. The equipment discussed in this paper
is legged robots. Although wheeled robots have a stable movement performance, legged robots have a better ability to adapt to the envi-
ronment.”~” Many researchers are committed to the development of legged lunar-based equipment and the application on the moon.'®"

In existing dynamics studies of legged lunar-based equipment, the object often focuses on the overall performance of lunar-based equip-
ment during the landing or walking process, such as possibility of tipping or damage.'*"'” The vast majority of such studies are based on
simulations of the overall dynamics process. However, such simulation studies lack the ability to provide a deep theoretical explanation of
the interaction process between lunar soil and lunar-based equipment. Actually, this is a crucial detail that fundamentally determines the
safety of the entire lunar-based equipment. Some detailed scientific issues are awaiting further investigation. For example, the distribution
of the surface pressure on the different parts of the contact surface is not clear; meanwhile, how the surface pressure is transmitted into the
lunar soil is also not clear. Besides, the sinkage depth of feet, which is closely related to the stability of lunar-based equipment, is also not
sufficiently clear in the existing literature. Therefore, there is a need for a theoretical model to describe the stress and sinkage of the contact
surface, providing a clearer understanding of the contact mechanics between the foot and lunar soil.

Although most of the existing research investigates the above issues from an experimental or simulation perspective, there are still some
scholars who have conducted theoretical research on the above issues in the last few decades.”””" Existing research on foot-soil contact
mechanism can be divided into two main categories: theories based on Bekker-Janosi model and theories based on Terzaghi model. For
Bekker-Janosi theories, there is already some outstanding research explaining the contact mechanisms.””** Nevertheless, this kind of the-
ories is highly dependent on the parameters that are difficult to determine when the research subject is lunar soil.”* The calibration of these
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Figure 1. Diagram of the vertical contact
(A) Vertical contact.
(B) Contact area.

parameters often requires a significant amount of effort and relies on experimental groundwork, thus the accuracy in lunar soil is yet to be
verified. For Terzaghi theories, this kind of theories originates from the calculation of stress in building foundations.””?® This method only
focuses on the ultimate bearing capacity of the ground and does not explain the dynamic processes.”’** Meanwhile, it is hard to analyze
the stress distribution at different positions of the bottom as well as other detailed mechanical performances.””*

As discussed, an important challenge in dynamics analysis on lunar-based equipment is the accurate contact mechanism between the foot
and lunar soil, which relates to the impact of lunar soil on the entire lunar-based equipment. The main innovation in this study is to propose an
accurate contact model to reveal the vertical contact mechanism between the foot of lunar-based equipment and lunar soil. Some important
mechanical performances are accurately calculated, such as surface pressure, stress, and displacement. Meanwhile, the depth and extent of
the development of contact force into the lunar soil are also discussed. The accuracy of the proposed contact model is validated by the terres-
trial experiment, and the adaptability to the lunar environment with low-gravity and high-vacuum has been validated through simulation.

RESULTS

The exploration of the moon relies on the lunar-based equipment and the equipment which takes the form of legged robots. To investigate
the impact of lunar soil on the foot and upper structure, the contact force between the foot and the lunar soil as well as the stress and displace-
ment of the lunar soil is necessary to be studied. In this paper, a contact model is proposed to predict the stress, strain, and displacement both
on the contact surface and in the lunar soil. The model is derived theoretically through Hankel integral transformation and takes the mechan-
ical properties of lunar soil into consideration. Afterward, visual images of the theoretical solutions are drawn to illustrate more clearly. The
contact experiment is carried out and the axial stress is selected as a representative to verify the proposed contact model. The experimental
results are compared with the theoretical ones and the error is within a reasonable range. Moreover, the accuracy of the proposed model in
the lunar equipment is validated through simulation. To sum up, the contact model proposed in this paper is proved to be correct. This model
can be further used in the research of gait planning and stability analysis of lunar-based equipment to promote the development of lunar
exploration.

Conditions of foot-lunar soil contact

When the lunar-based equipment is on a mission such as jumping or walking on the lunar surface, its feet installed at the end of mechanical
legs are in direct contact with the lunar soil. In many scenarios, the foot has a vertical load on the lunar surface, as shown in Figure 1A. The foot
of the lunar-based equipment has the upper and lower surface with round shapes, and the transition between them is arcuated. The area in
which the lunar soil is in contact with the lower surface is defined as Ay, and the area connected to the foot's arcuated edge is defined as A;, as
shown in Figure 1B. The pressure of the foot from the lunar-based equipment can be divided into two parts according to the area ratio and
acts on the two areas, as described in Equation 1:

P, = Pes,/(s1 +5),n =12 (Equation 1)

where P is the total force, Py and P, are the sum of distributed force on Ay and A;, and s and s, are the area of A; and Ay, respectively.
We define ry as the radius of the lower surface and r; as the radius of the upper surface. When the entire arcuated edge is in contact with the
lunar soil, we have sy = mr? and's; = 7(r3 — r?). Hence, Py = P+r?/r3,and P, = P+(1 — r? /r?). When the load caused by the equipment is
vertical, the force on the lunar surface is symmetrical. In other words, the pressure is distributed symmetrically on A; and A,. For the circular
area As, the load is uniformly distributed and the actual contact area equals to s1. For the ring area Ay, the actual contact area equals to the
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area of the arcuated contact surface, and it is approximately considered that the load is also uniform. The actual contact area sy, of A is calcu-
lated as s, = @ry(r, — r1). Therefore, the uniformly distributed loads g; and g, on the two areas can be expressed as:

P 1
Q1:P1/51:;'E

P P r+r,
2 =12/ S2a =—7"°
4 o

(Equation 2)

Proposed contact model

The stress and displacement components under the vertical load of the lunar-based equipment’s foot should be calculated as the sum of
three parts: (1) stress or displacement caused by the geostatic lunar soil, (2) stress or displacement caused by the circular load g7, and (3) stress
or displacement caused by the ring load g,. Meanwhile, the displacement components are composed of that caused only by (2) and (3). To
sum up, the final analytical solutions, namely the proposed contact model, are shown in Equation 3.

_ 0
{UZ =0,%0zqin t Ozqpr, = Ozgpry (Equation 3)

W = Wair +Wayr, — Wapry

where 67 is the axial stress caused by the geostatic lunar soil, 0,4, is the axial stress under the circular load g1 with the radius of r1, 04,1, is the
axial stress under the circular load g with the radius of rz, 6,1, is the axial stress under the circular load g, with the radius of ry. The definitions
about the displacement component w are the same.

Taking 0.4, as an example, the expression of axial stress component is:

_ (=D M r(2k+2) 3, r
0’zqm = _q1{Z|:m(§) mzﬁ(k+ 1,k+§,1,—;)

k=0
= [ (= 1)k (1)”” I'(2k+3) ( 3 r2)
+ = Filk+5k+21; ——
;)[k!(kﬂ)! 2 (z/r)**0(1)° ! 2 72
Meanwhile, the displacement component w can be expressed as:
T = (=1F 1V r(2k+2) 3,
Wary —Tq1n{(2—2u)k§_:o[m E mzfa k+1,k+§,1,—§

2| (=D (T T(2k+3) 3 o
+ EZ {k!(ku)!(z) (Z/r1)2k+31,(1)2F1 (k + k20 Zz)] }

k=0

(Equation 4)

(Equation 5)

Visual images of the proposed contact model

The axial stress ¢, and axial displacement w deserve the greatest attention, for they are related to the sinkage of the lunar-based equipment’s
foot. According to the calculation results shown in Equations 25-27 and 30, meanwhile considering the expression Equations 32 and 33 which
describe the contact surface, the visual images of ¢, and w are drawn. The total force in the case is defined as P = 100 N, thus, the loads acting
on region Ay and A are g = 5.53 N/cm? and g, = 3.23 N/cm?, respectively. The axial stress and axial displacement distributions of four sec-
tions are specially demonstrated: z = 0 cm, z = 2.5¢cm, z = 5cm and z = 7.5 cm. These sections demonstrate how the axial stress ¢, develop
on the contact surface and in a certain depth of the lunar soil. The positions of these sections are demonstrated in Figure 2.

The visual images of the theoretical results of ¢, and w are displayed in Figures 3 and 4. In other words, Figures 3 and 4 illustrates the
graphical results of the proposed contact model. The values can be obtained from the color bars next to each figure. The diameters of A,
and A; are 2.0cm and 3.0cm respectively, thus besides the vertical cylinder corresponding to A and Ay, the subfigures in Figures 3 and 4
also show the surrounding area.

It can be obtained from Figure 3 that the axial stress o, equals the vertical load g1 and g, in the two regions Ay and A; on the contact
surface. This is in line with the actual situation, and also proves the accuracy of our derivation. The axial stress o, on the section z= 2.5
cm attenuates rapidly with the increase of radial distance r, and the speed and degree of attenuation decrease successively on the section
z=5.0cm and z = 7.5 cm. In other words, the difference of o, between the center and the edge decreases with increasing depth. On the
section z = 7.5 ¢cm, o, has been reduced to about 1/10 of the surface stress, thus it can be considered that the maximum influence range
of the load has been reached.

Figure 4 shows the axial displacement w distribution and the same four sections are displayed. Obviously, on the contact surface, the axial
displacement exists only within the scope of the vertical load and its very close surroundings. The difference of w between the center and the
edge shows the same law as ¢,. That is to say, as the depth increases, the boundary between the forced region and the non-forced region
becomes more blurred. The axial displacement w almost disappears in the last subfigure in Figure 4, thus we have the same the conclusion as
o, that the maximum influence depth of the vertical load is about 7.5cm. Meanwhile, it can be observed by comparing the axial displacement
at the edge in the subfigures that w changes slightly with depth and the value of wis very small. Hence, the influence width of the vertical load
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Section:

z=2.5 cm ‘\1

Section: P

z=5.0 cm

Figure 2. Positions of the sections

iScience

Section:
z=0 cm

Section:

z=7.5cm

is about 5.0cm. To sum up, the influence scope of the vertical contact is a cylinder with the depth of 7.5cm and the radius of 5.0cm in the

lunar soil.

In order to see the axial displacement more intuitively, they are displayed in the 3D graph Figure 5. X axis and Y axis represent the hor-
izontal distance to the center of forced region, while z axis represent the axial displacement w of each section. What should be noticed is that
the proportional scale of z axis is set to be different from the other axes in order to observe the displacement more intuitively. The perspective
of Figures 5C and 5D is adjusted to be horizontal to see the difference of height. It can be seen that the absolute value of wis too small to be

observed on the section z = 7.5 cm.

Figure 3. Analytical solutions of 5, (P = 100 N)
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Figure 4. Analytical solutions of w (P = 100 N)

DISCUSSION

Experimental verification

In order to verify the axial stress o, in the proposed contact model further, a vertical contact experiment is carried out. An experimental plat-
form is established and the vertical contact process is conducted on the platform. Meanwhile, the thin-film pressure sensor system collects the
axial pressure of the contact surface and certain positions in the lunar soil simulant. The results are discussed respectively according to the
position of the sensors, and are compared with the theoretical results. The results demonstrate that the theoretical analysis is reasonable and
applicable to the actual situation.

Experimental platform
The experimental platform shown in Figure 6 is mainly composed of a computer with the control software, a control cabinet, a puller system, a
box with lunar soil simulant, a foot model to be tested and the sensor system. When the experiment begins, the control signal is sent to the
control software in the computer manually. The chip in the control cabinet accepts the signal and transforms it to the current signal to control
the puller system. Then the puller system is able to move as expected and push the foot model forward. The contact information is collected
by thin-film pressure sensors and then sent back to the computer.

The thin-film pressure sensors are pasted on the contact surface and certain positions in the lunar soil simulant to measure the axial stress.
The axial pressure Pse, can be obtained from the sensors directly and the axial stress g, is calculated as:

Osen = Psen/ssen (Equation 6)

where sge, is the area of a single thin-film pressure sensor. For the radius 0.25cm, ssen, equals to 0.196 cm?.

Experiment results on the contact surface

When the axial stress on the contact surface is tested, the arrangement of the sensors is shown in Figure 7A. The sensor S; collects the axial
stress in the center of the contact surface, that is to say, the position of Sy isr = 0andz = 0. The sensor Sy, Sz and Sy locatesonr = 1cm,r =
2cmand r = 5cm, respectively. The total vertical force Pis controlled by the puller system with force sensor and is set as ON, 25N, 50N, 75N,
100N, 125N and 150N, respectively.

iScience 27, 109322, April 19, 2024 5
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Figure 5. Analytical solutions of w in 3D graph (P = 100 N)

(A)z=0cm.

(B)z=25cm.
(C)z=50cm.
D)z=75cm.

The curves are drawn according to the experimental and theoretical results and are displayed in Figure 8. The theoretical results are
derived from the proposed contact model, and some of the data corresponds to the visual images of the axial stress as shown in Figure 3.

It can be seen in Figures 8A and 8B that the experimental curve fits the theoretical curve well when the total vertical force P is less than
125N. When P exceeds 125N, the slope of the theoretical curve tends to decrease and the curve no longer exhibits linear characteristic.
The reason for this phenomenon is that the plastic deformation gradually dominates with the increase of P, while the theoretical analysis
in this paper supposes that the lunar soil simulant is in elastic deformation stage. The two curves differ from each other significantly in Fig-
ure 8C. Theoretically, we want to obtain the axial stress in the certain point. However, in the experiment the sensor has an area of 0.196 cm?,
thus we can only obtain the average stress in this area. Meanwhile, sensor S3 which is shown in Figure 8C locates at the edge of the circular
plate of the bottom, thus is not attached to the contact surface completely. In other words, the suspended part of sensor S3 reduces the
average stress in this area and results in a small value.

Experiment results in the lunar soil simulant

When the axial stress in the lunar soil simulant is tested, the arrangement of the sensors is shown in Figure 7B. The total vertical force Pis set as
mentioned in subsection “Experiment results on the contact surface”. The experimental results of axial stress o, in the lunar soil simulant are
shown in Figures 9, 10, and 11 and compared with theoretical ones. The theoretical results contain the stress caused by geostatic lunar soil,
and the experimental results contain the stress caused by geostatic earth soil. These parts have been subtracted in the comparison in order to
see the comparative results clearly.

It can be observed in these comparative results that the theoretical curves and the experimental curves fit well in the majority of cases. For
example, in the case z = 2.5 cm and r = 1 cm, the errors between the theoretical results and the experimental results are 17.11%, 4.19%,
7.17%, 3.86%, 7.48%, and 4.72% when the vertical load changes. When the axial stress is very small, such as in the case r =5 cm and in
the case z = 7.5 c¢m, the errors are relatively bigger. The main reason is that the sensitivity of the sensors is not high enough. The errors
both on the contact surface and in the lunar soil are displayed in Figure 12. It should be noted that the data of those places with very small
axial stress is not shown. The line representing 25% error is drawn in Figure 12 and it can be observed that most errors are less than 25%.
Therefore, it can be considered that the errors in this experiment are controlled within a reasonable range. The curves in Figure 11 also
show that the axial stress is very small both in the theoretical and experimental results. Thus, the theoretical and experimental results both
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Puller system

Control cabinet

Foot model

Lunar soil
simulant box

Figure 6. Experimental platform

demonstrate that the influence depth of the load is about 7.5cm, namely about three times the radius of the foot bottom. It can be concluded
that the theoretical analysis is well verified by the experimental results.

Discussion on theory-experiment comparison results

It can be obtained from the comparison results which are demonstrated in the last two subsections that the curves are very close when the
total vertical force P is less than 125N. When P is more than 125N, the curve which represents the experimental results tends to be flat.
Meanwhile, the experimental curve no longer has the linear characteristic. The main reason is that when the vertical force P exceeds a

A B

Figure 7. Arrangement of sensors
(A) Sensors on the contact surface.
(B) Sensors in the lunar soil simulant.
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Figure 8. Axial stress o, on the contact surface

(A)r=0cm.
B)r=1cm

D)r=5cm
Cr=2cm

certain value, the lunar soil enters the elastic-plastic deformation stage. Jiang et al. (2019)? investigated the interface strength between the
footpad and the lunar soil simulant through a loading test. The study demonstrates that strength of the interface is about 55kPa. This
conclusion is consistent with the results obtained in this paper. When the vertical force P in our experiment is more than 125N, the axial
stress on the contact surface is more than about 60kPa. In this situation, the lunar soil simulant reaches the limit of the elastic deformation
stage. Then, the lunar soil simulant enters the elastic-plastic deformation stage. The stress distribution in this stage cannot be calculated
precisely through the analysis proposed in this paper because the analysis is based on the assumption that the lunar soil simulant is an
infinite half-elastic.

Hence, the adaptability of the analysis must be discussed. The vertical force P with the value of 125N can be considered as the limit of
elastic stage. The shape of lunar-based equipment is shown as Figure 13 and the mass is about 12kg. When it stands on the lunar soil,
the load of each foot is about 3kg. Considering the lunar gravitational acceleration is 1.63 m/s?, the vertical load of each foot is about
4.89N and is far less than the limit of elastic stage. It can be concluded that the analysis in this paper is suitable for real application
scenarios and the lunar-based equipment can still bear loads far exceeding its own weight. In other words, when the lunar-based equip-
ment is in no-load condition or bearing loads less than 294kg on the lunar surface, the theoretical analysis in this paper is applicable and

correct.

Lunar environment simulation
Although the contact model proposed in this paper is validated via terrestrial environment, the accuracy in the lunar environment is yet to
be verified. The most significant characteristics of the lunar environment are the low-gravity and the high-vacuum. Generally speaking, the
terrestrial gravitational acceleration is 9.80 m/s?, while the moon has that of 1.63 m/s®. The low gravity leads to a reduction in the self-
weight stress of lunar soil, with smaller horizontal stresses. In other words, lunar soil is in a state of low confining pressure in a low-gravity
environment, resulting in a slight decrease in bearing capacity. At a microscopic level, the low gravity has certain effects on the internal
pores, micro-shear zones, force chains, and the evolution of the lunar soil particle aggregates. These factors contribute to the aforemen-
tioned changes. As for the high vacuum, at the microscopic level, high vacuum results in intermolecular forces between lunar soil particles,
manifesting as van der Waals forces. At the macroscopic level, van der Waals forces manifest as the cohesive strength of lunar soil, slightly
enhancing its overall strength.

In the past few decades, some scientists have been dedicated to experimental research on low gravity.?'~* Existing methods include tilted
table test, drop tower test, deceleration aircraft test and centrifugal force test. However, some of these methods incur significant costs (such as
tower and aircraft), some of them have low accuracy (such as tower and tilted table) and some of them are not suitable for large-scale
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Figure 9. Axial stress o, on the section z = 2.5 cm
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mechanical experiments (such as centrifugal force test). It can be said that currently, there is no low-gravity experimental method suitable for
this experiment. The same situation occurs in the verification of high-vacuum environments, and such experiments incur significant costs.

In this paper, a discrete element simulation (DEM) is conducted to validate this issue. In the simulation, the gravity is set as same as the
lunar surface, and there is no atmosphere. Hence, two main characteristics of the lunar environment are simulated at the same time and the
accuracy of the proposed contact model can be estimated via the simulation results.

Simulation setup

The simulation is set up to mimic the lunar surface environment as closely as possible. The foot is modeled via SolidWorks and made of ultra-
hard aluminum alloy of the 7A09 model. The discrete element model of lunar soil particles is simulated via the commercial discrete element
software EDEM. Meanwhile, the physical and mechanical properties of lunar soil particles were modeled based on the values of CAS-1 sim-
ulant except for the radius. Considering the computational limitations of the computer, the lunar soil particles were modeled with the median
radius of 0.5mm. This value is greater than the median particle size of the simulated lunar soil. However, the investigation by Fuglsang and
Ovesen pointed out that the adverse effects of the giant particle size effect on simulation errors can be neglected, as long as the median
particle size is less than 1/35th of the size of the foot.** The conditions of the simulation is designed as same as the visual results of the theory,
namely the total pressure is p = 100N. The simulation model is shown in Figure 14.

Simulation results

The simulation result of the foot pressure is displayed in Figure 15A and there is an intuitive comparison with theoretical result of surface pres-
sure which is shown in Figure 15B. Referring to the color bars next to the two subfigures, it can be observed that in the central region, the
pressure in both subfigures is around 5.00 N/cm?. In the edge region of the foot, namely A, as shown in Figure 1B, there is a noticeable
decrease in pressure. In the very edge region of the A,, the pressure drops almost to zero. In the region outside the foot, the pressure is
zero. Whether in Figures 15A or 15B, the same phenomenon mentioned above can be observed. It can be considered that the simulation
results align well with the theoretical outcomes. In other words, the accuracy of the proposed model in the low-gravity and high-vacuum lunar

environment has been validated via simulation.

Limitations of the study
There are some assumptions regarding the contact model and its derivation proposed in this paper.
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(4) Each kind of stress and displacement components are considered to be composed of three parts: one caused by the geostatic lunar
soil, one caused by the circular load gy, and one caused by the ring load g;. They are assumed to be linearly superposable. In fact, this
is based on the first assumption, namely that the derivation in this paper is within the scope of elastic mechanics.

Meanwhile, these assumptions lead to some limitations which are shown as below.

(1) Inthe majority of practical applications, derivations based on elastic mechanics are accurate. Although elastic deformation dominates,
there is also a small amount of plastic deformation accompanying the contact process. The contact model proposed in this paper
cannot separate out these plastic deformations, thus they are neglected. It should be noted that the error introduced by this handling
so is small, and there is currently no method in existing literature that simultaneously considers plastic deformation.

(2) Due to the assumption that lunar soil is isotropic and infinite, the contact model proposed in this paper can only perform calculations
for flat lunar soil. When the lunar soil surface has obvious undulations or craters, using the model proposed in this paper to predict
stress and displacement will introduce errors. Nevertheless, the model proposed in this paper still has significant applicability and
can serve as a foundation for studying lunar soil with other shapes.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

CAS-1 lunar soil simulant
Parameters of CAS-1 simulant
Extra super duralumin alloy 7A09
Parameters of 7A09

Chinese Academy of Sciences
Zheng Yongchun et al.
Chinese Academy of Sciences

Jian-Zhong Yang

https://doi.org/10.1016/j.asr.2008.07.006
https://doi.org/10.1016/j.asr.2008.07.006
ISBN: 9787515909158
ISBN: 9787515909158

Theoretical results This paper Section “results”

Original data of visual images This paper https://github.com/chenzhhan/Vertical-Contact
Original data of experiment This paper https://github.com/chenzhhan/Vertical-Contact
Software and algorithms

MATLAB 2020b Mathworks https://ww2.mathworks.cn

Python 3.11 Python Software Foundation https://www.python.org
Edem 2021 Altair www.altair.com.cn/edem
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Zhao-Dong Xu, China-Pakistan Belt and Road Joint
Laboratory on Smart Disaster Prevention of Major Infrastructures, Southeast University, Nanjing 210096, China. Email: zhdxu@163.com.

Materials availability
The source of materials is displayed in the key resources table.

Data and code availability
e Data: The dataset generated during this study is available at https://github.com/chenzhhan/Vertical-Contact.
e Code: The codes used for data analyses are available at https://github.com/chenzhhan/Vertical-Contact.
e Any additional information required to reproduce the study and reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The experimental model and study participant details are described in the main text (See method details section).

METHOD DETAILS
Utilized CAS-1 lunar soil simulant
Lunar soil is mainly formed by the rocks on the lunar surface. In billions of years, the impact of meteorite, cosmic rays and huge temperature
differences made the rocks melt and crack constantly, and finally the lunar soil was formed. The spacecraft Chang'e 5 brought back the real
lunar soil taken from the lunar surface in December 2020, however, the real lunar soil is too rare to conduct so many experiments and re-
searches. Therefore, researchers developed several types of lunar soil simulant based on the parameters of the real lunar soil and used them in
the related research projects.

In this paper, CAS-1 lunar soil simulant produced by Chinese Academy of Sciences is used in the experiment. * For the purpose of com-
parison, mechanical properties of CAS-1 lunar soil simulant is also used in the analytical calculation and DEM simulation. CAS-1 simulant has
two main advantages—accurate material composition and mechanical properties.

(1) CAS-1 simulant possesses material composition closest to real lunar soil. Nearly all the studies on the lunar soil simulants were carried
out based on the composition analysis on the real lunar soil retrieved by Apollo 14. Thus, the composition comparison with the Apollo
14 sample is a critical index to evaluate the simulant. The following Table 1 provides a comparison between the composition of well-
known simulants and the Apollo 14 sample.
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Some information can be obtained from Table 1. In some major component comparisons, such as SiO,, TiO, and Al3O,, CAS-1 simulant
exhibits nearly the highest accuracy. Among them, JSC-1, FJS-1 and MKS-1 are the simulants that closely resemble real lunar soil.*’*

(1) CAS-1 simulant exhibits macroscopic mechanical properties similar to real lunar soil. Besides the composition, mechanical properties is
also a vital factor that influences the lunar soil mechanism. Some important mechanical parameters include particle size, angle of internal
friction and cohension. The median particle size of CAS-1 simulant is 85.9 um. According to the information from Apollo spacecrafts,
Apollo 11 sample has the median of 48-105 um, Apollo 12 sample has one of 42-94 um, Apollo 14 has one of 75-102 um, and Apollp
15 has one of 51-108 um.*. Although there is no more detailed information, it can be seen that the data of CAS-1 falls within the range.
Similar situations occur in the case of angle of internal friction and cohension. For real lunar soil samples, the angle of internal friction has a
range of 25-50 deg, and cohesion has arange 0f0.26-1.8 kPa. CAS-1 simulant has the ones of 33.3 deg and 1.0 kPa. Due to the fact that the
parameters of real lunar soil fall within a certain range, it is hard to compare the different simulants, for nearly all the aforementioned well-
known simulants have the parameters falling within the corresponding range. Nevertheless, the accuracy of CAS-1 is beyond doubt. As a
comparison, the cohesion of terrestrial soil is several times greater than that of lunar soil, and its angle of internal friction is much lower.

Overall, CAS-1 lunar soil simulant is a kind of out-standing simulant, and it represents the international cutting-edge level in accurately
simulating lunar soil properties.

Material and shape of the foot

The foot of the lunar-based equipment is made of extra super duralumin alloy. Compared with other common metal materials, such as the iron
alloy, the copper alloy and the titanium alloy, the extra super duralumin alloy has advantages of light quality and high strength. Meanwhile, the
extra super duralumin alloy is not magnetic and has excellent heat resistance and corrosion resistance, thus it is not easily disturbed by the complex
lunar environment. The characteristics of several kinds of aluminum alloy materials commonly used in aerospace engineering are shown in Table 2.

The extra super duralumin alloy of the model 7A09 is chosen to produce the foot for its highest strength and outstanding comprehensive
performance.

As for the shape of the foot, the bottom surface of the foot is a circular plate and the edge is raised in the form of curved surface. Its con-
ceptual graph is shown in Figure 16A and its sectional view is shown in Figure 16B.

The size of the foot is affected by two main factors. The first one is the experimental environment of the laboratory. The foot needs to
be reduced in proportion to adapt to the size of the test box, sensors, and the loading equipment. On the other hand, the size of foot must
be much bigger than the particle size of the lunar soil to avoid the grain-size effect.**“? The grain-size effect has a significant influence on
the measurement in the experiment, especially the measurement of the soil stress, for the relatively large particle size makes the lunar soil
cannot be regarded as an elastomer with uniform material. It is suggested that the diameter of the circular foot should be at least 35 times
larger than the median particle diameter of the lunar soil. Considering the above factors, the maximum diameter of the foot is designed as
60mm and circular plate, namely the the bottom surface of the foot is designed with a diameter of 40mm.

Contact mechanism analysis
The stress, strain and displacement of the lunar soil are are composed of three parts:(a) the stress, strain and displacement caused by geostatic
lunar soil; (b) those caused by load g1; and (c) those caused by load g,. In this section, the effect of lunar soil caused by gy is analyzed theoretically
and the effect caused by g, can be seen as the difference between the two kinds of gy effect under specific parameters. Through the linear su-
perposition of the three parts, the final results of stress and displacement distribution are finally obtained. In the contact mechanics analysis in this
paper, the lunar soil is considered as an infinite elastic half-space. In other words, the analysis in this paper is only applicable to the elastic stage.
Stress method is applied in the analysis. Firstly, we have the differential equation of equilibrium Equation 7 and the compatibility equation
Equation 8:

0o, 0T, o0, — 0y

=0
or — or r (Equation 7)
aaz+6rz,+7',z _0
0z  or r
2 1 0%(o,+04+0;)
2 rt0yToz)
Vo, — Z(J’ - ag)+mT_O
2 1 108(o,+04+0,)
Vo) — = (0, — — =
7T (o a0) + T+u r or 0

| @ (Equation 8)
VZG'Z +r 7(02;':20'“71) =0
n

2, _ Tz, 1 Ploorte)
ro 1+u 0roz
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where g, is the radial stress, oy is the hoop stress, g, is the axial stress, zis the axial coordinate, 7,, = 7, is the shear stress, pis the poisson ratio,
and V2 = Z+ 13,4 62 is the Laplacian.

Then, a stress function ¢(r, z) is proposed to simplify the solution. The relationship between the stress function ¢(r, z) and the stress com-
ponents is expressed as Equation 9. Hence, the solution of the stress component is converted into the solution of stress function ¢(r,z).

(Equation 9)

Substituting Equation 9 into the compatibility equation Equation 8, it is obtained that the stress function ¢(r, z) is a biharmonic function. In
other words, ¢(r, z) satisfies Equation 10.

V2V2p(r,z) = 0 (Equation 10)

The zero-order Hankel transformation of ¢(r, z) is expressed as:

?(¢,2) = /°° ro(r,z)Jo(ér)dr (Equation 11)
0

Thus, Equation 10 can be rewritten as:

) 2 .
<@ —¢ ) @(,z) =0 (Equation 12)

Then, the solution of Equation 12 can be calculated as an ordinary differential equation and expressed as:
9(£,2) = (A + B:z)e ¥+ (C; + D:z)e” (Equation 13)
where £ is the integral variable of the zero-order Hankel transformation, Az, B, C; and D; are the parameters determined by the boundary

conditions.
Meanwhile, through inversion formula we have:

o(&,2) = / Epdo(Er)dr = / £[(A: + B:z)e ™ + (C; + D:z)e|Jo(Er)dr (Equation 14)
0 0
In Equation 11, Jo(£r) represents zero-order Bessel function. Bessel functions have the properties as:

Jo(ér) = = (&)
Ji(Er) (Equation 15)

ér

Applying the properties of Bessel functions Equation 15 and substituting Equation 14 in 9, all the stress components are calculated as:

* a* d do
a,=/0 5{u¢+ 1 - we (p}Jo Er)ds — 1 /52 99 ), (er)de

* (d% ,de
(ng,u/o g(dz3 a9z >Jo(§f d§+— /5 J1 (§r)dE

o o .do
g, = /0 E[U W) m (2 - wE E]Jo(fr)df

Jy(Er) = Erdo(Er) —

Xy
w
—

(Equation 16)

© 425
Tz = /0 ‘EZ |:52(1 - :u')(p+:ud_z(2p:| J‘I (Er)d‘f;:
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Meanwhile, the radial displacement u and the axial displacement w can be calculated as:

_1+u6(p 1+,u/§d<pJ1 oz

E 0roz

: 52 : . o (Equation 17)
+u o ¢ 5
=F {2(1 — WV — @} =F 5{(1 2 20 - R)EZD | Jo(Er)dE

where E is the elastic modulus.
Substituting Equation 13, the stress components and displacement components can be rewritten as:

w ] i 1
o, = — /O EEA: — (1+2u — £2)B:le ® — [EC: — (1 +2u+Ez)Dg]e‘Z}Jo(Er)dE+?U5

gy = 2#/ 53(5 eJZ+D» )Jo(ér) f — lrUE
0

o, = / E{EA:+ (1 — 2p+E2)Ble ® — [EC. — (1 — 2u — £2)Ds]e™ }Jo(Er)dé
0 (Equation 18)

T = / E{[EA: — (2n — E2)Ble™™ — [ECc+ (2u+E2)Dy)e™ } Ui (Er)de
0

1
u= —iUE

T+u (%
w= — ?ﬂ E{[EA+(2 — du+E2)Ble “+[EC; — (2 — 4u — £2)DJe” [ Uo(Er)dE
0
where Ur =[5 E2[EA: — (1 — £2)Bele™ ¥ — [EC: + (1 +£2) D)€ }s (Er)dE.
In Equation 18, the parameters A;, B, C; and D; are determined by the following boundary conditions:

:_q‘IaTrz_O z=0
0,=0,=0y=7,=u=w=0 z— ® (Equation 19)
g,=0,=0p=7,=Uu=w=0 r— o

Substituting Equation 19 in the stress and displacement expressions Equation 18 and considering the inversion formula, it can be ob-
tained that:

£B: = — (&) (Equation 20)

{E3As = — 2u5,(9)
Cg = DE = 0

where G (£) = gir1J1(Er) /€ is the zero-order Hankel transformation of the circular load g.
Applying x = éry to replace the variable and substituting Equation 20 in 18, we have the solution including Bessel functions which have the
formof | = [;° e # U1 (x)Jm(bx)xdx, as shown in Equation 21. ¢, and w are selected as representatives to describe the contact mechanism.

Togiry = — q1/ (’I +£x) e 71 (x)Jdo (Lx) dx
0 r rn

r ) (Equation 21)
X
d

J1 (X)J1 (*
_zx r
)e n'—0aX

X

T+u “ z
Warn :?Cﬁﬁ/o (2 - 2,u+Ex

Thus, as long as the value of | is calculated, we will get the analytical solutions of stress and displacement components. The series expan-
sion of Ji(x) can be expressed as:

® 2k+1 .
Z P I<+1 < ) (Equation 22)
The other terms of | can be calculated as:
A . b (m+c+1 m+c+1 m+c+2 b? .
/0 & I (bx)x°dx = am+c+1ém1"(m+)1)2F1< T m e a2> (Equation 23)
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where I'(x) is Euler’s integral of the second kind, and ,Fi(a, b, ¢, z) is Gauss hypergeometric function. The value of these functions can be
obtained from mathematics textbooks.
Hence, the analytical solution of | can be calculated as:

& EF VT b (macr2k+2) m+c+2k+2 m+c+2k+3. o b? .
h= kZJk!(kH)! 3) ez (men)? 7 2 mrliog (Equation 24)

The terms which have the similar form with I in the expression of stress and displacement can be calculated according to Equation 24. The
analytical solutions of the circular load g1 with the scope of Ay can be calculated as the product of Equations 22 and 24. The stress component
a, can be expressed as:

_ =[ (=D (VT T2k 3. p
T "1{2{%(2) ol G zz)]

k=0

‘ o (Equation 25)
S [0 YTk 3 1o
+;{W(§) mzﬁ(mz,mz,u_?)”

where

~ = (=D (1N (r/n)T(2k+2) 3,17
Ugin = qn {(1 - 2u) Z {k!(k+1)!(2) (2/m2r(2) oF (k+‘l,k+§,2, —?)

k=0

= [ (=1 1\ (r/r)T(2k+3) 3, .2
> {k!(k+1)!<§> mzﬁ (k+§,k+2,2, _Z_Z)”

k=0

(Equation 26)

Meanwhile, the displacement component w can be expressed as:

e = (=1 (1" (2k+2) 3,
Wq‘”_””{(zz“);)[km ) e e

z | (=D VT T(2k+3) 3 o
+’1k2:o{k!(k+1)!(2) ‘(Z/ﬁ)zmr(()zﬁ(k+§,k+2,1,—;)

Equations 25 and 27 shows the stress and displacement components under the circular load gy .. As for the effect caused by the ring road g,
it equals to the effect caused by a circular load with the radius of r, minus the effect caused by a circular load with the radius of ry, and the value
of these two kinds of load are both gy. In other words, taking the axial stress as an example, the effect caused by the ring road g, can be

(Equation 27)

calculated as:
Oz, = Ozqyry — Ozqpn (Equation 28)

where 04, is the axial stress under the ring load g, and g,q,r, is the axial stress under the circular load g, with the radius of r; and o, is the
axial stress under the circular load g, with the radius of ry.

Meanwhile, the other stress and displacement components can be expressed as the same form.

On the other hands, the components caused by the geostatic lunar soil can be expressed as:

0d = — pgz

0 (1+w)(1 = 2u) , (Equation 29)
T 2w ¢

It can be considered that the stress components caused by the geostatic lunar soil exists in the initial state. However, it is not necessary to
discuss the displacement caused by the geostatic lunar soil because there is no point to discuss the position of the floating lunar soil without
gravity. Hence, as mentioned in the first paragraph in this section, the stress components under the vertical load of the lunar-based equip-
ment's foot can be calculated as the sum of three parts: (a) stress caused by the geostatic lunar soil; (b) stress caused by the circular load g;
(c) stress caused by the ring load g;. Meanwhile, the displacement components are composed of that caused only by (b) and (c). To sum up,
the final analytical solutions, namely the proposed contact model, are shown in Equation 30.

(Equation 30)

_ 0
07 = 0, % Ozqiry T 021, — Ozgpry
Wr = WCHH +WQZf2 - qu

20 iScience 27, 109322, April 19, 2024



iScience ¢? CellPress

OPEN ACCESS

Onthe contact surface, namely in the case z = 0, theresults of ,Fy (k + 1,k +3;1; — ;é in Equation 25 doesn't have a mathematical mean-
ing. Therefore, another Bessel function expansion formula of | which is shown in Equation 31 is taken to calculate the values in the case z = 0.

1 1,
2F (57 —5;1;E) r<n
w ; o ) )
/0 J1(X)Jo(gx)x dx = p r=n
a 11 . r?
Zzﬁ (§7§§27r—12) r>n
1 r<n (Equation 31)
“ r 1
A J1 (X)JO<5X>dX = E r=n
0 r>n
" or<r
w 5= 1
/ J1(x) s (£x>dx: {Za
0 a a
— r=2n
2r

Substituting Equations 31 into 18, when the load is g1 and the area is r1, the axial stress component on the contact surface can be ex-
pressed as:

— g1 r<n
Tzun = —% r=n (Equation 32)
0 r>n

Meanwhile, the displacement component w on the surface can be expressed as:

Iy 2
2C]1f1(]f M)2F1<1 11r) r<n

272 ;? (E ion 33)
Wy = quation
B IR T A IO W
Er 2 2’ 27 7r2 =N

The stress and displacement components on the contact surface are also need to be integrated through Equation 30.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical analysis and the results are described in the main text (See results section). Data are displayed in Figures 3,4, 5, 8, 9, 10, 11,
and 12.
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