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ABSTRACT 1t is extremely difficult to collect deep lunar soil samples during lunar exploration, as the
average thickness of lunar soils is very large, and the power of lunar soil sampling systems is inherently
limited. In this paper, we propose the use of serpentine robots to explore lunar craters. Our approach is to
first design a kinematic wave model that allows the serpentine robot to satisfy all the requirements of lunar
exploration. The resistance encountered by each part of the robot during its motions was measured to identify
the parts with the greatest influence on each mode of locomotion to maximize its locomotive efficiency.
Accordingly, we have designed a serpentine robot system based on the characteristics of snakes and
constructed a kinematic model for serpentine robots in lunar crater environments. In addition, we constructed
a lunar soil model using a discrete element method-multibody dynamics co-simulation platform, thus
optimizing the locomotion strategy of the robot. The EDEM-ADAMS co-simulation platform was used to
simulate the motions of the serpentine robot in a lunar crater, which yielded the resistance, speed of motion,
and displacement of the robot’s modules during its motions. The optimization analysis of the motion and
environmental parameters of the serpentine robot included three variables: the inclination of the lunar crater’s
walls, the crawling angle of the robot, and the amplitude of the robot’s kinematic wave. The dependence of the
motions of the serpentine robot on these variables was analyzed using maximum and averaged force values.
Finally, validation experiments were performed using a serpentine robot model. Thus, we have optimized
the locomotion strategy of the serpentine robot for lunar craters.

INDEX TERMS Serpentine robot, lunar soil particles, lunar crater walls, discrete element theory, motion
optimization.

I. INTRODUCTION

Lunar craters are ring-shaped pits formed by meteorite
impacts, and the Moon’s geological profile is reflected by the
profile of these craters [1]. Therefore, drilling from the side of
a lunar crater’s walls will greatly reduce the drilling distance
required to collect deep lunar soil samples [2]. In addition,
the walls of these lunar craters contain soils that span a wide
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range of ages at each level of depth. Hence, a geological
study on the walls of lunar craters will greatly enhance our
understanding of the Moon’s structure. Hence, it may be
said that the development of robotic technologies for the
investigation of lunar crater walls is of utmost importance
for the realization of humankind’s scientific goals regarding
lunar exploration [3].

Various robots have been used to explore the Moon’s sur-
face. The first of these robots used wheels for locomotion.
Wheels consume little energy and allow the robot to move
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quickly and efficiently, but they can only be used in certain
parts of the lunar environment where the surface is flat and
hard [4]-[7]. Tracked lunar rovers were developed based on
tank tracks to deal with the unevenness of the lunar sur-
face, but these robots could not move in a flexible manner.
This has prompted researchers to search for new forms of
locomotion [8].

As this research continues to progress, researchers have
become increasingly interested in solutions from the nat-
ural world, which has resulted in the advent of bionic
robots [9]-[12]. The first types of these robots were
legged robots, which are also the most diverse category
of bionic robots. The first bionic robots were quadrupeds,
which were promptly followed by biped robots [13], and then
hexapods and many-legged robots. The way legged robots
mimic the way animals move improves their ability to adapt to
different environments [14], [15]. However, these robots tend
to have a high center of gravity, which makes them unstable.
These robots also require highly controlled environments
to function optimally, and they do not work well on loose
surfaces [16]. Hence, legged robots cannot fully satisfy the
requirements of lunar exploration. As a part of efforts to
develop a new mode of robotic motion, researchers have now
diverted their attention to snakes, and bionic robots are now
being developed to move without limbs [17]-[19].

This development is also applicable to lunar exploration
robots and vehicles. Wheeled robots, which are the most
common type of robot, have evolved into tracked robots that
are capable of surmounting various obstacles. The next step
was the development of legged robots and landing gear, which
can adapt to an even greater variety of terrains [20]-[22].
In the face of increasingly complex terrains and demanding
environments, serpentine robots have now become an attrac-
tive option for planetary and lunar exploration [23].

This study is inspired by the unique crawling gait of snake
species in desert terrains [24]-[26]. For the development of
serpentine robots, we studied the structural features and gait
of snakes in the natural world to model their movements in
lunar craters [27]. In addition, mathematical and physical
models were used to calculate the geometric angles, driving
force, and structures that would maximize the efficiency of
a snake moving in sand. The research map of this study is
shown in Fig. 1. In summary, we chose a serpentine model to
address the issues facing lunar crater exploration. We then
constructed a lunar soil model and modeled the motion of
serpentine robots in lunar craters to establish their patterns
of motion. Experiments were then performed to validate our
theoretical findings.

The parameters of the prototype experiment were derived
from the simulation analysis. The motions of the prototype
robot were then observed, and the differences between the
experiment and simulation analysis were analyzed. During
lunar exploration, the robot will encounter situations where
it must avoid an obstacle or move to a fixed location, which
requires the robot to move according to specific kinematic
waveforms. In this work, these specific kinematic waveforms
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are denoted as the “’kinematic wave model.” Our approach is
to first design a kinematic wave model that allows the serpen-
tine robot to satisfy all the requirements of lunar exploration.
The resistance encountered by each part of the robot during
its motions was measured to identify the parts with the great-
est influence on each mode of locomotion to maximize its
locomotive efficiency. Although the abovementioned quan-
tities are difficult to measure in real (physical) experiments,
a simulation analysis will reveal the underlying patterns of
these quantities.

Il. MODELING THE CRAWLING GAIT OF THE
KINEMATIC-WAVE-MODEL-BASED

SERPENTINE ROBOT

A simulation analysis was performed on the motions of a ser-
pentine robot by conducting EDEM-ADAMS co-simulations,
where the robot was made to move in specific wave-like
motions based on the movements of snakes. The crawling
motions of the serpentine robot were then kinematically mod-
eled to construct the kinematic wave model.

The most common type of snake gait was used to validate
the methods of this study. If the amplitude, frequency, and
phase of the crawling motion are different, the trajectory
curve taken by the serpentine robot will change. The curva-
ture equation proposed by Hirose et al. for the motions of a
serpentine curve in one cycle may be expressed as
—2K, o sin( 2Ky 7s) . 0

L L

After the motions are converted to Cartesian coordinates,
and the serpentine body is decomposed into n segments,
one obtain the definition of angle function adjacent links of
moving serpentine robot:

In the coordinate system, the angle function of the serpen-
tine robot may be expressed as

G{Za/cos(a)+(i+%)ﬂ/)+iy 2)

The surface friction of the serpentine robot was theoret-
ically modeled using an anisotropic viscous friction model,
based on the environment of meteorite craters. By simplify-
ing the angular relations of the robot, the following surface
friction model was obtained for each segment of the robot:

olsp) =

Yl — oLy 4 Gsin n/ cos 6
21 i
Yit1 — Vi1
21
As lunar soils are very loose, a part of the serpentine robot
will sink into the lunar surface when it is moving on the
Moon. Therefore, it is necessary to account for stresses from
the lunar soil on the robot. The behavior of soft, deformable
surfaces was modeled using Bekker’s pressure-sinkage and
shear stress equations.
Based on decades of lunar exploration data, it is known that
a lunar rover will sink to some extent (5—15 mm) in lunar soil,
due to the looseness of these soils. Although the serpentine

Frxi=ci Xi+(ci — ¢n)

Fryi=(cr —cpn) Xi+c, Y+Gsinn/sin  (3)
L
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FIGURE 1. Serpentine robots have long been used in the aerospace field, such as (A) NASA's serpentine robots [28] for
space exploration. Figure (B) is the earliest snake-like robot [29] , and Figure (C) is a snake tree-climbing robot at Carnegie
Mellon University [30]. (D) The snake has a unique bone structure and a high degree of freedom of movement, and (E) can
climb hills in the desert. (F) In the working environment of the lunar crater, the serpentine robot can do the work that other
robots cannot. (G) The research method of stipulating the robot’s motion trajectory to study the force state is used to
create the lunar soil environment for dynamics research. Finally, (F) the 3D printed model was used to (F) verify the law

under the simulated lunar soil.

robot will sink less in the lunar soil, the effects of sinkage
on the normal and tangential stresses of the robot must be
considered.

The lateral friction of the robot against lunar soils is
given by

fo=Whk(ke/d + ky)Z" + W(c + o tang)(1 — e /7). (4)

The frontal friction caused by the inclination of the crater’s
walls may be obtained by multiplying friction with the incli-
nation coefficient, kg.

Fy = bkqWa(ke /b + ky)Z" %)

An expression for the forces applied by lunar soil on the
serpentine robot in the global t-n coordinate system may
then be obtained via a coordinate system conversion. The
theoretical model that represents all the forces acting on the
serpentine robot in a lunar crater is (6), as shown at the bottom
of the next page.

c;—Tangential viscous friction coefficient, ¢,—Normal
viscous friction coefficient, k.—Cohesive soil deforma-
tion modulus, d—Bottom length, b—Bottom width, z—
Deformation depth, k,—Soil deformation modulus due
to internal friction, n—Soil deformation index, j—Shear
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deformation, /J—Modulus of horizontal shear deformation,
k—Coefficient of friction between soil and objects, W—
Lateral subsidence, W;—Front subsidence, k;—Tilt factor.

Ill. SIMULATING THE MOTIONAL CHARACTERISTICS

OF THE SERPENTINE ROBOT VIA EDEM-ADAMS
CO-SIMULATIONS

The soil environment of lunar craters is complex, as it con-
tains lunar soil, rocks, and irregular soil particles that vary
in shape and size. The finite element method would not be
able to model the minute variations of the crater’s soil surface
structures, nor the actions of the various lunar soil particles on
the serpentine robot. Therefore, the discrete element method
was used to model the soils of lunar craters.

Simulated lunar soils from the School of Astronautics
of the Harbin Institute of Technology were used to determine
the attributes and parameters of the lunar soil to validate
the accuracy and precision of the simulation analysis. Here,
we have incorporated the concept of the fractal dimension to
model irregular lunar soil particles. The distributions of the
granule circumferences and areas of the simulated lunar soil
were measured, and the fractal dimension of the simulated
lunar soil was adjudged on this basis. It was thus determined
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a) Fractal dimension of 2.2 b) Fractal dimension of 2.3

c) Fractal dimension of 2.4 d) Fractal dimension of 2.5

FIGURE 2. Discrete particle models for lunar soils.

TABLE 1. Parameters of the simulated lunar soils.

Parameter of the simulated lunar soil Value
Modulus of deformation due to pressure, 6
Kn (Pa/m) 14x10
Sinkage index, n 1.125
Cohesion, c(Pa) 179.71
Internal friction, ¢(0) 32.050
Soil shear deformation modulus, K (mm) 10.2
Poisson’s ratio 0.3
Shear modulus (Pa) 1x108
Density (kg/m?) 2500
Surface energy (J) 6000

that the simulated lunar soils have fractal dimensions between
2.2 and 2.5. Finally, a set of discrete particle models was
constructed for each type of lunar soil, according to the fractal
dimensions of their particles, as shown in Fig. 2.

The parameters of the discrete particle model for each
type of lunar soil were defined according to the macroscopic
properties and material attributes of the simulated lunar soils.
These parameters are shown in Table 1.

Boolean addition was used to create five particle models,
which were used to perform discrete element simulations

TABLE 2. Distribution of particle radii in the simulated lunar soils.

Maximum length

Type of soil
(mm)
Rock particles 2
Lunar soil particles (with a fractal 0316
dimension of 2.2) ’
Lunar soil particles (with a fractal
. . 0.462
dimension of 2.3)
Lunar soil particles (with a fractal
. . 0.474
dimension of 2.4)
Lunar soil particles (with a fractal
. . 0.403
dimension of 2.5)
Lunar soil particles (with a fractal
0.524

dimension of 2.6)

FIGURE 3. Radii distributions of simulated lunar soils with different
shapes.

of the soil environment in lunar craters. The large particles
represent rock particles, whereas the small, irregular particles
represent soil particles. Large rocks that may act as envi-
ronmental obstructions were excluded from this model. The
simulation analysis was performed in EDEM by inputting the
five particles in a 1:1:1:1:1 ratio to generate a set of simulated
lunar soils randomly (see Fig. 3). The maximum particle sizes
of these soils are shown in Table 2.

The initial lunar soil samples deposited on the lunar crater’s
walls must be made to be static in EDEM to simulate the
windless environment of lunar craters. However, the particles
will collide with and compress each other as they move, and
they will also move at a certain speed during this process.

cos 6; [c, ti +(c; — ¢)

+ sin 6; |:(c, —cp)

o>
Il
.M2

I
—

sin 6; |:c, ti +(c; — ¢)

+ cos 6; |:(c, —Cpn)

—_

VOLUME 8, 2020

Niy1 — Ni—1 . .
;rg] + Gsinn
L

nit1 — N
+2cos 6; [Wk(ke/d + ky)Z" + W(c + o tang)(1 — e7I/7)]

+ bkgWa(ke /b + ky)Z" cos? 6;
Nyl — N

ni+1 — Ny

+25sin6; [Wk(ke/d + kp)Z" + W(c + o tanp)(1 — e 7//)]
+ bkgWa(ke/b + ky)Z" sin 0; cos 6;

21
LA n} + Gcosn

i

5 ! 111] + Gsinn tan 6;

-1 - .
ti+cp 111} + Gcosncotb; (6)
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FIGURE 4. Generation of soil particles in the initial state.

Therefore, the method shown in Fig. 4 was used to stack
the particles. The model was randomly filled with particles,
which were allowed to fall freely. The particle generation
process was then stopped, and the process was terminated.
Thus, stratified layers of static particles were produced, and
a sufficient number of particles were generated to attain the
predetermined soil thickness.

A simplified 3D model of the serpentine robot was con-
structed, which does not include the small components that
link the segments, or the electric motor and transmission
devices. This model accounts for the degrees of freedom
of each joint and the mode of locomotion of the serpentine
robot in lunar soils. Furthermore, the model is fully sealed
against dust.

The serpentine robot consists of eight modules, and each
module may be subdivided into a body and steering joint. The
motions of the robot are driven by drivers at each joint. The
usable area at the rear of each module was reduced to prevent
inter-module collisions to maximize the range of rotation of
each joint. Continuous joints were used in the robot, and any
joint can be locked into an orthogonal angle (or some other
configuration) with the next joint to maximize the flexibility
of the simulation. The modules were designed as sealed boxes
to prevent intrusion by lunar dust particles, thus ensuring that
the robot is sealed against dust.

After the types, positions, and numbers of the joints
were defined in ADAMS, each joint was then controlled.
Based on the kinematic wave model for serpentine robots
(Equation 2-2), the horizontal steering functions of the seven
joints can be defined as follows:

On.1 = (pi/6)*SIN (pi*time)

On2 = (pi/6)*SIN (pi*time + pi/2)

On.3 = (pi/6)*SIN (pi*time + 5% pi/6)

Ona = (pi/6)*SIN (pi*time + T*pi/6)

Ons = (pi/6)*SIN (pi*time + 9*pi/6)

On.6 = (pi/6)*SIN (pi*time + 11*pi/6)

On.7 = (pi/6)*SIN (pi*time + 13*pi/6) @)

The parameters of the serpentine robot under these steering

functions are as follows: The mass, length, and width of each
module are 1.0189 kg, 200 m, and 100 mm, respectively,
and the kinematic wave amplitude of the serpentine robot
is « = /6. Fig. 5 shows the simulated motions of the
serpentine robot from 0-1.5 s when the angle between the
robot’s direction of advancement and inclination (henceforth

referred to as the advancement-inclination angle) is 0° and
the rotational angle of the robot is y = 0°.
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FIGURE 6. EDEM-ADAMS co-simulation.

After the EDEM-ADAMS co-simulation platform was
constructed, the EALink add-on was used to facilitate data
transfer between EDEM and ADAMS. EALink enables
bidirectionally-coupled computations between EDEM and
ADAMS, and the ADAMS-simulated motions of the serpen-
tine robot were thus obtained, as shown in Fig. 6.

It may be observed that the serpentine robot is lying on
the surface of the lunar soil layers, and that the bottom of the
robot is parallel to the lunar soil’s surface. The processes of
the coupled simulation are illustrated in Fig. 6b. Here, it is
shown that the soil particles will be continuously stacked
along the sides of the serpentine robot due to the angle of
inclination of the surface. Hence, the serpentine robot must
overcome very large soil friction forces to move in lunar
craters.

The parameters selected for this simulation experiment are
as follows: a lunar crater inclination of 45°, kinematic wave
amplitude of & = 7/6, and an advancement-inclination angle
of 0°. At the end of the simulation, the X and Y forces that
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FIGURE 7. Velocity curves of the two modules of the serpentine robot.
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FIGURE 8. Smoothed force curve.

acted on each module were plotted and compared with the
theoretical model.

As the soil particles are highly diverse, irregular in shape,
and countless in number, the computational workload in these
simulations is extremely large. The movements of the serpen-
tine robots must be significant in a short period of time to
ensure that the simulations can be completed in a reasonable
amount of time. Therefore, the periodicity of the motions of
the serpentine robot was set to 2 s. The velocity curves of the
two modules of the serpentine robot are shown in Fig. 7.

The tangential force curve of the second module will be
discussed below. The first 0.05 s of this curve were omitted
from the figure, as they simply correspond to the period
when the serpentine robot transitions from the “imported”
state to the initial state. As the particles move in an irregular
manner during the simulation, the force curves will exhibit
fluctuations in certain parts of the curve. The curve produced
by smoothing these fluctuations is shown in Fig. 8.

It is thus shown that the force acting on the module exhibits
a periodic pattern. In the following section, we will analyze
these patterns in detail by performing more simulations, and
by collecting the force data of each module.

IV. OPTIMIZING THE CONTROL STRATEGY

FOR SERPENTINE ROBOTS MOVING

IN LUNAR CRATERS

The motions of a serpentine robot on the surface of a lunar
crater will be affected by various factors, including the mate-
rials used to build the robot, its mode of locomotion, and its
external environment. Any change to the mode of locomotion
or motion of the serpentine robot will alter the amount of
energy it consumes. Changes in the surface’s angle of incli-
nation and flatness will also alter the external forces acting on
the serpentine robot. The lunar environment is very complex
and there are very few instances where the walls of a lunar
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FIGURE 9. Simulated gravity values.

TABLE 3. X and Z gravitational components.

Inclination of the X component of Z component of
lunar crater’s  gravity (m/s?) gravity (m/s?)

walls (°)

45 -1.156 1.156

50 -1.259 1.05

55 -1.4159 0.8175

60 -1.3393 0.93779

crater have been explored. Consequently, it is impossible to
confirm experimentally the conditions at which the serpentine
robot will exhibit maximal efficiency and minimal energy
use. Therefore, simulation analyses were performed to study
locomotion and control strategies for a serpentine robot mov-
ing along the walls of a lunar crater. The optimization analysis
was performed using three parameters: the inclination of
the lunar crater’s walls, and the robot’s crawling angle and
kinematic wave amplitude. Four scenarios were simulated
for each parameter, and we processed approximately 40,000
datasets to obtain the force curves and maximum force of the
six modules in each working scenario.

The parameters of the serpentine robot are as follows:
The mass of the serpentine robot = 1.0189 kg; inclination
of the crater wall = 45°; kinematic wave amplitude of the
robot, & = m/6; advancement-inclination angle = 0°. In this
section, these parameters are the reference parameters, and
the inclination of the crater’s walls was treated as the con-
trolled variable. Based on the lunar soil deposition model,
the direction of gravity was varied to simulate different crater-
wall inclinations; thus, we avoided having to rebuild the
lunar soil deposition model for each crater-wall inclination.
As shown in Fig. 9, the positive direction of the x-axis is the
direction of advancement of the head of the serpentine robot
in the initial state, and the positive direction of the z-axis
is the direction that is downwards and perpendicular to the
inclined plane. Gravity was defined as two components, and
the angle of inclination was varied by altering the values of
these components (see Table 3).

Fig. 11 illustrates the force diagrams of the serpentine robot
under the reference parameters. The robot is divided into six
modules: modules one and two are the front, modules three
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parameters. inclination is 55°.
and four are the middle, and modules five and six are the rear. module, whereas the maximum normal force occurs at the
The tangential and normal forces are detected respectively. sixth module (341.66 N at 0.525 s). These forces gradually
Here, we altered one of the variables while keeping the weakened after their respective maxima.
other variables unchanged from the reference parameters. Fig. 13 shows the force diagrams of the serpentine robot
The force diagrams of the serpentine robot when the crater- when the angle of inclination is 55°.
wall’s angle of inclination was 50° are shown in Fig. 12. Here, it is shown that the maximum tangential force
Based on the above data, the maximum (single module) (128.263 N at 0.765 s) occurs at the fourth module, whereas

tangential force (180.699 N at 0.645 s) occurs at the fourth the maximum normal force occurs at the sixth module
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FIGURE 14. Force diagrams of the serpentine robot when the angle of
inclination is 60°.

(364.469 N at 0.520 s). These forces then weakened after their
respective maxima were reached.

Fig. 14 shows the force diagrams of the serpentine robot
when the angle of inclination is 60°.

The data show that the maximum tangential force occurs at
the fourth module (120.179 N at 0.780 s), and the tangential
force on the second and third modules is slightly weaker than
the maximum tangential force. The maximum normal force
occurs at the sixth module (378.144 N at 0.615 s), and the
maximum forces on the fourth and fifth modules both reached
300 N. All these forces gradually weakened after reaching
their maxima.

The most important aspect of the effects of inclination
on the serpentine robot is the degree by which the angle of
inclination affects the robot. Here, we have performed simu-
lations with crater-wall inclinations of 45°, 50°, 55°, and 60°.
To reveal the degree by which the crater-wall’s inclination
affects the motions of the serpentine robot, we measured the
tangential and normal forces experienced by each module and
obtained the trends of these forces by processing the resulting
data. We then calculated the peaks and periodicity of the
friction experienced by the robot.

Thus, we calculated the maximum forces acting on the
serpentine robot when it is moving on a lunar crater’s walls.
In particular, the direction of the tangential force is identical
to the robot’s direction of advancement and equivalent to
the force provided by the driving system, which controls the
advancement of the robot. The normal force is perpendicular
to the robot’s direction of advancement, and it controls the
steering of the robot’s modules and maintains its snake-like
movement curve. In the data analysis, the signs only represent
the direction of the force and are independent of magnitude.
The driving force that should be possessed by the serpentine
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TABLE 4. Maximum force on a module at each angle of inclination.

Angle of

incﬁnation 457 507 55 60°
Tangential 145.1 180.6 1282 120.1
force/N 04 99 63 79
Normal 331.0 3416 3644 378.1
force/N 41 6 69 44
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FIGURE 15. Average maximum force on the robot at the four different
angles of inclination.

robot and its friction are forces of equal magnitude that act
in opposing directions. Table 4 shows the maximum forces
acting on the modules in each working scenario.

As the shape and movement of the particles are intrinsi-
cally irregular, the force maxima will show the maximum
force that the serpentine robot must withstand, but they do
not show the extent by which the motions of the robot are
affected by environmental parameters or the robot’s intrinsic
parameters. Hence, the average values were used to analyze
the effects of the experimental parameters and variables on
the motional characteristics of the robot. Fig. 15 shows the
averaged maximum force on the robot at each of the four
angles of inclination.

After investigating the effects of the angle of inclination
on the robot, we then examined how variations in the robot’s
crawling angle and kinematic wave amplitude affected the
robot. For the sake of brevity, we will only show the findings
derived from data analysis.

The crawling angle was varied while the other reference
parameters were maintained unchanged. In this analysis,
the direction along the oblique plane that maximizes the
incrementation of vertical height is defined as the reference
axis, and the crawling angle is 0° in this direction. The crawl-
ing angle is defined as the angle between the robot’s direc-
tion of advancement and the reference axis. In this section,
we analyzed scenarios where the crawling angle was 0°, 20°,
40°, and 60°. The simulation of each crawling angle is shown
in Fig. 16.

As a very large amount of data was collected, the force
diagrams of the serpentine robot are not shown here.
Table 5 shows the maximum force on singular modules at
each crawling angle.
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FIGURE 16. Simulation of different crawling angles.

TABLE 5. Maximum force on singular modules at each crawling angle.

Crawling
0° 20° 40° 60°
angle
Tangential  145.10 460.02 289.67 362.87
force/N 4 8 4 1
Normal 331.04 494.83 300.51 238.20
force/N 1 6 7 2

Module maximum force/N

do 6t % % 4 % & 0
Crawling angle/*

FIGURE 17. Average maximum force on the robot at the four different
crawling angles.

In these scenarios, the maximum friction encountered in
the tangential and normal directions was 460.028 N and
494.836 N, respectively.

We then processed the crawling angle dataset by excluding
the maximum and minimum single-module forces, and thus
obtained the maximum averaged force on the serpentine robot
at each crawling angle (see Fig. 17).

By analyzing the changes in force that accompanied each
stepwise increase in crawling angle, it was observed that
the magnitude of the tangential force increased by 76.07 N
(71.35% increase) when the crawling angle increased from
0° to 20°, and by further 60.46 N (33.1% increase) when the
crawling angle increased from 20° to 40°. As the tangential
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force increased by 136.55 N with the increase in the crawling
angle from 0° to 60°, the required maximum average tangen-
tial force increased by 22.75 N for each 10° increase in the
crawling angle.

By analyzing the normal forces on the robot, it may be
observed that the normal force increased by 18.23 N when
the crawling angle increased from 0° to 20° and decreased
by 128.07 N when the crawling angle increased from 20° to
40°. As the normal force decreased by 116.08 N with the
increase in the crawling angle from 0° to 60°, the required
maximum average normal force decreased by 19.35 N for
each 10° increase in the crawling angle.

When a living snake crawls on steep sandy slopes, it will
tend to use larger motions. Therefore, we chose the amplitude
of the kinematic wave as the third variable of the optimization
analysis. Here, we analyzed scenarios where o” was 30°, 40°,
50°, and 60°. The gait of the serpentine robot in each scenario
is shown in Fig. 18. By obtaining the tangential and normal
forces acting on each module, we may then obtain the changes
in force at each point in time.

The previously described approach was used to analyze the
effects of kinematic wave amplitude on the serpentine robot.
Table 6 shows the maximum force on a single module at each
kinematic wave amplitude.

In the four listed scenarios, the maximum friction in
the tangential and normal directions was 304.682 N and
512.924 N, respectively.

o) a'=50°

d) o' =60°

FIGURE 18. Gait of the serpentine robot at each kinematic wave
amplitude.

TABLE 6. Maximum force on a single module at each kinematic wave
amplitude.

Kinematic wave

. 30° 40° 50° 60°
amplitude
Tangential
145.104  173.940  181.660  304.682
force/N
Normal force/N 331.041  507.022  320.391 512.924
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FIGURE 19. Average maximum force on the serpentine robot at each
kinematic wave amplitude.

The dataset obtained by varying the kinematic wave ampli-
tude was processed to obtain the average maximum force
on the serpentine robot at each kinematic wave amplitude,
as shown in Fig. 19.

The motions of the serpentine robot were simulated in
a lunar crater environment with a specific kinematic wave
model. Approximately 40,000 sets of data were processed to
obtain the force diagram and maximum force of each module
in every scenario. The forces were divided into tangential
forces and normal forces, which are responsible for driving
and steering the robot, respectively. The effects associated
with the randomness of lunar soil distributions were also
considered during the simulation. The maximum forces on
the robot were analyzed to define the extreme limits of the
forces that the robot must withstand, whereas the average
forces on the serpentine robot were used to optimize the
locomotion strategy of the robot. Among the three aforemen-
tioned parameters (crater-wall inclination, crawling angle,
and kinematic wave amplitude), it was observed that the incli-
nation of the crater wall has the smallest effect on the motions
of the robot, and the effects associated with the crawling
angle and kinematic wave amplitude are much larger by
comparison. More specifically, the normal forces that steer
the robot are most significantly affected by the crawling
angle, and the tangential forces that drive the robot forward
are most significantly affected by the amplitude of the robot’s
kinematic wave. Hence, in a lunar crater, the movements of
the serpentine robot are much more strongly affected by the
lunar soil environment than the mass of the robot.

V. EXPERIMENTAL VALIDATION OF THE LOCOMOTIVE
FORCE OF THE SERPENTINE ROBOT

After establishing the dependencies of serpentine robot on the
three aforementioned parameters, we then created an under-
driven serpentine robot model and used an experimental sur-
face environment to validate the findings of the simulation
analysis. We chose to validate experimentally the effects of
crawling angle and kinematic wave amplitude, which were
observed to affect the serpentine robot significantly in the
simulation analysis. Three values were selected for each of
these parameters: the kinematic wave amplitude was varied
among 30°, 40°, and 60° whereas the crawling angle was
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FIGURE 20. Schematic diagram of the simulated lunar surface
environment.
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FIGURE 21. Dependence of the overall tangential force of the serpentine

robot on the crawling angle and kinematic wave amplitude in the
simulated lunar surface environment.

TABLE 7. Experimental results obtained with various crawling angles.

. Overall driving
Crawling angle

force/N
0° 91.23
20° 258.09
60° 324.59

varied among 0°, 20°, and 60°. A schematic diagram of this
simulation is shown in Fig. 20

In this figure, it is shown that an increase in gravitational
acceleration increased the number of tumbling lunar soil par-
ticles. During the data analysis, we only recorded the tangen-
tial force variations of the serpentine robot. The dependence
of the overall tangential force of the robot on the crawling
angle and kinematic wave amplitude is shown in Fig. 21.

By processing the data in this figure, we obtained
the average force on the robot at all instants, as shown
in Tables 7 and 8.

The driving force of the serpentine robot at different
crawling angles was measured using the method illustrated
in Fig. 22. In the first set of experiments, the dependence
of the driving force on the kinematic wave amplitude was
measured with a crawling angle of 0°. The dependence of the
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TABLE 8. Experimental results obtained with various kinematic wave

amplitudes.
Kinematic wave amplitude Overall driving force/N
0° 91.23
20° 165.07
60° 292.37
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FIGURE 22. Experiments with differentcrawling angles.

driving force on the crawling angle was obtained by increas-
ing the crawling angle in the other two sets of experiments.
When the crawling angle was large, the traction provided by
the counterweight at the front of the robot was insufficient for
the serpentine robot to move up the inclined plane. Therefore,
a leash was added to the center of the robot, and counter-
weights were added to either end of the robot until it could
move up the inclined plane. The masses of the counterweights
at this point were then recorded.

Three measurements were averaged in each experiment,
and the crawling angle of the serpentine robot was gradually
increased in successive experiments. The mass of the balanc-
ing counterweights (480 g) was subtracted from the results to
obtain the counterweight masses that represent the required
driving force for the serpentine robot to crawl up the inclined

plane, as shown in Table 9.

TABLE 9. Experiments with different crawling angles.

0° 30° 60°
ight in the fi
Counterweight mass in the first 1120 1210 1270
run/g
ioh .
Counterweight mass in the 1035 1190 1260
second run/g
Counterweight mass in the third
1175 1160 1350
run/g
Average mass/N 11.1 11.87 12.93
6.30 7.17 8.13

Driving force/N
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FIGURE 23. Schematic diagrams of the experiments performed with
different kinematic wave amplitudes.

TABLE 10. Experiments with different kinematic wave amplitudes.

First Secon Third
Fourth
set d set set
Counterweight mass in the
965 1060 1120 1245
first run/g
Counterweight mass in the
965 1085 1035 1210
second run/g
Counterweight mass in the
. 965 1060 1175 1160
third run/g
Average mass/N 9.65 10.68 11.1 12.05
Driving force/N 4.85 5.88 6.30 7.25

The counterweight mass required to move the serpen-
tine robot was then measured with different kinematic wave
amplitudes. First, a certain number of counterweights were
added to the front of the serpentine robot to balance the
robot on the inclined plane; the mass of these weights was
480 g. Schematic diagrams that describe the experiments with
different kinematic wave amplitudes are shown in Fig. 23.

Three measurements were averaged in each experiment.
The first measurement was performed on a serpentine robot
without a kinematic wave, and the amplitude of the kinematic
wave was gradually increased in successive experiments.
The weight of the balancing counterweights (480 g) was
subtracted from the results to obtain the counterweight mass
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that represents the magnitude of the driving force required by
the serpentine robot to crawl up the inclined plane, as shown
in Table 10.

In the above experiments, it is shown that increasing the
kinematic wave amplitude and crawling angle of the serpen-
tine robot makes it easier for the robot to stay on an inclined
surface. Although the effects of crawling angle on the driving
force were somewhat more pronounced in the experiment
than in the theoretical analysis, the conclusions derived from
the simulation analysis are, as a whole, consistent with those
derived from the experiment.

VI. CONCLUSION

In this study, we investigated the motional characteristics
of serpentine robots suitable for probing the walls of lunar
craters. The structure of the serpentine robot was designed
according to the characteristics of snakes, and we constructed
a kinematic model for the serpentine robot that accounts for
the lunar crater environment and the sinkage of the serpen-
tine robot in this environment. The overall structure of the
serpentine robot was simplified, and various lunar soil dis-
crete particle models were constructed. The kinematic wave
model was then employed on a co-simulation platform to
analyze the motional characteristics of the serpentine robot.
Thus, we analyzed the effects of the crater-wall’s angle of
inclination, and the robot’s crawling angle and kinematic
wave amplitude on the forces acting on the serpentine robot.
Finally, experiments were conducted to validate the findings
derived from the kinematic wave model and simulation anal-
ysis. The results of this study will serve as a useful reference
for lunar crater explorations in the future.
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