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A six-wheeled companion exploration robot with an adaptive climbing mechanism is proposed and
released for the complicated terrain environment of planetary exploration. Benefiting from its three-rocker-arm
structure, the robot can adapt to complex terrain with its six wheels in contact with the ground during locomotion,
which improves the stability of the robot. When the robot moves on the flat ground, it moves forward through
the rotation of the wheels. When it encounters obstacles in the process of moving forward, the front obstacle-
crossing wheels hold the obstacle, and the rocker arms on both sides rotate themselves with mechanical adaptivity
to drive the robot to climb and cross the obstacle like crab legs. Furthermore, a parameterized geometric model
is established to analyze the motion stability and the obstacle-crossing performance of the robot. To investigate
the feasibility and correctness of design theory and robot scheme, a group of design parameters of the robot are
determined. A prototype of the robot is developed, and the experiment results show that the robot can maintain
stability in rugged terrain environments and has a certain ability to surmount obstacles.

In the 21st century, planetary exploration has received more
and more attention (Ouyang et al., 2003). The United States
clearly put forward the plan of returning to the moon in
2019 (He, 2018), and the United States, China, and the
United Arab Emirates successively launched Mars probes in
July 2020 (Amiri et al., 2021). The cost of sending astronauts
to explore planets with harsh surface environments is rela-
tively high, and it is difficult to guarantee the safety of astro-
nauts’ lives. Planetary rovers are not only important tools to
replace astronauts in the field exploration of planet surfaces,
but they are also mobile platforms for scientific instruments
(Deng et al., 2008).

Planetary exploration requires the rovers to carry multi-
ple mission equipment and execute different tasks on compli-
cated unknown terrain. Using only one planetary rover to per-
form all tasks may face a high risk of robot failure and reduce
the working efficiency. A group of companion robots can re-
place the mother planetary rover to perform the exploration

task in areas with complex terrain and high exploration value,
which will greatly improve the exploration efficiency and re-
duce the failure risk of the mother planetary rover. Therefore,
it is of great value and significance to develop a companion
mobile robot, which has good mobility and a certain abil-
ity to overcome obstacles and adapt to complicated terrain,
to replace the mother planetary rover to perform exploration
tasks.

The current mobile robots can roughly be divided into
legged, tracked, and wheeled robots (Bruzzone and Quaglia,
2012). As companion robots, legged robots are too complex
for the mother planetary rover to control because of their rel-
atively complicated mechanical structures and control sys-
tems. Tracked robots always have large weight and high en-
ergy consumption, which make them inconvenient for the
mother planetary rover to carry, and they cannot perform
long-time exploration tasks. By contrast, wheeled robots are
best suited as companion robots due to their high energy ef-
ficiency and simple control system. But wheeled robots re-



quire some structural improvements to enhance their terrain
adaptability and capability to climb obstacles.

The six-wheeled planetary exploration robot with rocker-
bogie suspension is currently the most widely configured
and researched type due to its good obstacle-crossing abil-
ity and terrain adaptability. The rocker-bogie suspension was
first developed by JPL and was used on Sojourner (Weis-
bin et al.,, 1997), MER Mars Exploration Vehicle (Linde-
mann and Voorhees, 2006), the Perseverance Mars explo-
ration robot (Amiri et al., 2021), Jade Rabbit 2 (Zhang et
al., 2021), and Rocky (Volpe et al., 1997) series ground test
prototypes. Rocker-bogie suspension has a simple structure,
few components, and no elastic elements. It can balance the
loads between the six wheels of the robot and has the feature
of automatically adapting to topographic fluctuations, espe-
cially in soft terrain or terrain with small obstacles. However,
suspension structure generally has the disadvantage of cou-
pling and complex structure, and it increases the mass and
volume of the robot, which greatly increases the launch cost
of the planetary rover.

The four-wheeled planetary exploration robot has good
balance stability and mature theory, and its research and
application are also common. The four-wheeled planetary
robots generally cooperate with deformable chassis to im-
prove the terrain adaptability of the robots and to adjust the
size of the robots, for example, the Nomad (Zakrajsek et
al., 2005), the Scarab (Wettergreen et al., 2010), the SSR2K
(Kozma et al., 2007), the planetary wheel lunar rover devel-
oped by Harbin Institute of Technology (Gao, 2005), and the
metamorphic center four-wheel lunar rover (Yu, 2009). The
four-wheeled robot has a simpler structure and lower qual-
ity and energy consumption than a six-wheeled suspension
robot; yet its ability to overcome obstacles is too weak to be
used as a companion robot.

Five-wheeled robots combine the advantages of the sim-
plicity and lightness of four-wheeled robots and the flexi-
bility of six-wheeled robots in obstacle crossing, for exam-
ple, Micro5 developed by JAXA (Kubota et al., 2003) and
the five-wheel articulated lunar rover developed by Shanghai
Jiao Tong University (Liu, 2001a, b). The five-wheel robot
has a simpler structure than a suspension robot, which re-
duces the quality and energy consumption of the mechanical
system.

The wheel-legged robot combines the strong terrain adapt-
ability of the leg mobile mechanism with the high-speed
and high-efficiency performance of the wheel mobile mech-
anism and has a strong ability to overcome obstacles. Some
wheeled robots are equipped with additional legs connected
to the robot body, such as the Wheeleg robot (Lacagnina et
al., 2003), the Mantis (Bruzzone and Fanghella, 2014), and
the HyTro robot (Lu et al., 2013). According to the terrain
conditions, the legs and wheels of these robot can be used
alternatively, which makes the design concept of the robot
simple. The Sherpa (Cordes et al., 2011), Octopus (Lauria et
al., 2002), Chariot (Harrison et al., 2008), ATHLETE (Sun-

spiral et al., 2012), and the six-wheel-legged lunar robot (Yue
et al., 2019; Li et al., 2019) are robots that place wheels on
the leg links (usually at the ends of the legs). These robots
have multiple joints and wheels to ensure great adaptability
to uneven terrain. But the main drawback of these two types
of robots is that the degrees of freedom that the robot need
to be actuated independently are increased, which makes it
complex for the mother planetary rover to dispatch several
companion robots.

Locomotion with rotating legs or arms is a suitable so-
Iution for small-sized robots to reduce the complexity of
the control system while preserving good obstacle-climbing
ability, such as the Loper (Herbert et al., 2008), RHex (Al-
tendorfer et al., 2001), and ASGUARD (Waldron et al.,
2009). But robots with rotating legs are constantly subjected
to shocks and vibrations in the process of movement, which
is not conducive to them carrying mission equipment such as
cameras.

The EPL.Q robots (Quaglia and Nisi, 2015; Quaglia et al.,
2011; Oderio and Quaglia, 2009) and a passive underactua-
tion technique suggested by Carl A. Nelson (Nelson, 2012)
proposed a planetary gear train for obstacle overcoming in
wheeled robots. Using planetary gear trains with 1 input de-
gree of freedom and 2 output degrees of freedom, the robots
can switch from a wheel locomotion to a leg locomotion de-
pending on the dynamic conditions. The legs can rotate inde-
pendently to climb obstacles, while on flat ground only the
wheels are active, which simplifies the control and sensing
system of the robots.

Inspired by the above research, especially the six-wheeled
rocker-bogie-type rovers and the robots with rotating legs,
and combined with China’s future exploration requirements,
a small three-rocker-arm six-wheeled robot with adaptive
obstacle-crossing capability, independent of complex percep-
tion and control, was proposed to perform exploration tasks
instead of the mother planetary rover. Compared to other
mobile robots, it has the advantages of high working effi-
ciency, stable motion, and simple control system. Relying on
its three-rocker-arm structure, the robot has strong adaptabil-
ity to complex terrain and can climb over irregular obsta-
cles by flipping the adaptive climbing rocker arms, which has
broad application prospects in short-term small-range plane-
tary exploration.

The rest of the paper is arranged as follows. Section 2
introduces the composition and structure of the proposed
mobile robot. Then, Sect. 3 performed the analysis of the
robot’s terrain adaptability and obstacle-crossing ability. And
in Sect. 4, a prototype of the proposed robot is developed and
presented, leading to field tests verifying the feasibility, ma-
neuverability, and obstacle-crossing performance of the pro-
posed mobile robot.



The purpose of this study is to develop a small self-adaptive
obstacle-crossing robot that accompanies the large-scale
planetary rover to perform various exploration tasks, as illus-
trated in Fig. 1. The potential role of the micro robot includes
road pioneer, map builder, and swarm collaborative robots
for complicated missions. Different from large exploration
vehicles for carrying all the facilities to perform all kinds
of challenging tasks, a companion robot is more compact
and lighter. Our goal is to design a portable mini compan-
ion robot, whose size is about 600 mm x 450 mm x 150 mm,
with a simple mechanical structure and control system for
securing reliability. This robot has the following characteris-
tics:

1. Light weight. The total weight of the robot is less
than 10 kg, with some extra weight from typical associ-
ated exploration devices, such as cameras, microphones,
wireless communication devices, and additional task-
oriented sensors.

2. High maneuverability. The robot can move in the un-
structured environment of the planet surface and can
climb vertical obstacles of 80 mm height; the robot can
pivot around a vertical axis on flat grounds to avoid
complex maneuvers with backward motion in narrow
spaces.

3. Stable motion. The robot has the ability of vibration-
free movement in the unstructured environment charac-
terized by uneven terrain and irregular obstacles and can
maintain the stability of the camera and the exploration
devices.

4. Network communication capabilities. The robot can
form a robot community with the parent vehicle and
other child vehicles to perform exploration tasks in co-
ordination.

5. Automatic return for energy recharge. After the robot
goes out to perform tasks, it can build a map and return
to the parent vehicle to charge and replenish energy.

According to the above design requirements, a self-adaptive
obstacle-crossing six-wheeled robot is designed. As shown
in Fig. 2, the robot consists of a two-wheeled rear body and
a four-wheeled front body with two adaptive climbing rocker
arms. The front body and the rear body are used as carriers to
accommodate modules such as motors, batteries, and control
plate. To improve the self-adaption of six wheels to terrain,
the rear body is connected to the front body with a rotation

axis; thus the rear body can act as a rocker arm relative to the
front body. Two sets of adaptive climbing rocker arms for ob-
stacle crossing are symmetrically mounted to the front body,
and on each of them there are two obstacle-crossing wheels.
The rear body and the two adaptive climbing rocker arms on
both sides compose the three rocker arms of the robot. They
can rotate freely and passively relative to the front body so
as to keep the wheels of the robot in contact with the ground,
which enhances the terrain adaptability of the robot.

Unlike classic rocker bogie structures, which are mainly
used to improve the terrain adaptability of the robot, the
adaptive climbing rocker arms of the proposed robot can also
enhance the obstacle-crossing ability of the robot by turn-
ing. As illustrated in Fig. 3a, the adaptive climbing rocker
arm is comprised of a parallel-axis gear train and a plane-
tary epicyclic gear train. The parallel-axis gear train contains
a motor gear, a primary gear, and a secondary gear and is
driven by a DC motor. Because a large torque is in need for
the adaptive climbing rocker arm to overturn and cross obsta-
cles, the primary gear and secondary gear in the parallel-axis
gear train are used to increase the torque output of the motor.
The planetary epicyclic gear train are accommodated in the
adaptive climbing rocker arm, which is regarded as the plan-
etary gear frame, and two obstacle-crossing wheels are fixed
on the wheel shafts on both ends of the rocker arm. Figure 3b
shows the schematic diagram of the gear transmission in the
adaptive climbing rocker arm. It can be seen that the sec-
ondary gear (gear 3 in Fig. 3b) of the parallel-axis gear train
and the sun gear (gear 3’ in Fig. 3b) of the epicyclic gear train
rotate synchronously and share the same shaft. The rocker
planetary epicyclic gear train is used to increase the speed
of the obstacle-crossing wheels when the robot moves on the
flat ground and is composed of a sun gear, a planetary frame,
and four planetary gears and a wheel shaft on each side. And
the transmission ratio between the wheel shaft and the sun
gear, denoted as i73, is set to 3.8.

The rocker arms on both sides of the robot and the rear
body can rotate freely relative to the front body, which to-
gether constitute the three-rocker-arm structure of the robot.
As shown in Fig. 4, relying on its three-rocker-arm structure,
the robot can adapt to different terrain and maintain all the
wheels in contact with the ground, so as to improve the sta-
bility and obstacle-crossing capability of the robot.

Thanks to the adaptive climbing rocker arms, the robot can
climb over the obstacle like crab legs, as shown in Fig. 5.
It generally takes six steps. When the robot moves on the
flat ground, the adaptive climbing rocker arms do not turn
over (see Fig. 5a). After the front obstacle-crossing wheels
encounter the obstacle and are blocked by the friction with
the obstacle vertical surface, a large torque will exert on the
climbing rocker arms by the sun gear, which will rotate the
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Figure 2. The mechanical structure of the self-adaptive obstacle-crossing six-wheeled robot.

climbing rocker arms and push the robot to climb the ob-
stacles like crab legs (see Fig. 5b). When the rear obstacle-
crossing wheels hit the edge of the obstacle (see Fig. 5c),
the adaptive climbing rocker arms continue to turn over and
lift the body, with the tail walking wheels pushing the robot
forward (see Fig. 5d). Subsequently, when the body of the
robot contacts the edge of the obstacle, the obstacle-crossing
wheels roll forward, raising the tail walking wheels (see
Fig. 5e) and pulling the whole robot until it climbs over the
obstacle (see Fig. 51).
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3 Modeling and analysis of robot locomotion
performance

3.1 Parameterized design model of the self-adaptive
obstacle-crossing six-wheeled robot

To better analyze the terrain adaptability and obstacle-
crossing performance of the robot, the geometric parameter
model of the robot is established. The main geometrical pa-
rameters of the robot are shown in Fig. 6. In the model, the
coordinate frame Ogy{Xo, Yo, Zo} is the fixed inertia frame,
01{X1,Y1, Z1} is the robot’s front body coordinate frame,
02{X>,Y2, Z3} is the robot’s rear body coordinate frame,
03{X3, Y3, Z3} is the left adaptive climbing rocker arm coor-
dinate frame, and O4{X4, Y4, Z4} is the right adaptive climb-
ing rocker arm coordinate frame. O is the intersection of the
centerline of the robot’s front body and the rotation axes of
the adaptive climbing rocker arms on both sides. O, is the

https://doi.org/10.5194/ms-12-1115-2021
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Structure and transmission of the adaptive climbing rocker arm. (a) The composition of the adaptive climbing rocker arm and
(b) the gear transmission diagram in the adaptive climbing rocker arm.

The robot can adapt to different terrain and maintain all the wheels in contact with the ground, relying on its three-rocker-arm

structure.

intersection of the centerline of the robot’s body and the ro- dimension), 2d; is the thickness of the robot body, and L.
tation axes of the tail walking wheels on both sides. O3 is is the distance between the common centroid of the robot’s
the center of the left adaptive climbing rocker arm, and Oy is front and rear body and the origin O» of the coordinate frame
the center of the right adaptive climbing rocker arm. In ad- 02{X», Y2, Z>}. 6 and 6; are respectively the swing angles of
dition, the structure and geometric parameters of the robot the left and right adaptive climbing rocker arms, and 6 is the
are defined as shown in the figure, where B is the width of rotation angle of the rear body with respect to the coordinate
the robot, [ is the common length of the front and rear bod- frame O1{X1, Y1, Z1} in the X,—Y> plane. The structure pa-
ies, R is the radius of the adaptive climbing rocker arm, r rameters are collected in a vectoras [[ R r d; B]T, and the

is the radius of the wheels (all the wheels are of the same geometric variables are expressed in a vector as [0 6; 6’1]T.
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Figure 5. Obstacle crossing process of the robot.

Yo

Figure 6. Schematic diagram and geometrical parameters of the robot.

3.2 Kinematical model of the centroid for robot obstacle
overcoming

The change of the centroid position will affect the smooth-
ness and stability of the robot in motion and also directly
affect the energy consumption of the robot. The robot pro-
posed in this paper adopts a unique three-rocker-arm struc-
ture. In the process of robot motion, the adaptive rotation of
the rocker arm to the ground can not only equalize the contact

Mech. Sci., 12, 1115-1136, 2021
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(0

force between the ground and the wheels, but also reduce the
influence of single wheel fluctuation on the position of the
centroid

In this section, the centroid kinematics model of the
robot is established to analyze the robot’s adaptive mo-
tion and obstacle-crossing process. Referring to Fig. 6,
the rotation matrix of the robot’s front body coordinate
frame O({X1, Y1, Z;} relative to the fixed coordinate frame

https://doi.org/10.5194/ms-12-1115-2021



00{Xo, Yo, Zp} is (Liu, 2018)

RPY (B, a,y) =Rot(y, B)Rot(z,ax)Rot(x, y)

cacB  sBsy —cBeysa  cysB+cBsasy
= so cacy —casy .
—casB  cBsy +cysBsa  cBcy —sPsasy

In Eq. (1), @, B, and y are, respectively, the pitch angle,
steering angle, and roll angle of the robot. In this equation, ¢
stands for the cosine function, and s stands for the sine func-
tion; the same notation is used for the rest of the equations.
Let the coordinate of O; in the fixed coordinate frame be
(a, b, ¢). The transformation matrix of the robot coordinate
frame O{X1, Y1, Z;} relative to the fixed coordinate frame
O0{Xo, Yo, Zo} can be obtained in the homogeneous trans-
formation matrix form as

cacff  sPBsy —cBcysa  cysB+cBsasy a
07, — sa cacy —casy b )
L=V —casp cBsy +cysBsa cBcy —sBsasy c¢ |
0 0 0 1

Further, the transformation matrix of the rear body and the
two adaptive climbing rocker arms with respect to the robot
coordinate frame O1{X1, Y1, Z1} can be written as

1 0 0 -1
. | O ¢t —s6¢ O
Ty = 0 s6 cb 0 @)
| 0 0 0 1
for the rear body,
[ 6, —s6, 0 0
I | s6 ¢t 0 0
=109 o 1 —Bp “)
. 0 0 0 1

for the left adaptive climbing rocker arm, and

co, —s6, 0 O

e | 86 ¢ 0 0O
Ta=1 v 0o 1 B /2 3)

0o 0 0 1

for the right adaptive climbing rocker arm.

For the convenience of analysis, assuming the centroid of
each part of the robot is in its geometric center, the expression
of the centroid of the whole robot in the robot coordinate
frame O({X1, Y1, Z1} is as follows:

m%pl +m%pr+m%pl +m§plw +méprw
m

1Py =

(6)

In Eq. (6), m1, my, and m3 represent the total mass of the
robot’s front and rear body, the mass of the adaptive climbing
rocker arm, and the mass of the wheel, respectively. m repre-
sents the mass of the whole robot, and m = m +2my +2m3.
1 )28 1 Prs 1 )28 1 Piw-and 1 P are, respectively, the coordinate

vectors of the common centroid of the robot’s front body and
rear body, the centroids of the adaptive climbing rocker arms,
and the centroids of the tail walking wheels in the robot co-
ordinate frame O1{X1, Y1, Z1}. ' pi, ' pip» ' Pop» and ! p,, are
the vectors of centroids of the obstacle-crossing wheels. And
referring to Fig. 6, there are

1p1=[L—l 0 0 1]T, 0
‘Tgp1 [0 -B/2 1], (8)
'p,="Tip, = [0 o B2 1], 9)

1p1w= Topw=[ —1 Bs6y/2 —Bety/2 1],  (10)
"Pow="Tip=[ = —Bsty/2 Bety/2 1], (1)

'pie="Tipy=[ Retr Rst —B/2 1], (12)
"pp="Tip,=[ —Rct —Rstp —B/2 1], (13)
"pi="Tips=[ Reb Rs6: B/2 1], (14)
"p="Tip,=[ —Re6: —Rs6, B/2 1]". (15

By substituting Egs. (7) to (11) into Eq. (6), the vector of the
centroid of the whole robot with respect to the robot coordi-
nate frame O1{X1, Y1, Z;} can be obtained as

T
Ip _ (Le—1)—2m3l
Po=[ miebml g g g ] (16)

Hence, the robot’s center of mass coordinate in the fixed co-
ordinate frame Og{Xg, Yo, Zo} is

Opy=°TlpP
cacﬂ(ml(Lc—l) 2mgl)+ OXO
sa(ml(Lc_l) 2m3l) +b _ Oyo (17)
—casﬁ(ml(Lc—l) 2m3l)+c - OZO .
1 1

In the same way, the coordinates y of other parts of the robot
in fixed coordinate frame Og{ Xy, Yo, Zo} can be obtained as
follows:

Oyrf Rcbisa + RsO.cacy — w +b

0y —RcOsa — Rsbrcacy — chy +b

Oy | RcOsa + Rsbcacy + ”“y +b (18)
e | 7| —RcOsa— RsOjcacy + B““y +b |

Oylw —Iso + Bs(ﬁcacy + BCchasy +b

Oyrw —lso — BsOtcacy BCchasy +b

In the process of movement, the change of steering angle has
little effect on the position of the robot’s centroid in the ver-
tical direction. By ignoring the steering angle 8 and solving
Egs. (17) and (18), the relationship between the pitch angle
a, roll angle y, the position change of the robot’s centroid
in the coordinate frame Og{Xo, Yo, Zo}, and the six wheels’
positions in the process of movement can be obtained:

0 0 0 0 0 0
+ + + +
o — arcsin <( Yrf Yrr4l Vit y1r) _ ( Yiw = yrw) > . (19)




0 0y \_ (0y. .0
y = arcsin <( e+ yer)Ba(x i yn)) , (20)

Le—1)—2m3l 1w +°
OyO:<(m1( c ) m3)—|—l>sa+( Yiw )’rw)’ (21)
m 2
~2Rchisa — 2RsOcacy =y —yi, (22)
(Oyrf + O}’rr + OYlf + Oylr)
b= I . (23)

Depending on its three-rocker-arm structure, the robot can
adapt itself to irregular terrain, keep its motion smooth, and
reduce the fluctuation of the robot’s centroid. When a sin-
gle wheel crosses the obstacle, the other wheels can remain
in contact with the ground. In this section, to analyze the in-
fluence of the three-rocker-arm structure on the terrain adapt-
ability of the robot, changes in the pitch angle, roll angle, and
centroid height of the robot are calculated when each wheel
passes over a right triangle obstacle in turn unilaterally or
bilaterally, as shown in Fig. 7.

In the proposed design, the geometric design parameters
of the robot are / =400mm, B =355mm, R =105mm,
r=77.5mm, m| = 6.4kg, mp, = 1.6kg, m3 =0.55kg, and
L. = 21/3. Substituting these parameters into Egs. (19), (20),
and (21), the curve of the robot’s pitch angle «, roll angle
v, and centroid height ®yo changing with time is shown in
Fig. 8, in which case the robot crosses the obstacle unilater-
ally or bilaterally, and it is assumed that each wheel of the
robot rotates at a constant speed 10 mm/s, and the maximum
height of the obstacle is 97 mm. It can be seen from Fig. 8
that although the height of the obstacle is 97 mm, the max-
imum increase in robot’s centroid is only 56 mm when the
robot crosses the obstacle on both sides and 28 mm when
the robot crosses the obstacle on one side. So, whether the
robot crosses obstacles unilaterally or bilaterally, the three-
rocker-arm structure can effectively reduce the fluctuation
of the height of the robot’s centroid. And due to the three-
rocker-arm structure, the maximum pitch angle when the
robot crosses obstacles unilaterally is only 5.7°, which is al-
most only half of that (11.57°) when the robot crosses obsta-
cles bilaterally.

Further, assuming the initial coordinate b of robot coor-
dinate frame O{X1, Y1, Z,} relative to the fixed coordinate
system Oo{Xo, Yo, Zo} is bg = r, the curves of the height of
the robot’s centroid relative to initial position ®yg —bo chang-
ing with the height of the obstacle are shown in Fig. 9a,
and the curves of the robot’s pitch angle o and roll angle
y are shown in Fig. 9b, for the case that the robot’s three
wheels on one side pass over the obstacle’s highest point
in turn. It can be seen from the figures that when the robot
is crossing the obstacle, the influences of the front and rear
obstacle-crossing wheel on the height of the robot’s centroid
are equivalent. When the front and rear obstacle-crossing
wheels cross the obstacle, the centroid of the robot only rises

by 0.175 mm when the obstacle rises by 1 mm; when the tail
walking wheel surmounts the obstacle, the centroid only rises
by 0.15 mm when the obstacle rises by 1 mm. The influences
of the front and rear obstacle-crossing wheels on the pitch
angle and roll angle of the robot are equivalent, and the tail
walking wheel has no effect on the roll angle of the robot.

According to the above results, we can see that the three-
rocker-arm structure can indeed reduce the fluctuation of the
robot’s center of mass and pitch angle in the process of mo-
tion, which improves the terrain adaptability and motion sta-
bility of the robot.

To analyze the influence of the three-rocker-arm structure on
the obstacle-crossing stability of the robot, changes in the
pitch angle and roll angle of the robot are calculated in this
section when the robot climbs over the obstacle unilaterally
and bilaterally. Figure 10 shows an obstacle-crossing config-
uration of the robot; after bumping into the obstacle, the robot
turns over the left adaptive climbing rocker arm and raises the
left rear obstacle-crossing wheel, while the other five wheels
keep in contact with the ground. In this configuration, it has

Oyt =y =Oyp =Oys =Oyy = 1. (24)

Substituting Eq. (24) into Egs. (19), (20), and (22) yields

Alsa+r =y,
2Bcasy +r = 0y1r (25)
—2RcOisa —2RsOcacy +r =y,

As shown in Fig. 11, after the left rear obstacle-crossing
wheel is on the surface of the obstacle (see Fig. 11a), the
adaptive climbing rocker arm will continue to turn and lift
the front obstacle-crossing wheel (see Fig. 11b).

In Fig. 11b, the geometrical relationship between the robot
and the obstacle satisfies the following equations:

(26)

{ H+r= 0y1r
Oyrf = 0yrr = Oylw = Oyrw =r.

Substituting Eq. (26) into Egs. (19), (20), and (22) leads to

4lsa ="y +H —r
2Bcasy =yi+ H —r @
2RcOsa 4 2RsOcacy + H +r =y,

The height of the obstacle is assumed to be 80 mm. Substi-
tuting the robot’s geometrical parameters into Eqgs. (25) and
(27) and solving them by using MATLAB, the curve of the
pitch angle « and the roll angle y changing with the swing
angle 6 of the left adaptive climbing rocker arm can be ob-
tained. In the same way, we can get the curve of the robot’s
pitch angle and roll angle changing with the swing angle of
the adaptive climbing rocker arms when the robot climbs the



Ao=o e

The three wheels on the left side of the robot cross the uneven ground in turn.

_h (mm) angle (°)

240 120
front obstacle wheel
rear obstacle wheel
220 r tail walking wheel
robot centroid (unilateral) 115
robot centroid (bilateral)
200 = == ="a (unilateral)
— = =5 (unilateral)
a (bilateral) 110
180 F = = = ' (bilateral)
15
160 1
N
140 f R e e o g
120 o’ 5
100 | ¥
gp—y -10
80 ¢
I I I I L I I 15

0 10 20 30 40
t(s)
The curve of pitch angle «, roll angle y, and centroid

height 9% changing with time when the robot crosses the obstacle
unilaterally or bilaterally.

obstacle bilaterally. Figure 12 shows the curves of the pitch
angle o and the roll angle y changing with the swing angle
of the adaptive climbing rocker arm.

It can be seen from Fig. 12 that when the robot crosses the
obstacle unilaterally, its pitch angle and roll angle first in-
crease and then decrease after contacting the obstacle. When
the rear obstacle-crossing wheel of the robot reaches the edge
of the obstacle, the adaptive climbing rocker arm continues to
overturn and prop up the robot, so that the pitch angle and roll
angle of the robot continue to increase. The maximum pitch
angle is 12.4°, and the maximum roll angle is 30°. When the
robot crosses the obstacle bilaterally, the pitch angle changes
approximately twice as much as that on one side, and the
maximum value is 27.5°, while the roll angle remains at 0. It
can be seen that the three-rocker-arm structure of the robot
can slow down the changes of the robot’s pitch angle when
the robot crosses the obstacle unilaterally and keep the robot
moving smoothly.

The following two conditions must be satisfied for the robot
to climb obstacles successfully:

1. When the robot contacts the obstacle, the adaptive
climbing rocker arm can flip and lift the robot’s body.

2. When the body of the robot contacts the edge of the ob-
stacle, the adaptive climbing rocker arms can continue
to turn over and pull the robot to climb over the obstacle.

To analyze condition (1), the static condition of the robot
in the obstacle-crossing phase (b) is shown in Fig. 13.

Based on the analysis of the static condition of the robot
in the obstacle-crossing phase (b), the following formulas are
deduced:

Na= f1+ f3

fr+ N1+ N3 ="3E 4 m3g +mag

T+ w +maglca+ f3(r +1sa)
= N3lca

fir +Rs (@ —a))+ NiRc(0 —a)
Ffr(r+Re®—a) =T +NaRs (6 —a).

(28)

Among them, N; represents the supporting force of the ob-
stacle on the front walking wheel, N1 and N3 represent the
supporting force of the ground against the front obstacle-
crossing wheel and the tail walking wheel respectively, f>
represents the friction force of the obstacle on the front walk-
ing wheel, f] and f3 represent the friction force of the ground
against the front obstacle-crossing wheel and the tail walk-
ing wheel respectively, and T is the torque of the center gear
shaft of the adaptive climbing rocker arm. And the same no-
tation is used in the rest of the equations.

The first and second lines of Eq. (28) represent the static
conditions of the robot in the horizontal and vertical direc-
tions respectively. The third and fourth lines represent the
torque of the adaptive climbing rocker arm’s central gear
shaft acting on the robot’s body and the adaptive climb-
ing rocker arm respectively. The same implications are also
used in Eq. (38). According to Fig. 3b, the relationship be-
tween the friction torque of the obstacle-crossing wheel and
the torque of the central gear shaft of the adaptive climbing
rocker arm is

(fi+ fri;z=T. (29)

And for the case shown in Fig. 13, the geometrical relation-
ship between the robot and the obstacle satisfies the follow-
ing equation:

Rsin(f —a) =Isina. 30)

It is assumed that the sliding friction coefficient between the
wheel and the ground is p. If the tail walking wheels can
also lift the robot’s body under the condition of sliding fric-
tion, the body can also be lifted when the pressure on the
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The robot turns over the left adaptive climbing rocker arm after resisting the obstacle.
. . . .. mig(l— L¢)ca
tail walking wheel is large enough. Therefore, it is assumed Ay=—">——"" L m3glca, (33)
that the robot’s tail walking wheels are rotating relative to 2
the ground, and the friction force on the walking wheel is and
By solving Egs. (28) to (30), the torque of the adaptive (lea — plso — pur) (l - %)
Az = (34)

climbing rocker arm’s central gear shaft can be obtained as

Al — A
T=—-, (31)
1+ Aj
where
mg
= +m3g+m lcoa — plso — ur
A1=(2 38 +mag)( I M)’ 32)

(1+ ptan(® — o))

R(c(®—a)+us@ —a))

Figure 14 shows the variation of 7 with the pitch angle «,
where the coefficient of friction & = 0.3. It can be seen from
the result that with the increase of the pitch angle, 7' gradu-
ally decreases, and the curve represents the minimum output
torque of the central gear shaft during the adaptive climbing
rocker arm rotation process. As long as the output torque 7'
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of the central gear shaft is greater than the curve, the robot
satisfies the condition (1).

Condition (2) should be analyzed from two aspects: ge-
ometrics and statics. When the robot’s main body collides
with the edge of the obstacle, the robot will continue to turn
over the adaptive climbing rocker arms to prop up the body
because the movement is hindered. In geometrics, only if the
centroid of the robot is higher than the upper surface of the
obstacle and within the edge of the obstacle can the robot
climb up the obstacle, relying on the traction of the obstacle-
crossing wheels. In statics, the torque output by the adaptive
climbing rocker arm must be large enough to prop up the
robot, and the friction between the obstacle-crossing wheels
and the upper surface of the obstacle is enough to pull the
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robot to climb over the obstacle after the tail walking wheels
are off the ground.

To analyze the geometric condition, the geometric config-
uration of the robot at the critical state of the robot obstacle-
crossing phase (d) is shown in Fig. 15. And the geometric
condition can be summarized as follows:

(WLC;,M —H) sina + 32 > H
(gmgﬁzajzaa+4)cowx_($Q+H—r>

)

m tano

H > [lsina — R.

The first line of Eq. (35) represents that the centroid of the
robot is higher than the upper surface of the obstacle. The
second line represents that the centroid is within the edge
of the obstacle. The third line represents that the obstacle-
crossing wheels can touch the upper surface of the obstacle.
It can be seen that when the robot’s configuration satisfies the
condition in the first line, it must also satisfy the condition in
the second line. So, Eq. (35) can lead to two further functions
with respect to o:

L.—1)—2m3l
G1(a)=<(ml( ) m3)+l>sina
m
d
T (36)
COoSo
G, (o) =Isina — R, (37)

where G(«) > H and Gy(«) < H are the geometric condi-
tions of condition (2).

To analyze the static condition, the static condition of
the robot at the critical state of the robot obstacle-crossing
phase (d) is shown in Fig. 16. In this case, the centroid of
the robot has crossed the edge of the obstacle, and the tail
walking wheels of the robot are about to leave the ground.

Based on the analysis of the static condition of the robot
in the obstacle-crossing phase (b), the following formulas are

~ y
1
X, T
0 k
0 !
= > Ns
L
R "
mg me
“ 2 }’:
/i —— k S
)1}
H| mg —
0,
X 0 C )” mg
/3
The static condition of the robot in the obstacle-crossing
phase (d).
deduced:

Mge L 52— fi 4 f3
N1+ N3+ M558 = M8 4o omsg 4 4339
T+ w+m3glca+f3 (r +Isa) (38)
_ Nsk | fsd
_N3lca+%+%
fir+Rs(@ —a)+ NiRc(@ —a)=T.

In Eq. (38), N5 represents the support force of the obstacle
to the robot body, and f5 represents the friction force of the
edge of the obstacle to the robot body. k represents the dis-
tance from the contact point between the body of the robot
and the edge of the obstacle to the front of the body; that is

d
+H-—r
k=1—82 1 dtanc
sino
_ Rsin(@ —a)+r —djcosa

- (39)
sina

Referring to Fig. 16, the geometrical relationship between

the robot and the obstacle satisfies the following equation:

H+ Rsin(0 —a) =Isina(f —a > 0). 40)

According to Fig. 3b, the relationship between the friction
torque of the front obstacle-crossing wheel and the output
torque of the central gear shaft of the adaptive climbing
rocker arm can be obtained as

firinn=T. “41

Ignoring the friction between the body of the robot and the
obstacle can simplify the analysis; i.e. f5 =0. The torque
output by the central gear shaft of the adaptive climbing
rocker arms must be large enough to prop up the robot, and
the friction between the obstacle-crossing wheels and the up-
per surface of the obstacle is enough to pull the robot to climb
over the obstacle after the tail walking wheels are off the



ground. So, it is assumed that the obstacle-crossing wheels
roll purely on the surface of the obstacle, and N3 =0 and
f3 =0 at this time.

Solving Egs. (38) to (41), the relationship between the
height H of the obstacle and the pitch angle o of the
robot when it is at the critical state of the obstacle-crossing
phase (d) can be expressed as the following equation:

(nngl()cosoz +magl COSO()

)
———+H-r . .
(l — Losar +dtana — ri73 sma)

sino

(™48 +mag +m3g) v R2 — (Isina — H)?

- — - =0. (42)
(ri73+7'R_(lsm_H)—r—lsina+H)sina

tana

Only when the tail walking wheels are about to be released
from the ground and the pitch angle « and the height H of the
obstacle satisfy Eq. (42) can it be considered that the robot
can climb over the obstacle with height H. Otherwise, the
tail walking wheels of the robot cannot leave the ground.

The substitution of the geometric and mass parameters of
the robot into Egs. (36), (37), and (42) and the curves of
Gi(a), Ga(), and Eq. (42) changing with « are shown in
Fig. 17. In Fig. 17, between the red line and the blue line
is the area where the robot satisfies the geometric obstacle-
crossing conditions. The black line represents the critical
state where the robot satisfies Eq. (42). The shaded part rep-
resents the feasible region for the robot to cross obstacles
at different pitch angles. It can be seen from the figure that
when the pitch angle is o =21°, the maximum obstacle-
crossing height of the robot is 93 mm. Moreover, as long as
the robot satisfies Eq. (42) in the critical state, it must satisfy
the geometric conditions at the same time. And the maximum
obstacle height satisfying Eq. (42) is the maximum obstacle-
crossing height of the robot.

In addition, to analyze the influence of other geometric
parameters on the maximum obstacle-crossing height of the
robot, keep the quality of the robot unchanged, take R as
90, 105, and 120 mm respectively, and make the curves of
Eq. (42), as shown in Fig. 18a. Similarly, take [ as 350, 400,
and 450 mm, and take r as 72.5, 77.5, and 82.5 mm respec-
tively, and make the curves of Eq. (42), as shown in Fig. 18b
and c. It can be seen from the figure that increasing R, [, and
r can increase the maximum obstacle-crossing height of the
robot.

Based on the theoretical analysis presented above, using the
structure parameters obtained in Table 1 with some essential
adjustments required from mechanical component design, a
physical prototype of the proposed robot was developed as
shown in Fig. 19. The outer shell of the robot is machined
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Structure parameters of the proposed mobile robot.

Parameter Value Unit Parameter Value Unit
mi 64 kg I 400 mm

mo 1.6 kg R 105 mm

ms3 0.55 kg r 77.5 mm

dj 28 mm i3 3.8

b 355 mm

with hard aluminum alloy with a total mass of 10.7 kg. The
robot is powered by a 25.2 V battery and driven by four mo-
tors.

As shown in Fig. 20, the control system of the robot in-
cludes two controllers; one of them is a control board based
on STM32F767, and the high-level controller is the mother
robot or the ground workstation. The robot feeds back the
information from the camera and GPS to the workstation
and the parent robot. The ground workstation can send group
control commands to the mother robot or directly send con-
trol commands to the robot. After receiving the commands,
combined with the robot attitude measured by nine-axis sen-
sors MPU9250 and JY901, the attitude control system sends
speed commands to the motor.

The surface of the planet is mostly sand and irregular rock
terrain, which puts forward higher requirements for the ter-
rain adaptability and obstacle surmounting ability of the
robot. A video for the experiments is available in the Supple-
ment of this paper. In order to test the motion performance of
the robot in the environment similar to the planet’s surface,
as shown in Fig. 21, the motion stability of the robot is tested
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Figure 18. The influence of other geometric parameters on the maximum obstacle-crossing height of the robot.

Figure 19. Physical prototype of the proposed mobile robot.

Mech. Sci., 12, 1115-1136, 2021

on sand (see Fig. 21a), grass (see Fig. 21b), and slopes (see
Fig. 21c) respectively.

Figure 22 shows the curves of pitch angle and roll angle
as the robot moves on grassland, sand, and slopes. The pitch
angle and roll angle of the robot are recorded by the nine-axis
gyroscope JY901. It can be seen from the diagram that when
the robot moves on the grass (see Fig. 22a), the pitch angle
and roll angle fluctuate in a small range due to the three-
rocker-arm structure. However, when the robot moves on the
sand (see Fig. 22b) and climbs the slope (see Fig. 22c), due
to the existence of a large number of irregular obstacles, the
robot will constantly turn the adaptive climbing rocker arms,
which makes the pitch angle and roll angle fluctuate greatly.

In order to test the obstacle-crossing ability of the robot,
a series of obstacle-crossing experiments were carried out
on the robot. As shown in Fig. 23a, the experiment of the
robot climbing over the 80 mm high vertical obstacle bilater-
ally was carried out. Figure 23b shows the curves of the pitch
and roll angle of the robot as it climbs over the 80 mm ver-

https://doi.org/10.5194/ms-12-1115-2021
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tical obstacle. It can be seen from the figures that the pitch
angle of the robot increases first and then decreases when
the robot touches the obstacle. Afterwards, the rear obstacle-
crossing wheels of the robot lap onto the edge of the obstacle,
the adaptive climbing rocker arms continue to turn, and the
pitch angle continues to increase, with a maximum value of
about 24°. And because the robots cross the obstacle on both
sides, the roll angle of the robot fluctuates around 0°.

As shown in Fig. 24a, the experiment of the robot climbing
over the 80 mm high vertical obstacle unilaterally was carried
out. Figure 24b shows the curves of the pitch and roll angle of
the robot as it climbs over the 80 mm vertical obstacle unilat-
erally. From Fig. 24b, in the process of obstacle crossing, the
pitch angle and roll angle of the robot first increase, then de-
crease, and finally increase. The maximum value of the pitch
angle is about 12°, and that of the roll angle is about 22°.
The maximum pitch angle is only half of that (24°) when the
robot crosses the obstacle bilaterally, which shows that the
three-rocker-arm structure does reduce the change of pitch
angle when the robot crosses obstacles unilaterally.

In Figs. 23 and 24, the curves of pitch angle and roll an-
gle of the robot unilateral and bilateral obstacle crossing are
similar in shape to those of the simulation results in Fig. 12,
which shows that the kinematic analysis of the obstacle-
crossing process of the robot is in accordance with the actual
situation.

To verify the correctness of the simulation results in
Fig. 17, the experiment of the robot climbing over the 90 mm
high vertical obstacle bilaterally was carried out. It can be
seen from the figure that the robot can successfully climb

over the 90 mm high obstacle, which means that the results
in Fig. 17 have been basically validated.

Through the previous experiments, it can be seen that the
robot has a certain passing ability for grassland, sand, and
field slopes, which shows that the robot has good adaptabil-
ity to uneven terrain. And the robot can also climb over ver-
tical obstacles up to 90 mm by turning the adaptive climbing
rocker arms. Therefore, the proposed robot should be com-
petent for short-term and small-scale planetary exploration.

This paper proposed and developed a six-wheeled compan-
ion exploration robot with a self-adaptable obstacle-climbing
mechanism. The robot is divided into front and rear bod-
ies. The rear body and the adaptive climbing rocker arms on
both sides of the robot can rotate freely relative to the front
body, which together constitute the three-rocker-arm struc-
ture of the robot. Relying on the three-rocker-arm structure,
the robot can adapt to different planetary surface environ-
ments and can also climb obstacles by turning the adaptive
climbing rocker arms on both sides like crab legs.

The design requirements of the proposed robot were pre-
sented, and the mechanical design of the proposed robot
was formulated. Based on the geometric parameter model of
the robot, the terrain adaptivity and obstacle-crossing perfor-
mance of the robot were analyzed. Further, through geomet-
ric and static analysis, the conditions of robot to climb over
obstacles of different heights were obtained.

Based on the above design structure, an experimental pro-
totype was developed, and field tests were subsequently car-
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Figure 21. The experiment of the robot movement on sand, grass, and slopes respectively.

ried out to prove the design concept, feasibility, maneuver-
ability, and obstacle-crossing performance of the proposed
mobile robot. The test results indicate that the robot can adapt
to different terrain by its three-rocker-arm structure and keep
the body stable in motion. And by turning the adaptive climb-
ing rocker arms, the robot has the ability to climb over verti-
cal obstacles up to 90 mm high. The experimental results are
basically consistent with the previous analysis results, which
proves that the design concept of the robot is reasonable.
Further research will focus on the cooperative work with
the mother robot and other accompanying exploration robots.

Mech. Sci., 12, 1115-1136, 2021

According to this aim, one of the main issues is realizing the
feedback information process of the mother robot to the com-
panion robot. Moreover, how the mother robot gives further
instructions to the companion robot according to the feed-
back information is also currently an important research area.

https://doi.org/10.5194/ms-12-1115-2021
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Figure 22. The curves of pitch and roll angles as the robot moves on grassland, sand, and slopes.
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Figure 23. Experiment of the robot climbing 80 mm vertical obstacle bilaterally and the curves of the pitch and roll angle of the robot
obstacle crossing.
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Figure 24. Experiment of the robot climbing 80 mm vertical obstacle unilaterally and the curves of the pitch and roll angle of the robot
obstacle crossing.

Figure 25. Experiment of the robot climbing 90 mm vertical obstacle bilaterally.
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Geometrical parameters

B length between two wheels in the width direction

l length of the front and rear bodies

R radius of the adaptive climbing rocker arm

r radius of the wheels (all the wheels are of the same dimension)
6 swing angle of the left adaptive climbing rocker arm

0; swing angle of the right adaptive climbing rocker arm

Of rotation angle of rear body with respect to the coordinate frame O;{X1, Y1, Z} in the X,—Z> plane
o pitch angle of the robot

B steer angle of the robot

y roll angle of the robot

Mass parameters

mi total mass of the front and rear body

my mass of the adaptive climbing rocker arm

ms3 mass of the wheel

m overall mass of the robot and m = m| + 2my + 2m3

Coordinate parameters

00{Xo, Yo, Z9} fixed inertia frame

01{X1,Y1,Z,} robot’s front body coordinate frame

02{X»>,Y2,7Z>} robot’s rear body coordinate frame

03{X3,Y3,Z3} left adaptive climbing rocker arm coordinate frame
04{X4,Ys,Z4} right adaptive climbing rocker arm coordinate frame

o, transformation matrix of the robot coordinate frame O({X1, Y1, Z;} relative to the fixed
coordinate frame Oy{Xg, Yo, Zo}
I, transformation matrix of the rear body with respect to the robot coordinate frame O1{X1, Y1, Z1}
L transformation matrix of the left adaptive climbing rocker arm with respect to the robot
coordinate frame O{X1, Y1, Z}
I, transformation matrix of the right adaptive climbing rocker arm with respect to the
robot coordinate frame O{X1, Y1, Z1}
1 )2 vector of the common centroid of the front and rear body in the robot coordinate frame O{X1,Y1,21}
1 )2 vector of the centroid of the left adaptive climbing rocker arm in the robot coordinate frame O1{X1, Y1, Z1}
1 D vector of the centroid of the right adaptive climbing rocker arm in the robot coordinate frame O1{X1, Y1, Z1}
1 Diw vector of the centroid of the left tail walking wheel in the robot coordinate frame O1{X1, Y1, Z1}
1 Prw vector of the centroid of the right tail walking wheel in the robot coordinate frame O{X, Y1, Z1}
1 ) 2% vector of the centroid of the left front obstacle-crossing wheel in the robot coordinate frame O{X1, Y1, Z;}
1 Pi vector of the centroid of the left rear obstacle-crossing wheel in the robot coordinate frame O{X1, Y1, Z1}
1 Pet vector of the centroid of the right front obstacle-crossing wheel in the robot coordinate frame O{X1, Y1, Z1}
1 P vector of the centroid of the right rear obstacle-crossing wheel in the robot coordinate frame O1{X1, Y1, Z1}
Lp, vector of the centroid of the whole robot in the robot coordinate frame O{{X1, Y1, Z1}
op, vector of the centroid of the whole robot in the fixed coordinate frame Og{ Xy, Yo, Zo}
Static parameters
Ny supporting force of the ground on the left front obstacle-crossing wheel
Ny supporting force of the obstacle against the left front obstacle-crossing wheel
N3 supporting force of the ground on the left tail walking wheel
N5 supporting force of the obstacle on the robot body
fi friction force of the ground on the left front obstacle-crossing wheel
P friction force of the obstacle against the left front obstacle-crossing wheel
f3 friction force of the ground on the tail walking wheel
fs friction force of the edge of the obstacle on the robot body
T torque of the adaptive climbing rocker arm’s central gear shaft
i73 transmission ratio between wheel shaft 7 and sun gear 3 in Fig. 3b
mig gravity of the robot’s front and rear body
mog gravity of the robot’s left rocker arm

ms3g gravity of the robot’s left tail walking wheel
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