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ABSTRACT

In this paper, we discuss free-climbing gaits on sloped ter-
rains based on tumble stability margin and manipulability
in a quantitative way. The tumble stability margin consid-
ers a tumbling moment according to forces and moments
acting on a robot with legs, and the manipulability consid-
ers the movements of the legs. Considering these param-
eters, we propose a more suitable gait called hybrid gait
for slope walking. Hybrid gait increases the tumble sta-
bility margin by shifting the main body of the robot to im-
prove stability during slope walking. To validate the pro-
posed gait, we conducted numerical simulations and ex-
periments using a prototype robot. The result shows that
although the robot overturns during different gaits, such
as adaptive gait and sway compensation gait, it does not
tumble when using the hybrid gait on sloped terrain. Our
findings confirm that the proposed gait achieves the most
stable locomotion on slopes.

1 INTRODUCTION

Recently, the use of mobile robots for lunar and planetary
exploration has received attention because these robots
provide a possible means for conducting more challenging
missions. In particular, lunar lava tubes, including steep
cliff walls, have attracted a great deal of attention from
scientific interests and as a future habitat for humans [1].
Although NASA’s wheeled rovers have achieved robotic
exploration on the Martian surface, it is extremely difficult
for them to access areas like rock outcrops. For example,
the Mars Exploration Rover, Opportunity, tried to examine
layering in the rock outcrops of Victoria Crater, for these
stratified layers help us to understand the geologic history
of the site. Despite NASA’s efforts, Opportunity could
not access the layering and gave up deploying its scien-
tific instruments as the slopes were too steep [2]. Hence,
in order for a robot to access these kinds of complicated
environments, free-climbing capabilities on cliff walls are
required. As shown in Figure 1, we have proposed a free-
climbing robot moving on a cliff by gripping its surface for
robotic exploration [3]. NASA has also developed free-
climbing robots, and the latest model, LEMUR 3 [4], is a
quadruped robot with a microspine gripper on each leg. It
demonstrated free-climbing motion on natural cliff walls.

Figure 1 : Conceptual drawing of a free-climbing robot

In order for a free-climbing robot to maintain climb-
ing motion on a cliff face, gait control is necessary for
better stability. It is also important to evaluate the stability
of the robot on irregular terrains based on suitable stabil-
ity criteria. In the past, research on walking robot was
the standard for evaluating static stability and used the re-
lation between the support leg polygon, which is created
by connecting the points of the support leg touching the
ground, and the projected point of the center of gravity on
the ground. However, this standard does not consider ex-
ternal forces and moments acting on the robot, such as the
force of the gripper. In addition, the zero moment point
(ZMP) has been used for evaluating dynamic stability cri-
teria [5]. However, the concept of the ZMP targets walk-
ing on flat terrain; thus, it cannot be applied as a crite-
rion of dynamic stability on rough rocky terrain. To over-
come these issues, previous research has proposed tum-
ble stability, which considers the tumble direction of the
robot when all ground contact points, except two remain-
ing contact points, are hypothetically lost [6]. If a given
point among the ground contact points that have been hy-
pothetically lost can produce a support force to suppress
that tumble, the walking robot will not tumble. Although
the tumble stability margin is used as a criterion of tum-
ble stability and it can be used on rocky terrains, limited
research studies have taken advantage of the tumble sta-
bility margin in real robot experiments. Moreover, when
the legged robot walks, whether the robot can realize the
intended walking motion depends on the reachable area of
the leg. Hence, manipulability as a criterion of the reach-
able area should be taken into consideration.

In this study, we compare and analyze the tumble sta-
bility of various gaits based on the tumble stability margin



and manipulability. We then propose a more suitable gait
for slopped terrains. To validate the proposed gait, we
conducted numerical simulations and experiments using a
prototyped robot. Furthermore, appropriate leg link pa-
rameters for free-climbing are discussed, which will be an
effective benchmark for design optimization.

2 STABILITY MODEL OF QUADRUPED
ROBOT

A typical gait stability analysis of a walking robot is based
on the ZMP. This standard can be basically applied to a
walking robot on a horizontal surface. However, as the
ZMP does not target walking on irregular terrain, one is
required to use a standard for evaluating dynamic stability
on rocky terrain. In addition, the free-climbing robot re-
quires a specialized gripper to tightly hold the terrain sur-
face, whereas most walking robots simply equip frictional
spheres or circular plates on their leg tips. The walking
criterion including the gripper effects is therefore neces-
sary for the free-climbing.

This section first introduces the concept of tumble sta-
bility and its standard called tumble stability margin. We
also describe the manipulability of a legged robot.

2.1 Tumble Stability Margin

In this study, we focus on the static walking of a legged
robot. From the view of lunar and planetary exploration,
a reliable robot is necessary in unknown or uncertain en-
vironments. Hence, we discuss static walking when the
static stability of a robot is always maintained. In this
regard, however, an inertial force acts on the robot even
when the robot walks statically. Accordingly, in this study,
we evaluate the dynamic stability of the robot during static
walking. Furthermore, a four-legged robot has the mini-
mum number of legs required for static walking. In terms
of mission cost for lunar and planetary exploration, it is
desirable for the payload of the rocket to be as light as
possible. We therefore analyze static walking for a four-
legged robot.

This study adopts the tumble stability margin ( T's )
as the criterion of tumble stability, which can be used in
rough terrain and includes dynamic effects and the grip-
ping force of the gripper. Here, we introduce T'g,,. First,
we calculate the sums of forces F, and moments M, re-
quired for acceleration and deceleration of all parts of the
robot. Assuming that the walking robot is a mass concen-
tration system of the L links, with each mass being m; and
each position vector being ¢;, F, and M, are expressed as
follows.

L
F, =) mi, (D
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Figure 2 : Conceptual diagram of tumble stability margin

L
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The forces acting on the walking robot are gravity, re-
action forces from the ground surface, and other external
forces. Let Fg and Mg be a force and moment totaling
the gravity acting on each link, and Fy, M, be a force
and moment totaling the other external forces except the
contact force from the ground. As shown in Figure 2, from
the equilibrium of the forces, the reaction force F and mo-
ment M that should be obtained from the ground surface
can be expressed as follows.

F=F,-F;-F, 3)

M=M,-M;-M, 4

Here, if the coordinate system is the inertia coordinate
system, we define the ground touching point as P,, P,
-+, Py, and the position vector to the ground touching
point as pi, p2, -+, Pu- Among these, the moment M,
around the line segment connecting two arbitrary ground
touching points P,, P}, can be calculated from F and M.

First, F is the translational force working on the ori-
gin of the coordinate system. The moment M,z around
the ground touching point P, which is given by this trans-
lational force, is expressed as follows.

Mz =F xp, 5)

The magnitude of this moment around the line segment
connecting the points touching the ground P,, P} is given
as follows.

(pa _pb)
Mabf:MbF.m (6)

Next, M is the moment around the origin of the coor-
dinate system. The magnitude of this moment around the
line segment connecting the points touching the ground
P,, Py is given as follows.

— (P, — D)

M : (7
|pu - pb|

abM —



Consequently, from Eq. (6) and Eq. (7), the moment M,
around the line segment connecting two arbitrary points
touching the ground P,, P; is expressed as follows.

- — X
P =Py 7 PoXPd)
P, = sl P, = Pyl

Here, it is assumed that the ground-touching points P,, P
have not lifted up and that the moment M, is not zero
when more than two points are touching the ground. In
this condition, if the direction in which the tumbling oc-
curs is actually supported by that point, then the walking
robot does not tumble so long as the moment is in the di-
rection of one of the points touching the ground.

Here, we introduce tumble stability, which takes into
consideration the gripping force of the gripper. Let the
gripping force of the gripper holding the contact point j
be F;. Then, the moment generated from the gripping
force that acts around the tumble axis can be expressed as
follows.

Mabzﬁ'

®)

(P - p)) % (Pa - P))
|pa _ph|

By considering this moment, we can express the moment
working on the robot with a gripper (the free-climbing
robot) around the line segment connecting two arbitrary
ground-touching points P, and Pp.

- — X
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By evaluating the moment M, on Eq. (10), it is possible
to discriminate the tumble stability considering the grip-
ping performance.

Furthermore, let n be the number of legs, and calcu-
late the moment M, for all combinations of a = 1 to n,
b = 1to n, where a # b. When all the determined tum-
ble moments are cancelled by the remaining support legs,
the minimum absolute value of the moment M, can be
calculated. Thus, the tumble stability margin is defined
as the value at which this value is further divided by the
weight of the walking robot [6]. The tumble stability mar-
gin ( Tsp) can be expressed as follows.

Mja, = F; -

®

Mab:M

- My, (10)

Tyy = o0l Ml an
mg
If the tumble stability is not satisfied, the tumble stabil-
ity margin is set to zero. By dividing min| M| by the
weight of the robot, the unit of the tumble stability margin
becomes the dimension of length. Moreover, when the
robot walks on a horizontal surface, this standard shows
the same value as the ZMP. Thus, Ty, has continuity
with the conventional standard for evaluating dynamic sta-
bility using the ZMP.
Using the tumble stability margin, it is possible to
evaluate the dynamic stability of the walking robot on
rough surfaces in a quantitative way.
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Joint 1 Joint 2

Figure 3 : Kinematic definition of targeted robot

2.2 Manipulability

Manipulability is a criterion of the reachable area. It is
important to evaluate manipulability as well as the tum-
ble stability margin when a legged robot walks on rough
ground surfaces. In addition, we can regard the legged
robot as manipulators connected to a body. Once the ma-
nipulator falls into a singular point, we cannot operate it
anymore. This is a particularly important problem when
the robot climbs a slope. When the legged robot walks on
a slope, remaining within the stable tumble stability mar-
gin is desirable. Therefore, to execute this motion, the leg
sometimes falls into a singular point.

Here, we introduce manipulability. We consider an
n degree of freedom leg and define a joint vector § =
(61,65, ,6,]" that represents the posture of the leg.
Then, the manipulability w can be expressed using Jaco-
bian J(0) as follows [7].

w = /det(J()J7(0)) (12)

In this study, we analyze gaits based on the leg shown
in Figure 3. In Figure 3, 6, 6,, and 65 represent the joint
angles of the joints 1, 2, and 3, respectively, and L;, L,,
and Lj represent the lengths of the links 1, 2, and 3, re-
spectively. The manipulability w of the target robot can
be expressed as follows.

w = Ly L3|(Ly + LryCs + L3C23)S 3] (13)

where, C,, = cos8,, Sy = sinb,, and C,,, = cos(6, + 6,,).

3 HYBRID GAIT

In this section, we describe multiple gaits for slopes and
propose a stable gait called hybrid gait for slope walking.

Table 1 shows parameters for each gait. Each gait an-
alyzed in this study will be explained below with reference
to its gait diagram. The gait diagrams show the time-series
data of the leg tip position with respect to the center of the
robot’s main body.

3.1 Standard Gait

Here, we consider a robot walking on a horizontal plane
in the x direction. Figure 4 shows the gait diagram of



Table 1 : Definition of gait parameters

Parameter Definition

T [s] Time of a gait cycle
T’ [s] Time of a swing phase
T” [s] Time of a stance phase
T [s] Time of a quadruped support phase
B [-]1 Duty ratio: Ratioof 7’ to T
Axp [m]  Stride
Xo [m]  x-directional stroke
yo [m]  y-directional stroke
h[m] Height of center of gravity from slope
ho [m] Height of center of gravity from horizontal plane
0 [rad] Slope angle
1 [-] Coefficient of static friction
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Figure 4 : Gait diagram for x-directional standard gait

standard gait. In Figure 4, the blue rectangle is the reach-
able area of a leg. Standard gait is a gait in which the
duty ratios of all the legs are equal in planar walking, the
reference positions of the respective legs are symmetri-
cally arranged with respect to the traveling direction, and
the phase difference between the left and right legs is
0.5. When the robot realizes standard gait on a horizontal
plane, the robot always realizes walking while maintain-
ing static stability. However, with duty ratio 8 being 0.75,
T is zero at the moment when the free leg is switched.

3.2 Adaptive Gait

Figure 5 shows the robot standing on a slope. In Figure 5,
the distance d between the point projecting the center of
gravity on the slope and the point where the center of grav-
ity is perpendicular to the slope is expressed as follows.

d=htan6 (14)

Figure 6 : Adaptation to the position of the center of grav-
ity

When the robot walks in Figure 5, a large load acts on
the legs in a low position; when the leg becomes free, the
tumble stability margin decreases. As a result, there is
a possibility that the robot may tumble. Thus, adaptive
gait prevents the robot from tumbling by maintaining the
tumble stability margin by shifting the main body to the
upper side of the slope by d (Figure 6) [8].

Figure 7 shows the gait diagram of adaptive gait, in
which the main body is translated Ax in the x direction.
By realizing this gait, the legged robot can walk stably
on the slope. Here, a blue rectangle in Figure 7 is the
reachable area. However, the legs are outside the reach-
able areas as the body is translated by Ax. It is for this
reason that adaptive gait is not always possible. It is im-
possible to move the leg outside of this reachable region,
where manipulability becomes zero. To solve this prob-
lem, we apply adaptive gait that considers the reachable
area as shown in Figure 8. In Figure 8, we can see that the
stroke of the leg decreases. Hence, adaptive gait, by tak-
ing into consideration the reachable area, keeps the tum-
ble stability margin larger than that of standard gait, while
preventing the leg from moving out of the reachable area
by reducing the stride.

3.3 Sway Compensation Gait

Previously, sway compensation gait was proposed [9].
This gait enables the robot to walk more stably during dy-
namic motion by adjusting the acceleration of the body in
the y axis direction. In this study, we apply this gait and
make the robot more stable during static walking. In other
words, by moving the main body semi-statically, the pro-
jected point of the center of gravity of the robot remains
inside the support polygon. Figure 9 shows the gait di-
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Figure 7 : Gait diagram for x-directional adaptive gait

agram of sway compensation gait. The gait diagram of
sway compensation gait in the x axis direction is the same
as Figure 4. Then, Figure 9 shows the gait diagram in the
y axis direction. In sway compensation gait, the body is
moved left and right beforehand in the quadruped support
phase. Therefore, sway compensation gait is able to pre-
vent the tumble stability margin from being zero in the
swing phase.

3.4 Hybrid Gait

In adaptive gait and sway compensation gait, by moving
the body of the robot with respect to the slope, the tumble
stability of the robot is maintained during slope walking.
However, in both gaits the reachable area depends on the
hardware of the walking robot, and this area determines
the limits of each gait. For that reason, it is necessary to
have a gait that can maximize utilization of the leg’s reach-
able area and movement on a steeper slope. In this study,
we therefore propose a gait called hybrid gait that com-
bines both adaptive and sway compensation gaits. This is
a gait in which the body translates in the x axis direction,
which is the walking direction with respect to the slope,
and the body swings to the right and left in the quadruped
support phase. This prevents the tumble stability margin
from becoming zero. It is for this reason that hybrid gait
allows for slope walking.

4 SIMULATION ANALYSIS OF SLOPE
WALKING

In this section, we examine the effectiveness of each gait
by simulation. We performed gait analysis on the robot as
shown in Figure 10. The joint arrangement of the robot
prototype is the same as Figure 3 and L; = 2.9 [cm], L, =
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Figure 8: Gait diagram for x-directional adaptive gait
considering manipulability

5.6 [cm], L; = 14.1 [cm]. Furthermore, we define the
mass of the body, link 1, link 2, and link 3 as mg, m,
my, and mj, respectively, where my = 676 [g], m; = 95
[g]l, my = 110 [g], m3 = 9 [g]. In addition, we set gait
parameters as T = 11 [s], B8 = 0.8, Axp = 5.0 [cm], and
h = 11.3 [cm]. In adaptive gait and sway compensation
gait, the swinging displacement of the body is set to 4.0
cm. In hybrid gait, the body is swung forward by 4.0 cm
and left and right by 4.0 cm.

4.1 Comparison of Manipulability

In this study, manipulability does not depend on slope
angle. Figure 11 shows time histories of minimum ma-
nipulability when each gait was executed for one cycle.
In Figure 11, the manipulability of standard gait is at a
maximum, and the manipulability of hybrid gait is rel-
atively small. As a result, tumble stability is improved
at the expense of manipulability. However, hybrid gait
can make more use of the leg’s reachable area compared
with adaptive gait and sway compensation gait. This has a
correlation with the displacement capable of swinging the
body of the robot, and the swingable displacement also in-
creases as the reachable area increases. Consequently, al-
though hybrid gait is considered to be an unfavorable gait
from the viewpoint of manipulability, it is more probable
that it will enable more stable walking than other gaits, as
its swingable displacement amount is large.

4.2 Comparison of Tumble Stability Margins

We simulate adaptive gait, sway compensation gait, and
hybrid gait on a 23-degree slope for one cycle, and evalu-
ate the time histories of tumble stability margin as shown
in Figure 12. We can confirm that the tumble stability mar-
gin becomes a small value in the swing phase and a large
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Figure 9 : Gait diagram in an y-directional sway compen-
sation gait

Figure 10: Quadruped robot ©Lynxmotion Inc.

value in the support phase. In particular, we can confirm
that the values of the tumble stability margins of adaptive
gait and sway compensation gait were zero around 3.2 s
when the leg 3 becomes a free leg. Hence, the robot is
unstable at this time. On the other hand, for hybrid gait,
the tumble stability margin did not equal zero at one cycle
of gait. Consequently, the robot could stably walk on the
slope when using hybrid gait.

S EXPERIMENTAL ANALYSIS OF
SLOPE WALKING

In this section, we examine the effectiveness of each gait
on a real robot system. We evaluate the tumble stability of
the robot when each gait is applied using the robot shown
in Figure 10. Gait parameters are set to the same value as
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Figure 11 : Time histories of manipulability of gaits
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Figure 12 : Simulation results of time histories of the tum-
ble stability margins of gaits on a 23-degree slope

in the simulation. In the experiment, the behavior of the
robot was recorded using a motion capture system.

5.1 Relation Between Gait and Tumble
Stability Margin

We determine the y axis in Figure 5 according to the right-
handed system. We define the pitch angle as the angle that
the direction of the right screw makes with the y axis when
the axis of rotation is negative. The pitch angular velocity
of each gait was recorded on a 23-degree slope, and the
result is shown in Figure 13.

As shown in Figure 13, the pitch angular velocities
of adaptive gait and sway compensation gait have large
values, and the tumbling phenomenon of the robot starts
at around 3.2 s, at which time leg 3 becomes a free leg.
Figure 14 shows the state of adaptive gait when the robot
walks on a 23-degree slope. In Figure 14, we can see
that leg 1 loses contact with the ground at 4.0 s. Thus,
when the tumble stability margin became zero, a moment
causing the robot to overturn was generated, and it was
confirmed experimentally that the robot was dynamically
unstable. On the other hand, the pitch angular velocity
of the robot at the time of the hybrid gait showed a rela-
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Figure 14 : Adaptive gait on a 23-degree slope

tively small value with respect to adaptive gait and sway
compensation gait, and the robot walked steadily. This
is confirmed in Figure 15. Accordingly, it was possible
to validate the usefulness of hybrid gait for slope walking
from the experiment.

6 BENCHMARK FOR DESIGN
OPTIMIZATION

In this section, we discuss the design guidelines of a free-
climbing robot having a better ability to walk on uneven
ground from the relation between the tumble stability mar-
gin and manipulability when changing the link ratio of
the leg. By evaluating manipulability and tumble stability
margin, it is possible to quantitatively evaluate the ratio of
the links for stable slope walking as well as not causing
gait failure.

For the simulation, the total of the lengths of link 2
and link 3 of the robot in Figure 3 was constant, and the
regular gait was executed on the plane. We define the ratio
of link length as r = L,/L3. Figure 16 shows the relation
between the ratio of link length and tumble stability mar-
gin. In Figure 16, as the link ratio increases, that is, L,
increases with respect to L3, it can be confirmed that the
tumble stability margin increases. This is because link 2 is
more important for increasing the area of the support poly-
gon compared to link 3. The length of link 3 projected on
the ground is shorter, owing to the trigonometric represen-
tation of the length between joint 2 and joint 3, whereas
link 2 is affected only by joint 2. Therefore, in Figure 16,
when considering the tumble stability margin, it is shown
that the longer the length of link 2 is with respect to the
length of link 3, the better is the tumble stability.

Next, as shown in Figure 17, we discuss the relation
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Figure 16 : Relation between the ratio of link length and
tumble stability margin

between the ratio of link length and manipulability. Fig-
ure 17 shows that the manipulability with respect to the
link ratio is a convex function with a peak at 1.33. This
is because in Eq. (12), when L, increases, L3 decreases.
From Eq. (12), it can be seen that the sum of the lengths
of link 2 and link 3 is constant. Hence, the peak is shown
at a certain link ratio.

Here, from Figure 16 and Figure 17, the Pareto front,
which is a set of Pareto optimal solutions, is shown in Fig-
ure 18. We generated the Pareto front using the ranking
method. The Pareto front can be an optimal solution in
the multi-objective optimization problem. Accordingly, it
is necessary to select one of the Pareto optimal solutions
from the Pareto front based on the target robot. For exam-
ple, because our target is reliable exploration in lunar and
planetary exploration, it is considered that, if the tumble
stability margin is as high as possible, it is difficult for the
robot to tumble. In that case, we should select the Pareto
optimal solution at the top left with the highest tumble sta-
bility margin in Figure 18.

7 CONCLUSION

In this paper, we presented a new gait, hybrid gait, for
free-climbing on lunar planetary cliff faces. In hybrid gait,
the main body of the robot translates in the walking direc-
tion and to the right and left. We analyzed walking stabil-
ity of each gait during slope walking based on the tumble
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stability margin and manipulability with numerical simu-
lations and experiments. We verified the tumble stability
of hybrid gait and confirmed that hybrid gait is more sta-
ble than conventional gaits, including adaptive gait and
sway compensation gait. Furthermore, we provided a de-
sign guideline for a quadruped robot for slope walking on
a slope based on the tumble stability margin and manipu-
lability.

In future work, we expect to generate gaits in un-
even environments where grippable points are limited us-
ing model predictive control. Moreover, we expect to en-
hance the autonomy of the robot using SLAM in order to
plan the path to the destination.
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