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When a tracked robot explores a volcanic environment, it faces difficulty in climbing over unfixed
obstacles such as loose rocks on the ground. Such unfixed obstacles sometimes cause the sliding-down
or tipping-over of the robot. Although such phenomena should be avoided for the success of the
mission, they have not been sufficiently studied yet. Therefore, this research aims at understanding
the phenomena for a tracked vehicle climbing an unfixed obstacle on a slope, and considers the
conditions of climbing-over, tipping-over, and sliding-down. To simplify the problem, a model of a
single track and circular-cross-section obstacle is used in this research. The climbing-over and tipping-
over conditions are derived from the geometric relationship, and the sliding-down condition is derived
from statics. Moreover, some experiments using an actual robot are conducted to verify the validity of
the conditions. The results show that the derived conditions are reasonable. Furthermore, it is revealed
that unfixed obstacles typically tend to slide down more than fixed obstacles because of the number
of contact points that can support a robot.
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1. Introduction

Japan has 111 active volcanoes, or approximately 7 % of all active volcanoes in the world. When
active volcanoes erupt, various phenomena occur, leading to disasters such as cinder or ash
fall, pyroclastic flow, lava flow, debris flow, the collapse of volcanic edifices, and volcanic gas.
Damages caused by these disasters are also various and include direct damage by pyroclastic
flow for a short time and economic damage that affects traffic and agriculture for a long time.
Japan has suffered such damage in the past. For example, since the Heisei period, Mt. Unzen
erupted in 1991 and 47 people were left dead or missing by the pyroclastic flow [1]. In 2014,
Mt. Ontake erupted and 60 people were left dead or missing by cinder, etc. [2]. Such volcanic
phenomena will be difficult to avoid in the future; therefore, actions toward disaster prevention
or mitigation are essential.
An important issue with regard to volcanic disaster prevention or mitigation is the observation

of active volcanoes. In Japan, 50 volcanoes were chosen by the coordinating committee for
the prediction of volcanic eruption [3]. To obtain premonitory phenomena of the 50 volcanoes,
volcanic observation devices such as seismometers and telephotographic cameras were installed
for 24-hour observation. However, these devices cannot observe eruptions from unexpected places
because they are stationary devices. In addition, volcanic eruptions may damage the devices,
particularly those close to the craters. However, it is difficult for humans to reinstall such devices
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directly because of restricted areas around the crater when an active volcano erupts. Therefore,
robots are being researched and developed to observe volcanic environments instead of humans
[4].
There are suitable locomotion types of observation robots according to purpose. For example,

flying robots are useful for rapid observation in a wide area [5–8]. Conversely, surface moving
robots are useful for long-term observation or detailed observation of the ground. This type
includes walking robots [9, 10], wheeled robots [11–14], and tracked robots. However, walking
robots are typically complex, and their moving speed is very slow. Wheeled robots, particularly
small-sized wheeled robots, have problems in that their traversability on slopes and uneven
terrain is not high. Therefore, tracked robots are suitable as volcano exploration robots because
they have high traversability on slopes and uneven terrain, and they have a simple structure.
Actually, some tracked-type volcano exploration robots have been developed and evaluated in
volcanic areas [15–18].
In conventional research related to tracked robots in volcanic environments, traversability on

weak-soil slopes was examined [19, 20]. This is because robots face locomotion problems such as
slipping and sticking because of volcanic ash and small lapilli on the slope. However, in reality,
when tracked robots move in a volcanic environment, it is also necessary to climb over rocks
that are the same size or larger than the robots. Actually, in field tests with the tracked robot
”Quince” at Mt. Aso in 2013, there were various large and small rocks on the ground. When
Quince climbed a rock, sometimes it succeeded in climbing over. However, sometimes it failed
to climb owing to the rolling of loose rocks (Figure 1).

[Figure 1 about here.]

Based on the field tests, we consider that the ability of a robot to climb is related to the state
of the obstacles. Obstacles in volcanic environments can be roughly divided into two types.

I Obstacles that are fixed on the ground and are not moved by the robot’s force, such as the
roughness of the ground and buried rocks.

II Obstacles that are not fixed on the ground and may be moved by the robot’s force, such
as loose rocks on the ground.

In this study, I and II are defined as ”fixed obstacles” and ”unfixed obstacles,” respectively. For
fixed obstacles, the prediction and improvement of the traversal performance on steps and stairs
for tracked robots have been researched. For example, a stair-climbing motion was divided into
some sub-motions and analyzed based on dynamics. Then, a climbing assessment method and tip-
over prediction algorithm were proposed [21–24]. Moreover, in research for step climbing, Rajabi
et al. [25] analyzed climbing conditions based on geometry and predicted the height of the step
that the robot can climb over at relatively high accuracy. An example of a volcanic environment
is the blade-type crawler mechanism created by Yamada et al [18]. In this research, the climbing
performance on steps, including the effect of blades on tracks, was analyzed and verified for fixed
obstacles. Conversely, unfixed obstacles have not been sufficiently studied although phenomena
leading to mission failure, such as sliding-down and tipping-over, may occur.
Therefore, the objective of this research is (1) to understand phenomena that occur when a

tracked robot climbs an unfixed obstacle and (2) to improve the climbing performance of tracked
robots on unfixed obstacles. In this paper, we focus on the former, and the occurrence conditions
of the phenomena are derived and verified. This paper is organized as follows. Section 2 describes
the research scope and targets. Section 3 derives the climbing-over, tipping-over, and sliding-
down conditions of tracked robots. In section 4, each derived condition is verified by experiments.
Finally, section 5 discusses the difference between fixed and unfixed obstacles, and methods to
improve the climbing performance.
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2. Research scope

2.1 Target phenomena

The phenomena dealt with in this research are as follows when a tracked robot climbs an obstacle
on a slope:

Climbing-over
The center of gravity of the tracked robot passes over an obstacle, and the front end of the
robot falls forward.

Tipping-over
The center of gravity of the tracked robot does not pass over an obstacle, and the robot
turns upside down.

Sliding-down
A tracked robot slides downward on a slope.

This research aims to reveal the occurrence conditions of the above phenomena and the differ-
ences between fixed and unfixed obstacles on a slope.

2.2 Target robot, obstacle, and environment

Typically, a volcanic environment is an uneven slope. The ground is sometimes compacted and
sometimes weak. Rocks as obstacles also have various sizes and shapes. Moreover, a tracked robot
is sometimes required to climb a slope vertically and sometimes to traverse a slope horizontally.
Actual environments and conditions are so complex, as shown in the above, that the target
environment is defined as follows to simplify the problem:
The target environment consists of a tracked robot, a constant slope, and a fixed/unfixed

obstacle. This research deals with a situation when a tracked robot is on top of the obstacle over
an inclined slope shown in Figure 2. The robot’s locomotion direction is along the inclination
direction of the slope, where a two-dimensional side view plane is only considered. Although we
have confirmed that the tracked robot with a simple-arc shape on the front of the wheel can
climb on top of the cylindrical obstacles to a certain extent from preliminary experiments, the
dynamics when the robot moves from the sloped surface to on top of the obstacle is not treated
in this study. From this assumption, any shape can be applied to the front section of the wheel.
There are numerous studies regarding the robot’s climbing dynamics from the ground to fixed
obstacles [21, 26–28]. However, the unfixed obstacle with a single degree of freedom along the
robot’s locomotion direction is not examined in previous studies. The robot’s climbing dynamics
from the ground to unfixed obstacles should be more complex than fixed obstacles because an
obstacle could move when a robot pushes it. The details of the target robot, slope, and obstacle
are as follows:

Tracked robot
The target robot is a single tracked robot. In recent years, to improve the traversability,
there have been many tracked robots with sub-tracks [29–31]. However, in this research,
sub-tracks are not considered. In addition, the robot has no patterns such as grousers on
the surface of the track belt.

Slope
The target slope is flat and solid. Although ground with weak soil and obstacles exists in
actual volcanic environments [32], it is not dealt with here.

Obstacle
The target obstacle is a cylindrical obstacle lying in a rolling direction on the slope. There
are two conditions: fixed and unfixed. Although a typical unfixed cylindrical obstacle can-
not maintain its position because of its rolling, in this research, it is assumed that it
maintains its position until the robot climbs on it.
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[Figure 2 about here.]

3. Derivation of climbing-over, tipping-over, and sliding-down conditions

3.1 Definition of model and parameters

First, the model and parameters are defined. Figure 2 shows a model of the targets in a two-
dimensional plane.
The centroid position of the robot is represented as XG and YG. R denotes the track radius

of the front end and rear end of the robot, and MR denotes the mass of the robot. The angle
between the robot and the slope is represented as θ. The slope angle is ϕ. In addition, the
cylindrical obstacle has a diameter of D. The mass of the obstacle is MO, and it is assumed that
its center of gravity matches the circle’s center of the cross section.
Each contact point is defined as follows:

Contact point 1: The contact point between the robot and slope
Contact point 2: The contact point between the robot and obstacle
Contact point 3: The contact point between the obstacle and slope

The normal force, frictional force, and coefficients of static friction at each contact point are
represented as Ni, Fi, and µi, respectively. Here, the index i is the above number of corresponding
contact points: 1, 2, or 3. g is the acceleration of gravity.

3.2 Climbing-over condition

As described above, Rajabi et al. [25] derived the geometric climbing condition for a tracked
robot climbing a step on flat ground. In this research, Rajabi’s method is applied to a tracked
robot climbing a fixed/unfixed obstacle on a slope.
This method is based on the idea that a tracked robot can climb over an obstacle when the

center of gravity of the robot reaches just above contact point 2. This can be expressed as follows:

dG = dO (1)

where dG is the horizontal distance from contact point 1 to the center of gravity of the robot,
and dO is the horizontal distance from contact point 1 to contact point 2. These are expressed
as follows:

dG = XG cos (θ + ϕ)− YG sin (θ + ϕ)−R sinϕ (2a)

dO =

{
R tan

θ

2
+

D
2 (1 + cos θ)

tan θ
− D

2
(1 + cos θ) tanϕ

}
cosϕ (2b)

There are two differences between the step on flat ground and the cylindrical obstacle on a slope,
as follows:

1) Contact point 1 changes according to the slope angle, and not just under the rear axis of
the robot.

2) Contact point 2 moves when a robot moves forward owing to the circular cross section.

When the robot climbs over the obstacle, the angle θ between the robot and the slope is
derived by substituting the slope angle ϕ and the obstacle diameter D into Equations (2a) and
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(2b) and solving Equation (1). Furthermore, by changing the values of ϕ and D, the climbing-
over condition is represented by a curved surface, as shown in Figure 3(a). In this graph, the
x-axis represents the slope angle ϕ, the y-axis represents the obstacle diameter D, and the z-axis
represents the angle θ between the robot and the slope. This graph indicates that when the
robot climbs an obstacle with a diameter D on slope ϕ, the robot can climb over the obstacle at
the angle θ. Moreover, as seen from the positive part of the z-axis, there is an area that does not
exist the curved surface (Figure 3(a)). This indicates that the robot cannot climb over under
the combinations of ϕ and D in this area.
When the condition is satisfied, the rear end of the robot is going to leave the slope in case of

an unfixed obstacle, as with the case of a fixed obstacle. However, the robot cannot climb over
it. When the rear end of the robot leaves the slope, contact point 2 carries the entire weight of
the robot, and the force on contact point 2 rolls the obstacle downward of the slope. Then, the
robot slides down. To avoid the above phenomenon, the position of contact point 2 should be
moved forward. However, the single tracked robot cannot change the position of contact point 2
arbitrarily. Thus, the robot never climbs over an unfixed obstacle.

3.3 Tipping-over condition

The tipping-over condition is derived from the geometric relationship between the center of
gravity of the robot and the contact point of the robot on the slope. While the robot moves
forward, it tips over when the center of gravity of the robot reaches just above contact point 1.
Therefore, the tipping-over condition can be expressed as the following equation by using the
distance dG (Equation (2a)):

dG = 0 (3)

The angle θ between the robot and the slope at the moment of tipping-over is derived by
substituting the slope angle ϕ into Equation (3). This is determined regardless of the obstacle
diameter D. Then, as shown in Figure 3(b), various tipping-over conditions can be derived by
changing values of ϕ. The meaning of the graph and the axes is the same as the climbing-over
condition.
It is thought that the tipping-over condition can be applied not only to fixed obstacles but

also unfixed obstacles because this condition is determined by only the state of the robot.

3.4 Sliding-down condition

As the frictional forces at each contact point are deeply related to the sliding-down condition,
it is assumed that the robot’s motion is quasi-static and the condition is considered based on
statics. Furthermore, as the state of the obstacle affects, each condition of fixed and unfixed
obstacles is derived individually.

3.4.1 Fixed obstacle

In the case of a fixed obstacle, whether the robot keeps its posture without sliding-down is
determined by only whether the equilibrium of forces and moments of force acting on the robot
can be maintained. This equilibrium is expressed by the following equations:

F1 −N2 sin θ + F2 cos θ = MR · g · sinϕ (4a)

N1 +N2 cos θ + F2 sin θ = MR · g · cosϕ (4b)
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N2LN2
+ F2LF2

= MR · g · LG (4c)

where LN2
, LF2

, and LG in Equation (4c) represents the distances from contact point 1 to the
line of action of each force N2, F2, and MR · g, respectively. The parameters are expressed as
follows:

LN2
=

D
2 (1 + cos θ)

sin θ
−R tan

θ

2
+R sin θ (5a)

LF2
= R (1− cos θ) (5b)

LG = dG = XG cos (θ + ϕ)− YG sin (θ + ϕ)−R sinϕ (5c)

Here, one case of the sliding-down condition is considered. When the robot moves forward,
the frictional force at contact point 1 reaches the maximum static friction force. However, the
sliding-down phenomenon does not occur yet because the robot is supported by contact point 2.
When the robot moves farther forward, frictional forces at both contact points 1 and 2 reach the
maximum static friction force. At this moment, the equilibrium cannot be maintained, and the
robot starts sliding down. The same phenomenon occurs when the reaching order of the maximum
static friction force at each contact point is reversed. Conversely, the sliding-down phenomenon
does not occur when the frictional force does not reach the maximum static friction force.
When the frictional force reaches the maximum static friction force, the following equation is

established:

Fi = µi ·Ni (6)

The angle θ between the robot and the slope, and the normal force N1 and N2 at the moment
of sliding-down, are derived by substituting the slope angle ϕ, obstacle diameter D, and Equa-
tion (6) into Equation (4). Then, as shown in Figure 3(c), the sliding-down condition for fixed
obstacles can be derived by changing the values of ϕ and D. The meaning of the graph and the
axes is the same as other conditions.

3.4.2 Unfixed obstacle

In the case of an unfixed obstacle, the force acting on the obstacle should be considered. The
equilibrium of forces and moments of force acting on the robot are the same as in the above
Equation (4). The equilibrium of forces and moments of force acting on the obstacle are expressed
as follows:

N2 sin θ − F2 cos θ − F3 = MO · g · sinϕ (7a)

−N2 cos θ − F2 sin θ +N3 = MO · g · cosϕ (7b)

F2 ·
D

2
= F3 ·

D

2
(7c)

The normal force Ni and frictional force Fi at each contact point are derived by solving simul-
taneous Equations of (4) and (7).
Here, one case of the sliding-down condition is considered. When the robot moves forward,

the frictional force at contact point 1 reaches the maximum static friction force. When the
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robot moves farther forward, the obstacle starts moving because it is not fixed on the slope, and
the robot cannot keep its posture. At this moment, because contact point 1 cannot produce a
larger force, the robot slides down, and the obstacle rolls down. Conversely, the sliding-down
phenomenon does not occur when the frictional force does not reach the maximum static friction
force.
The angle θ between the robot and the slope at the moment of sliding-down is derived by

substituting the slope angle ϕ and obstacle diameters D, N1, and F1, which are derived from
simultaneous Equations of (4) and (7), into the Equation (6). Then, as shown in Figure 3(d),
the sliding-down condition for unfixed obstacles can be derived by changing the values of ϕ and
D. The meaning of the graph and the axes is the same as other conditions.

3.5 Integration of three conditions

According to the previous sections, all conditions are represented by the slope angle ϕ, obstacle
diameter D, and the angle θ between the robot and the slope. Therefore, Figure 4(a) is obtained
by integrating all of the conditions. This graph indicates that each phenomenon occurs at an
angle θ when the robot climbs an obstacle with a diameterD on a slope with an angle ϕ. However,
one phenomenon in which angle θ is the minimum value can be observed. This is because the
angle θ increases from the initial angle θ0 gradually while it overcomes the obstacle. Therefore,
Figure 4(b) shows the actual phenomenon obtained by maintaining the lowest angle θ. Here, the
initial angle θ0 is the angle between the robot and the slope when the front end of the robot ride
on the obstacle, and this is expressed as follows:

θ0 = 2 tan−1

(
−L+

√
L2 + 2RD

2R

)
(8)

[Figure 3 about here.]

[Figure 4 about here.]

4. Experimental verification of conditions

4.1 Experiment description

Obstacle-climbing experiments using a real tracked robot were conducted to verify the validity
of the conditions described in section 3. In this experiment, a tracked robot climbs a cylindrical
obstacle lying in a rolling direction on a slope. During the motion, the behavior and angle θ
between the robot and the slope are observed. The angle θ is measured by using the inertial
measurement unit (IMU) equipped on the robot. The slope angle ϕ, obstacle diameter D, ob-
stacle’s fixed/unfixed condition were changed, and three trials were conducted using each set of
conditions. The phenomenon that occurred more frequently was recorded as the result of a set.
The details of the robot, slope, and obstacle are described in the following text:

Tracked robot
Tracked robot ”Kenaf” was used as the target robot in this experiment (Figure 5). Although
a typical Kenaf has four sub-tracks, only two main tracks were used in this experiment.
The track belts were flat without grousers. Table 1 lists the specifications of the Kenaf
that are necessary to derive the conditions. The moving speed was set at a sufficiently slow
speed of 0.05 m/s.
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Slope
A simulated artificial slope was used as the target slope (Figure 5). This slope consisted
of aluminum frames and a plywood board, and the slope angle could be finely adjusted. A
nitrile rubber sheet was put on the surface of the plywood board to reduce the slippage of
the robot. Moreover, there were fixing holes on the surface to reproduce a fixed obstacle.

Obstacle
Vinyl chloride pipes were used as the target obstacles (Fig. 5), and nonslip tape coated
with mineral particles was put on the surface of the pipes to reduce slippage. The length of
the pipes was 200 mm longer than the width of the robot. The diameters of the obstacles
were 33, 61, 90, 115, 141, and 166 mm. Moreover, there were fixing holes on the surface of
the obstacle to reproduce a fixed obstacle.

[Figure 5 about here.]

4.2 Climbing-over, tipping-over, and sliding-down conditions of Kenaf

Curved surfaces of Figures 6 and 10 show each condition when Kenaf climbs fixed and unfixed
obstacles, derived by the method shown in section 3. The x-axis represents the slope angle ϕ,
the y-axis represents the obstacle diameter D, and the z-axis represents the angle θ between the
robot and the slope. In addition, Table 2 shows the coefficients of static friction at each contact
point.
In the case of fixed obstacles, the climbing-over condition crosses the sliding-down condition.

When the target obstacle is small, Kenaf can climb over it. When the target obstacle is large,
Kenaf slides down. Conversely, in the case of unfixed obstacles, the sliding-down condition is
always under the climbing-over condition. This indicates that Kenaf is not going to climb over
obstacles because sliding-down is dominant.

[Table 1 about here.]

[Table 2 about here.]

4.3 Experimental results

4.3.1 Fixed obstacles

The results of fixed obstacles are summarized in Figure 6. In this graph, points that indicate
the results are plotted in a graph of conditions. The angle θ at which climbing-over and sliding-
down occurred in the experiments is the maximum value of the angle θ. This is because the
angle θ increases gradually when a robot moves forward on the obstacle, and it decreases when
the robot climbs over or slides down. Furthermore, in the case of tipping-over, because the angle
θ just increases and it is difficult to discriminate tipping-over, the angle θ is defined as the value
derived from Equation 3.
As shown in Figure 6, the results correspond approximately to each condition. Therefore, the

derived conditions for fixed obstacles are reasonable. In the experiments, when the center of
gravity of Kenaf reached just above the contact point between Kenaf and the obstacle, Kenaf
fell forward and climbed over (Figure 7). When the angle θ reached the sliding-down condition,
Kenaf slid down (Figure 8). Sometimes, according to the conditions, the sliding-down-distance
was short and the robot stayed in one place. In addition, Kenaf tipped over generally when the
angle θ reached the tipping-over condition (Figure 9). However, sometimes sliding-down occurred
in the vicinity of the boundary between the tipping-over and sliding-down conditions because the
surface state of the track belt, the slope, and the obstacle was not uniform, and the coefficients
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of the static friction had errors.

[Figure 6 about here.]

[Figure 7 about here.]

[Figure 8 about here.]

[Figure 9 about here.]

4.3.2 Unfixed obstacle

The results for unfixed obstacles are summarized in Figure 10. The angle θ at which each
phenomenon occurred in the experiments is the same as that of the fixed obstacles.
As shown in Figure 10, the results correspond approximately to each condition. Therefore, the

derived conditions for unfixed obstacles are also reasonable. As with the case of fixed obstacles,
in the experiments, when the center of gravity of Kenaf reached just above the contact point
between Kenaf and the slope, Kenaf tipped over (Figure 13). Conversely, unlike the case of fixed
obstacles, the obstacle rolled and Kenaf slid down largely when sliding-down occurred because
the obstacle was not fixed on a slope (Figure 12). Moreover, although it is expected that sliding-
down occurs when the slope angle ϕ and the obstacle diameter D are small, Kenaf climbed
over the obstacle (Figure 11). It is considered that this is because quasi-static are assumed in
the derivation of conditions, but the actual robot’s motion was dynamic. In particular, when
the slope angle ϕ and the obstacle diameter D are small, the climbing-over and sliding-down
conditions are close. For this reason, it is assumed that the robot climbs over before the robot
slides down drastically owing to the influence of the robot’s speed. Furthermore, in the vicinity
of the boundary between the climbing-over condition and the sliding-down condition, although
the rear end of Kenaf left the slope and Kenaf was about to climb over, it finally slid down.

[Figure 10 about here.]

[Figure 11 about here.]

[Figure 12 about here.]

[Figure 13 about here.]

5. Discussion

5.1 Difference between fixed and unfixed obstacles

As described in section 3, the difference between the fixed and unfixed obstacles is the sliding-
down condition. Whether the robot slides down depends on whether the frictional forces to
maintain the posture of the robot can be generated. In the case of unfixed obstacles, only the
frictional force of contact point 1 between the robot and the slope affected the sliding-down
because the obstacle could be rolled. Conversely, fixed obstacles can be regarded as part of the
slope because they cannot be moved. Therefore, the frictional forces of not only contact point
1 between the robot and the slope but also contact point 2 between the robot and the obstacle
affect the sliding-down phenomenon. This difference, whereby a robot has either one or two
supporting points, changes the tendency of the sliding-down of the robot. Unless the coefficients
of static friction are extremely low, an unfixed obstacle with one supporting point more easily
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causes sliding-down than a fixed obstacle with two supporting points. As a result, an unfixed
obstacle is very difficult for a robot to climb over.

5.2 Improvements to obstacle climbing performance

Considering the above, it is thought that there are some approaches to make a robot climb over
a larger unfixed obstacle on a steeper slope.
First, because fixed obstacles are more difficult to cause sliding-down, changing unfixed obsta-

cles to fixed obstacles by fixing them on a slope is one idea. Driving in piles and binding with
an adhesive or a resin may be effective. For example, a study by Napp et al. [33] can be applied.
Furthermore, fixing an obstacle to a track belt of the robot may also be effective. In this case, it
can be regarded as part of the robot, and the robot is supported by contact point 1 between the
robot and the slope and contact point 3 between the obstacle and the slope. Devising track belts
can be considered an idea for this. For example, obstacles are partly bound by using flexible
materials that follow their shape [34] and grousers that catch them [21, 22].
Second, there is a possibility that the climbing performance can be improved by optimally

controlling the angle θ, the position of contact point 2 between the robot and the obstacle, and
the centroid position of the robot which affect to occurring each phenomenon. The sub-tracks
described in section 2 can be effective in controlling them. However, this method may worsen the
climbing performance according to the sub-track angles. It is necessary to reveal the relationship
between the sub-tracks and each condition, and to work out the optimal motion strategy of the
sub-tracks.
Third, from the experimental results for unfixed obstacles, speeding up the robot may also

improve the climbing performance. Intuitively, it can be assumed that the faster the robot, the
higher the climbing performance. To predict the climbing performance accurately and to control
the speed optimally, the occurrence conditions of each phenomenon considering the dynamics
are required.

6. Conclusion

When a tracked robot climbs over an unfixed cylindrical obstacle on a slope, in this research, the
climbing-over, tipping-over, and sliding-down conditions were derived for a single tracked robot.
The climbing-over and tipping-over conditions were derived from the geometric relationship. By
contrast, the sliding-down condition was derived from statics. The conditions were verified by
indoor experiments using both fixed and unfixed obstacles. The results showed that the derived
conditions were reasonable. Moreover, it was observed that the difference between fixed and
unfixed obstacles is a tendency of the sliding-down phenomena. The reason is that in the case
of fixed obstacles, the frictional forces of not only the contact point between the robot and the
slope but also the contact point between the robot and the obstacle affect the sliding-down
phenomenon because the obstacle can be regarded as part of the slope. Conversely, in the case
of an unfixed obstacle, only the frictional forces of the contact point between the robot and the
slope affect the phenomenon because the obstacle can be moved.
Future work is divided roughly into two topics: to expand the conditions and to apply this to

improve the climbing performance. The former includes experiments under different conditions
such as other shapes of obstacles including ellipses, polygons, and more complex shapes such as
actual rocks. Although the phenomena were considered in a two-dimensional plane in this paper,
it is necessary to expand to three-dimensional space when a robot traverses a slope. Moreover,
a discussion of the conditions considering the dynamics is also required to improve the accuracy
of the conditions. The latter reveals the influence of sub-tracks and the optimal motion strategy
of sub-tracks. Patterns such as grousers on the surface of the track belt will also be studied.
By advancing this research, when a tracked robot climbs an unfixed obstacle on a slope, the
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phenomena of the robot will be understood accurately, and optimal design and control methods
for tracked robots will be obtained. Furthermore, tracked robots will be able to move stably in
environments with unfixed obstacles, and more reliable volcano exploration will be realized.
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Quince

Loose rock

0.0 s 0.5 s 1.0 s 1.5 s

Figure 1. Tracked robot ”Quince” sliding down owing to rolling of loose rocks at Mt. Aso
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Figure 2. Model of tracked vehicle climbing obstacle with a circular cross-section on slope
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(a) Climbing-over condition
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(b) Tipping-over condition
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(c) Sliding-down condition for fixed obstacles
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(d) Sliding-down condition for unfixed obstacles

Figure 3. Examples of climbing-over, tipping-over and sliding-down conditions
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(b) The maintained lowest conditions

Figure 4. Example of integrated conditions
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Figure 5. Experimental equipments
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Figure 6. Experimental results for fixed obstacles
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0.0 s 3.0 s 5.6 s 6.2 s

Figure 7. Climbing-over motion of Kenaf over fixed obstacle with diameter D = 61 [mm] on slope ϕ = 20 [◦]
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0.0 s 3.0 s 6.0 s 7.0 s

Figure 8. Sliding-down motion of Kenaf over fixed obstacle with diameter D = 115 [mm] on slope ϕ = 20 [◦]
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0.0 s 3.0 s 6.0 s 7.5 s

Figure 9. Tipping-over motion of Kenaf over fixed obstacle with diameter D = 166 [mm] on slope ϕ = 20 [◦]
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Figure 10. Experimental results for unfixed obstacles
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Strat position 
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0.0 s 4.5 s 7.4 s 8.3 s

Figure 11. Climbing-over motion of Kenaf over unfixed obstacle with diameter D = 33 [mm] on slope ϕ = 0 [◦]
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Strat position 
of obstacle

0.0 s 2.3 s 4.3 s 6.3 s

Figure 12. Sliding-down motion of Kenaf over unfixed obstacle with diameter D = 114 [mm] on slope ϕ = 20 [◦]
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Strat position 
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0.0 s 2.3 s 4.3 s 6.3 s

Figure 13. Tipping-over motion of Kenaf over unfixed obstacle with diameter D = 165 [mm] on slope ϕ = 20 [◦]
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Table 1. Specifications of Kenaf

Position of center of gravity
XG 222 mm
YG 1 mm

Track radius R 47.5 mm
Mass MR 18.2 kg
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Table 2. Coefficients of static friction at each contact point

µ1 µ2 µ3

0.85 1.09 1.05
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