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The authors developed a hexapod tracked mobile
robot: a tracked mobile robot which is equipped with
six legs attached to the robot’s body. In a transporta-
tion task, this robot can traverse a wide gap by sup-
porting track driving with four front and rear legs
while holding the target object with its two middle legs.
To realize autonomous actions with this robot, we de-
veloped a two-dimensional distance measurement sys-
tem using an infrared sensor. This system is very sim-
ple, with the sensor attached to a servomotor, such that
it does not require high computing power for measure-
ment. In addition, the system can be equipped at a
lower cost than laser range finders and depth cameras.
This paper describes the selection of the gap travers-
ing mode according to gap width detected by the sys-
tem. In this study, we conducted a gap width detec-
tion experiment and an autonomous gap traversing ex-
periment using the hexapod tracked mobile robot with
the proposed system. The obtained results confirm the
effectiveness of the proposed system and autonomous
traversing, which corresponds with the gap width de-
tection.

Keywords: hexapod tracked mobile robot, hybrid mo-
tion by tracks and legs, two-dimensional distance mea-
surement system, autonomous gap traversing

1. Introduction

In recent years, several studies have considered robot
technologies to enable robots perform certain handling
tasks on behalf of humans, such as transportation tasks
in disasters and dangerous sites [1–4]. Accordingly, to
productively work on uneven terrains, robots are required
to exhibit high working and moving abilities. Therefore,
the authors have developed a hexapod tracked mobile
robot equipped with six legs and four degrees-of-freedom
mechanisms, which can be adopted as working arms in
track movements [5, 6], as illustrated in Fig. 1. It is feasi-
ble to support track driving using four front and rear legs
to traverse a wide gap while holding and transporting an
object with two middle legs. In a previous study, we ex-
perimented and investigated the leg-track hybrid motion

Fig. 1. Hexapod tracked mobile robot.

for gap traversing in an object transportation task [7].
The objective of this study is to realize autonomous

gap traversal for the hexapod tracked mobile robot via
gap width detection. Accordingly, we consider selecting
the modes of gap traversing motion based on the detected
gap width. To detect the gap width, we developed a two-
dimensional distance measurement system using a one-
dimensional distance sensor and a motor. Based on this
measurement system, the width of the gap can be detected
by measuring the distance to the road surface in front.
According to the detected gap width, the robot can se-
lect an appropriate motion mode for gap traversal. In this
paper, we describe the proposed method and experimen-
tal results for the autonomous gap traversal of a hexapod
tracked mobile robot.

2. Related Works

In this study, we consider the autonomous gap-
traversing motion. The robot’s mechanism is essential in
appraising the performance of gap traversal performance.
Generally, a tracked robot can traverse a gap with a width
of approximately 45% of the track length, which touches
the ground at the maximum [8]. Although the robot length
is also an important factor for performance, in this study,
we consider its relationship with the length of the track
based on this knowledge.

Most of the studies that have considered gap travers-
ing primarily adopted tracked mobile robots for their re-
search. For example, “RT05-COBRA” [9], developed by
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Kinugasa et al., is a tracked robot with a flexible mono-
tread mobile track (FMT). This robot is covered with
FMT all over its body and can perform 3-D motion by
solely using a flexible track. The length of the track that
touches the ground is the same as the total length of the
robot, 1.2 m. It was confirmed that the robot traversed a
gap width of approximately 550 mm.

The “KOHGA” [10], developed by Kamekawa et al.,
is a snake-type robot that connects four small tracked
robots. Based on running experiments, gap traversing was
achieved for a maximum gap width of 350 mm and a total
length of 740 mm of the track touching the ground.

In addition, “TITAN X” [11], developed by Hodo-
shima et al., is a robot with a leg mechanism that is driven
by a track, and can perform cooperate motion with the
legs and the tracks. The total length of the robot’s running
surface was 890 mm. This robot realized 400 mm-wide
track driving based on an experiment.

In addition, “Quince” [12], developed by Rohmer et al.,
has a structure in which sub-flippers are attached to the
four corners of the main tracks. By deploying the sub-
flipper, it is possible to increase the overall length of the
robot and leg contact position, as well as the gap width
to traverse. Because the total length of the main and
sub-tracks is 1110 mm, a gap traversing of approximately
500 mm is feasible.

“Scott” [13], developed by Suzuki et al., has a similar
configuration to “Quince,” which consists of main tracks
and passive sub-tracks. Because the robot has a total
length of 720 mm, it is possible to traverse a gap width
of approximately 324 mm.

“R-5S” [14], developed by Murakami et al., has a sim-
ilar configuration to “Quince.” Therefore, similar to the
already mentioned robots, the gap traversing motion is
possible by the sub and main tracks.

“UMRS” [15], which was developed by Kobayashi
et al., is a tracked robot with a total track running sur-
face length of 480 mm, including flippers that touch the
ground. This robot was able to traverse a gap width of
approximately 240 mm.

In general, as can be observed from these studies, it is
difficult for a conventional tracked robot to traverse a gap
with a width more than half the length of the track touch-
ing the ground. However, the hexapod tracked mobile
robot developed by the authors can traverse a gap wider
than it by using its legs to assist track driving, as illus-
trated in Fig. 2. In our previous research, the traversal of
a 260-mm gap width, 130% of a 200-mm track length,
was realized [7].

For autonomous navigation, sensing and mapping the
surrounding environment is essential. Most of the envi-
ronment mapping methods for autonomous mobile robots
adopt imaging cameras, laser range finders (LRFs), or
depth image sensors.

In the case of imaging cameras that adopt stereo vision
with a color camera, a 3-D map is generated from the fea-
ture points of the images of single or multiple cameras,
and then navigation is executed [16, 17]. However, the
calculation cost of extracting the feature points of the im-

Fig. 2. Gap traversing in transportation of a box-type object.

age set is high, and the error tends to be more significant
than that of other methods.

Regarding the LRF, a 2-D map from the distance data
around the sensor axis can be generated by the LRF [18–
21]. Its accuracy is better than that of stereo vision, and
it can reduce calculation costs. In addition, it is possi-
ble to map the area around a robot over a wide range.
However, because its minimum measurable distance is ap-
proximately 0.5 m, the LRF is mainly utilized for long-
distance measurements of 3–5 m; therefore, it is not suit-
able for measuring environments close to the robot.

In the case of adopting depth image sensors, 3-D map
generation and navigation can be performed based on
point cloud distance data [22–25], which has been intro-
duced in recent environment mapping. The point cloud
can be output directly from the data, such that the dis-
tance data from any point can be easily acquired. How-
ever, this approach requires a CPU with a large computing
power because calculation costs increase when processing
the point cloud data.

For autonomous gap traversing, which is the focus of
this study, the robot can sufficiently measure short dis-
tances to the ground in a certain range to detect a gap
width in front of the robot. Therefore, we developed
and installed a distance measurement system in which an
infrared distance sensor capable of measuring short dis-
tances is attached to a servomotor. This system can gen-
erate a 2-D map; hence it is similar to the LRF structure.
Moreover, both development and calculation costs can be
more significantly reduced with this approach than with
other environmental recognition methods already men-
tioned.

In this study, the gap width was determined using the
installed distance measurement system. The purpose is to
enable the robot to realize autonomous wide-gap travers-
ing.

3. Autonomous Gap Traversing

3.1. Gap Traversing Motion
Figure 3 presents an overview of the gap traversing by

the hexapod tracked mobile robot. This figure illustrates
the side view of the robot. For simplification, we assumed
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Fig. 3. Gap traversing motion.

that the heights of the ground between the gaps were the
same, the road surface was almost flat without significant
unevenness, the gap width was constant, and the robot
traveled orthogonally to the gap.

When the robot moves by tracks and the front part of
the body reaches the gap, the robot touches the tips of
its front legs at a small distance before the edge on the
far side, before its center of gravity approaches a posi-
tion just above the gap’s edge (i). At this point, the robot
can continue moving forward using its tracks by support-
ing itself with the tips of the front legs (ii). Then, the
robot touches the tips of the rear legs slightly behind the
edge on the near side before its body is completely sus-
pended above the gap (iii). Then, the robot crosses the
gap by supporting the body using the front and rear legs
(iv). When the front end position of the body touches the
ground on the far side, the robot releases the tips of its
front legs from the ground (v). Then, the robot continues
moving forward, propelled by its tracks with its rear leg
tips supporting it (vi). When the center of gravity of the
robot’s body reaches the ground on the far side, the robot
can release the tips of its rear legs (vii), and then return to
normal locomotion using only its tracks (viii).

3.2. Algorithm
Figure 4 presents an overview of the control algorithm

for the gap traversing achieved by the gap width detec-
tion of the hexapod tracked mobile robot equipped with a
distance measurement system, which will be described in
Section 4.1.

By assuming that the robot travels on a flat road surface,
the distance between the robot and the road surface ahead
is acquired by the measurement system. At this point,
if the distance increases significantly, it can be estimated
that a step exits in the downward direction.

Then, the presence or absence of an upward step is de-
termined from the distance information in the further front
area. If the step is not detected, it is assumed that the gap
is too long to traverse, such as a valley or a cliff. In this

Fig. 4. Gap traversing algorithm.

Fig. 5. Two-dimensional model of gap traversing.

case, the robot stops moving to avoid traversing. Con-
versely, if step is detected, it is determined that there is a
gap in the front. In this case, the gap width is detected via
the method described in Section 4.2.

When the gap width is detected, the robot determines
the appropriate action corresponding to the width. Let W ,
Ll , and Lh represent the detected gap width, maximum gap
width by which the robot can solely traverse via track run-
ning, and the maximum gap width by which the robot can
traverse the gap with leg support, respectively. If W < Ll ,
the robot can continue driving through the tracks. How-
ever, if Lh < W , the track exceeds the width that the robot
can traverse. If Ll ≤W ≤ Lh, gap traversal is realized with
the assistance of leg support, as illustrated by a 2-D model
presented in Fig. 5.

In the traversing mode with leg support, the robot ini-
tially drives until the center of gravity reaches the edge
of the rear gap. Then, the front legs touch the front road
surface. The robot moves forward by driving track with
the support of the front legs. When the rear end of the
track reaches the edge of the rear gap, the rear legs touch
the road surface on the rear side. Subsequently, the robot
moves with four legs. When the front end of the track
arrives at the edge of the front gap, the robot releases its
front legs and moves forward with its rear legs. Finally,
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Fig. 6. Two-dimensional distance measurement system.

Fig. 7. Robot control system.

when the robot’s center of gravity arrives at the edge of the
gap’s front, the robot releases its rear legs and completes
the gap traversing.

4. Gap Width Detection

4.1. Gap Detecting System
Figure 6 presents the manufactured distance measure-

ment system. This system was installed on a hexapod
tracked mobile robot developed by the authors. The mea-
surement system can obtain 2-D distance information by
rotating a 1-D infrared distance sensor using a motor.
The sensor was mounted 23 mm from the motor rota-
tion axis while the measurement system was mounted
35 mm from the bottom of the body and 50 mm from the
front of the robot. Sharp GP2Y0E03 and Kondo Kagaku
B3M-SC-1170-A were adopted as an infrared sensor and
a motor, respectively.

Figure 7 illustrates the configuration of the control sys-
tem installed in the robot. The rotation angle of the sen-
sor was controlled by the mbed microcomputer LPC1768,
and the distance at each angle was determined. This
mechanism enables the measurement system to obtain
2-D distance information beforehand. The configuration
of this system is very simple and does not require high
computing power for its measurement. In addition, the
measurement system can be implemented at a lower cost
than a laser range finder, depth camera, etc.

Fig. 8. Gap width detection model.

4.2. Method
As described in Section 3, the presence or absence of

a gap can be determined by detecting the step in the ver-
tical direction, and the corner on each road surface be-
comes the gap edge. The gap width detection method is
described as follows.

Figure 8 illustrates the gap width detection model. As
described in Section 3.1, we assumed that the heights of
the ground between the gaps were the same, the road sur-
face was almost flat without any large unevenness, the
width of the gap was constant, and the robot traveled or-
thogonally to the gap. Furthermore, we assumed that the
wall surface of the gap is vertical to the ground, and the
angle between the wall and road surfaces on the edge is
90◦. Consider a sensor coordinate system with the motor
as its origin, the Y -axis corresponds to the rotation axis
of the motor, and the X-axis faces the forward direction
of the robot. When the sensing direction is parallel to the
X-axis, it is assumed to be a 0◦ angle rotation of the sen-
sor. The sensor rotates from 0◦ in the positive direction
around the Y -axis. The dashed arrow in Fig. 8 represents
the distance measured at the sensor angle θ . When the
measured distance at this point is r, the measured position
PPP is given by:

PPP =
[(

r + r′
)

cosθ 0 − (
r + r′

)
sinθ

]T
, . (1)

where r′ is the distance from the origin of the sensor co-
ordinate system to the distance measurement sensor, and
T indicates the transpose of the matrix.

At the beginning, if a downward step is detected, the
sensor initially rotates to zero once, and then starts rotat-
ing to positive angles. Subsequently, the upper surface of
the step on the far side of the robot ((A) in Fig. 8) will
be detected if a gap exists. Then, the measured distance r
decreases as the sensor angle increases, and its derivative
(dr/dθ) becomes negative.

When the sensor angle is further increased, the vertical
wall surface in the gap ((B) in Fig. 8) is detected. At this
point, r increases with θ , and (dr/dθ) becomes positive.
Therefore, by adopting the sensor angle θ1 and the mea-
sured distance r1 when (dr/dθ) changes from negative to
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Fig. 9. Simulation results: detected distance to sensor angle (left) and derivative of detected distance to sensor angle (dr/dθ ) (right).

positive, the position PPP1 of the gap edge on the far side
can be obtained from Eq. (1). As the sensor angle is fur-
ther increased, the bottom of the gap ((C) in Fig. 8) will
be detected.

Then, when the road surface of the robot side ((D) in
Fig. 8) is detected, r abruptly decreases. Therefore, the
position PPP2 of the gap edge on the near side can be ob-
tained from the measured distance r2 corresponding to the
sensor angle θ2 when (dr/dθ) is minimum.

If the gap is deep, the measured distances become in-
valid for (C) in Fig. 8 because the distance exceeds the
sensing range. In this case, we can obtain PPP2 in the same
way by replacing these invalid values with the maximum
detectable values of the sensor.

From the obtained PPP1 and PPP2, the gap width W is given
by:

W = [1 0 0] (PPP1 −PPP2) . . . . . . . . (2)

When applying this method for gap width detection,
a calculation error occurs owing to the resolution of the
sensor rotation angle. Let PPPn = [xn yn zn]T, θn, and Δθ
represent the position of the n-th gap edge, detected angle
of PPPn, and resolution of the sensor rotation angle, respec-
tively. Then, the maximum error value of the gap width

Δxn is defined by:

Δxn = −zn

(
1

tan(θn −Δθ)
− 1

tanθn

)
. . . . (3)

4.3. Simulation
We conducted a simulation for gap width detection

based on the method described above. In this simula-
tion, the width of the gap W was set to 100, 200, and
300 mm, and the depth of the gap was set to 50 mm.
The robot was positioned, such that the front end of
the robot coincided with the gap edge on the near side.
Therefore, PPP1 and PPP2 are PPP1 = [W +50 0 −35]T and
PPP2 = [50 0 −35]T mm. We calculated the measured
distance from 0◦ to 45◦ sensor angles because the angle
for PPP2 was 34.99◦ while the resolution of the rotation an-
gle was set to 0.1◦.

Figure 9 presents the simulation results. The left panel
presents the measured distance to the sensor angle, and
the right panel depicts the derivative (dr/dθ), which rep-
resents the magnitude of change in the detected distance
relative to the angle. The detected parts (A), (B), (C), and
(D) are also depicted. The computed edge positions and
gap widths are presented in Table 1.
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Table 1. Simulation result of gap width detection.

Fig. 10. Experimental setup.

In this simulation, the resolution of the rotation an-
gle was set to 0.1◦. Because the exact angles of PPP1 are
13.13◦, 7.97◦, and 5.71◦ for gap widths of 100, 200, and
300 mm, respectively, the maximum errors of PPP1 calcu-
lated by Eq. (3) are 0.8%, 1.3%, and 1.8% for gap widths
of 100, 200, and 300 mm, respectively. Similarly, the er-
ror of PPP2 is 0.36% because its exact angle is 34.99◦. It
should be noted that this is the maximum error when the
gap edge does not arrive at the exact angle.

The obtained results indicate that this detection method
is sensitive to the sensor angle, especially for the far edge,
and there is a possibility that errors may increase owing
to slight deviations and robot tilts.

5. Experiments

5.1. Gap Width Detection
Several experiments were performed for gap width de-

tection using the developed distance measurement sys-
tem. Fig. 10 illustrates the experimental environment.
Two steps with heights of 50 mm were arranged at in-

tervals of 100, 200, or 300 mm to create each gap width.
In this experiment, the robot was positioned such that the
front end of the robot becomes the gap edge, similar to the
simulation. Ten measurements were performed for each
gap width.

Figure 11 presents the measurement results of the sen-
sor angle when the gap width is 100, 200, and 300 mm
and depth is 50 mm. In this experiment, the rotation an-
gle’s resolution was set to 0.5◦. The left and right panels
of Fig. 11 depict the measured distances to the sensor an-
gles, and its derivative (dr/dθ), respectively. The r′ value
in Eq. (1) is 23 mm, as stated in Section 4.1. The detected
parts from (A) to (D) of the gap are also indicated as an
example; these borders were calculated using the average
of 10 measurement data.

Figure 12 presents comparisons of the measured dis-
tances to the simulation. The dotted and black lines in
Fig. 12 represent the average value of the experimental
results and the simulation results, respectively.

Table 2 presents the edge position and gap width detec-
tion results for each gap width. Here, the variance and av-
erage of ten measurements are presented. The gap width
was the average value of ten measurements in which it
was calculated by each set of two edge positions.

Regarding the 100-mm result, Fig. 11 indicated that
the averages of the sensor angles and measured distances
were respectively 13.5◦ and 129.3 mm for PPP1, and 35.0◦
and 32.7 mm for PPP2. The measured distance results
did not exhibit a significant difference, as presented in
Fig. 12.

Therefore, the error ratio for the average of the de-
tected X position of PPP1 was 1.2%, as presented in Table 2,
whereas that of the detected gap width was 2.5%.

For the 200-mm result, Fig. 11 indicated that the aver-
age of sensor angles and measured distances were respec-
tively 9.5◦ and 241.0 mm for PPP1, and 35.0◦ and 32.1 mm
for PPP2. As illustrated Fig. 12, the corner of the bound-
ary part of (A) and (B) was rounded at an angle of 8.0◦.
We assumed that the PPP1 error was larger than 100 mm
because of this effect. In fact, Table 2 shows that the er-
ror ratio for the average of the detected X position of PPP1
was 4.2%, which is larger than that of the 100 mm gap
width. Consequently, the error in the detected gap width
was 7.4%.

Regarding the 300-mm result, Fig. 11 shows that the
average sensor angle and measured distance were respec-
tively 9.5◦ and 343.6 mm for PPP1, and 35.0◦ and 33.1 mm
for PPP2. The results presented in Fig. 12 indicate that
the error between the simulation and the experiment in-
creased at a sensor angle of approximately 10◦. There-
fore, the error ratio for the average of the detected X po-
sition of PPP1 was 3.2%, as presented in Table 2.

However, it was smaller than that of the 200-mm gap
width. Consequently, the error in the detected gap width
was smaller than that of the 200-mm result (5.6%). Re-
garding the detection of PPP1, the results in Table 2 indicate
that the edge positions were detected stably because the
variance values were negligible for every gap width. In
addition, the detected position of PPP1 exhibited an error of
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Fig. 11. Experimental results for 100, 200, and 300 mm gap widths: measured distance to sensor angle (left), and derivative of
detected distance to sensor angle (right).

4% or less. As already mentioned, the maximum error
triggered by the resolution of the sensor rotation angle Δθ
is defined by Eq. (3). When Δθ is 0.5◦, the error ratio
values of PPP1 are 4.1% and 6.8% at 200 mm, and 9.7% at
100, 200, and 300 mm, respectively. Therefore, it can be
observed that detection was achieved with sufficient accu-
racy.

However, the PPP2 error was significant (8.8%), as pre-
sented in Table 2. Because the maximum error triggered
by the resolution of the sensor angle is 0.02% for PPP2, we
assumed that the errors of the edge position were gener-
ated owing to sensory characteristics rather than the res-
olution of the sensor rotation angle. The light-receiving
range in which the distance sensor can accurately mea-
sure the distances is 6◦ (±3◦). If different factors, such as
the ambient lights from the edge of the gap, are measured
in this light-receiving range, the measurement system de-

tects an incorrect distance. In the simulation, we did not
consider this type of error in the distance measurement
sensor. However, according to the results of the experi-
ment, we inferred that the error appeared around the edge
because the measurement system measured the wall of the
gap and the surface of the road. Therefore, the error for PPP2
increased more significantly than that of the simulation.

To perform more accurate measurements via this
method, measurements should be performed at positions
sufficiently close to the gap edge to cover the gap edges in
most sensing ranges. Alternatively, a robot should adopt
a sensor with high directivity.

We assumed that the gap-width error in Table 2 is per-
missible for gap traversing by the methods presented in
Figs. 3 and 4, which is realized by providing a margin to
the gap width when selecting the traversing mode. There-
fore, these results validate the effectivity of detecting gap
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Fig. 12. Comparison of measured distance with the simula-
tion for 100, 200, and 300 mm gap widths.

width via the proposed method with the developed mea-
surement system.

5.2. Gap Traversing
We conducted several gap traversal experiments using

the developed hexapod tracked mobile robot based on the
proposed gap width detection system. The experimental
environment was the same as that described in the pre-
vious section, and gap traversing was performed for gap
widths of 100, 200, and 300 mm.

First, the robot was set at a distance of 250 mm or more
from the gap and moved in the direction of the gap by
track driving at a speed of approximately 50 mm/s. Dur-
ing this time, the distance to the road surface obliquely
downward and forward of the robot was measured by the
distance measurement system, and the magnitude of the
change in the distance was obtained. When the distance-
measuring system detected the amount of change equal
to or greater than the threshold value, the robot stopped
driving, and the gap width was obtained by the method

Table 2. Result of detection of gap width and edge positions.

described in Section 4.2. According to the detected gap
width, the appropriate motion was selected using the
method described in Section 3. In this experiment, the
sensor angle in the initial track driving was set to 30◦, and
the threshold for the distance change was set to 100 mm.

In this experiment, the threshold Ll for the selection of
the gap traversing motion was set to 100 mm by mechan-
ical constraints. Regarding Lh, we considered the margin
for safe traversing. Based on the maximum error rate in
the previous experiment presented in Table 2, we set Lh,
which was 270.1 mm in the theory by the mechanical con-
straint, at a margin value of 7.5%. Therefore, Lh was set
to 249.8 mm.

Figures 13 and 14 illustrate the traversing motions of
the robot for gap widths of 100 and 200 mm, respectively.
The numbers in each figure indicate the order of the mo-
tion.

As illustrated in Fig. 13, the robot commenced driv-
ing in 1©. Next, the robot stopped driving when the gap
width was detected by the measurement system 2©. The
detected width was W = 97.4 mm for a gap width of
100 mm. Hence, W < Ll , which means that the robot de-
termined that traversing was possible solely by track driv-
ing according to the algorithm described in Fig. 4. Then,
the robot solely traversed the gap with track driving 3©
and completed the motion 4©.

In Fig. 14, the robot starts driving 1© and detects a
gap. Its width was W = 213.2 mm for the gap width of
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Fig. 13. Gap traversal experiment for 100 mm gap width.
The robot achieved gap traversal by solely adopting track
driving.

Fig. 14. Gap traversal experiment for 200 mm gap width.
The robot achieved traversal with leg supports.

200 mm. Hence, Ll ≤ W ≤ Lh, such that the robot de-
termined the gap traversing with the supporting legs, as
illustrated in Fig. 4. The front legs were then moved to
support track driving 2©. Subsequently, the robot body
was supported by the rear legs and moved by assisting
track driving in 3©. Finally, the robot released its rear legs
and completed the motion in 4©.

In the experiment for the gap width of 300 mm, the
detected gap width was W = 318.9 mm, and became Lh <
W . Therefore, the robot determined that it was unable to
perform gap traversing and stopped.

The error ratios of the detected gap widths were 2.6%,
6.6%, and 6.3% for gap widths of 100, 200, and 300 mm,
respectively. Compared with the results in Table 2, the
error ratio increased by approximately 1.1% at 300 mm.
We assumed that the error was influenced by negligible
changes in the robot’s position and disturbances in the ac-
tual environment. However, it decreased in the 200 mm
gap width. Therefore, we assumed that an accurate gap
width detection was performed in this experiment.

From these results, we confirmed that the traversing
motion was appropriately and safely selected by the robot
according to the detected gap width.

6. Discussion

The proposed method was based on the assumptions
described in Sections 3.1 and 4.2, and simulations and
experiments were performed. However, these conditions
may not be applicable to a real environment. The fol-
lowing sections discuss the applicability of the proposed
method when each condition is infeasible.

6.1. Gap Width
If the width of the gap is not constant, the gap widths

on the left and right tracks diverge. In this case, it is nec-
essary to detect and calculate the gap widths on both the
left and right lines of the tracks. Then, the gap width W
required to determine the action becomes the distance be-
tween the nearer and farther edges. The traversing motion
can be performed via the proposed method, behaving as if
a parallel edge of the distance exists.

Accordingly, this challenge can be addressed by in-
stalling two of the distance measurement systems pre-
sented in this study to detect the widths of the left and
right gaps.

When the robot is not orthogonal to the gap, the same
limitation can be addressed, and thus the same solution
can be adopted by the proposed method.

6.2. Height of Ground
If the heights of the ground between the gaps are dif-

ferent, it is necessary to consider a traversing motion for
the gap with a step. For example, it will be effective for
the robot to alter the posture of the body, such that it is the
angle formed by the front and rear edges of the gap during
the gap traversal. This motion was performed in the same
manner as the proposed method.

Regarding the detection of the gap with a step, the road
surface on the far side cannot be detected when it is higher
than the distance measurement system. In this case, the
edge on the far side may be detected from the initial sens-
ing position on the wall. However, it may be difficult to
perform gap traversal because the road surface is not de-
tected. If the distance measurement system is mounted on
the higher part of the robot to allow surface detection, the
motion will be feasible via the proposed method. Even
if it is possible, we need to carefully decide a sufficient
height for the sensor because the down slope case should
also be taken into account.

6.3. Shape of Gap Edge
If the gap edge is not sharp, such as a round or sloped

edge, the amount of change in the measured distance pre-
sented in Section 4.2 may not be obtained sufficiently, and
a significant error may occur in the position detection of
the edge.

In the case of a small round or sloped edge, introducing
a safety margin to the Ll and Lh values, as presented in
Section 3.2, may be beneficial.
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Otherwise, for a large round or sloped edge, the gap
width can be calculated by the intersection of the extended
road and wall surfaces as the virtual gap edge. The road
and wall surfaces may be detected by a 2-D point cloud
obtained from the distance measurement system.

6.4. Posture of Wall in Gap
Consider the case in which the wall surface in the gap

is not vertical.
When the angle between the wall and road surfaces on

the far side is negligible, such as a steep cliff, the distance
on the wall surface will not be detected. In this case, be-
cause the maximum detection length of the sensor is pro-
vided as the distance information when it cannot be de-
tected, the distance increases abruptly after the gap edge.
Therefore, the proposed method can be applied without
issues.

However, if the wall inclines steadily and the angle be-
tween the wall and road surfaces is significant and obtuse,
the derivative of the measured distance will not change
from negative to positive on the gap edge; thus, au-
tonomous gap traversing via the proposed sensing method
will become difficult. In this case, another method, such
as shape detection via a 3-D point cloud, is required.

6.5. Shape of Road Surface
Finally, we consider the case in which the road surface

shape is not flat.
If a significant unevenness exists on the surface, it may

be difficult to apply the proposed method owing to the
false edge detection because the distance on the road sur-
face does not change linearly.

In such a case, it will be necessary to include a method
for detecting road and wall surfaces in addition to the pro-
posed sensing method. For example, it may be effective
to employ a smoothing filter to discard abrupt changes in
distance.

7. Conclusion

In this study, we proposed a gap width detection
method using a 2-D distance measurement system and an
autonomous gap traversal motion based on the detected
gap width obtained with a hexapod tracked mobile robot.
The effectiveness of the proposed measurement system
was confirmed by the results obtained from gap width
measurements. In addition, the autonomous motion ac-
cording to the gap width detected by the robot was con-
firmed experimentally. In the future, we will consider au-
tonomous traversal for a gap with a step.
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