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ABSTRACT Snake robots can use numerous joints to move in various manners. One of them is the
obstacle-aided locomotion, a method in which a robot moves by pushing obstacles. In our previous study,
we proposed a three-dimensional obstacle-aided locomotion using piecewise helixes, which is composed of
an obstacle-contacting part and a grounding part. However, this method is imperfect. This is because when
depending on the contact condition with obstacles, the reaction force may make it difficult for the robot to
maintain contact with the obstacles or to propel itself. In this study, we analyze the reaction force received
from obstacles during the obstacle-aided locomotion to improve the performance of the method. Using these
analysis results, we evaluate the contact points of the obstacle-contacting part from two perspectives. The first
considers the maintenance of contact with the obstacle, and the second considers the factors that interfere
with propulsion. The reaction force was confirmed experimentally using a force sensor. Additionally, the
theory of the factors that interfere with the propulsion and maintenance of contact with the obstacle was

verified using experiments of the obstacle-aided locomotion in several environments.

INDEX TERMS Search and rescue robots, biologically-inspired robots, field robots.

I. INTRODUCTION

Snake robots can perform various movements using numer-
ous joints. Previous studies have reported movement inspired
by biological snakes such as sinus-lifting and sidewinding
[1], [2], [3]. Additionally, movements such as step climb-
ing [4], ladder climbing [5] and hoop passing motion which
are not performed by biological snakes have been proposed.
As described above, snake robots can perform a variety of
motions and are applicable in searching disaster sites and
inspecting factories.

There are many obstacles, such as rubble and pipes, in an
environment where snake robots can work with. Therefore,
many studies have been conducted on obstacle-aided locomo-
tion, in which robots use obstacles to move. There are various
approaches for utilizing obstacles. One of the methods is to
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control the direction of the reaction force from the obstacle
by controlling the link angle of the robot in contact with the
obstacle [8], [9], [10]. Using these methods, the robot’s body
is adapted to an obstacle to easily obtain a propulsive force.
Another method is where the robot actively pushes back
against the obstacle using its body to gain a propulsive force
[11], [12]. In [13], it has been confirmed that obstacle-aided
locomotion can be optimized by changing the gait of the
robot based on the density of the obstacles. Additionally,
in [14], the robot used obstacles not only for propulsion but
also for changing the direction of movement of the robot.
In all of these approaches, maintaining contact between the
robot and obstacles is very important and crucial. In [15],
and [16], a method referred to as “EARLI” was proposed
to maintain contact with obstacles for as long as possible.
It is also important to identify obstacles that can provide
a propulsive force to the robot. In [17], and [18], for the
above, ‘“Tegotae-based decentralized control”” was proposed.
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This method is an extension of the method proposed in [19]
that uses curvature derivative control [20] and autonomous
decentralized control [21]. Hybrid Obstacle-Aided Locomo-
tion (HOAL) using hybrid position and force control has
been proposed in [22]. Other than snake robots, obstacle-
aided locomotion of an earthworm soft robot was achieved
by combining peristaltic motion with lateral bending [23].

In most of these previous studies, the basic motion of snake
robots was undulation on a two-dimensional plane. However,
the ground on which the snake robot may move on is often
uneven, with rubble and other debris. Three-dimensional
motion is required in these environments. Biological snakes
adapt to three-dimensional terrains by combining vertical
and lateral bending [24], [25]. The propulsion method using
vertical bending has been proposed even for snake robots
[26], [27]. In [11] and [12], the robot was propelled by
adapting its body shape to the uneven ground, such as rocky
terrain. Similarly, in [28], the robot’s body shape was adapted
to uneven ground by adding compliance elements to each
module of the robot. Moreover, a method that lifts part of
the robot to avoid obstacles was proposed to adapt to uneven
environments [29].

These studies above only considered the ground environ-
ment. However, a collapsed house or industrial plant may
have a three-dimensional obstacle environment, such as pipes
protruding from all directions, as shown in Fig. 1. In [30],
we proposed an obstacle-aided locomotion using piecewise
helixes to improve the snake robot’s mobility in the obstacle
environment by utilizing the obstacles. The shape of the
piecewise helixes consists of an obstacle-contacting part and
a grounding part. The obstacle-contacting part is a helix shape
and contacts the obstacle, whereas the grounding part is a
straight line or a circular arc and is grounded. In the proposed
method, the robot can be propelled not only by obstacles
on a two-dimensional plane but also by overhead obstacles.
To adapt to various obstacle environments, a body-shape
change method is also proposed. Additionally, a method for
moving and turning in any direction in a flat environment
without obstacles is proposed, which can easily switch from
the obstacle-aided locomotion.

Howeyver, this method has some limitations. One is that the
robot may not be able to maintain contact with the obstacle
due to the reaction forces. This is because depending on the
contact conditions during propulsion, the robot may move
away from the obstacle by friction force or rotate owing to the
reaction force. Moreover, when using an overhead obstacle,
the grounding part may be pressed hard against the ground
because of the reaction force from the obstacle, which may
interfere with propulsion. In [30], in addition to proposing
a method, we analyzed the reaction force from the obstacle.
However, we only considered maintaining contact with obsta-
cles on a two-dimensional plane. This is not sufficient for the
analysis of the reaction force during obstacle-aided locomo-
tion. This is because, when using a three-dimensional obsta-
cle environment, the effect of the reaction force must also
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be considered in three dimensions. In this study, we aimed
to automate the method proposed in [30] by analyzing the
reaction force from the obstacle during the obstacle-aided
locomotion in three dimensions. Additionally, based on the
results of this analysis, we determined the desirable contact
conditions from two perspectives: maintenance of contact
with the obstacle and factors that interfere with propulsion.
If the robot knows this, it can determine what kind of body
shape change is effective in a given situation and can auto-
mate adaptation to the obstacle environment. In the analysis,
we first considered the dependence of the reaction force on
the contact points of the robot. The theory was verified by
measuring the reaction force using a force sensor. Further-
more, based on the analysis results of the reaction force,
we determined the contact conditions that make it easy to
maintain contact with the obstacle and to propel itself. This
was confirmed in an obstacle-aided locomotion experiment
using several obstacle environments. The analysis in this
study depends on the body shape curve of the robot and the
condition of the connection between the grounding part and
the obstacle-contacting part. Therefore, the analysis can be
applied even when the obstacle-contacting part does not have
a helical shape, as in the previous study. Moreover, it can be
applied when the obstacle-contacting part is connected by any
torsion angle in various directions to utilize obstacles in any
direction.

Previous studies on obstacle-aided locomotion [8], [9],
[10], [11], [12], [13], [14], [15], [16] have analyzed the
forces received from obstacles during propulsion. However,
the analyses of [8], [9], [10], [11], [12], [13], [14], [15],
[16] are based on the angle of each link of the robot makes
with the obstacle. In contrast, the analysis in this paper is
based on a continuous curve of the robot, and not on each
link of the robot, Therefore, it is suitable for analysis in
obstacle-aided locomotion using a continuous curve approx-
imation method and shift control as in the method of [30].
In addition, previous methods analyzed reaction forces only
on a two-dimensional plane. In contrast, the method proposed
in this paper performs the analysis in three dimensions. These
analyses are necessary to enable the robot to utilize the
three-dimensional obstacle environment autonomously in the
future.

The rest of this paper is organized as follows. In Section II,
we describe our previously proposed method [30]. Section III
presents the results of the analysis of the friction and normal
forces from an obstacle during the obstacle-aided locomotion.
Based on the results of this analysis, Section IV discusses
the maintenance of contact with obstacles and Section V dis-
cusses the factors that interfere with propulsion. The reaction
force analysis in Section I1l is verified using the reaction force
measurement experiment described in Section VI. In Sec-
tion VII, we observe obstacle-aided locomotion in several
obstacle environments and verify that the above theory is
correct. A discussion is provided in Section VIII. Finally,
Section IX concludes the paper.
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FIGURE 1. Snake robot in cluttered environment [30].
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FIGURE 2. Structure of snake robot [30].

Il. OBSTACLE-AIDED LOCOMOTION USING PIECEWISE
HELIXES [21]

In our previous study, we proposed an obstacle-aided locomo-
tion using piecewise helixes [30]. The shape of the piecewise
helixes is shown in Fig. 3. It consists of an obstacle-contacting
part and a grounding part. The obstacle-contacting part is
an elliptical helix, whereas the grounding part is a straight
line or a circular arc. The robot’s body shape was fitted
to this target curve using the control methods of Yamada
and Hirose [31] and Takemori et al. [32]. In this study,
we assumed a non-wheeled snake robot as shown in Fig. 2.
All the link lengths of this robot are equal, and the pitch and
yaw joints are connected alternately.

Each of the obstacle-contacting part and grounding parts is
referred to as segment. These two combinations are referred
to as segment units. The parameters for each segment are
listed in Table 1. m € Z denotes the segment unit index.
As shown in Fig. 4a, the lengths of the major and minor axes
of the obstacle-contacting part (elliptical helix) are denoted
by a; and b;, respectively. Assuming /; is the tilt angle of the
helix, the pitch of the helix p; is defined as 27 h; (Fig. 4b).
The winding angle of the helix is defined as ¢; = 27 in the
proposed method. The grounding part is defined by length /;
and curvature «;.

In this method, the robot’s body shape can be changed and
the robot can move by changing the fitting range of the snake
robot on the target curve, as shown in Fig. 5. The fitting range
can be changed by changing the head position of the robot sy,
on the target curve. This is known as shift control [31], [32].
As shown in Fig. 6, the robot can push out an obstacle and
propel itself toward the head direction by performing shift
control.

We proposed a body shape change method to adapt to
various obstacle environments, as shown in Fig. 7. In our
method, the shortening (Fig. 7a), extending (Fig. 7b), and
bending (Fig. 7c) of the grounding part were proposed. More-
over, the reversal (Fig. 7d) and height adjustment (Fig. 7¢)
of the obstacle-contacting part were proposed. Using these
body shape change methods, the robot can contact obstacles
in positions that are not available by the basic shape and can
utilize them for propulsion.
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FIGURE 3. Segment configuration of piecewise helixes [30].

TABLE 1. Parameters of segments for the target shape.

seg no. j part shape parameter

. Straight line
2m + 1 Grounding part Circular arc (L, ky5)
2m + 2 Obstacle-contacting part Elliptical Helix (aj,bj,hj, ¢;)

Curvature
and length of the
grounding part

(a) Elliptical helix (b) Definition of el- (c)
parameters liptical helix pitch

FIGURE 4. Parameters of the target shape [30].

‘ Obstacle-contacting part L

Forward shift

Grounding part

Backward shift

FIGURE 5. Moving by shift control [30].

Obstacle Direction of
,' a movement
\ Head direction

FIGURE 6. Obstacle-aided locomotion [30].

lll. ANALYSIS OF REACTION FORCE DURING
OBSTACLE-AIDED LOCOMOTION

A. PURPOSE OF ANALYSIS OF REACTION FORCE

When a snake robot performs obstacle-aided locomotion,
it is important to propel it easily and maintain contact with
the obstacle. In this method, depending on the condition
of contact between the robot and obstacle, reaction forces
may interfere with the propulsion and maintenance of contact
with the obstacles. For contact maintenance with an obstacle
geometrically, the theory of form closure [33] is reffered to
ensure the robot to be constrained such that it does not move
away from the obstacles. In this theory, it is known that at
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FIGURE 8. Direction of friction force by contact point.

least (degree of freedom of motion + 1) constraint points are
required for form closure to be realized. Therefore, at least
three constraint points are required to constrain the movement
and rotation of the robot, except in the direction of propelling.

In this study, we did not consider the geometrical con-
straints of movement by the form closure, but rather the
constraints of movements by dynamical conditions. This is
because the form closure was already known. Moreover,
a minimum number of constraint points is required for its
realization. This means that there may be situations in which
geometrical constraints are impossible depending on the
placement of obstacles. Therefore, we considered the friction
and normal forces as the reaction forces from the obstacles
and how these forces change depending on the point of con-
tact at the obstacle-contacting part.

B. FRICTION FORCE

The direction of the friction force from the obstacle is deter-
mined by the direction of movement of the robot body axis
on the obstacle surface, as shown in Fig. 8. In this section,
we assume that the obstacle-contacting part is connected to
the grounding part by an arbitrary torsion angle ¥, as shown
in Fig. 9b. We discuss the change in the direction of the
friction force depending on the curve length s on the obstacle-
contacting part. The following discussion is based on the
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FIGURE 9. Coordinate conversions. (a) Conversion from coordinate
system based on the helix to the coordinate system based on the
longitudinal direction of the grounding part. (b) Conversion to the
coordinate system that considers the torsional angle y at the connection
with the grounding part.
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(©) F:
FIGURE 10. Variation of friction force with curve length s and torsion
angle y.

coordinate system (x, y, z), where x is the longitudinal direc-
tion of the grounding part, y is perpendicular to it, and z is
perpendicular to the ground. The components of the friction
force in each direction are denoted as (Fy, Fy, F7).

First, we assume that the obstacle-contacting part is a helix,
expressed by the following equation:

Xp1 = rp Sin Oy,
Vit = hOp, (D
Zn1 = rp cos Oy,

COn =

where r; denotes the helix radius, 2 denotes the tilt angle
of the helix, and 6, denotes the winding angle. The above
equation in the curve length parameter form is as follows:

1
xhlzrhsin —_— S5,
,/rg—l—hz
1
Y =h-

C(s) = \/"5—_'_7 - S, 2)

1

Zpl = rp COS s
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To obtain the direction of movement of the robot on the
obstacle surface, it is necessary to obtain the vector of the
robot’s body axis. This vector is obtained by differentiating
(2) with s as follows:

o)
Axpy et h }/rh o
Ayn | =C'(s) = Je )

Azp
—"h__ sin LI
L \/ r2+h? \/ ri4h? |

However, the vector of the robot’s body axis obtained by
(3) is expressed in the coordinate system (xp1, i1, Zn1) based
on the helix. Therefore, it is necessary to convert this to the
(x, y, 2) coordinate system.

First, it is necessary to consider the torsion angle at the
connection between the grounding part and the obstacle-
contacting part. Therefore, the coordinate system converts
from (xp1, Yni, zn1) to (X2, Yh2, Zn2) as shown in Fig. 9a.
The longitudinal direction of the grounding part is x;, and
perpendicular to it is yj». To convert to this coordinate system,
it is rotated around the z;; axis by « as follows:

X cosa —sina 0 Xn1
yiz | =| sina cosa O || ym |, “
2 0 0 1 Zh1

where « is obtained from the shape parameters of the helix as
o =tan"' h/ry,.

Next, we consider the case in which the grounding part and
obstacle-contacting part are connected by a torsion angle ¥,
as shown in Fig. 9b. It is necessary to convert the coordinate
system (xz2, Yn2, zn2) to (x, y, z) by rotating around the xj»
axis by ¢ as follows:

X 1 0 0 X2
y|l=10 cosy —siny ||y |. (%)
z 0 siny cos Y Zn2

Based on the above, the vector of the robot’s body axis after
conversion from the coordinate system (xp1, yu1, 241) to (x, y,
z) is as follows:

Ax Axp1
Ay | =RyRy | Ayp |, (6)
Az Azp

where R,, and Ry, denote the rotation matrices of (4) and (5),
respectively.

We assume that a constant friction force F acts in the
direction of the body axis of the robot. Using the unit vector
of the robot’s body axis obtained by (6), the friction force (F,
Fy, F;) in each direction is obtained as follows:

Fy |
Fy |=F- Ay
F. VAXZ+ Ay + A2 | A,

Ax

(N

From (7), it is possible to obtain the friction force in each
direction with torsion angle i and curve length s of the
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obstacle-contacting part. We assume that the friction force
F = 1.0[N] is always constant. The variation in the friction
force in each direction with s and v can be obtained as shown
in Fig. 10. It is considered that the value of each directional
component of the friction force affects the ease of contact
maintenance with the obstacle and the propulsion of the robot.
The curve length s in these plots is normalized to zero at the
head and one at the tail of the obstacle-contacting part. The
same normalization is applied to s in the rest of this study.

C. NORMAL FORCE

The direction of the normal force N received from the obsta-
cle is also determined by the body shape of the obstacle-
contacting part. The absolute value of N was assumed to be
constant, and we focused only on the direction of the force.
The plane in contact with the obstacle was defined as the
obstacle-contacting plane, as shown in Fig. 11a (red box in
this figure), and the normal force was acting perpendicular to
this plane.

First, we define the obstacle-contacting plane. Let T be the
robot’s body axis vector and n be the normal vector of the
plane formed by T and the x-axis unit vector, respectively.
The obstacle-contacting plane is the plane formed by 7' and
n as shown in Fig. 11b. n is the cross product of T =
[Ax, Ay, Az] obtained in the previous section and the unit
vector [1, 0, 0] in the x-axis direction as follows:

Ax 1 0
n=| Ay |[x|0|=| Az |. ®)
Az 0 —Ay

The normal force N from the obstacle acts in the direction
of the vector B perpendicular to the obstacle-contacting plane
defined above. B is the cross product of vectors T and n as
follows:

Ax 0 —Ay? — AZ?
B=| Ay | x| Az | = Ax - Ay .0
Az —Ay Ax - Az

Fig. 12 shows the body shape of the obstacle-contacting
part (blue line), vector n (orange line), and vector B (yel-
low line). The obstacle-contacting plane is the plane formed
by n and the robot’s body shape curve. The plot shows
that the normal force acts vertically at both ends of the
obstacle-contacting part and is almost parallel to the ground
at its midpoint.

From the above, the reaction force received from the obsta-
cle can be obtained in three dimensions. This enables us to
consider the effect of the reaction forces based on the point of
contact between the obstacle and the obstacle-contacting part
in three dimensions. In our previous study [30], we derived
the conditions under which the robot maintains contact with
the obstacle by analyzing the reaction force. However, the
analysis was imperfect because the direction of the normal
force from the obstacle was assumed to be normal to the
curved surface of the obstacle in the analysis. In this case,
in order for the robot to automatically determine whether
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FIGURE 11. Definition of the obstacle-contacting plane and each vector.
(a) The obstacle-contacting plane and vectors 7, B, n. (b) These vectors in
the y — z plane.

S — 0.2 — Backbone curve

= %
0.1
B SN \
e 2
-, 0= ==
DO ‘ L
%03 p O o o1 02 03
y [m] x [m] y [m]
(a) (b)

FIGURE 12. Result of drawing each vector. (a) Robot body shape and
vectors B, n. (b) Vectors in the y — z plane.

or not it can maintain contact, the curvature of the obstacle
surface must be measured by a sensor, such as a vision sensor.
In addition, we only considered the robot’s movement on a
two-dimensional plane due to a reaction force. Furthermore,
we did not consider that reaction forces can sometimes cause
the robot to rotate around the point of contact or interfere with
propulsion. Therefore, in Sections IV and V, we will consider
the effects of reaction forces on contact maintenance, includ-
ing rotation, and factors interfering with propulsion in three
dimensions. Both the normal force and the friction force are
obtained from the body shape curve; therefore, the analysis in
this paper is independent of the information on the obstacle.

IV. CONDITIONS FOR MAINTAINING CONTACT WITH
OBSTACLES

Based on the analysis of the reaction force from the obstacle
in Section III, we discuss the conditions for maintaining
contact with obstacles based on the point of contact in the
obstacle-contacting part. There are two possible situations in
which the robot cannot maintain contact with the obstacle,
as shown in Fig. 13. Fig. 13a is a situation in which the robot
cannot move smoothly on the obstacle surface because of fric-
tion. In this situation, the robot may move in the —y direction
in this figure, which is referred to as moving sideways in the
following. Fig. 13b is a situation in which the robot rotates
owing to the moment caused by the reaction force from the
obstacle.

A. MOVING SIDEWAYS

Moving sideways (Fig. 13a) is caused by Fy, which is the
y direction of the friction force with the obstacle. Fig. 10b
shows that the absolute value of F) is smaller when the
curve length s is large or small (both ends of the obstacle-
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Robot moves away
from the obstacle

(a) Moving sideways

(b) Rotation

FIGURE 13. When the robot cannot maintain contact with obstacles.

contacting part), regardless of the torsional angle . How-
ever, the absolute value of Fy is larger at the midpoint of the
obstacle-contacting part. Additionally, Fy is negative when
¥ = 0 and positive when ¢ = . In both cases, sideways
movement is more likely to occur when the absolute value
of F is particularly large. Therefore, the midpoint of the
obstacle-contacting part was the point at which this problem
was most likely to occur.

Next, we consider the case in which multiple obstacles
are utilized in several patterns, as shown in Fig. 14. Fig. 14a
shows the case in which multiple obstacles are on the same
side. In this case, F), (where i is the segment unit number),
which is the friction force component in the y-direction, acts
in the same direction. Therefore, the (F, + Fy,) forces easily
move the robot in the —y direction in the figure. However,
Fy, act in the opposite direction at the reversed obstacle-
contacting part, as shown in Fig. 14b. Therefore, the force
that moves the robot sideways is the difference between Fy,
received by the obstacle-contacting part in the basic and
reversed shapes. Finally, Fig. 14c shows the case in which the
grounding part is bent. In this case, the ease of moving side-
ways and its direction can be determined by synthesizing the
friction force of the y component at each obstacle-contacting
part. This is obtained using the angle between F), and the x
axis 0, = «; - l;, where «; is the curvature of the grounding
part and /; is its length.

B. ROTATION

1) FACTORS THAT MAKE THE ROBOT ROTATE

Rotation (Fig. 13b) is caused by the moment around the center
of gravity of the robot due to the reaction force from the
obstacle. First, as illustrated in Fig. 15, we focus on only
one obstacle-contacting part, excluding the grounding part.
We assumed that the center of gravity was the midpoint of
the obstacle-contacting part.

Reaction force R in Fig. 15 is the combined normal force
N,y and friction force Fy, which are projected on the x —y
plane. The normal force Ny, is the unit vector of the (x, y)
components of B defined in Section III-C. The value of the
friction force F is the absolute value of B (|B| = 1) multiplied
by the friction coefficient p and unit vector of the robot’s
body axis vector T' (FF = p - T). The above x, y components
are used as Fy,. Using these forces, the reaction force received
from the obstacle was defined as R = Ny + F,,y.
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by  Obstacle |

FIGURE 14. Synthesis of forces related to moving sideways when (a) all
obstacle-contacting parts are in the same direction, (b) there is a reversed
one and (c) the grounding part is bent.
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|Reaction force R [ \ (Te, Ye)

[ ...

Rotate around
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Y Centre of gravity
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FIGURE 15. Moment around the center of gravity of the
obstacle-contacting part due to the reaction force.
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%-0.2
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0.1 0 -0.1 -02 -03
X [m]

FIGURE 16. Drawing result of the backbone curve and direction of the
reaction force at the obstacle-contacting part when p = 0.

The vertical distance d from the center of gravity to the
reaction force R shown in Fig. 15 is obtained as follows:

Yz
d = e =367 + e =362 -sin (5 + 0,

Xe — X
—tan~! u» (10)
[Ye = Yl
where 0, is the angle between the reaction force R and the
x axis and is obtained as 6, = tan~! R, /Ry. It should be
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FIGURE 17. Variation of moment with friction coefficient 1 and curve
length s.

noted that R, and R, are the x and y components of R.
The coordinates of the center of gravity are (xg, yg) and the
coordinates of the contact point are (x., y.). Using the above,
the moment around the center of gravity Mg of the robot can
be calculated using the absolute values of the x, y components
of the reaction force |Ryy| = ,/R? + R§ asMg =d - |Ryyl.

Fig. 16 shows the body shape curve and direction of the
reaction force at the obstacle-contacting part. Fig. 16 shows
the case with a friction coefficient . = 0. As the friction coef-
ficient increases, R tilts more toward the negative direction of
the y axis, and the value of the moment also changes. Fig. 17
shows the change of the moment with the curve length s and
friction coefficient w. It should be noted that the counter-
clockwise direction shown in Fig. 16 is defined as the positive
direction. Fig. 17 shows that when the friction coefficient is
small, the moment is particularly large when the value of s
is large and small. Therefore, the robot tend to rotate when
it make contact at both ends of the obstacle-contacting part.
However, the robot is less likely to rotate near the midpoint of
the obstacle-contacting part. Comparing the case with a large
friction coefficient and that with a small friction coefficient,
the trend is similar for both cases. However, the absolute value
of the moment at both ends is smaller when the coefficient of
friction is larger than when it is smaller.

These results suggest that the ease of rotation depends not
only on the point of contact at the obstacle-contacting part
but also on the value of the friction coefficient on the surface
of the obstacle. This is particularly clear at both ends of the
obstacle-contacting part.

Next, we consider the case of contact with obstacles in
multiple obstacle-contacting parts. In this case, the ease of
rotation of the robot is determined by the sum of the moments
around the center of gravity of the robot owing to the reaction
forces at each contact point. First, we determine the position
of the robot’s center of gravity as follows: The target contin-
uous curve in the range fitted to the robot was represented
by the (x, y, z) coordinate system. The weight of the robot in
the micro-interval ds of the curve is obtained as m; = p - ds,
where p is the line density of the robot, which is assumed to be
constant throughout the robot. Using the above equation and
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the coordinates (x;, y;) of each point of the robot, the position
of the center of gravity G(xg, yg) on the x, y plane is obtained
as follows:

_ds x4+ x3+c-0)

XG s
ds(lop/ds)

y6 = ds(yi +y2 4y o) an
ds(lmb/ds)

where [, is the length of the robot and [, /ds is the number
of divisions. The origin of the x — y coordinate system is set
at the head of the robot.

As shown in Fig. 18, the contact point C; can also be
represented in the x — y coordinates. In the case of Fig. 18a,
the moment of the robot is obtained as follows:

May = dy - |R1| — da - |IR2R: | (12)

d; in above equation is obtained by the following equation
using the coordinates of each contact point:

i = (5, = 567 + (e, = v - sin (5 + 0
—1 |xc,' - -xGl
ye; = yGl
where 6, is the angle between the direction of the reaction
force and x axis. If the grounding part is bent, as shown in
Fig. 18b, the direction of the reaction force R changes by 6,
in the figure. Therefore, 6, = 6., + 6, in Fig. 18b can be
substituted into 6., in the above equation to obtain d; and the
moment in the same way.

If the points of contact with multiple obstacles can be
adjusted such that the absolute value of the moment M, I/ cal-
culated above decreases, rotation may be prevented. To assist
the operator in making this adjustment decision during robot
operation, we created a system. This system draws the target
curve of the robot in the x — y plane, the position of the
center of gravity, and the direction of the reaction force of the
obstacle-contacting part. The results are presented in Fig. 19.
This system also responds to shift control and body shape
changes of the robot. It can always draw the robot’s body
shape, center of gravity, and reaction force at any given point
in time. We believe that it is possible to realize a contact state
that prevents rotation by instructing the body to change its
shape based on the drawing result of this system.

For example, if the point of contact with an obstacle is
known, the positional relationship between the center of
gravity and direction of the reaction force at the point of
contact can be determined. Therefore, it is possible to predict
how likely the robot is to rotate at that instant. As shown in
Fig. 20a, we considered the case in which the robot is in con-
tact with obstacle 4 at its tail. In this case, a large clockwise
moment is expected to be generated by observing the direc-
tion of the drawn reaction force, and the robot is expected
to rotate. We assume that there are obstacle candidates 1-3
available and we know the direction of the reaction force
generated by contact with each obstacle using this system.
In this figure, we observe that contact with obstacle 1 gen-
erates a moment of the same value in the direction opposite

— tan

). a3
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FIGURE 18. Moments throughout the robot when receiving reaction
forces from multiple obstacles. (a) In the case of the basic shape. (b) In
the case where the grounding part is bent.
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FIGURE 19. Example of drawing of the center of gravity and reaction
force at the obstacle-contacting part.

to the moment due to contact with obstacle 4, which prevents
rotation. Therefore, the operator can choose to shorten the
grounding part to make the head obstacle-contacting part
come into contact with obstacle 1. Next, we considered the
case where the robot was in contact with several obstacles,
as shown in Fig. 20b. The system can identify obstacles that
generate large moments and can decide to shorten the rear
grounding part to avoid contact with obstacle 2.

2) FACTORS THAT PREVENT THE ROTATION OF THE ROBOT
We focused on the obstacle-contacting part in the above
discussion of the rotation of the robot. However, when consid-
ering the grounding part, some factors can prevent rotation,
such as friction between the grounding part and ground and
the moment of inertia of the robot.

First, we considered the moment of inertia around the
center of gravity of the robot when it was assumed to be arigid
body. As shown in Fig. 21a, we assumed the case in which
the robot rotates around its center of gravity with an angular
acceleration of w. The effect of friction is not considered. Let
r(s) be the shortest distance from the center of gravity to a
point of any curve length s. The total moment of inertia /
is obtained by integrating the moment of inertia of a micro-
interval ds from the head position to the center of gravity of
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FIGURE 20. Examples of using a program to draw the position of the
center of gravity and reaction force. (a) Select obstacles that can prevent
rotation. (b) Release contact with obstacles that cause rotation.

the robot, as follows:

Sh
I =/ r(sy* - p - - Re ds, (14)
5G
where s is the curve length at which the center of gravity is
located and s, is the curve length at the head position of the
robot. The mass of the robot in micro-interval ds is expressed
as p -7 - Rlzink - ds, where Ry, is the link radius of the robot.

The torque t used to rotate the robot was calculated from
the equation of motion of rotation using the angular acceler-

ation w as follows:
I - wo=r1, (15)

where we assume that a constant torque t is always obtained
from the obstacle, regardless of the robot’s body length. From
(14), it can be concluded that I increases as the robot’s body
length increases. Consequently, from (15), the angular accel-
eration w is smaller. In other words, it is thought that rotation
is less likely to appear when the robot’s body length is longer,
even in the same case of the obstacle-aided locomotion.

Next, we consider the effect of the friction force between
the grounding parts and the ground. We assumed that the
robot rotates in a counterclockwise direction around its center
of gravity, and that the friction force Fg; acts in a direction
perpendicular to the vertical distance d; from the center of
gravity at the midpoints of each grounding part. Fig. 21b
shows that the moment M; = d; - Fy; around the center of
gravity of the robot acts at the midpoint of each grounding
part in the opposite direction to the direction of rotation. The
sum of these moments prevents rotation. Moreover, in the
case shown in Fig. 21b, the moment generated by F,, at
the second grounding part from the center of gravity has a
significant effect on rotation prevention.
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FIGURE 21. Factors that can prevent rotation.
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FIGURE 22. Angle 6g between the ground plane and obstacle-contacting
plane.

From the above, the longer the robot’s body length, the
more difficult it is to rotate, owing to the effect of the moment
of inertia. Additionally, if the grounding part is located far
from the center of gravity, the rotation can be further pre-
vented by the moment generated by the frictional force at the
grounding part. Therefore, if rotation is not desired, it is effec-
tive to increase the robot’s body length and set the grounding
part to be located far away from the center of gravity of the
robot.

V. FACTORS INTERFERING WITH PROPULSION

This section describes another factor that affects obstacle-
aided locomotion: the forces that interfere with propul-
sion. Depending on the direction of the normal force or
friction force received from the obstacle, a force may be
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FIGURE 23. Variation of 6g with curve length s.
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FIGURE 24. Body shape curve and evaluation of the obstacle-contacting
part.

generated that interferes with the propulsion of the robot
during obstacle-aided locomotion.

First, we discuss the effect of the direction of the normal
force on propulsion, as obtained in Section III-C. The direc-
tion of the normal force varied depending on the point of
contact, as shown in Fig. 12. When the direction of the normal
force is horizontal, most of it can be used for propulsion
purposes. However, problems arise when the normal force
is vertically upwards or downward. In the vertical upward
case, the friction force on the surface of the obstacle increased
as the load of the robot was added to the pushing force.
In the vertical downward case, the normal force pushed
the robot against the ground, increasing the friction at the
grounding part. These factors interfere with the movement
of the body axis of the robot in the direction of propulsion.
Then, we focused on the angle 8p, as shown in Fig. 22, for
a discussion of the contact points where the normal force is
likely to interfere with propulsion. 6p is the angle between the
normal force and grounding plane when viewed in the x — z
plane. It is obtained from the x and z components of vector B
obtained by (9) as follows:

1 Ax-Az

_ 16
—Ay? — A2 (16)

Op = tan™

Fig. 23 shows 6p with the curve length s. This plot shows
that the absolute value of 6p is particularly small when s
is approximately 0.5 m. Therefore, it is considered that the
situation that prevents the propulsion of the robot mentioned
above is unlikely to occur at the midpoint of the obstacle-
contacting part. Conversely, when the value of 6p is negative
and large (when s is approximately 1 m), the robot is pressed
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against the ground by the normal force. This increases the
frictional force on the grounding part, making it difficult for
the robot to propel itself. In the other hand, when 05 is positive
and large (when s is near 0 m), the robot pushes against the
obstacle from above. In this case, the frictional force on the
surface of the obstacle increases. This is because the robot’s
weight is added to the pushing force owing to the movement
of the robot, making it more difficult for the robot to propel
itself.

The friction force components F and F, obtained by Sec-
tion III-B also interfere with the propulsion of the robot. First,
we discuss F,. When F, is negative, it acts in the direction
opposite to the direction of propulsion. Therefore, F, is a
force that prevents the robot from moving in the direction of
travel on the obstacle surface. Fig. 10a shows that F, does not
change with the value of the torsion angle ¥, but only with the
curve length s. Moreover, the absolute value of F, near both
ends of the obstacle-contacting part was the largest at negative
values. This indicates that the contact point interferes with the
robot from propulsion the most.

Next, we discuss F. Fig. 10c shows that the absolute value
of F, is smaller when s is large, small, and near the midpoint.
As in the case of F), the direction of the force was reversed
when 1 was zero and . When ¢ = 0, the force is particu-
larly strong in the upward direction near s = 0.25 m, and the
robot behaves as if it is climbing the surface of an obstacle.
At approximately s = 0.75 m, this force acts strongly in the
downward direction, and is considered to push the robot to
the ground. When ¢ = m, this force exhibits the opposite
behavior.

The above results indicate that forces that interfere with the
propulsion of the robot tend to be generated near both ends of
the obstacle-contacting part. Therefore, from this perspective,
itis preferable to make contact at the midpoint of the obstacle-
contacting part.

At the end of this section, we summarize the theory of the
conditions for maintaining contact with obstacles in Section
IV and the factors that interfere with the propulsion of the
robot discussed above. These are determined by the shape
of the obstacle-contacting part. As shown in Fig. 24, contact
with the obstacle near the midpoint of the obstacle-contacting
part tends to move sideways but prevents rotation. Forces that
interfere with the propulsion of the robot are also difficult
to generate. At both ends of the obstacle-contacting part,
sideways movement was prevented, but rotation was likely to
occur. Forces that interfere with the propulsion of the robot
are also likely to be generated.

VI. EXPERIMENT OF REACTION FORCE MEASUREMENT
A. EXPERIMENTAL METHOD

The theory of the reaction force at the obstacle-contacting
part during the obstacle-aided locomotion, which is discussed
in Section III, was experimentally confirmed. In the experi-
ment, a six-axis force sensor and snake robot, as shown in
Fig. 25 were used. The robot was the same as that developed
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FIGURE 26. Experimental environment of the reaction force
measurement.

by [30]. The robot has no wheels, and the pitch and yaw
joints were connected alternately. In this robot, the length
of each link is 70 mm, the link radius was 28 mm, and the
weight of each link is 146 g. In the experiment, the normal
and friction forces during the movement were measured on
several links of the obstacle-contacting part of the robot. The
friction force measurements may be incorrect if the contact
state with the obstacle changes gradually during propulsion.
Therefore, we performed shift control for a very short period
and measured the static friction force at the beginning of the
movement instead of the dynamic friction force.

Fig. 26 shows the experimental environment. Eight spots
of the obstacle-contacting part were used as measurement
points, as shown in Fig. 26a. The angle between the base
of the aluminum frame and the sensor was adjusted so that
the sensor surface and the direction of the robot’s body axis
were parallel at each measurement point. From this state,
shift control was performed at a very slow shift speed of
sp = 0.2 mm/s. Measurements were performed three times at
each measurement point. The horizontal and vertical forces
measured by the force sensor are defined as the friction
and normal forces, respectively. After the measurements, the
sensor results were converted to the same coordinate system
(x, y, z) as in the theory described in the previous section. For
the conversion, we used the angle y between the sensor and
the ground surface, and the angle 8 between the base of the
aluminum frame and the y-axis, as shown in Fig. 26b. In the
measurement, the static friction force was measured at the
moment when the robot started to move both at the head and
tail of the robot. The ground surface of the robot is a plate
with a small coefficient of friction. The sensor surface was
covered with tape to prevent the frictional force measured
by the sensor from becoming too small. The static friction
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FIGURE 27. Static friction force measurement results. (a) Measured value.
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FIGURE 28. Measured results of combined static friction force.
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FIGURE 29. Comparison of theoretical and measured results.

coefficients of the ground and sensor surfaces are 0.191 and
0.337, respectively. The number of links of the robot was set
to 16 so that the obstacle-contacting part could be sufficiently
formed. In this experiment, the torsion angle between the
grounding part and obstacle-contacting part was set as 0°.

B. MEASUREMENT RESULTS

1) MEASUREMENT RESULTS OF STATIC FRICTION FORCE
The results of the static friction forces Fy, Fy, and F; in the
X, y, and z directions at measurement points 1-8 are shown in
Fig. 27a with error bars representing the standard deviation
of the three measurements.

Fig. 27a is the result of the sensor measurement. However,
the combined static friction force is not constant because the
direction and amount of normal force differ at each mea-
surement point. As shown in Fig. 28, in this experiment, the
combined static friction force was different at each measure-
ment point. The purpose of this experiment was to determine
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the trend in which the directional component of the friction
force is larger at the contact point. Therefore, as illustrated
in Fig. 27b, the measured values are evaluated by expressing
them as a ratio to the combined static friction force.

To compare the theoretical values with the measure-
ment results, we calculated the curve length s at the
obstacle-contacting part for each measurement point.
To obtain the curve length s, we first determined the distance
from the head of the robot to each measurement point at
the initial position. This was obtained from the link number
of each measurement point counted from the head of the
robot (link number 5 for measurement point 1) and a link
length of 70 mm. The curve length of each measurement point
on the obstacle-contacting part was obtained by subtracting
the length of the grounding part from this length. As with
the other plots, normalization was performed by setting the
beginning of the obstacle-contacting part to zero and the rear
end to one. These results are plotted together with the theoret-
ical values obtained in Section III for torsion angle ¥ = 0 as
shown in Fig. 29. This figure shows that the change in the
static friction force component in each direction exhibits a
similar trend between the theoretical and measured values.

First, the absolute value of F, is large at both ends of the
obstacle-contacting part (measurement points 1 and 8) and
small near its midpoint (measurement points 2-7). Further-
more, the value of F, was positive at measurement points
4 and 5. When the static friction force component in this
direction is negative, it acts in a direction opposite to the
direction of propulsion of the robot. Therefore, when this
force is negative and its absolute value is large, as at measure-
ment points 1 and 8, it interferes with the robot’s propulsion.

Next, it can be observed that the absolute value of F)
tends to be small at both ends of the obstacle-contacting part
and large near its midpoint. The static friction force in this
direction causes the robot to move in the y direction in 26a.
Therefore, if the absolute value of F) is large, it is difficult to
maintain contact with the obstacle.

Finally, the value of F is found to be positive and large at
the front end of the obstacle-contacting part, and negative and
large at the rear end. The negative values of F, act vertically
downward, implying that the force pushes the robot against
the ground. In the experiment, the robot was pushed hard
against the ground when it made contact at points 7 and
8. This increases the friction force with the ground, which
often results in an overload error in the joints. At measure-
ment points 1-3, where this value was positive and large,
the robot was able to slide and propel itself owing to its
weight. However, depending on the friction coefficients of the
obstacle surface or the ground, the robot may climb vertically
upward at these contact points by this friction force, which
may interfere with the robot’s propulsion.

Thus, we believe that the theory described in Section III
is generally correct. However, there is a slight difference
between the theory and experiment results, especially for
Fy, and we discuss the cause of this difference below. First,
at measurement points 1 and 2, the value of F) should be
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slightly closer to O N, but it is approximately -0.6 N. This may
be due to the slight rolling of the robot link during the shift
control. This rolling pushes the sensor surface in the y-axis
direction, and this force is added to the friction force owing to
movement in the robot’s body axis direction. Therefore, this
value is considered large in the negative direction. The other
measurement points do not exhibit a large amount of rolling.
Measurement point 1 is the transition point from a helix to a
straight line; therefore, rolling is considered to have occurred.
Additionally, as shown in Fig. 29, F) at the measurement
point 8 should not be positive in this experiment from the
theoretical value, but it is positive in the result. This may
also be because the sensor surface is pushed due to the slight
rolling that occurs during shift control, as described above.
Furthermore, because the value of Fy is close to O N in this
area of the obstacle-contacting part, the positive and negative
values can be easily reversed.

2) MEASUREMENT RESULTS OF THE NORMAL FORCE

Fig. 30a shows the results of the normal force measurement
with error bars indicating the standard deviation. It can be
observed that the measured values are considerably larger at
both ends of the obstacle-contacting part.

Then, we consider that the robot utilizes N, which is the
normal force component in the x-direction for propulsion.
The normal force component is obtained as Ny, = N -
cosy - cosfB. N, at each measurement point is shown in
Fig. 30b. This plot shows that the value of N, is small at the
midpoint of the obstacle-contacting part and increases toward
both ends. In other words, a larger normal force is required
for propulsion at both ends of the obstacle-contacting part.
Therefore, it can be inferred that contact at these points of
the obstacle-contacting part is more difficult to propel than
contact at the midpoint.

One of the causes of this is the effect of friction force F)
and F, that interferes with propulsion. Fig. 27b shows that F,
is negative and large at both ends of the obstacle-contacting
part. Additionally, the absolute value of F, is also large at
this area. Therefore, the normal force required for propulsion
is expected to increase accordingly.

Another reason is related to the direction of the normal
force that the robot receives from the obstacle. As shown in
Fig. 23, the absolute value of the angle 6p increases at both
ends of the obstacle-contacting part such as measurement
points 1 and 8. In other words, the normal force acted ver-
tically away or towards the ground. At measurement point 8,
where the sensor surface was facing downward, the normal
force pushes the robot against the ground, and the friction
force with the ground increases. At measurement point 1,
where the sensor surface was facing upward, the robot’s
weight was also added to the pushing force, and the friction
force with the sensor face was considered to have increased.
These forces interfere with the propulsion of the robot, and
the normal force required for propulsion increases.

From the above, it was deduced that the required normal
force is relatively small when the robot contacts the obstacle
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FIGURE 31. Experimental environment of the obstacle-aided locomotion.

near the midpoint of the obstacle-contacting part, which
enables easy propulsion. However, at both ends, the required
normal force increases depending on the direction of the
static friction and normal force, making it difficult to propel.
These results are in accordance with the theory described in
Section V.

VII. EXPERIMENT OF THE OBSTACLE-AIDED
LOCOMOTION

To verify the theory described in Sections III-V, we observed
the obstacle-aided locomotion in several obstacle environ-
ments. The robot shown in Fig. 25 was also used in this
experiment. The experimental apparatus is shown in Fig. 31.
In each experiment, shift control was performed within the
range where the length and number of grounding parts did not
change before and after the robot’s movement. The number
of links of the robots varied depending on the experiment.

A. UTILIZING ONLY ONE OBSTACLE

First, we conducted an experiment in which the robot utilizes
a single obstacle to propel. In this experiment, we observed
the motion of the robot when it made contact at the contact
points 1-5 shown in Fig. 31b. Contact point number 1 is
the head side of the obstacle-contacting part. We focused
on moving sideways, rotation, and ease of propulsion during
propulsion.

1) SHORT ROBOT BODY LENGTH

First, a 24-link robot was used. This robot can form one
obstacle-contacting part and one grounding part in front and
behind the obstacle-contacting part. The obstacle was created
using a 3D printer, and the material was PLA. The coeffi-
cient of static friction between the robot and obstacle was
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0.141. The same experiment was conducted by increasing the
coefficient of static friction to 0.264 by applying tape to the
surface of the obstacle. In both experiments, we focused on
the change in the position of the grounding part of the robot
before and after motion, as shown in Fig. 32.

First, from Fig. 32 for the rotation, we observe that the
rotation is counterclockwise at contact points 1 and 2 and
clockwise at contact points 4 and 5. Let 0,01, Oro1, » - - - Oror5 b
the rotation angles of the grounding part at contact points 1-5.
We observe that 0,1, > Oy, and 15 > Oy, However, there
was no significant difference in the angle of rotation between
the two cases. In contrast, almost no rotation occurred at con-
tact point 3. We compare this result with the theory of rotation
described in Section IV-B. Fig. 17, when the friction coeftfi-
cient u is small, shows that the absolute value of the moment
is larger near both ends of the obstacle-contacting part (con-
tact points 1, 2, 4, and 5). In contrast, it is almost 0 N-m
near the midpoint of it (contact point 3). The static friction
coefficient in this experiment was relatively small at 0.141.
Therefore, the results of this experiment almost corresponded
with this theory. According to Fig. 17, when the coefficient of
the friction is large, the moments at the contact points 1 and
5 should be small, making the robot difficult to rotate. How-
ever, similar results were obtained when the static friction
coefficient was increased by applying tape to the obstacle sur-
face. This is because, in the experiment, the difference of the
static friction coefficients between two cases was small. They
were 0.141 and 0.264 with and without tape respectively;
thus, it is difficult to imagine that a large difference would
appear. Moreover, if the friction coefficient on the surface
of the obstacle is further increased, the problem described
in Section V is likely to occur, and the robot cannot propel.
Therefore, theoretically, the value of the moment at each
contact point varied with the friction coefficient, as shown
in Fig. 17. However, this could not be confirmed because,
in practical terms, a large static friction coefficient would
make propulsion of the robot impossible.

Sideways movement was not observed at any of the contact
points when the friction coefficient was small. Even at contact
point 3, which was most likely to generate sideways move-
ments in Section I'V-A, this movement was not observed. This
motion is caused by the y-directional component of friction
force F). In this case, due to small friction coeeficient, Fy
was insufficient to cause the entire robot to move sideways.
Additionally, the direction in which the robot moves owing to
Fy should be the negative direction of the y-axis in the figure.
However, as shown in Fig. 32c, the robot moves in the positive
direction of the y-axis in this experiment. As shown in Fig. 16,
when the effect of the friction force is small, near the midpoint
of the obstacle-contacting part, the reaction force on the robot
is slightly positive along the y-axis. Therefore, it is considered
that the robot moved slightly in the direction of movement
caused by the reaction force and not in the direction of
friction force Fy. The experimental results for the case with a
large friction coefficient show sideways movement at contact
point 3, as shown in Fig. 33 compared to Fig. 32c. Owing
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to the sideways movement, the contact point moves slightly
closer to the end side of the obstacle-contacting part, which
causes a slight rotation in the latter phase of the shift control.
The results for the other contact points are almost the same as
those for the case with a small friction coefficient. From the
above, it was deduced that not only the contact point of the
obstacle-contacting part, but also the coefficient of friction
with the obstacle has a significant effect on the ease of moving
sideways.

Next, we discuss the interference of propulsion depending
on the point of contact. In all the experiments, the robot
slightly climbed up on the obstacle at contact point 1 on the
front end of the obstacle-contacting part. When the static fric-
tion was small, the robot could slide down the surface of the
obstacle and propel itself. However, when the static friction
was large, the robot was unable to propel itself because it
rose up on the obstacle. In contrast, at contact point 5, the
robot was pressed down by an obstacle from above, which
interfered with its propulsion. When the coefficient of friction
was small, the robot could barely slide on the surface of the
obstacle. However, when the coefficient of friction was large,
the robot could not propel. Therefore, at both ends of the
obstacle-contacting part, it became clear that the robot’s load
and the direction of the reaction force from the obstacle acted
in the vertical direction, making it difficult to propel. These
results verify the theory described in Section V.

The above results show that when the robot has a short
body length and can use only one obstacle, both ends of the
obstacle-contacting part seem to be contact points that should
be avoided. This is because the robot may rotate considerably
and not be able to propel itself. In contrast, the midpoint of the
obstacle-contacting part did not generate sufficient force to
prevent the robot from maintaining contact with the obstacle.
Therefore, there is no need to avoid contact in this area of the
obstacle-contacting part.

2) LONG ROBOT BODY LENGTH

Next, an experiment was conducted to confirm the factors
that prevent the rotation of the robot, as described in Section
IV-B2. To confirm the effect of the moment of inertia and
moment of friction of the grounding part, the number of
links of the robot was increased to 40. The obstacle-aided
locomotion was observed in the same way. No tape was
applied to the surface of the obstacle during this experiment.
The experimental results are presented in Fig. 34. It should
be noted that only the results for contact points 2-4 are shown
here because the robot could not be propelled at contact points
1 and 5 in this experiment. The results show that the rotation
is reduced at all the contact points thanks to the moment of
inertia and the moment of friction force on the grounding part
stated in Section IV-B2.

Additionally, slight sideways movements were observed at
all contact points during the experiment. This may be because
of an increase in the normal force required for propulsion
owing to the increased weight of the robot. The friction force
Fy may have increased accordingly and the sideways move-
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FIGURE 32. Experimental results when the coefficient of friction of the
obstacle is small.

FIGURE 33. Experimental results at contact point 3 when the coefficient
of friction of the obstacle is large.

ment occured. Additionally, the friction force components F
and F,, which are factors that interfere with propulsion, also
increased. Consequently, the robot could not propel well at
contact points 1 and 5 at both ends of the obstacle-contacting
part. These results indicate that the rotation of the robot can be
reduced by increasing its body length. However, when only
one obstacle is used to propel, there is a disadvantage in terms
of the sideways movement and propulsion interference.

B. UTILIZING MULTIPLE OBSTACLES

The same experiment was conducted using multiple obsta-
cles. The number of links of the robot was increased to 40, and
multiple experimental apparatus as shown in Fig. 31a were
used.

First, we evaluated the sideways movement of the robot.
As shown in Fig. 35, the experiments were conducted in
which all three obstacle-contacting parts were contacted
during the obstacle-aided locomotion. We compared two
cases: a basic shape and a shape in which one of the
obstacle-contacting parts was reversed.

Fig. 35 shows a comparison of the position of the ground-
ing part of the robot before and after the movement. With
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(b) Contact point 3

(c) Contact point 4

FIGURE 34. Experimental results when the robot’s body length is long.

respect to the basic shape shown in Fig. 35a, the robot
moved sideways in the —y direction in the figure. However,
in the case shown in Fig. 35b, the robot only moved slightly
sideways in the y direction. As shown in these figures, the
amount of movement is relatively smaller in the latter case.
Similar results were obtained for the other contact points.
In the basic shape shown in Fig. 35a, the friction force Fy of
all obstacle-contacting parts is in the same direction. This is
because the movement direction of the robot’s body axis of all
obstacle-contacting parts on the obstacle surface is the same.
Therefore, it is inferred that the sum of these forces causes
a relatively large sideways movement in the —y direction in
the figure. In contrast, in the case shown in Fig. 35b, F,
is generated in the y direction at the contact points of two
reversed obstacle-contacting parts and in the —y direction at
one contact point of the basic one. Therefore, it is considered
that the force of the difference in Fy between the two cases
above causes a relatively small lateral movement in the —y
direction in the figure.

These results are in accordance with the theory of utilizing
multiple obstacles, as described in Section IV-A. Therefore,
it is necessary to adjust the number of reversed and basic
obstacle-contacting parts and their contact points so that the
Fy of each obstacle-contacting part cancels each other out.

Then, we evaluate the rotation of the robot. As shown in
Fig. 36, the obstacle-contacting part is reversed alternately.
The experiments were conducted in the case where the reac-
tion force was obtained by two parts other than the middle
of the obstacle-contacting part. We compared two contact
situations, as shown in Fig. 36. Fig. 36a is a contact condition
in which the moments due to the reaction forces at the two
contact points are opposite each other and have almost the
same value. In contrast, Fig. 36b is a contact condition in
which both contact points have clockwise moments.

The results show that, in the case of Fig. 36a, the rotation
of the robot was reduced as a whole. However, the grounding
parts near each contact point were slightly tilted from the
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(b)
FIGURE 35. Verification of the theory of moving sideways by experiments

with multiple obstacles. (a) In the case of the basic shape. (b) In the case
where obstacle-contacting parts are reversed.

Reaction force R

riﬁ!‘.‘m 1
| Centre of gravity |

(@) (b)
FIGURE 36. Verification of the theory of rotation by experiments with

multiple obstacles. (a) When moments occur in opposite directions.
(b) When both moments occur in the same direction.

initial position because the robot was not completely rigid.
Conversely, in the case shown in Fig. 36b, the robot rotated
in the clockwise direction.

These results are in accordance with the theory described in
Section IV-B. Therefore, to prevent the rotation of the robot,
the contact points should be adjusted so that the moments
generated at each contact point cancel each other, as shown
in Fig. 36a. However, if the rigidity of the robot is low, it is
inferred that the robot is slightly deformed in the direction of
the moment at each contact point. Therefore, contact points
with larger moments are more likely to deform, which may
affect the subsequent propulsive direction.

VIIl. DISCUSSION
First, we discuss the computational efficiency of this method.
The CPU of the PC used in the calculations was an 11th Gen
Intel(R) Core(TM) i7-1165G7 @ 2.80 GHz 2.80 GHz, and
MATLAB (R2021b) was used as the programming language.
In our method, the target joint angles of the robot are cal-
culated from a continuous curve. When the body shape is
changed, this continuous curve is updated and the target joint
angles are recalculated. Therefore, this method is not com-
putationally efficient. However, the average time required
to define the continuous curve and calculate the target joint
angles is 0.0196 s. Therefore, there is no significant impact
on the robot’s motion. In addition, the average computation
time for calculating the reaction force and the position of
the robot’s center of gravity as shown in Fig. 19 is 0.161 s.
Therefore, for future automation, there is no serious impact
even if these analyses are performed while the robot is in
motion.

In the future, based on the analysis results of this paper,
we aim to develop an autonomous obstacle-aided locomotion
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system. It is necessary to detect the point of contact with the
obstacle for this system. This can be achieved by attaching a
force sensor to the space between the motor and the exterior
of each link of the robot, as in [10].

IX. CONCLUSION

In this paper, we analyze the reaction force from the obsta-
cle during the obstacle-aided locomotion proposed in [30].
This analysis is based on the robot’s target curve. Therefore,
it is possible to determine if the contact state is suitable
for propulsion regardless of the information on the size of
the obstacle or the curvature of its surface. Additionally,
the analysis can be applied to changes in the torsion angle
between the grounding part and the obstacle-contacting part.
Therefore, the results of this analysis can also be applied
in a three-dimensional obstacle environment by connecting
the obstacle-contacting part in all directions. Furthermore,
compared to previous methods [8], [9], [10], [11], [12], [13],
[14], [15], [16], the method proposed in this paper considers
the effect of reaction forces on two-dimensional and three-
dimensional planes. It is necessary to test the method in a
three-dimensional obstacle scenario, such as when obstacles
are above or under the robot. In the future, based on the results
of this analysis, we will be able to realize autonomous three-
dimensional obstacle-aided locomotion using autonomous
body shape change, which will allow the robot to adapt to
different environments.
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