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Abstract

In this paper, we develop a small hexapod robot with
passive suction cups and realize vertical wall climbing.
The passive adhesion mechanisms make the robotic
system small and simple, since it requires neither energy
nor an additional actuator to stay on the vertical wall.
Above all, the passive suction cup is suited to vertical
wall climbing because it is strongly attached to a wall
with a smooth surface and is simply detached from it by
pulling the edge of the cup. These characteristics are
intensified according to the decreasing robotic scale. In
this study, we developed a small wall climbing robot 12
cm long and 34 g in weight and driven by single
degree-of-freedom linkage legs based on the scale effect.
Here, the linkage mechanism optimized by a genetic
algorithm provided the effective trajectory of the legs
and the attachment-detachment cycle. As a result, the
robot traveled on the ground at a velocity of 2.7 cm/s
and climbed on the vertical wall at a velocity of 2.2
cmy/s.
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1 Introduction

A wall climbing robot is promising for various
applications such as inspecting a tall building and
cleaning a window, for example. To stay on the vertical
wall, there are mainly two mechanisms: active and
passive adhesions. While the active adhesion
mechanism [1]-[4] wuses negative pressure or
electrostatic force to exert strong adhesion force and to
control the attachment and detachment quickly, it
requires some kind of additional actuator, such as a
vacuum pump, and always consumes energy to just stay
on the wall. On the other hand, the passive adhesion
mechanism [5]-[9], such as the adhesive substance used
by an ant or the passive suction cups used by an octopus,
can generate large adhesion force without a power
supply and does not need an additional actuator to
change the attachment and detachment phases. This
property makes the robotic system small and simple.
Since the weight is proportional to the mass, i.e., the
length cubed, the smaller the body size, the more
advantageous it is for vertical wall climbing. From this
viewpoint, the passive adhesive mechanism is suited to
a small wall climbing robot moving with a few degrees
of freedom (DOF). In particular, a passive suction cup
has unique characteristics such as the edge of the
suction cup is detached easily and the suction cup exerts
far larger adhesion force than pushing force to attach it.
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Moreover, it can simplify control of the attachment and
the detachment mechanism. There are several types of
vertical wall climbing mechanisms using such a suction
cup [9], [10]. The crawler type is simple, but it requires
an additional mechanism to push the suction cup.
Although the legged type does not require the additional
pushing mechanism, it is difficult to generate an
effective leg trajectory and to design a simple and light
attachment-detachment mechanism.

From this point of view, we develop a small legged
wall climbing robot using passive suction cups in this
study. Here, to use the scale effect advantage, we
fabricate the hexapod robot based on the cm-scale. Then
we optimize the leg trajectory by a genetic algorithm
(GA) and design the simple and light detachment
mechanism by which a string pulls the edge of the
suction cup and peels it from the wall surface. Finally,
we realize ground travel and vertical wall climbing by
passive adhesion.

2 Robotic system
2.1 Robot overview

Figure 1 shows a model of the wall climbing robot.
The robot has six legs assembled by a four-bar linkage
mechanism. The link parameter, i.e., the combination of
the link length and the position, generates the leg tip
trajectory and the posture. Here, L means the body
length. The diameter of the suction cup is set to L/6 to
avoid collision between the fore and hind suction cups.
The body width, L/3, and the body height, L/5, are

Fig. 1 Robot model
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defined based on the space for the battery and actuators.
An alternating tripod gait is adopted for locomotion and
is driven by a single DOF. Since this gait always
supports the body by three or more legs, it stabilizes the
body posture.

2.2 Adhesion mechanism by the suction cup

The robot adheres to the wall by the negative
pressure of the suction cup. The maximum adhesion
force, Finax, by three suction cups is provided by

Fru =35 AV (M

where 4 is the friction coefficient, d is the diameter
(L/6), Py is the atmospheric pressure per unit area (10.03
N/cm?), and AV is the ratio between the inner
volumes of the initial and deformed suction cups
(generally 0.05). Figure 2 shows the relationship of
adhesion force and gravity with the length. Here, the
body weight is calculated by pL(L/3)(L/5) and the
material is styrene acrylonitrile butadiene copolymers
(,p=1.05). The friction coefficient is set to 0.67 based
on our pilot experiment. From this figure, we can see
that a robot less than almost 22 cm can sufficiently
generate the adhesion force to stay on the vertical wall.
In this study, we chose L to be almost 10 cm (the
diameter of the suction cup L/6=1.7) based on a margin
of safety ratio of 2.

Next, we investigate the relationship between the
generative suction force and the pushing depth from the
initial shape of the suction cup. Note that we define the
force to detach from the surface as the suction force and
the force to move away from the surface as the adhesion
force. In the case of vertical wall climbing, the suction
force is perpendicular to the wall surface and the
adhesion force is parallel to it. Hence, let the former be
£, the latter be 4 . Figure 3 shows the experimental
result of the relationship between the generative suction
force and the pushing depth. Here, the height of the
inner space of the suction cup is 5 mm. This figure
shows that a pushing depth greater than 2 mm can
generate enough suction force. Therefore, the leg must
push the suction cup at least 2 mm from the contact
point of the bottom face at the beginning of the
supporting leg phase. Figure 4 shows the relationship
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between the reaction force and pushing or pulling depth
perpendicular to the wall surface. To avoid falling, the
resultant force, calculated by multiplying the friction
coefficient by the force and subtracting the pushing
force from the pulling force, must be greater than the
gravity, when the supporting and swinging legs are
interchanged. From the figure, we can see that the
pushing depth of 2 mm generates enough suction force
even during such a switching phase. From the above
discussion, we set the pushing depth to be 2 mm.

2.3 Attachment and detachment mechanisms

To develop a small and simple wall climbing system,
we design the periodical attachment and detachment
mechanism by which the leg pushes the suction cup to
the wall at the beginning of the supporting leg phase and
the string pulls the edge of the suction cup at the
beginning of the swinging leg phase. Figure 5(a) shows
our proposed detachment mechanism with the suction
supporter. The nylon string connected from the leg tip
peels the edge of the suction cup and detaches the whole
suction cup from the wall surface. We can control the
detachment phase by adjusting the ankle angle against
the wall, as mentioned below. Note that, in the case that
the supporter does not ground the wall and inclines, the
robot cannot concentrate the peeling stress on the edge
of the suction cup, and then control of the detachment
phase becomes difficult (Fig. 5(b)). Figure 6 shows the
attachment and detachment sequence. Every single leg
during the alternating tripod gait behaves as follows:

(1) The swinging leg touches the wall. Here, it does not
yet exert the adhesion force.

(2) The swinging leg pushes the suction cup toward the
wall.
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Fig. 6 Attachment and detachment sequence

(3) The leg is supported by the adhesion force of the
suction cup.

(4) The suction cup is peeled from the wall by pulling
the string connected to the edge. Then the leg
becomes the swinging leg.

Following the definition of Nagakubo et al. [11], we

define each section (1) - (2), (2) - (3), (3) - (4), and (4) -

(1) as the pre-attach phase, leg-in-support phase,

pre-detach phase, and leg-in-return phase, respectively.

This attachment and detachment interval is designed by

the linkage parameter. The stride of the leg, the reaction

force, and the velocity are determined by this sequence.

2.4 Four-bar linkage mechanism

The legs are driven by a single-DOF four-bar
linkage mechanism, as shown in Fig. 7. Joints O and 4
are fixed on the coordinates (0,0) and (ax, ay),
respectively. Link L; rotates and the angle is &, . Ankle
position P and angles €, and €, are geometrically
determined by the variable 6, and the link lengths L,
Lo, L3, and Ls. Angle « is the ankle angle designed in
advance, and ¢ is the ankle angle for the wall and
becomes the peeling angle when the leg touches the
ground. The leg trajectory, the leg posture (the ankle
angle for the wall), and the attachment-detachment
interval designed by the linkage parameter are very
important for legged locomotion. Additionally, the
reaction force determined by this parameter is also
important. Here, we formulate the trajectory of the leg
and the torque of the crank link. The ankle position is
provided by

x=1L cosb,+ (L, + L;)cos(G,+6,)
y=Lsin6, + (L, +L;)sin(g, +0,)

2

From the geometric relationship, we obtain the position
C described by

L,cosBy+L,cos@, +6,)=a, +L,cos@, +f+r)
LysinG, +L,sin@ +6,)=a, +Lysin@, + f+7) - ()

where tan(f)=a,/a,

Here, we define the five important indices for legged

Ankle angle Tip

Ankle position P(x,y)

Fig. 7 Parameters for four-bar linkage mechanism
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locomotion by a suction cup. The pre-attach interval
A¢ is the difference of the ankle angle for the wall
from the leg touch to the leg detachment. When this
angle is small, the leg cannot push the suction cup
sufficiently. The incident angle ¥ is the angle
between the ground and the pushing direction of the
suction cup, as shown in Fig. 8. The more perpendicular
the value of ¥/ is to the wall, the better. Note that the
interval was set to 5 deg in this study to ensure the
pushing depth of 2 mm. The walk stride Ax is the
displacement from the touching point to the detaching
point and the pushing depth 4y determines the
suction force, as mentioned in section 2.2. Next, the
torque around the crank shaft, 7o, is provided as the
outer product of the position vector OP and the reaction
force vector, as shown in Fig. 4,

T, =[L,cos 6, + (L, + L;)cos(b, + 6,)]F . 4)

A thin shaft for the small linkage mechanism cannot
transmit a large torque due to the slippage, etc. Thus, we
set the maximum torque of the crank shaft to less than
some threshold value.

Table 1 Linkage parameters

Ly L L3 La Ls o a a
(mm] | [mm] | [mm] | [mm] | [mm] [deg]

9.0 | 133 | 3.0 | 134 | 50 116 13 10
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Fig. 9 Leg trajectory and posture

3 Linkage parameter optimization
To search for the linkage parameter that optimizes
the above conditions, we used a stochastic searching
method as the genetic algorithm (GA). The fitness
function is

E=k—2Y  p7 kg (5)

1+

772'_
v

where ki, k2, and k; are constants (k; +k, +k;=1). In
this study, based on the pilot experiments, we set these
constants as 1/16, 5/16, and 10/16, respectively. The
first term on the right side of (5) expresses the ratio
between the area of supporting leg motion and the
incident angle. Thus, the larger the area is, the better.
The more the incident angle is perpendicular, the better.
From the second term, the smaller the torque of the
crank shaft is, the better. From the third term, the longer
the pre-attach interval is, the better. The linkage
parameters described as a chromosome in the GA are
the four link lengths Li, Ly, L3, and L4, the ankle angle,
and the A position, (ax, ay). The GA parameters are
population 200, generation 100, crossover ratio 0.3,
mutation ratio 0.3, and selection ratio 0.7. Note that we
set the maximum value of 7y as 0.001 Nm and eliminate
the chromosome that is more than that value as the fatal
one. Table 1 shows the obtained linkage parameters and
Fig. 9 illustrates the leg trajectory and posture. In this
paper, we used these results and fabricated the robot.

[mm]

Fig. 10 Small legged wall climbing robot

4 Wall climbing experiment
4.1 Prototype of wall climbing robot

We fabricated a prototype of the wall climbing robot
based on the obtained linkage parameters (Fig. 10). The
robot is 118 mm in length, 64 mm in width, 50 mm in
height, and 34 g in weight. The alternating tripod gait is
achieved by a single coreless motor of 0.46 W. The
reduction gear ratio is 168.8:1. In this study, we used an
external power supply.

Fig. 11 An example of vertical wall climbing
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Fig. 12 Traveling velocities

4.2 Prototype of wall climbing robot

We performed the experiments on the ground and on
a vertical wall with a smooth surface. Figure 11 shows
an example of the vertical wall climbing experiment and
Fig. 12 shows the velocities for the ground and the
vertical wall. As the results of 10 experiments, the robot
traveled horizontally at a velocity of 2.7 cm/s (std. dev.
1.4) and climbed vertically at a velocity of 2.1 cm/s (std.
dev. 2.5), respectively. The proposed robot did not fall
from the wall and climbed stably. However, the robot
shifted 2.3 cm to the left during 10.0 cm of travel.

7 Conclusions
In this study, we developed a small legged wall
climbing robot using passive suction cups. The
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proposed attachment and detachment mechanism makes
not only the robot small but also simplifies the control.
The leg trajectory by the four-bar linkage mechanism is
designed by a genetic algorithm and generates stable
locomotion. The result showed that the robot traveled on
the ground at a velocity of 2.7 cm/s and climbed on the
vertical wall at a velocity of 2.1 cm/s.

In future work, we intend to improve the locomotion
velocity and the design of the steering mechanism.
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