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ABSTRACT This paper describes the development of a compact pneumatic valve that can obtain a high flow
rate in a periodically pneumatically driven pipe-moving robot. Plumbing facilities around the world have
fallen into disrepair in recent years. Pneumatically driven mobile robots are widely used as an inspection
method due to the small inner diameter and complicated shape of the pipes. Various types of robots have
been studied, such as earthworm, inchworm, and spiral tube robots. However, these robots are driven by
existing pneumatic valve technologies, such as needle-type and solenoid valves, which limit the use of small
mobile robots. Small pneumatic valves have a low flow rate, and the entire system is complicated because
multiple air pressures are controlled by multiple electrical systems. Thus, focusing on the structure and
periodic motion of the ball valve, we developed a pneumatic valve that can periodically apply pressure to
multiple pneumatic actuators using only rotational motion with one degree of freedom. We also applied this
pneumatic valve to a wave propagation robot and discussed the theoretical running speed of the robot with
this valve.

INDEX TERMS Pneumatic, periodic air supply, mobile robot, pipe inspection.

I. INTRODUCTION
Plumbing facilities are declining worldwide [1]. Many of
these aging plumbing systems are left unattended, and facility
managers are not even aware of their aging. These decrepit
conditions have led to accidents such as gas leaks from
plumbing systems and road collapses caused by burst water
pipes. To prevent these accidents, periodic inspection of the
pipes is required to find the damaged parts and replace
them efficiently, as regular replacement of the pipes is
expensive [2]. There are two types of inspection methods
for pipelines: pipe extraction and nondestructive inspection.
In the pipe extraction method, pipes buried underground
are excavated, removed, and reinstalled after inspection.
Because this method requires considerable time and cost,
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and may damage the pipe during excavation, non-destructive
inspection is recommended [3]. A push-in endoscope is
widely used in non-destructive inspections. This device has
a simple structure with a camera at the tip and wiring at
the rear. During inspection, the operator pushes the wires to
allow the camera to penetrate further into the pipe. However,
the method using a push-in type endoscope is not suitable
for inspection of pipes that are very long and have small
diameters (for example, in Japan, maintenance hatches for
external inspection equipment are available about every
100m in sewer pipes, and the inner diameter of the pipe is less
than 150 mm.) It is challenging to inspect long-distance pipes
with small diameters. When a push-in endoscope is pushed
into a long, narrow pipes, the push-in force is not transmitted
to the head of the endoscope because of the buckling of the
endoscope and friction around the endoscope, making long-
distance inspection difficult [3]. Therefore, it is proposed that
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a self-propelledmobile robot with an endoscopic function can
be used for long-distance inspection in small-diameter pipes.

Self-propelled in-pipe mobile robots can be roughly
classified into two types: wheeled robots driven by elec-
tricity [4]–[10] and wave propagation robots driven by
air [11]–[15]. Wheeled robots move by rotating wheels
with motors. The power source is placed outside the pipe
because it is large, and the actuators are placed inside and
outside the pipe. These robots are characterized by a fast
electrical response and a relatively high robot movement
speed. However, the following issues exist depending on
the placement of the actuators. When the actuator is placed
outside the pipe [10], the power transmission loss is large.
In contrast, when the actuator is placed inside the pipe, a large
and hard reduction gear cannot be carried inside the narrow
pipe at high power and may get stuck in a complicated
pipe layout. Therefore, it is difficult to adapt these robots to
long-distance inspections [16] where large traction loads are
applied.

Meanwhile, a wave propagation robot using air pressure
moves by using the expansion and contraction of the
actuator. Examples of wave propagation robots that have been
developed are earthworm [11], [12], inchworm [9], [13], [14],
and spiral tube [15] robots. Earthworm and inchworm robots
are composed of a series of actuators that expand and contract
by pressurizing and depressurizing air. By periodically
expanding and contracting these actuators, the earthworm and
inchworm robots move in a peristaltic motion [17], similar to
real organisms. The spiral tube robot consists of a bundle of
tubes that expand and contract according to the pressurization
and decompression of air. The periodic expansion and
contraction of these tubes causes a spiral motion [18], which
moves the robot. Thus, most wave propagation robots are
driven by the periodic pressurization and decompression of
multiple actuators. The actuators of wave propagation robots
are often small in size but highly flexible in terms of the
force generated, despite their simple structure. Therefore, it is
desirable to achieve long-distance inspection by generating
a large traction force that corresponds to complex shapes in
narrow pipes [19], [20]. However, the response of the actuator
is slow owing to the compressibility of air [15]. In addition,
the size of the solenoid valves commonly used for air control
increases when the flow rate per hour increases. Thus, the
controllable flow rate is limited in a small-diameter pipe, and
the movement speed of the robot is small. In addition, the
entire system is complicated because multiple air pressures
are controlled by multiple electrical systems.

Therefore, research has been conducted to improve the
response and simplify the system by focusing on the
movement patterns of wave propagation robots [21]–[25].
These mechanisms realize periodic air pressurization and
depressurization while reducing the size of the control system
brought into the pipe and unifying the control and power
systems with air. However, the flow rate that can be supplied
is still small, and it is assumed that the response of the actuator
is poor.

Therefore, we aim to develop a compact pneumatic valve
that can realize periodic air pressure while maintaining a high
flow rate, in response to the above issue. Existing pneumatic
valves include globe valves and ball valves. A globe valve
stops fluid by pressing against a plug in the middle of the
flow path. There are various types of globe valves, such as
needle valves with a needle-like tip and solenoid valves that
use electromagnets to open and close the stopper. While these
valves have the advantage of easy flow adjustment, they have
difficulty in securing the flow rate. A ball valve opens and
closes the flow path by rotating a spherical plug with a hole.
This valve has low fluid resistance because the flow path is
straight when the plug is fully open, but it has the problem of
slow opening and closing speed of the valve [26].

FIGURE 1. The overview of proposed valve.

In this study, we developed a new pneumatic valve
(hereinafter ‘‘CRV’’) inspired by this ball valve, which
has a large effective cross-sectional area of the flow path
when fully open and uses a simple rotating mechanism
to switch the flow path (Fig. 1). In addition, this valve
was applied to a mobile robot developed by the authors
as a wave propagation robot. This paper is organized as
follows: Section II describes the position of the CRV to be
developed in this study in comparison with related works.
In Section III, the design concepts of the pneumatic valve
and the in-pipe mobile robot are described. In Section IV,
the prototype is introduced. In Section V, the modeling of
the orifice of this pneumatic valve and its application to wave
propagation robots is described. In Section VI, this pneumatic
valve is applied to a wave propagation robot, and the driving
experiment is described. The contributions of this study are as
follows:

-We propose and develop a compact pneumatic valve
that can realize periodic air pressure application while
maintaining a high flow rate.

-Experiments have confirmed that the proposed mecha-
nism can realize periodic air pressure switching with only one
degree of freedom of rotational motion.

-The developed pneumatic valve was applied to a wave
propagation robot, and the proper driving of the robot by the
valve was confirmed.

-The effect of the pneumatic valve on the robot’s motion is
discussed based on theoretical and experimental results from
the model, and the validity of the model is confirmed.
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TABLE 1. Comparison of control mechanisms for long distance travel.

II. RELATED WORKS
The position of the CRV developed in this study will be
compared to existing valves based on the systems used in
related studies (Table 1). The discussion is divided into the
following sections: Section A, where the pneumatic valve is
placed outside the pipe and a pneumatic valve is required for
each chamber; Section B, where the pneumatic valve is pulled
inside the pipe and a pneumatic valve is required for each
chamber; and Section C, where the pneumatic valve is pulled
inside the pipe and supplies the chambers with a low degree
of freedom.

A. PNEUMATIC VALVES ARE PLACED OUTSIDE THE PIPE
AND EACH CHAMBER REQUIRES ITS OWN
PNEUMATIC VALVE
This is the most widely used pneumatically driven system.
It includes robots that mimic earthworms [11], [12], inch-
worms [9], [13], [14], and spiral tube robots [15]. Since a
large pneumatic valve can be used outside the pipe, there is no
restriction on the flow rate that can be supplied. The response
delay can be improved by increasing the cross-sectional area
of the air tube to increase the flow rate. However, as the
distance traveled by the robot increases, the length of the air
tube used to drive the robot needs to increase, and the air
tube is also an air chamber, which causes a delay in response.
In addition, because multiple tubes are arranged in parallel in
the limited cross-sectional area of the tube, the increase in the
cross-sectional area is limited, and a large traction is required.
Furthermore, each time pressure is applied to the chamber,
pressure is also applied to the pulling air tube, which is not
energy efficient.

B. PNEUMATIC VALVES ARE PULLED INSIDE THE PIPE
AND EACH CHAMBER REQUIRES ITS OWN
PNEUMATIC VALVE
This is often used in pneumatically driven systems. In one
example a pneumatic valve is connected to the tail of a

robot using flexible linear cylinders [27], and in another
an earthworm-type robot has pneumatic valves inside the
robot [28]. The response delay can be reduced by pulling the
pneumatic valve inside the pipe. In addition, a single air tube
can be used to supply air from the pneumatic valve to the
air pressure source located outside the pipe. However, with
solenoid valves, which are commonly used to control air, the
size of the solenoid valve increases when the flow rate per
hour increases. This results in a large load during traction.
Therefore, there is a trade-off between the flow rate and the
load during traction. In addition, the number of pneumatic
valves must be the same as the number of chambers to be
pulled, which increases the weight. The pneumatic valves
themselves are rigid, which impairs flexibility, and solenoids
are used to drive the solenoid valves, which require several
watts of power and pose a risk of ignition when inspecting
the pipe for flammable fluids.

C. PNEUMATIC VALVE PULLED IN THE PIPE TO SUPPLY
THE CHAMBER WITH LOW DEGREE OF FREEDOM
This is a new pneumatically driven system that is beginning
to be used. There is (i) a mechanism with different orifice
holes in the air tube [21], (ii) a mechanism that uses springs
and dampers to generate periodic motion [22], and (iii) a
mechanism that allows forward and backward motion with
mechanically fewer air tubes [23].We consider that (i) has the
disadvantage of not being able to switch between forward and
backward motion, and (ii) has poor controllability because
of the slow moving speed and the inability to stop. In (iii),
there are two large air tubes. In addition, (i)–(iii) cannot be
separated as pneumatic valves and are designed for exclusive
use, which limits the range of applications. Furthermore,
they are not easy to repair in cases of failure. Therefore,
we focused on the mechanism for separating the pneumatic
valves.

To isolate the air valve, a valve that realizes periodic
pressurization and depressurization of air using self- excited
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oscillation by a small magnet [24], and a simple valve
that realizes pressurization and depressurization of air by
controlling the air pressure [25] have been developed. These
valves realize periodic pressurization and depressurization of
air while reducing the size of the control system to be brought
into the pipe and unifying the control and power systems with
air. In addition, they have a simple structure and operate only
by supplying air through a single air tube, which simplifies
the mechanism and reduces the risk of failure. However, the
flow rate that can be supplied is small, and it is difficult to
adapt to robots that require a high flow rate. Furthermore,
the robot cannot switch between the forward and backward
motions. In addition, the input pressure must be changed
to determine the traveling speed as desired, and it is not
easy to change the speed and input pressure independently.
Therefore, the controllability of the system is poor, and the
range of adaptation is narrow.

III. DESIGN AND CONCEPT
This section describes the design concept of the CRV to be
developed and the wave propagation robot to which the CRV
will be applied.

FIGURE 2. The schematic of proposed mechanism internal structure.

A. DESCRIPTION OF THE IN-PIPE MOBILE ROBOT
(PEW-RO V)
As a wave propagation robot, the authors have developed a
mobile in-pipe robot (hereinafter ‘‘PEW-RO V’’) (Fig. 2).
The PEW-RO V is designed for continuous inspection of
a 100 A pipe (inner diameter: 108 mm), which is one of
the smallest pipes, for approximately 100 m [29]–[32]. The
PEW-RO V mimics the peristaltic motion of an earthworm,
which is characterized by a small amount of space required
for movement and has a large footprint that presses against
the pipe during movement, resulting in a large traction force.
The maximum travel speed of the PEW-RO V is 50 mm/s,
and the maximum traction force is 300 N. The traveling
performance of the system has been confirmed through field
experiments, and it is expected to be used as an inspection
device in the future [33].

The PEW-RO V consists of a head part, unit parts,
joint parts, pneumatic components (valves, compressors,
and regulators), a microcomputer, a power supply for the
microcomputer, and a power supply for the valves. The
unit parts use axial fiber-reinforced pneumatic artificial
muscles (hereafter artificial muscles) [34], [35]. The unit
part expands in the radial direction and contracts in the axial
direction when air pressure is applied. When multiple units
are connected and pneumatic pressure is applied in turn, they

move in a peristaltic motion, as shown in Fig. 3, to propel
the pipe. All artificial muscles in this robot are 100 mm long.
The artificial muscles used as unit parts are highly resistant to
the conditions of the pipe and can run in a real environment
without changing the running mode during operation [32].
A direct-acting solenoid valve was used to control the air
pressure of the PEW-RO V.

FIGURE 3. The schematic of peristaltic motion robot in pipe.

B. DESIGN AND CONCEPT OF PROPOSED VALVE
Wave propagation robots often move by periodically driving
the pneumatic actuators. In these robots, multiple pneumatic
actuators are connected to each other and periodically
driven by connected pneumatic valves. Therefore, although
structurally the robot has multiple inputs, it can be regarded
as having a single degree of freedom in its motion because it
can only perform a constant repetitive motion.

Thus, the authors thought that it would be possible to drive
pneumatic actuators with a compact structure by rotating the
channels and switching which channels are connected to each
pneumatic actuator.

FIGURE 4. The schematic of the CRV internal structure.

Fig. 4 shows a schematic diagram of the internal structure
of the proposedCRV, and Fig. 5 shows a schematic diagram of
both the pneumatic valve and robot drive. This valve consists
of a rotary part with a flow path, a motor for driving the
rotary part, a protective case, and an intermittent mechanism.
In the rotary part, air supply holes, which supply air pressure
from the air pressure source to the pneumatic actuator, and

165274 VOLUME 9, 2021



H. Sato et al.: Development of Compact Pneumatic Valve Using Rotational Motion

FIGURE 5. The appearance of a robot moving motion and the CRV.

exhaust holes, which release the pressure from the pneumatic
actuator, are regularly arranged in the same circumferential
direction. When the rotary part is rotated by a motor, the
pneumatic actuators are connected to the supply and exhaust
holes on the rotary part in order. Therefore, the periodic
drive is realized by the arrangement of the air supply and
exhaust holes. We assume that the CRV can realize periodic
air pressure even in a small sized pipe, and that the system
of a wave propagation robot with periodic drive can be
miniaturized and consolidated. In addition, the opening and
closing of the orifice by rotation does not interfere with the
flow path when fully open, as in the case of a ball valve. This
ensures a high flow rate. The flow path is opened and closed
by the holes located on the sides of the rotary part and holes
on the inside of the protective case. Thus, there is no need
to reduce the load on the rotary part due to high pressure,
and there is no need for a special seal to prevent air leakage.
In addition, because the step opening and closing is realized
by an intermittent mechanism installed in the rotary part, high
pressure air with a high flow rate can be controlled without
using a controller.

FIGURE 6. The schematic of Pneumatic distribution method.

C. AIR PRESSURE DISTRIBUTION SYSTEM FOR THE CRV
Fig. 6(a) shows a schematic diagram of the thrust distribution
system, and Fig. 6(b) shows a schematic diagram of the
radial distribution system. In the thrust distribution system,

the orifices are located on the plane perpendicular to the
rotation axis. Although the structure is simple, the sliding
surface is subjected to the force of high-pressure air from
one direction during high-pressure, high-flow driving, which
causes gaps and air leaks, and the mechanism to prevent
air leaks is large. On the other hand, the radial distribution
method has orifices on the sides of the rotating parts, and
supplies and exhausts air in the circumferential direction.
The radial distribution system is more costly than the thrust
system because of the high-precision fit, but because the shaft
is inserted in the bearing, there is no risk of air leakage and the
mechanism itself can be simplified. Compared with the thrust
system, the radial system has a larger flow path cross-section
and allows for a higher flow rate. In the thrust system, air
leakage occurs at the sliding surface; therefore, it is necessary
to prevent air leakage or reduce the cross-sectional area of
the flow path to limit the flow rate through the orifice. The
radial system, however, not only prevents air leaks by fitting
the shaft directly into the bearing, but also makes it possible
to increase the cross-sectional area of the flow path.

Considering the above points, the radial system was
adopted for the CRV.

FIGURE 7. (a)The detailed size of proposed valve. (b) The exploded view
of the proposed valve.

IV. DEVELOPMENT
In this section, we describe the prototype that we fabricated
based on the design considerations discussed in the previous
section. The developed CRV is illustrated in Fig. 7. It has a
length of 125 mm and mass of 800 g. The CRV consists of
a port for the air tube to connect to the compressor, a DC
motor, a rotary part with cam grooves and orifices, a pin that
transmits the rotation of the DC motor to the rotary part,
a protective case, and seven ports for the air tube to connect
to the pneumatic actuator. In addition, an umbilical cable,
which consists of a high-pressure air supply tube and a motor
power supply cable, is connected to the rear of the CRV.
In addition, suspension wires are attached to the front and
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TABLE 2. The specification of DC motor.

TABLE 3. The specification of Gearhead.

rear of the CRV, with the front wires connected to the robot
body and the rear wires connected to the umbilical cable. This
structure prevents direct tension from being applied to the
internal structure of the robot or motor of the CRV.

The DC motor used in this study was a Maxon DCX16L
(with graphite brushes and ball bearings). The gear reducer is
aMaxonGPX16 (with a built-in Hall sensor), and a two-stage
gear ratio of 16:1 was used. Table 2 lists the specifications
of the DC motor, and Table 3 lists the specifications of the
reduction gear. The protective case was made of JIS H 4040
A5056B material with an anodized finish. The rotary part
was made of JIS H 3250 C3604B material. The orifices are
rectangular, 3.0 mm wide and 8.5 mm long. In this study, this
material was used as an initial study.

Table 4 lists the specifications of the PEW-RO V equipped
with the fabricated CRV. Table 4 also lists the specifications
of the PEW-RO V equipped with the solenoid valve for
comparison. The total length and weight of the PEW-RO V
with the CRV were 45 % and 43 % of those of the PEW-RO
V with a solenoid valve, respectively.

Although the valve fabricated in this paper was designed
for a specific environment, the findings obtained in this

TABLE 4. The comparison of specifications when the CRV and solenoid
valve module are mounted on this robot.

study are useful because they can be applied to a variety of
environments.

V. MODELING
In this section, we describe the modeling of the proposed
CRV and its application to a wave propagation robot.
We consider a system consisting of a CRV and a wave
propagation robot. Because the wave propagation robot is
operated by air pressure, a compressor is used as the air
pressure source. The air supplied from the compressor passes
through the CRV to flow into the actuator of the wave
propagation robot. The actuator of the wave propagation
robot continuously changes its shape owing to the inflow of
air, so the volume of air in the actuator is constantly changing.
Therefore, to track this behavior, it is necessary to understand
the changes in the orifice area of the CRV. This makes it
possible to theoretically calculate the traveling speed of the
wave propagation robot when using the CRV.

In Section A, wemodel the change in the orifice area of the
CRV, and in Section B, we describe the shape change model
of the actuator of the wave propagation robot and explain
the theoretical running speed of the robot when the CRV is
applied to the wave propagation robot.

A. MODELING OF ORIFICE HOLE OPENING/CLOSING
MECHANISM
This section describes the opening and closing mechanisms
of the orifices. It is desirable to open and close the orifice
intermittently. In this study, a mechanism for intermittent
rotationwas adopted using aDCmotor with constant rotation.
There are other methods for controlling the motor angle
to achieve an intermittent motion. However, because these
methods require the installation of sensors and other equip-
ment, the possibility of failure increases when considering its
use in a real environment. In addition, we thought that the
intermittent opening and closing of the CRV should be done
without using a sensor and using a DC motor to account for
the environmental resistance and the robustness needed for
use in a real environment. Thus, we thought it would be better
to use a mechanism to realize step opening/closing, because
it does not require feedback using a sensor and can be driven
by simple voltage application.

Table 5 summarizes the parameters used in the model.
Fig. 8 shows the schematic diagram of the intermittent
mechanism and the rotation transmission used in this study,
and Fig. 9 shows the rotation of the intermittent mechanism
and the motor.
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FIGURE 8. The structure of intermittent mechanism and motor.

FIGURE 9. The appearance of intermittent mechanism rotation.

TABLE 5. The parameter of modeling the compact rotary valve.

The rotation angle of the motor on the input side is
θm, and the rotation angle of the rotary part on the output
side is θs. The rotary part on the output side exhibits two
different behaviors during one rotation of the motor on the
input side. For an integer n greater than or equal to 0,
when 2nπ < θm < (2n + 1)π , the cam structures of the
input motor and the output rotary part mesh, and the rotary
part rotates θs. When (2n + 1)π < θm < 2(n + 1)π ,
the cam structures of the input motor and output rotating
parts do not mesh, and only the input motor rotates idle.

By repeating this process, intermittent rotary motion was
realized.

Next, the behavior of the rotary part by intermittent rotary
motion is described. For simplicity, the cam structure of the
rotary part is approximated as a straight part instead of a
circular part. Therefore, the rotation of the input motor causes
a rotational motion of the rotary part, but by approximation,
the rotary part is considered to move in a straight line. If the
rotation angle and angular velocity of the input motor are θm
and ωm respectively, these can be expressed as (1) using the
time variable t .

θm = ωmt (1)

FIGURE 10. The appearance of intermittent mechanism.

The rotating diameter of the rotating pin of the input side
motor that meshes with the cam groove is rm, and the rotation
of the input side motor by θm is shown in Fig. 10. The
diameter of the cam grooves is R, and the number of cam
grooves is k . These can be expressed as (2).

Rπ ∼= krm (2)

Under 2nπ < θm < (2n+ 1)π , the displacement x (t) of the
rotating part is expressed by (3).

x(t)

=

{ rm
2
(2n+ 1− cos θm) , 2nπ < θm < (2n+ 1)π

(n+ 1)rm, (2n+ 1)π < θm < 2(n+ 1)π
(3)

The relationship between x (t) and θs (t) can be expressed
by (4).

θs (t) =
2x (t)
R

(4)

From (3) and (4), the relationship between θm and θs can
be expressed as shown in Fig. 11(a).
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FIGURE 11. (a) The relationship between the angle of motor rotation and the angle of rotary part, orifice area. (b) The moving appearance of orifice.

Next, we considered the opening and closing behavior of
the orifices. Fig. 11(b) shows a schematic diagram of the
behavior of the orifices opened in the rotary part, and the
orifices opened in the protective case. In this study, we focus
on two orifices opened consecutively in the protective case
(hereinafter ‘‘orifice i’’ and ‘‘orifice ii’’) and one orifice
with a rotary part (hereafter ‘‘orifice I’’). The orifices are
rectangular in shape with a width a [mm] and length b [mm].
The angle of the rotary part corresponding to the width a
[mm] of the orifice is defined as θa. Air flows at the overlap
of these orifices. STEP 1 in Fig. 11(b) shows the moment
when orifice i and orifice I finish overlapping and become
blocked. This moment is defined as time t = 0. Next, STEP 2
in Fig. 11(b) shows the moment when orifice I moves because
of the rotation of the rotary part and begins to overlap with
orifice ii. During the transition from STEP 1 to STEP 2, the
area of orifice ii is zero because the orifice is in the closed
state (5).

Sorifice = 0, 0 ≤ θs(t) ≤
2π
k
− 2θa (5)

Next, STEP 3 in Fig. 11(b) shows the overlap between orifice
ii and orifice I. Furthermore, STEP 4 in Fig. 11(b) shows the
moment when orifices ii and I completely overlap. Therefore,
in the transition from STEP 2 to STEP 4, the orifices changed
from a closed state to an open state. The area of orifice ii at
that time is given by (6).

Sorifice =
Rb
2

(
θS(t)+ 2θa −

2π
k

)
,
2π
k
− 2θa

≤ θs(t) ≤
2π
k
− θa (6)

Finally, STEP 5 in Fig. 11(b) shows the state in which
orifice I is moving. Therefore, in the transition from STEP 4

to STEP 5, the orifice changed from an open state to a closed
state. The area of orifice ii at this time is given by (7).

Sorifice =
Rb
2

(
2π
k
− θs(t)

)
,
2π
k
− θa ≤ θs(t) ≤

2π
k

(7)

B. SHAPE CHANGE MODEL OF PNEUMATIC ACTUATOR
FOR WAVE PROPAGATION ROBOT
1) APPLICATION OF A MECHANICAL EQUILIBRIUM MODEL
FOR ARTIFICIAL MUSCLES
The CRV developed in this study can change the driving
cycle of the PEW-RO V by changing the rotation speed with
the voltage applied to the motor. However, because the area
of the orifice changes by changing the rotation speed, the
volume flow rate of the air applied to the artificial muscle
changes, and the contraction amount of the artificial muscle
also changes. Therefore, when the CRV is used to drive
the PEW-RO V equipped with artificial muscles, the driving
performance of the PEW-RO V can be fully demonstrated by
determining the most appropriate rotation speed and applied
pressure. Thus, the purpose of this section is to determine
the relationship between the rotation speed and the applied
pressure by modeling the running speed of the PEW-RO
V with artificial muscles and CRV. To model the running
speed of the robot according to the rotation speed and the
applied pressure of the CRV, the dynamic characteristics
of the artificial muscles are necessary, but the dynamic
characteristics are very complicated because the artificial
muscles are pneumatically driven. Therefore, we focused on
a mechanical equilibrium model that deals with the static
characteristics of artificial muscles. In this model, the shape
of the artificial muscle is obtained by determining the internal
pressure and load of the artificial muscle, and the amount of
contraction in the equilibrium state was determined. First,
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TABLE 6. The parameters used in the mathematical of artificial muscle.

we explain the mechanical equilibrium model of artificial
muscles. The validity of this model was confirmed in a
previous study [34]. The shape of the artificial muscle is
shown in Fig. 12, and its parameters are listed in Table 6.

FIGURE 12. The geometric model of artificial muscle.

When the shape of the artificial muscle is modeled as
shown in Fig. 12, the relationship between the contraction
volume x, load F , and pressure P of the model is shown in
(8). Each function in (8) is given by (9)–(12). The theoretical
and experimental values of themechanical equilibriummodel
for artificial muscles with a diameter of 56 mm and length
of 100 mm installed in the robot are shown in Fig. 13.
The vertical axis represents the amount of contraction,
and the horizontal axis represents the equilibrium pressure.
For simplicity, no load was assumed in the mechanical
equilibrium model, and no load was applied in the experi-
ments. Fig. 13 shows that the mechanical equilibrium model
adequately reproduces the characteristics of the artificial
muscles installed in the robot, confirming the usefulness of
the model.

FIGURE 13. The results of relationship between air pressure and
theoretical/experimental contraction length.

This model was used to obtain the running model of the
PEW-RO V equipped with a CRV.

P (ϕ0,F) =
FG2 (ϕ0)+ G1 (ϕ0)

G3 (ϕ0)
(8)

ϕ0 =
2αl1.50 x

(l0 − x)2 + α2xl0
(9)

G1 (ϕ0) =
4Kt
d0

[
l0
d0

]2 [ sin (ϕ0)− ϕ0 cos (ϕ0)
ϕ20

]
(10)

G2 (ϕ0) =
M tanϕ0
d0nb

(11)

G3 (ϕ0) = 2
[
l0
d0

]2 [ sin (ϕ0)− ϕ0 cos (ϕ0)
ϕ20

]
+4

l0
d0

sinϕ0
ϕ0
−
πd0M
4nb

tanϕ0 (12)

2) CONSTRUCTION OF A PNEUMATIC VALVE MODEL BY
APPLYING THE MECHANICAL EQUILIBRIUM MODEL OF
ARTIFICIAL MUSCLES
By applying the mechanical equilibrium model of the arti-
ficial muscles described in the previous section, we consider
themodel for the proposed CRV. In the CRVmodel, themotor
speed changes with the voltage applied to the motor, and the
area of the orifices changes with the rotation speed. Two out
of seven ports on the rotary part of the CRV are designed as
air supply holes, and five ports are designed as exhaust holes.
Because the area of the orifices is rectangular (ab [mm2]),
as described in the previous section, the opening and closing
behaviors are shown in Fig. 14. The positive area represents
the air supply, and the negative area represents the exhaust.
air supply holes, and five ports are designed as exhaust holes.

Next, we consider the time variation of the orifices of
the CRV and the dynamic application of the mechanical
equilibrium model.

First, we considered the air supply. During the air supply,
the compressor is the primary pressure (constant pressure),
and the pressure inside the artificial muscle is the secondary
pressure. The airflow rate depends on the area of the orifice
holes and the differential pressure between the primary and
secondary pressures, which vary from time to time in the
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FIGURE 14. The opening and closing behavior of air supplying and
exhaust orifice of proposed mechanism.

TABLE 7. The parameters of (14) and (15).

case of the CRV. We consider a time T = t [s] and a time
T = t+1t [s] after a small period of time (1t [s]). Assuming
that the pressure inside the artificial muscle at time T = t is
Pt and the area of the orifice is St, the flow rate at that moment
can be obtained from (13).

Qt = CSt

√
2 (P− Pt)

ρ
(13)

This gives the volume 1V of air flowing into the artificial
muscle within a small time period from time T = t by (14).

1V = Qt1t (14)

The parameters in the equation are listed in Table 7. This
inflow of air causes the artificial muscle to contract from xt
to xt+1t while changing its shape based on the mechanical
equilibrium model, and the internal pressure increases
from Pt to Pt+1t . By repeating this process, we thought
that we could handle the dynamic contraction behavior
of the artificial muscle using the mechanical equilibrium
model.

Next, we considered the exhaust of the artificial muscle.
During exhaustion, the pressure inside the artificial muscle
becomes the primary pressure, and the secondary pressure
becomes the atmospheric pressure (constant pressure). This
change also considers the dynamic application of the
mechanical equilibrium model of the artificial muscle and
considers the change in the small time period 1t . If the
pressure inside the artificial muscle at time T = t is P,
the atmospheric pressure is Pt , and the area of the orifice is
St , the flow rate at that moment can be obtained from (14),

FIGURE 15. The relationship between theoretical contraction length and
experimental contraction length in 60 rpm, 0.4 MPa.

FIGURE 16. The relationship between theoretical contraction length and
experimental contraction length in 120 rpm, 0.4 MPa.

FIGURE 17. The relationship between theoretical contraction length and
experimental contraction length in 60 rpm, 0.2 MPa.

paying attention to the primary and secondary pressures as in
the air supply. This outflowing air causes the artificial muscle
to elongate from xt to xt+1t while changing its shape based on
the mechanical equilibrium model, and the internal pressure
decreases from Pt to Pt+1t . With the previous section in
mind, Fig. 15, 16, and 17 show the theoretical contraction
and expansion behavior of the artificial muscles and the
measured experimental contraction and expansion behavior
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of the artificial muscles when the CRVwas driven at different
rotational speeds and different applied pressures. In Fig. 15,
the CRV was driven at a rotation speed of 60 rpm and an
applied pressure of 0.4 MPa; in Fig. 16, the CRV was driven
at a rotation speed of 120 rpm and an applied pressure of 0.4
MPa; in Fig. 17, the CRV was driven at a rotation speed of
60 rpm and an applied pressure of 0.2 MPa. The left vertical
axis of the graphs shows the amount of contraction of the
artificial muscle, and the right vertical axis shows the area
of the air supply and exhaust orifice holes.

From these results, it can be concluded that the model
adequately reproduces the contraction and elongation char-
acteristics of the artificial muscle induced by CRV.

3) DEVELOPMENT OF A MODEL FOR CALCULATING
VELOCITY WITH CRV BY APPLYING A MECHANICAL
EQUILIBRIUM MODEL OF ARTIFICIAL MUSCLE
In this section, we construct a theoretical velocity model of
PEW-RO V using CRV with a mechanical equilibrium model
of artificial muscles. The contraction and extension of the
artificial muscles during the supply-discharge transition were
clarified by the theoretical supply-dischargemodel with CRV,
which applied themechanical equilibriummodel described in
the previous section. Therefore, we determined the running
speed of the PEW-RO V by considering the movement of the
artificial muscles during the transition. It was assumed that
each unit was driven in an ideal state, where the supply and
exhaust were instantaneous. However, in actual driving, there
are some units that supply air, and some are exhausting air.

FIGURE 18. The relationship between contraction length and each unit
part of peristaltic crawling robot.

The transition states of each unit of the PEW-RO V
with CRV from the mechanical equilibrium model of the
artificial muscles are shown in Fig. 18. The running speed
was calculated by considering the state of each unit.

If the contraction lth of the artificial muscle calculated by
the mechanical equilibrium model of the artificial muscle
is (15) using the time variable t , the contraction-extension
transition state of the artificial muscle in the nth unit is
expressed as (16). The parameters in the equation are listed

TABLE 8. The parameters of (15), (16), and (17).

in Table 8.

lth = f (t) (15)

lth (n) = f
( n
N
Tcycle

)
(16)

The subscripts correspond to each unit number, the total
number of units is N , and the cycle time is Tcycle. The
artificial muscles mounted on the robot had both contraction
and extension motions. If we focus on the first part of the
robot, the unit part before the grasping unit contracts, and
the unit part after the grasping unit extends. The contraction
motion acts as a negative component of the velocity, whereas
the extension motion acts as a positive component. Assuming
that the maximum contraction is lmax, the pressurized length
is lloss, and the jth unit part is the grasping unit, the traveling
speed vth of the robot is expressed as (17).

vth =
−
∑j−1

k=1 lth (k)+
∑N

k=j+1 {(lmax − lloss)− lth (k)}

Tcycle
(17)

FIGURE 19. The theoretical speed at each applied pressure and rotation
speed of peristaltic crawling robot. The dotted line in the graph is the
area where the PEW-RO V cannot travel.

Using this equation, the running speed of the PEW-ROV is
calculated. The theoretical running speeds for each pressure
and rotation speed are shown in Fig. 19. The vertical axis
shows the traveling speed, and the horizontal axis shows the
applied pressure. The dotted line in the graph is the areawhere
the PEW-RO V cannot travel because the unit of the PEW-
RO V does not contract sufficiently to grasp the pipe wall.
At each rotation speed, the traveling speed is reduced at low
pressure due to insufficient contraction and at high pressure
due to insufficient exhaust.
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VI. EXPERIMENT
In this section, it is confirmed that the PEW-RO V equipped
with the proposed CRV can be propelled in the pipe. The
validity of the model developed in Section V is discussed
based on the experimental results.

FIGURE 20. The experimental setup of the experiments to confirm
driving robot.

A. DRIVE EXPERIMENT
A schematic of the experimental environment is shown in
Fig. 20. The CRV is connected to the tail of the PEW-RO
V. A high-pressure air supply tube and a power supply cable
to the motor must be connected to the CRV. The CRV is
driven at a speed that completes one cycle in one second,
which is easy to check. The applied pressure was adjusted
by visually checking the expansion diameter of the artificial
muscles of the robot to increase the pressure to a level at
which all the artificial muscles could grasp the pipe. The
running pipe was a transparent 100A pipe (inner diameter:
108 mm) with a length of 3 m. The inside of the pipe is
observed. The umbilical cable was 3 m in length. A bird’s
eye view was taken the traveling of the robot.

FIGURE 21. The driving appearance with proposed valve.

Fig. 21 shows the running of the PEW-ROV equipped with
the CRV. In this experiment, we confirmed that the proposed
CRV can reproduce peristaltic motion and propel the robot in
the pipe.

B. MODEL VERIFICATION DRIVING EXPERIMENT
The purpose of this experiment is to verify the validity of the
constructed model. In a previous study, the speed of the PEW-
RO V was calculated only by the amount of contraction of
the artificial muscle and the time required for one cycle; in
this study, we developed a model for calculating the running
speed that takes into account the contraction and elongation
process by applying the mechanical equilibrium model of
the artificial muscle in addition to the applied pressure and
rotation speed of the CRV. Thus, it is necessary to confirm
the validity of this model.

The CRV is connected to the tail of the PEW-RO V, and
an umbilical cable was connected. The applied voltage and
pressure corresponding to each rotation speed were applied
to the CRV to drive the PEW-RO V. The traveling pipe was a
100A pipe (inner diameter: 108 mm), which was transparent
so that the inside could be observed.

FIGURE 22. The relationship between robot speed and applied air
pressure in 40 rpm. The dotted line indicates that the robot cannot run.

Fig. 22 shows the theoretical values calculated by the
model and the experimental values measured by the exper-
iment for the traveling speed of PEW-RO V in the pipe for
each applied pressure when the CRV is rotated at 40 rpm.
The vertical axis shows the traveling speed of the PEW-
RO V, and the horizontal axis shows the applied pressure.
At this speed, the theoretical and experimental values agreed
for all applied pressures except 0.25 MPa. This is due to
the fact that the supply and exhaust holes overlapped for a
sufficient time due to the low rotation speed. At the applied
pressures of 0.15 MPa and 0.2 MPa, the model calculated
that grasping in the pipe was not possible due to insufficient
shrinkage, and the machine could not run. However, in the
running experiment, it was confirmed that the machine did
not run even at 0.25MPa. This is because the applied pressure
was small, the flow resistance was affected, and the CRV
did not contract to the amount calculated by the model in
actual driving. Fig. 23 shows the theoretical values calculated
from the model and the experimental values measured for
each applied pressure when the CRV was rotated at 60 rpm.
The vertical axis shows the traveling speed of the robot, and
the horizontal axis shows the applied pressure. At 0.15 MPa,
0.2 MPa, 0.25 MPa, 0.3 MPa, 0.35 MPa, and 0.4 MPa, the
model calculated that grasping in the pipe was not possible
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FIGURE 23. The relationship between robot speed and applied air
pressure in 60 rpm. The dotted line indicates that the robot cannot run.

due to insufficient contraction and that running was not
possible, but in the experiment, running was confirmed at
0.35 MPa and 0.4 MPa. At 0.45 MPa and 0.5 MPa, the
experimental running speed was 50 % of the theoretical
running speed. It was confirmed that each unit maintained
its contraction and expansion state while running. We believe
that the difference between the theoretical and experimental
values is due to the fact that the artificial muscles are always
in an inflated state, which inhibits the stretching motion and
prevents them from fully extending forward.

FIGURE 24. The relationship between contraction length and
measurement time in 0.4 MPa, 60 rpm.

Therefore, we conducted an experiment to drive the unit
for a long time in the same environment as PEW-RO V. The
results are shown in Fig. 24, with a tube length of 1 m from
the CRV to the unit. The model is designed only for the
first time of repetitive driving of the artificial muscle and
assumes that the CRV is directly connected to the artificial
muscle. However, in the actual driving environment of the
unit, as the rotation speed increases and the air tube length
increases, the air discharge is delayed owing to the flow
resistance and delay, and the residual pressure inside the
unit accumulates. The results show that the artificial muscles
contract and extend while maintaining their inflated state
at high rotational speeds. As a result, it was confirmed
that PEW-RO V could run in the pressure zone, which was
calculated to be undriveable by this model.

Fig. 25 shows the theoretical values calculated by the
model and the experimental values measured by the experi-
ment for the traveling speed of the PEW-RO V in the pipe for

FIGURE 25. The relationship between robot speed and applied air
pressure in 80 rpm. The dotted line indicates that the robot cannot run.

each applied pressure when the CRV was rotated at 80 rpm.
The vertical axis shows the traveling speed of the robot, and
the horizontal axis shows the applied pressure. At applied
pressures of 0.15 MPa to 0.5 MPa, the model calculated
that the robot could not grasp the pipe due to insufficient
contraction and could not travel, but in the experiment,
the robot traveled at pressures of 0.45 MPa and 0.5 MPa.
We believe that this is because the PEW-RO V contracted
and extended while maintaining the expansion state because
of the accumulation of residual pressure caused by the high
rotation speed drive, just as the PEW-RO V was able to travel
even in the pressure zone where the model predicted that
travel was impossible at 60 rpm.

VII. CONCLUSION
The aim of this study was to develop a pneumatic valve
that can achieve a large periodic flow rate with a small
and simple mechanism for a mobile robot in a pipe with
periodic pneumatic actuation. We proposed a pneumatic
valve based on the characteristics of a ball valve. As a wave
propagation robot, the CRV was applied to a mobile in-
pipe robot (PEW-RO V) developed by the authors in their
previous study. The mechanical equilibrium model of the
pneumatic actuators used in this study was also described.
From this, it was confirmed that the PEW-RO V could be
driven by reproducing the intended periodic motion by this
valve through driving experiments. In addition, the flow rate
of this valve is larger than that of the direct-acting solenoid
valve drive system, confirming the effectiveness of this valve
for wave propagation robots.

In the future, we will study the variation in the travel speed
with respect to the rotation speed and applied pressure in
the PEW-RO V system adopted in this study. Subsequently,
we will study the application to other wave propagation
robots driven by periodic motion.
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