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Abstract— Small in-pipe robots are key to improving pipe
inspection procedures, especially for narrow diameters. How-
ever, robotic locomotion in such spaces, namely achieving a high
locomotion performance with a narrow and flexible mechanism,
is difficult. The novel in-pipe locomotion mechanism proposed
in this paper achieves rapid locomotion through narrow pipes
by a unique duplex-chambered structure. The mechanism
achieves smooth bi-directional inchworm locomotion by a com-
bination of expandable silicone rubber and a coil spring and
is fully controlled by only two air supply lines. The concept
and locomotion technique, including a mathematical analysis
and discussion from the viewpoint of operational pressure,
are presented herein. Several experiments on the prototyped
mechanism were performed to elucidate its characteristics. The
results of locomotion tests through horizontal, vertical, and bent
pipes showed that the mechanism can horizontally navigate
through 25-mm pipes at 45.5 mm/s, which is the fastest yet
reported for this size of bi-directional in-pipe robot.

I. INTRODUCTION

Pipe inspection is an important task that has long been a
research focus in robotics. Pipes are essential industrial facil-
ities that require periodic inner inspection for maintenance,
but are often installed in locations with limited access, such
as underground or inside walls. Normal endoscopic cameras,
the current mainstream equipment for pipe inspection, are
particularly insufficient for narrow pipes because their small
inner space and complicated geometries limit the insertable
area. In-pipe robots with small propulsion mechanisms are
one solution to these issues. The development of in-pipe
propulsion techniques will simplify inspection procedures
and expand inspection areas.

Previous robots developed for narrow pipes with inner
diameters of approximately 50 mm or less can be classified
into two general groups: motor-driven and pneumatic-driven.
Motor-driven mechanisms typically generate a driving force
using wheels [1]–[5] or crawlers [6]–[9]. There are also
snake-motion mechanisms driven by electric motors [10]–
[13]. Motor-driven mechanisms have the overall advantages
of a high driving force and locomotion speed. However, they
are often difficult to apply to narrow or bending pipes be-
cause their mechanisms consist of rigid components, which
are difficult to downsize.

Pneumatic-driven mechanisms are another approach to
achieving smooth locomotion in narrow pipes. Peristaltic
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motion, a common mode of locomotion for robots with pneu-
matic mechanisms, generates earthworm-like motion using
multiple air chambers [14]–[17]. One variation on peristaltic-
motion mechanisms can generate one-directional locomotion
using only one air supply tube [18]. Inchworm motion is
also common for the locomotion of various robots [19]–
[27], which generally involves three or more air chambers
that are pressurized independently. There are also small
inchworm mechanisms that can move in only one direction
but are driven by a single air supply tube [28], [29]. Other
unique pneumatic mechanisms include helical motion [30],
[31] and sliding-inchworm motion, which was previously
developed by the authors [32]–[34]. Pneumatic-driven robots
are advantageous for narrow or bending pipes because of
their simplicity and flexibility; they are also explosion-
proof in a flammable working environment. However, their
locomotion speed is generally low compared with that of
motor-driven robots, and they require many air supply tubes
for bi-directional locomotion.

Figure 1 compares the speeds of pneumatic robots accord-
ing to their applicable diameter. Many have a speed less than
30 mm/s and applicable diameter less than 60 mm. The two
fastest robots cannot move backward [28], [29], while the
next fastest moves at 45.0 mm/s in 20-mm pipes but slows
to 10.0 mm/s in 25-mm pipes. This comparison suggests a
robot capable of steady high-speed bi-directional locomotion
through narrow pipes as the next target.

Locomotion in narrow pipes is challenging for robots
because of the unique geometrical environment. The mech-
anisms must satisfy multiple requirements as summarized
below, including significant limitations to body size and
structure, to navigate through narrow pipes.

Narrow body diameter: The mechanism must have a
narrow enough body to pass through the pipes. Mecha-
nism simplicity is also preferable for downsizing.
Flexible body structure: The mechanism must be
bendable to pass through bending pipes.
Bi-directional locomotion: The robot must be able to
move both forward and backward to exit the pipes.

The following capabilities are also preferable for improving
the robot usefulness:

Fast locomotion: More rapid locomotion would reduce
inspection times.
Fewer, lighter tethers: The robot must be wired as a
lifeline for removal in case of failure. Air supply tubes
can act as tethers and should be few in number to reduce
their weight and required traction force.
Electric device-less mechanism: Robots passing
through pipes used for flammable gas or liquid must
be explosion-proof. An electric-less mechanism is ideal
for such environments.

In this study, we designed a novel pneumatic mechanism
for narrow pipes that we named the pneumatic duplex-
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Fig. 1. Comparison of locomotion speed of pneumatic robots. Note that
[28]∗ and [29]∗ have only one-directional locomotion, and the speed of
[30]∗∗ differs greatly depending on the pipe diameter.
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Fig. 2. Conceptual outer 3d-image of P-DCI mechanism.

chambered inchworm (P-DCI) mechanism. The P-DCI mech-
anism has unique dual-layered flexible chambers for high-
speed bi-directional inchworm motion requiring only two air
supply lines. Herein, we present the mechanical design of
the P-DCI mechanism and evaluate its basic characteristics
through modeling and experiments, including in-pipe trials
with a prototyped mechanism through 25-mm pipes.

II. DESIGN AND LOCOMOTION TECHNIQUE

A. Structure and working principle

Figures 2 and 3 show the exterior and interior structure,
respectively, of the P-DCI mechanism. The mechanism has
two chambers made from silicone rubber, chambers A and
B, that are partially overlapped. The mechanism is divided
into three functional sections: expansion sections A and B
and the elongation section.

Expansion sections A and B on the mechanism ends
consist of single layers of chambers A and B, respectively.
The outside of the expansion sections is covered by pleated
fabric, allowing for radial chamber expansion but restricting
axial extension.

The elongation section in the center of the mechanism
is where chambers A and B overlap, i.e., chamber A is
surrounded by chamber B. Thus, airflow into chamber A
passes into both expansion section A and the outer layer
of the elongation section; similarly, airflow into chamber B
passes into both expansion section B and the inner layer
of the elongation section. The outside of chamber A in the
elongation section is covered by a coil spring, allowing for
axial chamber extension but restricting radial expansion.

Air supplies for

Chamber B
Chamber A

Fabric Coil spring Silicone rubber Air tube

Elongation section
(Chamber overlapped)

Expansion-
section A

Expansion-
section B

Chamber AChamber B

Fig. 3. Illustration representing interior structure of P-DCI mechanism.

B. Locomotion generation
Figure 4 shows the basic pattern for forward locomotion

of the P-DCI mechanism. PA and PB are defined as the
pressures in chambers A and B, respectively. P0 is the initial
pressure with no applied air, and P1, P2, P3, and P4 are the
operating pressures applied to the mechanism, which satisfy

P0 < P1 < P2 < P3 ≤ P4. (1)

Step 0 is the initial mechanism condition, i.e., no applied air.
Locomotion is achieved by repeating steps 1 to 7 in order
as follows:

Step 1: Pressurization of chamber A to P1. Expansion
section A inflates radially and grips the pipe wall. The
elongation section does not yet extend.
Step 2: Pressurization of chamber A to P3. By increas-
ing PA A from P1 to P3, the elongation section extends
in the axial forward direction.
Step 3: Pressurization of chamber B to P4. Expansion
section B inflates radially. Chamber B in the elongation
section also expands to occupy the elongation chamber
A space because P3 ≤ P4.
Step 4: De-pressurization of chamber A to P0. Ex-
pansion section A shrinks and separates from the pipe
wall. The elongation section remains extended because
chamber B expanded into the spring in Step 3.
Step 5: De-pressurization of chamber B to P2 shrinks
the elongation section. Because expansion section B
is still inflated, the elongation section shrinks in the
forward direction.
Step 6: Pressurization of chamber A to P1. Expansion
section A expands and grips the pipe wall.
Step 7: De-pressurization of chamber B to P0. Expan-
sion section B shrinks and separates from the pipe wall,
reverting the state of the mechanism to Step 1.

Note that either expansion section A or B must grip the pipe
wall at all times to avoid moving in unintended directions in
horizontal pipes or falling in vertical pipes.

Now, we consider the applied pressures conditions to
invoke the above motion pattern. Let PexA, PexB , and
Pel represent the threshold pressures to activate expansion
sections A and B and the elongation section, respectively.
We assume PexA and PexB satisfy

PexA ≤ PexB < Pel. (2)

The pressure condition to trigger STEP 1 can be written as

PexA ≤ P1 < Pel. (3)

Likewise, the condition for P3 in STEP 2 can be written as

Pel ≤ P3. (4)
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Fig. 4. Pattern for forward locomotion. The numbers on the left indicate
the steps.

In Step 3, P4 must be higher than P3 because the volume
of chamber B in the elongation section is pressurized by
chamber A in Step 3. This can be expressed by

Pel ≤ P4, (5)

P3 ≤ P4. (6)

Then, in Step 5, P2 must satisfy

PexB ≤ P2 < Pel. (7)

From these inequalities, the pressure conditions for locomo-
tion can be expressed as

P0 < PexA ≤ P1 < PexB ≤ P2 < Pel ≤ P3 ≤ P4. (8)

C. Theoretical analysis for expansion
PexA, PexB , and Pel are important for selectively acti-

vating the expansion and elongation sections. Thus, these
thresholds should be estimated for prototyping. Here, we
discuss these thresholds considering the expansion charac-
teristics of silicon rubber and determine PexA and PexB by
simulations.

Wakana et al. suggested a model for the relationship be-
tween the inflation and inner air pressure of an elastic rubber
tube [35], which we adapted to our mechanism. According
to their study, the relationship between P and R, the internal
pressure and radius of the elastic tube, respectively, can be
expressed as

P =
R−R0

R2

(
Et0

1− ν2

)
, (9)

TABLE I
PARAMETERS FOR P-DCI SIMULATION.

Chamber A Chamber B

RexX0 [mm] 5.0 3.0
texX0 [mm] 2.0 2.0
E [kPa] 83
ν [–] 0.49
* Subscript X means A or B.

where R0, t0, E, and ν are the initial inner radius, initial
thickness, Young’s modulus, and Poisson’s ratio of the elastic
tube, respectively.

First, we consider chamber A of the P-DCI mechanism.
We define the inner radius and thickness of chamber A as
RexA and texA for expansion section A and RelA and telA
for the elongation section, respectively. Then, Eq. (9) can be
rewritten as

PA =
RexA −RexA0

RexA
2

(
E · texA0

1− ν2

)
and (10)

PA =
RelA −RelA0

RelA
2

(
E · telA0

1− ν2

)
, (11)

where RexA0, RelA0, texA0, and telA0 are the initial radii
and thicknesses, respectively.

Next, we consider chamber B. We define the inner radius
and thickness of chamber B as RexB and texB for expansion
section B and RelB and telB for the elongation section,
respectively. The inflation of chamber B can be expressed
as

PB =
RexB −RexB0

RexB
2

(
E · texB0

1− ν2

)
, (12)

where RexB0 and texB0 are the initial values. The inflation
of chamber B in the elongation section is slightly different
from that of chamber A. The silicone rubber of chamber B
initially inflates alone, but eventually contacts chamber A and
inflates more in combination. Thus, the inflation of chamber
B in the elongation section is expressed as

PB =



RelB −RelB0

RelB
2

(
E · telB0

1− ν2

)
(RelB < RelA0)

RelB −RelB0

RelB
2

(
E · telB0

1− ν2

)
+
RelA −RelA0

RelA
2

(
E · telA0

1− ν2

)
(RelA0 ≤ RelB)

(13)
where RelB0 and telB0 are the initial radius and thickness,
respectively. Note that in this equation, we ignore viscoelas-
ticity from the contact between chambers A and B.

Figure 5 shows the analysis results for the expansion
sections of the chambers based on Eqs. (10) and (12).
The parameters in Table I were set based on the prototype
discussed in Section II-D. From the results, we determined
the threshold pressures PexA and PexB as 11 and 18 kPa,
respectively. Because it is difficult to determine Pel using
only Eq. (11) or (13) since it is also affected by the spring
characteristics and mechanical configuration of the elonga-
tion section, we determined Pel experimentally as detailed
in Section III-B.
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Fig. 6. Image of prototype P-DCI mechanism. Circular insets show partial
enlargements of the elongation (left) and expansion sections (right).

TABLE II
SPECIFICATIONS OF THE P-DCI PROTOTYPE.

Item Specification

Length 300 mm
(Expansion section) 45 mm
(Elongation section) 180 mm

Weight 97 g
Max outer dia. 22 mm

D. Prototyping
We constructed a prototype to embody the proposed con-

cept, as shown in Fig. 6. The chambers were made from
silicon rubber (EcoFlex 00-50, Smooth-On) by casting with
3d-printed molds. A coil spring with a spring coefficient of
0.04 N/mm was used, and the fabric covers around expansion
sections A and B were pleated. A small initial inner radius is
ideal to maintain a narrow robot body. In contrast, the body
should be long to increase the elongation length. Here, these
dimensions were determined by the accuracy and strength of
the 3d-printed parts and maximum build size of the printer.
The prototype specifications are listed in Table II.

III. EXPERIMENTS

Several experiments were conducted to analyze the char-
acteristics and behavior of the proposed mechanism. All
experiments were performed using the prototype with the
same specifications.
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A. Pressure difference and airflow characteristics
The P-DCI mechanism uses pressure differences to gen-

erate motion as explained in Section II. Especially, the
airflow characteristics of chamber B in Step 3 are interesting
and unknown. Therefore, we measured the airflow into the
expansion section of chamber B while chamber A was
pressurized. The experiment was conducted as follows:

Method: The prototype was placed in a 25-mm-diameter
pipe to maintain its straight shape. Operational air was
applied into one end on the chamber A side. The chamber B
side was open and connected to a flow sensor. We pressurized
chambers A and B to several pressures and measured the flow
rate out through the elongation section of chamber B.

Result: Figure 7 shows the experimental results illustrating
how the flow rate of chamber B, QB , changed depending on
PA and PB . QB increased non-linearly with increasing PB

and decreased with increasing PA. QB is non-zero when PB

is equal to or higher than PA.
The results indicate that the pressurization of chamber A

causes chamber B to narrow, which stops the airflow. Thus,
when the P-DCI mechanism moves using the motion pattern
shown in Fig. 4, P4 must be equal to or greater than P3, as
stated in Eq. (1).

B. Elongation length characteristics
We elucidated the elongation characteristics experimen-

tally and determined Pel, the threshold pressure to activate
the elongation section. The experiment was conducted as
follows:

Method: The prototype was placed in a 25-mm-diameter
pipe to maintain its straight shape. Expansion sections A
and B were enclosed in rigid covers to prevent expansion.
One end of the mechanism was fixed to the pipe. The
elongation length was measured while chamber A or B was
pressurized in the range of 0 to 100 kPa in 10-kPa steps. The
elongation length was recorded during both pressurization
and depressurization to examine the effects of hysteresis. The
measurements were performed 3 times for each chamber.

Result: Figures 8a and 8b show the measurement results
for each chamber. The elongation length was almost pro-
portional to the increase in pressure. A non-linear tendency
occurred when the elongation length was 0 to 30 mm or
longer than 150 mm. The maximum elongation lengths were
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Fig. 8. Relationship between elongation length and applied pressure for
chambers (a) A and (b) B.

180 and 165 mm for chamber A and B pressurization corre-
sponding to elongation rates of 200% and 190%, respectively.

Slight hysteresis was observed, as the elongation lengths
during de-pressurization were greater than those during pres-
surization. The maximum hysteresis difference was 5.6 mm
for chamber A and 8.3 mm for chamber B. These can be
considered sufficiently small compared with the elongation
length.

The non-linear trend may mainly arise from the viscoelas-
ticity of the silicone rubber. The tensile stress of rubber
increases non-linearly with tensile strain, and its rate of
increase is higher both when the rubber starts extending and
when the extension approaches the fracture point. This may
have affected the results of the experiment. The stress–strain
trend of the prototype silicone rubber is unclear, which will
require further examination in future work.

We approximated and linearly extrapolated the results for
elongation lengths of 30 to 150 mm, as shown in black lines
in Fig. 8a and 8b. The x intercepts, PA = 29 kPa and
PB = 32 kPa, represent the minimum pressures to activate
the respective elongation sections. Thus, we determined the
threshold Pel as 32 kPa. Based on the discussions above and
in Section II-C, the pressure conditions for locomotion can
be expressed as

P0 < 11 ≤ P1 < 18 ≤ P2 < 32 ≤ P3 ≤ P4 [kPa]. (14)
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C. Elongation force characteristics

We examined the elongation force when air was applied.
In real operation, the mechanism will carry inspection equip-
ment. Thus, the elongation force is important to evaluate. The
elongation force was measured as follows:

Method: The prototype was placed in a 25-mm-diameter
pipe to maintain its straight shape. Expansion sections A
and B were enclosed in rigid covers to prevent expansion.
One end of the mechanism was fixed to the pipe, while
the other remained unfixed. A force gauge was attached
to the free end and positioned at distances 0, 50, and 100
mm away, which correspond to the elongation length. The
forces were recorded by the force gauge while chamber A
or B was pressurized at 0 to 100 kPa in 10-kPa steps. The
measurements were performed 3 times for each condition.

Result: Figure 9 shows the averaged results for each
chamber. FA and FB , the elongation forces for chambers
A and B, respectively, increased linearly with increasing
pressure and decreased at greater distances between the
mechanism and force gauge. The maximum forces of 13.5
and 9.6 N for chambers A and B, respectively, were recorded
at a distance of 0 mm.

The results show that the elongation force is linearly
dependent on applied pressure. The elongation force of an
actuator consisting of a coil spring and chamber can be
expressed as the product of the pressure and cross-sectional
area [29]. Strictly speaking, the cross-sectional area of our
P-DCI mechanism is not constant due to its two-layered
structure and elasticity. Nevertheless, the results show that
changes in the cross-sectional area do not greatly affect the
elongation force.

The results also show that the elongation force is strongly
correlated to the elongation length. When the elongation
length was 100 mm, corresponding to an elongation rate of
nearly 150%, the elongation forces decreased to 35% and
42% of the maximum for chambers A and B, respectively.
This is due to tensile forces induced by the coil spring and
chambers and suggests that the tensile force is non-linear.

The elongation force pushes the inspection equipment in
front of the P-DCI mechanism, such as a camera or sensors,
in Step 2 and thus determines the maximum load. For
example, the maximum elongation force of chamber A, 13.5
N, is equivalent to the force required to push a 1.38-kg load
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in a vertical pipe. Although the actual pushing performance
also depends on the friction between the load and pipes and
the gripping performance of the expansion sections, it is
enough for small inspection devices. For a heavy load, the
applied pressure could be increased to increase the elongation
force, or multiple P-DCI mechanisms could be attached
together for one load.

D. Contraction force characteristics
We also examined the contraction force. The contraction

force of chamber B in Step 5 is particularly important for
estimating the locomotion distance. The contraction force
was measured as follows:

Method: The prototype was placed in a 25-mm-diameter
pipe to maintain its straight shape. The end of expansion
section A was fixed to the pipe. Expansion section B was
enclosed in a rigid cover to prevent expansion. Chamber B
was pressurized to an initial pressure of 40, 60, 80, or 100
kPa, and a force gauge was attached. Then, the pulling force
was recorded as chamber B was de-pressurized in 10-kPa
steps. The measurements were performed 3 times for each
condition.

Result: Figures 10 shows the averaged results. The con-
traction force for chamber B, FB

′, was linearly correlated to
pressure PB . The maximum force of 13.4 N was recorded
at PB = 0 kPa when the initial pressure was 100 kPa.
The maximum force changed depending on the difference
between the initial pressure and PB , but no significant
difference was observed in the rate of change.

The results show that the contraction force depends on
the pressure difference between P2 and P4, as in Eq. (1),
where a greater difference results in a higher contraction
force. Considering the pressure conditions in Eq. (14), the
contraction force of the prototype will be approximately 10
to 12 N if P2 is 18 to 32 kPa and P4 is 100 kPa. Thus, the
mechanism can pull a load of 1.0 to 1.2 kg in vertical pipes
if we assume no friction on the load and no slippage between
the mechanism and pipes. Assuming the weight of a 4-mm-
diameter tube is approximately 19 g/m, the mechanism can
pull 27 to 32 m of two channels of tubes at a maximum.
In practice, the locomotion distance will decrease because
of friction between the air supply tubes and pipe wall. The
traction also depends on the gripping performance of the
expansion sections. The contraction force can be increased

by increasing P4, which could be realized using a coil spring
with a higher spring coefficient. Multiple mechanisms for one
robot could also increase the tractive load.

IV. IN-PIPE LOCOMOTION TEST

We tested the P-DCI mechanism in simulated pipes and
observed its behavior. The recorded videos of each locomo-
tion test are included in the supplemental material.

A. Locomotion test through straight pipes
Method: Horizontal pipes and vertical pipes with an inner

diameter of 25 mm were used for the test. The P-DCI
mechanism was inserted into the pipes, and air was applied
for locomotion. The air was controlled by electro-pneumatic
regulators and supplied via two air tubes 2.5 m in length with
an inner diameter of 4 mm. The regulators were controlled
by a sequence based on the locomotion pattern shown in
Fig. 4. The applied pressures P1, P2, P3, and P4 were 30,
35, 80, and 100 kPa, respectively. Note that P1 and P2 were
higher than the theoretical range shown in Eq. (14) because
the regulators were unstable in such a low pressure range.

Result: Figures 11 and 12 show images captured while the
mechanism was moving. Full locomotion videos are enclosed
in the supplemental video material. The P-DCI mechanism
worked well in both pipes and moved stably. The average
speeds were 45.5 mm/s for horizontal locomotion, 23.7 mm/s
for vertical climbing locomotion, and 54.4 mm/s for vertical
descending locomotion. This horizontal locomotion speed is
the highest compared with the other pneumatic in-pipe robots
shown in Fig. 1. The averaged elongation lengths, which
correspond to the locomotion distance per one cycle, were
142.5 mm for horizontal, 104.2 mm for vertical climbing, and
156.7 mm for vertical descending locomotion. The averaged
horizontal elongation length corresponds to the experimental
results shown in Fig. 8a.

There are two main reasons why vertical locomotion is
slower while climbing: the weight of the air supply tubes acts
in the opposite direction of locomotion, and the elongation
section did not remain straight while extending because
the body was too flexible to support its own weight while
climbing. In contrast, while descending, the body remained
straight and the weight of the tubes acted in the same
direction as locomotion. Thus, descending was faster than
climbing.

B. Locomotion test through bent pipes
Method: A total of eight types of 3d-printed bent pipes

were used for the experiment. The bend angles were 45◦
and 90◦, and the curvature radii were 25, 50, 80, and 110
mm; the pipes are shown in the supplemental video material.
Each bent pipe was connected to straight pipes and placed
horizontally. The other experimental conditions were the
same as the previous tests.

Result: Figure 13 shows images captured while the mech-
anism was moving through the 90◦ bent pipe with a curvature
of 50 mm. Videos of all the tests are included in the supple-
mental video material. The P-DCI mechanism successfully
passed through the 45◦ pipes of all curvatures and the 90◦
pipes with 50-, 80-, and 110-mm curvatures. However, the
mechanism could not pass through the 90◦ pipe with a
curvature of 25 mm.

The results suggest that the capability of the mechanism
to pass through a pipe bend depends on both the bend angle
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and curvature. The 90◦ pipe with a 25-mm curvature that
the P-DCI mechanism could not pass through was the most
challenging experimental scenario. Failure occurred because
the front of the P-DCI mechanism could not follow the steep
curvature of the pipe wall, since the flexibility of chamber
B caused it to easily bend upon colliding with the pipe wall.
This could be improved by installing a guiding spring into
chamber B to modify the flexibility. Additionally, the shape
of the front of the P-DCI mechanism should also be improved
for such steep pipe bends.

V. DISCUSSION

The advantage of the P-DCI locomotion technique is that
it can simultaneously satisfy all the requirements given in
Section I. The unique duplex-chamber structure affords a
narrow, flexible body with a simple structure, which lends
itself toward further size reduction. Another structural benefit
of the duplex chamber is that it does not require air tubes to
be laid in the elongation section like other inchworm robots.
This simplifies the tube layout inside the mechanism to easily
obtained a high elongation rate. Furthermore, the mechanism
is fully pneumatically driven, a significant advantage for
operation in a flammable atmosphere.

One unique feature of the P-DCI mechanism is that it
allows for bi-directional locomotion with only two air supply
lines. More air supply tubes would increase the required
tractive load and thereby greatly affect the locomotion dis-
tance. For example, if the tubes increased from 2 to 3, the
required tractive force would increase by a factor of 1.5 and
the locomotion distance would decrease to two-thirds. The
locomotion style of the P-DCI mechanism lightens the tethers

and decreases the required tractive load, which extends
the locomotion distance. In addition, since the operational
pressure is low, the mechanism can use thinner air tubes
with a lower pressure resistance, which will also help make
it lightweight.

The fast locomotion attributable to the long elongation
distance and low tether weight is another remarkable charac-
teristic of the P-DCI mechanism. The locomotion speed can
be improved by increasing the elongation length per motion
cycle, which can be achieved by simply raising P3. A longer
initial elongation section would also extend the elongation
length during locomotion.

The speed can also be improved by reducing the time
required for one motion cycle. The motion cycle period
depends on the airflow rates, which are affected by the effec-
tive cross-sectional areas of the mechanism and air supply
tubes. The effective cross-sectional area of the mechanism
is mainly limited by the diameters of the intake ports and
section dividers. Optimizing these designs to enlarge the
cross-sectional area will increase the flow rates and decrease
the motion cycle period. The effective cross-sectional area
of the air supply tubes can be increased by enlarging their
inner diameter. Since the P-DCI mechanism is driven by low
air pressures, the diameter can be increased by reducing the
tube thickness without increasing the tube outer diameter.

Another strategy to improve the locomotion speed is
optimizing the valve control to increase the airflow rates. In
this study, the applied air was regulated by constant pressure
control for each locomotion step. This method is simple
and steady but inefficient. An effective control method to
increase the airflow rate would be to change the pressure



valve aperture considering not only the pressure but also the
volume of applied air.

The locomotion performance, such as the speed and trac-
tive load, is affected by the pipe wall conditions. Since the
P-DCI mechanism grips the pipe wall by expanding each
expansion section, its gripping force depends on the friction
between the pipe wall and the fabric coverings. If the pipe
wall is slippery due to water, oil, dust, etc., the locomotion
speed and tractive force may decrease. The surface finish of
the fabric on the expansion sections should be improved to
obtain enough traction in such pipes.

Some other points must be improved to increase the
performance and usefulness of the P-DCI mechanism. The
structure should be modified to allow for easy camera
installation, which could be realized with a hollow structure.
The characteristics of the silicone rubber and coil spring
should also be further investigated and optimized to obtain
an increased traction force and speed. Other improvement
points include a steering mechanism for branch pipes and
air control techniques to drive multiple P-DCI mechanisms
simultaneously and obtain further traction.

VI. CONCLUSION

This paper presents a novel pneumatic-driven duplex-
chambered inchworm mechanism for in-pipe robots. The
mechanism is capable of bi-directional locomotion driven
by only two air supply lines using pressure differences.
We described the concept and structure of the mechanism
and performed a theoretical analysis from the viewpoint of
applied pressures. Various experiments were performed with
a prototype to elucidate its characteristics, including elonga-
tion length and force generation, and the necessary pressure
conditions to generate the locomotion pattern were discussed.
In the final in-pipe locomotion test, the prototype achieved
a locomotion speed of 45.5 mm/s in horizontal pipes; this
is faster than previously reported pneumatic mechanisms of
this size that move bi-directionally and can be improved even
further. In the near future, we will examine and model the
force generation characteristics of the mechanism to optimize
the design. Additionally, we plan to improve the mechanism
with features including a readily camera-attachable structure
and steering mechanism.
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