',\' frontiers

1In Robotics and Al

ORIGINAL RESEARCH
published: 03 May 2021
doi: 10.3389/frobt.2021.629368

OPEN ACCESS

Edited by:
Dai Owaki,
Tohoku University, Japan

Reviewed by:

Takeshi Kano,

Tohoku University, Japan
Atsushi Kakogawa,
Ritsumeikan University, Japan

*Correspondence:
Mariko Inazawa
inazawa.mariko.35w@st.kyoto-u.ac.jp

Specialty section:

This article was submitted to
Computational Intelligence in
Robotics,

a section of the journal
Frontiers in Robotics and Al

Received: 14 November 2020
Accepted: 29 March 2021
Published: 03 May 2021

Citation:

Inazawa M, Takemori T, Tanaka M and
Matsuno F (2021) Unified Approach to
the Motion Design for a Snake Robot
Negotiating Complicated Pipe
Structures. Front. Robot. Al 8:629368.
doi: 10.3389/frobt.2021.629368

Check for
updates

Unified Approach to the Motion
Design for a Snake Robot
Negotiating Complicated Pipe
Structures

Mariko Inazawa ™, Tatsuya Takemori’, Motoyasu Tanaka? and Fumitoshi Matsuno’

" Department of Mechanical Engineering and Science, Graduate School of Engineering, Kyoto University, Kyoto, Japan,
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A unified method for designing the motion of a snake robot negotiating complicated
pipe structures is presented. Such robots moving inside pipes must deal with various
“obstacles,” such as junctions, bends, diameter changes, shears, and blockages. To
surmount these obstacles, we propose a method that enables the robot to adapt to
multiple pipe structures in a unified way. This method also applies to motion that is
necessary to pass between the inside and the outside of a pipe. We designed the target
form of the snake robot using two helices connected by an arbitrary shape. This method
can be applied to various obstacles by designing a part of the target form specifically
for given obstacles. The robot negotiates obstacles under shift control by employing a
rolling motion. Considering the slip between the robot and the pipe, the model expands
the method to cover cases where two helices have different properties. We demonstrated
the effectiveness of the proposed method in various experiments.

Keywords: snake robots, pipe inspection, bio-inspired robots, redundant robots, motion design

1. INTRODUCTION

Despite their simple body configuration and lack of limbs, biological snakes move in a wide variety
of environments, such as sandy and muddy places, in trees, and in narrow spaces. Inspired by
biological snakes, snake robots with simple structures formed from repeating connecting modules
have been developed and can perform various kinds of locomotion. They are expected to be used
in dangerous situations, such as rescue work and infrastructure inspections, especially when spaces
are narrow and inaccessible to humans, such as inside pipes. Controlling snake robots is a challenge
because of their redundancy, and much research has been conducted to overcome this difficulty.
The research that apply the motion observed in biological snakes, such as the undulation on the
plane (Hirose, 1987) and the locomotion utilizing obstacles (Kano et al., 2018) into the engineering
control of the snake robot has been done. Not only the motion but also the nervous system of
biological snakes is utilized as the Central Pattern Generator (CPG) (Crespi and Ijspeert, 2008; Wu
and Ma, 2013; Sartoretti et al., 2019).

Model-based control approach has also been studied. Several control methods have been
developed that aid the convergence of control values toward reference values in modeling the
interaction with snake robots and environments. These methods can be separated into two
approaches. One considers the sideslip of the robot body (Saito et al., 2002; Mohammadi et al,,
2015; Ariizumi et al., 2018), and the other considers non-holonomic constraints without sideslip
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(Matsuno and Sato, 2005; Tanaka et al, 2015; Nakajima
et al,, 2019). These methods have the advantages of simple
environments and essentially planar surfaces but are unsuitable
for complex or unknown environments because it is difficult
to construct the dynamic model including the interaction with
such environments.

To fulfill locomotion in such complicated environments for
modeling, various designs of the whole form of the robot for
effective locomotion have been proposed. These methods without
modeling are beneficial in challenging environments, such as
in narrow spaces and pipes in which the robot makes multiple
points of contact along its length. Several gaits, e.g., lateral rolling
and pipe crawling, have been realized by formulating a trajectory
of joint angles as a gait function and changing several gait
parameters that possess clear physical characteristics (Tesch et al.,
2009; Rollinson and Choset, 2016). For complicated target forms
for a snake robot, however, this approach is not feasible because
it is difficult to formulate target joint angles directly.

To realize locomotion based on more complex target curves,
methods of designing gaits by fitting a snake robot configuration
to a target curve, which is designed as a continuous curve, have
been proposed (Yamada and Hirose, 2006, 2008; Andersson,
2008; Hatton and Choset, 2010; Liljeback et al., 2014). These
methods make it possible to consider snake robot configurations
as continuous curves, thus making it easy to design complicated
forms. Takemori et al. (2018a) expanded Yamada’s method
(Yamada and Hirose, 2006) and proposed a method involving
the design of a target curve by connecting simple shapes. They
used their proposed method to design a target form that required
the robot to partially lift the body around a flange on a pipe
and achieved movement over the flange. Movements over rough
terrain and climbing up ladders (Takemori et al.,, 2018b) were
also accomplished.

The research of the snake robot moving inside a pipe is on
the way to the final goal of our research that is to be able
to perform pipe inspections with snake robots. As shown in
Figure 1A, there are likely to be many “obstacles” that a robot
moving inside pipes will have to navigate, including junctions,
bends, continuous and discontinuous changes in pipe diameter,
shears, and blockages. Some of these obstacles, such as bends,
junctions, and continuous changes in pipe diameter are overcome
with the previous methods (Kamegawa et al., 2011; Rollinson
and Choset, 2016), whereas it has been difficult to deal with
discontinuous diameter changes, shears, and blockages. Also, the
robot is likely to encounter various kinds of obstacles one after
another in an actual pipeline system. Since previous methods are
designed only for an individual obstacle, many different methods
are needed to deal with many kinds of obstacles serially. However,
it is impractical to seamlessly switch between disparate control
methods depending on the obstacle.

To get one step closer to the final goal, we address the
negotiation of the complicated pipe structures in this paper. We
propose a “unified” method that enables a snake robot to deal
with all obstacles in Figure 1A, some of which have not yet been
overcome and the others of which have already been overcome,
just by altering the target form of the robot partially depending
on the obstacle. Consequently, we can realize the motion control
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FIGURE 1 | Concept of the research. (A) Various pipe structures. (B)
Structure of a snake robot. (C) Definition of v(s).

which serially negotiates various obstacles without switching to
another method. In this method, the snake robot negotiates an
obstacle by locally conforming to the shape of the obstacle while
propelling itself forward through the pipe with a rolling motion.
This method is improved by adjusting the rolling motion while
considering the slip between the robot and a pipe, so as to
make the method applicable to motion that includes two helices
having different radii and pitches. Furthermore, this method
creates a novel motion for entering and exiting a pipe. The entire
motion of the robot is conducted remotely by an operator using
simple inputs. We also demonstrate this unified motion, which is
applicable to complicated pipe structures, to design target forms
for junctions, bends, changes in pipe diameter, shears, blockages,
and the inside-out motion as examples of its application. We also
conduct experiments using this unified motion.

This research is based on Inazawa et al. (2020) and expands it
by adding a model that considers the slip between pipe and robot
in order to negotiate a change in diameter and to move from
inside to outside a pipe. Finally, we carry out these experiments
to verify the model.

2. PREVIOUS WORK

This section introduces the previous work mentioned in section
1 in detail.
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2.1. Approximation to a Continuous Curve
Methods for calculating the joint angles of the snake robot to
approximate to a continuous curve were proposed in Yamada
and Hirose (2006, 2008), Andersson (2008), Hatton and Choset
(2010), and Liljebéck et al. (2014). Andersson (2008) proposed a
method of fitting each joint to a target curve from head to tail
for an articulated robot with universal joints. Hatton and Choset
(2010) proposed annealed chain fitting, where approximation was
conducted from a head by minimizing a cost function about
the distance between each joint and a target curve. Liljebdck
et al. (2014) proposed a method of fitting to a continuous curve
generated by connecting points in three-dimensional space.
Yamada and Hirose (2008) modeled a target curve for a snake
robot (Yamada and Hirose, 2006) and proposed a method of
obtaining a target angle for each joint by the curvature and
torsion of the curve (Yamada and Hirose, 2008).

This Yamada’s method can be applied to a robot with any
joint configuration and is computationally inexpensive. Various
gaits employing this method have been proposed (Kamegawa
et al., 2009, 2011; Baba et al,, 2010; Zhen et al., 2015; Zhou
et al,, 2017; Qi et al,, 2018; Yaqub et al., 2019). Kamegawa et al.
designed a helical target form and proposed helical rolling motion
for moving on a pipe (Kamegawa et al., 2009; Baba et al., 2010).
They also proposed a helical wave propagation motion (Qi et al.,
2018) to negotiate a branch on the pipe. By sending a waveform
down the helix, this motion enabled movement in the tangential
direction of the helix, which a rolling motion cannot realize. Zhen
et al. (2015) designed a curve superimposing a hump onto an
arc and proposed a rolling hump that enables movement over
obstacles using a rolling motion. Zhou et al. (2017) designed
a target form including two helices and a connecting curve;
by expanding and contracting like a spring, the robot achieved
a movement outside a pipe with a changing diameter. Yaqub
et al. (2019) designed a spiral curve having a gradually changing
diameter, which enables the snake robot to move outside a pipe
with a discontinuous change in diameter.

When a target curve becomes more complicated, it is difficult
to express the spatial curve analytically. Also, the target joint
angle cannot be calculated with Yamada’s method (Yamada and
Hirose, 2008) when torsion at a point diverges as the curvature
is zero (Yamada and Hirose, 2006). To solve these problems,
Takemori et al. (2018a) expanded Yamada’s method (Yamada and
Hirose, 2006) and proposed a method to design a target curve by
connecting simple shapes, such as straight lines, circular arcs, and
helices. This method enables an intuitive design of connecting
shapes with familiar properties. Also, there is no need to calculate
the curvature or torsion of a curve that is already known.

2.2. Motion Inside a Complicated Pipe

Rollinson and Choset (2016) proposed a method of compliance
control in which the present form of the robot can be estimated
from the joint angles using an extended Kalman filter based
on gait parameters. This enabled semi-autonomous adaptation
to a changing environment and locomotion inside pipes having
bends, junctions, and continuous changes in diameter. This
method is thought to be difficult to apply to great and
discontinuous changes in diameter because the whole part of the

robot winds around the pipe. Kamegawa et al. (2011) designed
a target form by connecting a bending helical curve (Kamegawa
et al,, 2011) to a helix and realized movement inside a pipe with
a bend. Some improvement is needed before these methods can
be applied to shears and blockages, which require the robot to
conform to obstacles elaborately.

3. GAIT DESIGN AND FITTING METHOD
3.1. Shape Fitting Using a Backbone Curve

The snake robot in this study consists of alternating connected
pitch-axis and yaw-axis joints, as shown in Figure 1B. The link
length is /, and the relative angle of the i-th joint is 6;.

To start, we explain the approximation method with which we
configure the snake robot to a target form (Yamada and Hirose,
2008). We begin with the representation of a spatial curve based
on curvature and torsion. Let us consider the Frenet-Serret frame,
which is an orthonormal basis (e;(s), e2(s), e3(s)) that depends
on a single parameter s associated with the length along the
curve. Moreover, e (s) is a vector tangential to the curve, e(s)
is an inward vector normal to the curve, and e;(s) is defined
as ej(s) x ey(s). That is, the frame depends on the form of the
curve. In addition, we need to consider the coordinate system
that provides the orientation of the snake robot. We establish a
backbone reference frame (e(s),ep(s).e,(s)) on the curve. e,(s) is
the same vector as e; (s), whereas e,(s) and e, (s) are vectors in the
direction of the pitch-axis and yaw-axis, respectively.

As in Figure 1C, ¥/ (s) is defined as the twist angle between the
Frenet-Serret frame and the backbone reference frame around
e;(s) and expressed by torsion 7(s) as

v = /0 r®)d + vo, (1)

where v is an arbitrary constant of integration corresponding
to the initial value of the twist angle. Changing v rotates the
backbone reference frame around the curve and generates the
rolling motion. The curvature around the pitch-axis and yaw-axis,
denoted by «p(s) and «,(s), respectively, are expressible in terms
of curvature « (s) and ¥ (s) as follows:

Kkp(s) = —k(s) sin ¥ (s), ky(s) = k(s) cos ¥ (s). (2)

Finally, we obtain the target angle of each joint as

o[RS p©ds (izodd)
Gi = Sh—(i—l)l .. 5 (3)
fsh—(m)l Ky(s)ds  (i:even)

where sy, is the head position of the snake robot on the target
curve. The robot transforms itself smoothly under shift control,
by which the change in s}, shifts the range corresponding to the
robot’s body within a target curve.

3.2. Backbone Curve Connecting Simple
Shapes

Next, we explain the method of representing the target form as
connected simple shapes for which the curvature and torsion
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are constant, such as straight lines, circular arcs, and helices
(Takemori et al., 2018a). This method expands Yamada’s method
(Yamada and Hirose, 2008) to address the Frenet-Serret frames
that are discontinuous at connection-parts, where simple shapes
are brought together.

A connected simple shape is called a segment, and the j-th
segment is referred to as segment-j(j € 7). The connection-
part between segment-j and segment-(j + 1) is referred to
as connection-part-j at point s = sj. Points infinitesimally
before and after the connection-part-j are denoted by s;— and
sj+» respectively. The curvature and torsion of segment-j are
represented as «j and 7, respectively. Using «; and tj, the
curvature «(s) and torsion 7(s) of the target curve at s; 1 <
s < sj, which is equivalent to the point on segment-j within the
connected segments, are defined as

Kk(s) = kj(s = si-1), T(s) = 7j(s —sj-1)  (sj-1 <s <sj). (4)
Let us next consider twists at the connection-part. The twist angle
between e;(sj—) and e;(sj1) around e;(s;—) is denoted by 1/7j. To
incorporate this twist angle into the calculation of shape fitting,
(1) is replaced by

V() = /0 (Ot Yo+ Y s —s) )
j

where u(s) is the step function, for which its value is 0 if s < 0
and 1ifs > 0.

In this study, we use straight lines, circular arcs, and helices
as segments. For a straight line, the Frenet-Serret frame and the
torsion cannot be determined; in this instance, we define the
torsion as 0. An arc has a constant curvature and zero torsion
and is defined by its radius r; and central angle ¢;. A helix
has curvature and torsion that are both non-zero and constant
and is defined by its radius aj, bj, and central angle ¢;. Here,
bj = pj/2m is satisfied, where p; is the pitch of the helix. Let
us call the angle between the tangent of the helix and the plane
perpendicular to the axis of the helix the lead angle, expressed
as o = arctan(pj/27wrj). On the helix, e>(s) is a vector directed
vertically from the helix to the axis of the helix.

3.3. Shape Constraints
We consider the shape constraints for a target form resulting
from the limits imposed on the joint angles. The maximum
bending angle of a joint is represented as Omax. Whereas it is
difficult to consider constraints in all states, here we only consider
instances where the integration range in (3) includes separately
only a circular arc and only a helix.

For the first instance, we let k. denote the curvature of the
circular arc. From (3), the condition imposed to limit the target
joint angle is given by

10| = lfh (tl+11))ll —k(s)siny(s)ds| (i:odd)
1 |fh (z+1)l K(S) cosy(s)ds|  (i:even)

< / kcds = 2lke < Omax. (6)
-1

In the second instance, the curvature and torsion of the helix is
denoted by «}, and 1y, respectively. By substituting these into (5),
¥ (s) is represented as

Y (s) = s + Yo. (7)
Substituting this into (2), the equation is represented as
—kpy $in(ths + Yo), ky(s) = kp cos(ths + Yo).  (8)

Kp(s) =

By substituting these into (3), the condition limiting the target
joint angle is expressed as,

04 = |f:‘_((1’+1})ll —kp sin(tys + Yo)ds|  (i:odd)
| fshh (zl-s-l)l Kk cos(ths + Yo)ds|  (i:even)
)
< max |: / Kkp sin (1,5 + x) ds| (0 < x < 27t)j|
-1
= max |:2 ‘K—h sin(ty/) sin(x)| (0 < x < 271):|
Th
Kh .
< 2|—sin(mp))| < Omax, )
T
where
S5=s5—(sp —il), (10)
= 1,(sp, — i) + Yo. (11)

4. MOTION DESIGN

We now discuss the target form of the proposed motion. As
shown in Figure 2A, the target form consists of two helices on
straight pipes, called the head winding part near the head and the
tail winding part near the tail; an axis for each winding part, called
the head axis and tail axis; a guiding part from each winding part
to its respective axis, called the head guiding part and tail guiding
part; and a dodging part, which connects two guiding parts and
dodges obstacles. Tailoring this dodging part to obstacles enables
the robot to adapt to various obstacles. The robot negotiates an
obstacle under shift control while moving its whole body from
the tail winding part to the head winding part.

We mention the purpose of guiding each end of the dodging
part from the winding part to its axis. First, consider an instance
where each end of the dodging part (black dotted ellipse) is not
on the axis of a pipe, as shown in the left panel of the Figure 2B.
Although discussed in detail in section 4.2.1, here we remark that
each winding part rotates around its axis according to commands
from the shift control, and the relative position of the two end
points of the dodging part changes. It is difficult to deform the
dodging part (blue line) adequately in response to this change in
the relative position of two end points. To solve this, we design
guiding parts to guide each end of the dodging part (black dotted
ellipse) onto each axis. Although each guiding part rotates around
its axis, the relative position of the two ends of the dodging part
no longer changes as shown in the right panel of Figure 2B.
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\-/
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dotted ellipses represent the ends of the dodging part.

FIGURE 2 | (A) Configuration of the target form for a snake robot negotiating a pipe. (B) Comparison between models with and without guiding parts. The black

TABLE 1 | Parameters describing segments that compose the form for pipe
negotiation.

Part Seg no.j Type Parameter vj
Tail winding 1 Helix @, by, 8) = (‘rw. 'pw/27, Bw) 0
part
Tail guiding 2 Helix @. b5, ¢) = (‘rin, 'Pin/27,  Bin) 0
part
Straight line =Y z
Circular arc . d) = (re, 5 —'at) Doffset + 'Prot
Dodging part - - - -
Head guiding 5+nq Circular arc 0. ) = (re, & — ") 0
part
6+nq Straight line fy="ls z
7+4+ng Helix @by, ¢) = ("rin, "oin /27, Bin) 0
Head winding 8 +ng Helix @, b d) = ("rw, "o /27, " Bu) 0
part

Therefore, the dodging part (blue line) easily adapts to an obstacle
without deforming itself.

The winding and guiding parts are designed independently of
an obstacle, whereas the dodging part is designed for it. In the
following sections, we discuss the form design and the movement
to realize the motion described above.

4.1. Form Design

We discuss the design of common parts regardless of obstacles.
The parameters for these parts are shown in Table 1. We continue
to describe each of these parts.

4.1.1. Winding Part

The radius of the tail winding part 'y, is given by (‘dpipe/2) — Fiink,
where 'dpipe is the inner diameter of the pipe on the tail side
and r  is the link radius of the snake robot. The pitch of the
tail winding part 'py, is designed along with the tail guiding part,
to which we turn next. The tail winding part is designed to be
long enough to cover the whole body of the robot. Using the
equation to obtain the length of the helix, the central angle of the

tail winding part ‘B, is determined to satisfy

P 2
lrobot =< ll = tﬂw tr‘%’ + < w) ’ (12)
2

where Ipot is the total length of the snake robot. The radius,
pitch, and central angle of the head winding part are denoted by
b, Ppy, and P B, respectively, and defined in a similar way to
those of the tail winding part.

4.1.2. Guiding Part

Figure 3A shows the segment configuration of the guiding parts.
In Table 1, n4 is the number of segments comprising the dodging
part. The head and tail guiding parts have similar shapes and
parameters depending on the head and tail winding parts,
respectively. For this reason, we treat only the tail guiding part,
whose shape is determined by py;, the radius of segment-2 ryp,
and the radius of segment-4 r.

A projection of the tail guiding part onto the xy plane in
the absolute coordinate system O — xyz, where the z axis is
equivalent to the axis of the pipe, is shown in Figure 3B. The
points P, Q, R, Oy on the top of the figure are the connection-
parts and have corresponding points on the bottom of the figure.
Oy represents the center point of the gray circle in Figure 3B,
which is the projection of segment-1 on the xy plane. Segment-2
is a helix, which changes the direction of the target curve toward
the tail axis. The axis of segment-2 is designed to be parallel to
the tail axis in order to simplify the geometrical calculation by
turning all helices into a circle and an arc on the xy plane, as
in Figure 3B. Oj, represents the center point of the red circular
arc in Figure 3B, which is the projection of segment-2 on the
xy plane.

To realize this segment configuration, ‘pi, and *Biy, and ‘I are
determined after the following calculation. Since segment-1 and
segment-2 are connected continuously, the angle between the xy
plane and the target curve at connection-part-1 is equal to the
lead angle of segment-1. If the lead angle of segment-2 is equal to
that of segment-1, the axis of segment-2 is perpendicular to the
xy plane and parallel to that of segment-1. To ensure that the axes
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FIGURE 3 | (A) Segment configuration of the guiding parts. (B) Schematic of the tail guiding part on the xy plane. (C) Schematic of the tail guiding part on the xz plane.

of segment-2 and the tail winding part are parallel to each other,
the lead angle ‘o must satisfy

t ty.
to = arctan —2Y — arctan £ (13)
27 try 27t
Then, we obtain 'pi, as
t
Tin
tpin = tiltpw- (14)
Tw

A projection of the tail guiding part onto the xz plane is also
shown in Figure 3C. The points P,Q, R, Oy, on the top of the
figure are the connection-parts and have corresponding points
on the bottom of the figure. O, represents the center point of
the green circular arc in Figure 3C, which is the projection of
segment-4 on the xz plane. ‘B, is derived by the geometric
relationship shown in Figure 3B as

to.
Bin = L0inQOy + £0in04,Q = % + arcsin _ i

trw — Uin

(15)

To obtain ‘s, we firstly derive OwR and RQ in Figure 3B by the
geometric relationship shown in Figure 3C as

RQ = ' cos'e,

Tt
OWR:rc{l—cos(E— a)}.

Then, 'l is given by (16), (17), and the geometric relationship
shown in Figure 3B as

g RQ  0,Q—-04R
costa cos ta
V(e —=trin)2 =2 — ref1 — cos (5 —'a) }

= : . (18)
cos o

(16)
(17)

Note that ‘py, and ‘ri, should be determined while satisfying
Iy > 0 for this segment configuration. In addition, the shape
constraints described in section 3.3 also should be satisfied.

We introduce a parameter, @y et» that is tuned by an operator
and used to adjust the direction of the dodging part appropriately
to the shape of the pipe.

4.1.3. Dodging Part

The dodging part can be designed for a specific pipe structure.
Section 5 provides examples relevant to a junction, bend, shear,
blockage, and change in pipe diameter.
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FIGURE 4 | Procedure involved in movement.

4.2. Procedure of Movement

We next explain the movement for the proposed motion.
Figure 4 shows the procedural steps involved in negotiating an
obstacle. Here, we use the target form for the junction presented
in section 5. The four steps in Figure 4 are described as follows:

Step 1: Approach the obstacle using a rolling motion (rolling
angle).

Step 2: Shift the head position to the dodging part under shift
control (shift length).

Step 3: Adjust the position of the dodging part in the axial
direction with a rolling motion and the direction using

Dofiset (rolling angle and Pofiset)-
Step 4: Negotiate the obstacle under shift control (shift length).

Here, an operator commands the value in parentheses in each
step. The operator can recognize the dodging part with Step 2
and adjust its position and direction with Step 3. The appropriate
position and direction of the dodging part in Step 3 are different
for each obstacle, as described in section 5.

4.2.1. Fixing of Dodging Part

The position of the dodging part should be fixed to an
environment while the robot is negotiating the pipe without
colliding with the pipe in Step 4. The following figures illustrate
instances for a junction. Here, no slip is assumed between the
robot and pipe.

First, consider the displacement in the axial direction. As
shown in the left panel of Figure 5A, just executing a shift
control leads to the collapse of the target form because of
the displacement of the dodging part in the axial direction.
Therefore, this displacement caused by the shift control is
canceled with a rolling motion, as shown in the right panel
of Figure 5A. To this end, as shown in Figure 5B, the rolling
velocity at connection-part-1 4,0 is determined by the velocity
of the shift control §,,

sp sin ‘o

tkaxis

, (19)

.
Yroll = —

where 'kyyis is the displacement in the axial direction per unit
rolling angle.

Second, consider the rotation around the axis. The rotation of
the dodging part also breaks the target form because the direction
of the dodging part becomes ill suited to the obstacle, as shown
in Figure 5C. ‘.o, the term in 1&4 in Table 1, is changed so as to
cancel out the rotation of the dodging part (see Figure 5D). For
this purpose, as shown in Figure 5E, t(f}rot, the time derivative of
Yrot is determined using 5, and 'r,o by

25, cos 'ar

t(i)rot = _tkrott‘zfroll + > (20)

tdpipe

where k.o is the rotation angle around the tail axis per unit
rolling angle. ‘kys and ‘kyor depend on the parameters of
the tail winding part. It is difficult to analytically derive these
values because of the fitting error of the robot and the slippage
between robot and pipe. Therefore, these are actually measured
in experiments in which only the rolling motion is performed.

4.2.2. Derivation for Fixing the Dodging Part
We derive the appropriate value of 1, the time derivative of
the initial twist angle ¥y, to realize Yron and hlﬁmﬂ in the
previous section.

The point a away from the head of the robot is s, = s, — a
(0 < a < ILigbot) on the target curve. From (5), ¥ (s;), the rolling
velocity at s = sy, is expressed as

¥ (sr) =s}di /Osrf(ﬁ)dﬁ + 0 + % ; Yiu(s —s). (1)

Sr

After substituting s, = s, — a and rearranging the equation, this
equation is expressed as

V(sh —a) = T(sp — @)sp + Yo + ZjIZju(Sh —a-—sj)

+2_Vjd(sh — a— s)sn,  (22)
where § is the impulse function. The impulse function has zero
value except at the connection-part, where s, —a —s; = 0.
On the other hand, the impulse function has non-zero value
at the connection-part. However, it doesn’t have any effect on
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the overall movement of the robot because the length of the
connection-part is zero. Therefore, the last term on the right-
hand side is negligible. The points on the tail winding part and
on the head winding part in the target curve are represented as
sy = s, —taand s, = s, —"a, respectively. To realize v (s, —'a) =
4o on the tail winding part and U (sp — hgy = hljfroll on the
head winding part, the desired values of 7 on the tail winding
part and on the head winding part are given by

(23)
(29)

t.; i t .

Yroll = Yo + TwSh,

h.; i h_ . H h;
Yroll = Yo + Twsh + t‘prot — “rots

where 'z, and "7, denote the torsions of the tail and head
winding parts, respectively.

When both of these winding parts have the same radius,
t‘proll = hlbrolb e = hTw> and t(l';)rot = h¢r0t- Therefore, (23) and
(24) are satisfied simultaneously. This means that the fixing of
the dodging part can be realized rigidly without the slip between
the robot and pipe, which depends on the frictional condition
and model.

However, when both winding parts have different radii,
Yol # MVrroll> 'Tw # "ty and 'Gror # "éhror. Therefore, there is
no v that satisfies (23) and (24) at the same time. For any value
of g, the slip occurs between the robot and pipe on one or both
of the head and tail winding parts. This slip is possible to prevent
the fixing of the dodging part which is based on the assumption
of no slip. Hence, the model including the slip between the robot
and pipe is required to realize the fixing of the dodging part.

4.2.3. Model Including Slip Between Robot and Pipe

We next consider a model that includes the slip between the
robot and pipe, and aim to derive the relationship between the
shift velocity, 1, and ¢gig to fix the dodging part against the

pipe, where

(bdiff = t(]Brot - h(brot + Wlip- (25)
Here, wyg;p is the sum of the slip angular velocity around the axis
on the tail and head winding parts.

Let us assume viscous friction between robot and pipe as in
Saito et al. (2002), Liljebéck et al. (2010), Ariizumi and Matsuno
(2017), and Ariizumi et al. (2018). The friction is assumed to be
proportional to the normal force from the pipe as in Hicks and
Ito (2005) and Ariizumi and Matsuno (2017). The normal force
is considered to work equally along the body of the robot and is
represented as T = plcont, which is proportional to the contact
length Icont. p is the coeflicient of pressure per unit contact
length. Here, the equilibrium of force in the axial direction is
represented as

Ntvslipptlw + thslipphlw =0, (26)
where p is the coefficient of friction, and ‘v, and hvshp are the
slip velocities in the axial direction on the tail and head winding
parts, respectively. Also, 'L, and "1, are respectively the lengths of
the tail and head winding parts within the range corresponding to
the robot’s body in the target curve. We next consider the velocity
of the dodging part against the pipe. In order to fix the dodging
part against the pipe, we consider the velocity occurring by shift
control, rolling motion, and slip, and make its value zero. Since
the target form is connected continuously, the two ends of the
dodging part have the same velocity against the pipe v4o4. Our
purpose is to make v4,q zero.

4.2.3.1. Change in Pipe Diameter
In the case of a change in diameter, the velocity of the
dodging part in the axial direction, as shown in Figure 6A, is
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inside-out motion. (C) o for the inside-out motion obtained by (42).

FIGURE 6 | (A) Velocity of the dodging part in the axial direction in the case of a change in diameter. (B) Velocity of the dodging part in the axial direction in the case of

77!}0, lim
=
_'l:bO, lim

represented as

Vdod = —Kaxis Wroll — $h sin ‘e + vyyip
= _hkaxishl.proll — $p sin ha + thlip~ (27)
Using (23), (24), and (26), (27) is rewritten as
Vdod = _tkaxisl'ﬁo - (tkaxisttw + sin tOl)sh + tVslip (28)
. B
= _hkaxisl//O - (hkaxishfw + sin ha)sh - #tvslip
W

— Pkaxis i (29)

Moreover, dqig is expressed using Yo, §, and wygip by substituting
(20) into (25) as

bait = Ao + Bsh + wgips (30)
where
_ tkrot - hkrot
1=k
t h
—'krot' Tw + th;;ispea + hkroth Tw — ZhC;Si ea
B= B (31)

1-— hkrot

Eventually, by substituting (30) into (29), (27) is expressed as

Vdod = —kaxis¥o — (Kaxis' T + sin ')y, + tVslip (32)
= —"kaxis (1 + A)ro — {kaxis 1w + B) + sin "},
t
- hltvslip - hkaxiswslip- (33)
Ly

As mentioned initially, our purpose is to derive vy and g as
functions of the input value in Step 4 §y, to realize the fixing of
the dodging part, i.e., v4og¢ = 0. In addition to three equations,
(30), (32), and (33), another equation is needed to designate four
variables, Yo, aif "Vglip> and wgjip. We introduce the control of
the balance between the slip in the axial direction ‘v, and slip

around the axis wy;p as another equation. There is a trade-off
relationship between tvslip and wyjjp, and cannot be zero at the
same time in the case of the different radii of the head and tail
winding parts. Here, we deal with two extreme instances: (A) a
motion that no slip occurs around the axis but slip occurs in the
axial direction (tvs]ip # 0, wgip = 0) and (B) a motion that where
no slip occurs in the axial direction but slip occurs around the
axis (tvshp = 0, wgip 7# 0). In (A), the slip in the axial direction
‘vshp should be derived based on the slip model to fix the dodging
part, whereas the slip around the axis wy, is determined to be
zero. In (B), the slip around the axis wy;, should be derived based
on the slip model to fix the dodging part, whereas the slip in the
axial direction 'vy;; is determined to be zero.

(A) No slip around the axis but slip in the axial direction:
We discuss the motion of no slip around the axis but slip in the
axial direction (tvshp # 0, wgp = 0) first. Since the position
of the dodging part in the axial direction is designed to be fixed
relying on the slip in the axial direction ‘vg;p, the position is
possible to be moved if there is the modeling error of the slip
in the axial direction. On the other hand, the direction of the
dodging part is able to be fixed precisely because there is no slip
around the axis. Therefore, this motion is suitable for navigating
around an obstacle for which the direction of the dodging part
should be neatly fixed. In this motion, from (32), (33), and
wglip = 0, the velocity of the dodging part is represented as

g — tFtlw +hFhlw . thlw + hGhlw N (34)
=- 0— ,
? tlw + hlw (1 - hkrot)(tlw + hlw)
where
tF = tkaxis>

hF _ 11— tkmt hk
1 — Pl

'G = "Kaxis' Tw + sin '@,

axis»

Kaxi 2 cos ta 2 cos o
hG= 0ty + S gy - T2
1-— krot dpipe dpipe
+ sin"ar. (35)
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Therefore, 1 to fix the dodging part in the axial direction, i.e., to
realize v4oq = 0, is obtained by

tG, +hGhl,

—————— 5. 36
tFtlw—l—hFhlw h (36)

Yo =
Then, ¢qig is calculated by substituting wg;, = 0 and (36) into
(30) as

bt = Ao + Bép,

teot hh
= (— Gt Gl B) $h- (37)

tFtly, 4+ hFN,
(B) No slip in the axial direction but slip around the axis:
Next, let us consider the motion of no slip in the axial direction
but slip around the axis (tvshp =0, wgjjp # 0). Since the direction
of the dodging part is designed to be fixed relying on the slip
around the axis wy;p, the direction is possible to be moved if there
is the modeling error of the slip around the axis. On the other
hand, the position of the dodging part in the axial direction is able
to be fixed precisely because there is no slip in the axial direction.
Hence, this motion is effective when the position of the dodging
part in the axial direction has to be maintained primarily, e.g.,
a change in diameter whose target form is axially symmetric as
described later. Using (28), (29), and tvshp =0, Yo and wgip to fix
the dodging part are obtained by

. A sinfa .
Wo =—\|w+ Sh> (38)
kaxis
. ¢ sin ‘o h sinh .
dair = o+ o P - )5 (39)
kaxis kaxis

Note that these two motions (A) and (B) are equal to each other in
the junction, bend, shear, and blockage, which can be negotiated
without any slip in the axial direction and around the axis. For
these cases, tvshp and ¢gi become zero, and the same result is
derived as in section 4.2.1.

4.2.3.2. Motion Between Inside and Outside

We next consider a case of inside-out motion. As in the case of a
change in diameter, the equilibrium of force in the axial direction
is described as (26). Then, the velocity of the two ends of the
dodging part, as shown in Figure 6B, is represented as

Vdod = _tkaxistl.proll — s sin‘a + tVslip = hkaxishwroll
+3§}, sin hy + hvslip. (40)

(A) No slip around the axis but slip in the axial direction:

We begin, as before, with the motion of no slip around the axis

but slip in the axial direction (‘vgqy, # 0, wgyp = 0). From

(26), (40), and ogip = 0, the velocity of the dodging part is

represented as

thlW _ hGhlw '

tFtl _ hFhlw .
hid §he (4D
Uy + by

Uy + "y

Vdod = — 0—

Therefore, Yy and @i to realize v4og = 0 is derived by

thlw _ hGhlw )

o= —— W T W )
Yo t, hphy, (42)
. tGtl, — hGhy,
baier = —mf\ + B | sh. (43)

Here, vy ends up diverging when the denominator 'F'l,, — hphr
becomes zero, as shown in Figure 6C. Therefore, we introduce
the limitations —%Jim and ¢o,lim for Y so as not to require a
rapid change in the joint angle that the actuator cannot realize.
The effect of this limitation must be considered. Since v4oq is
a linear function of v, the sign of vgeq is determined by the
coefficient of v/ and whether Vs is larger or smaller than v
to realize vgoq = 0 (42). Before the divergence, 'F'l, — PFPI,,
is positive and the coeflicient of Yo in (41) becomes positive.
Here, ', + Pl, > 0 satisfies because I, and ", are the lengths
of the winding parts within the approximation range of the
robot. —rgjim is smaller than 17y obtained by (42), as shown in
Figure 6C. After the divergence, 'F'l,, — PFl, is negative, the
coefficient of 1 in (41) becomes negative. 1/'f0,1im is larger than v
obtained by (42), as shown in Figure 6C. Therefore, v4,4 becomes
negative while the limitation is imposed on . This vgoq < 0
indicates that both the head and tail winding parts move to the
side of the pipe until segment-5 contacts the pipe’s edge. This
phenomenon only fixes the dodging part and doesn’t interfere
with overall motions, such as the robot falling out of the pipe.

(B) No slip in the axial direction but slip around the axis:
We next consider the motion of no slip in the axial direction
but slip around the axis (Wshp = 0, wgip # 0). This motion is
also suitable for the inside-out motion because its target form is
axially symmetric, as described later, and the displacement of the
dodging part in the axial direction has to be maintained more
appropriately than the rotation of the dodging part around the
axis. Using (40), /o and ¢gi to fix the dodging part, i.e., to realize
Vdod = 0, are obtained by (38) and (39), the same equations as in
the case of the change in diameter.

Note that the position in the axial direction of the dodging
part can be compensated by the rolling motion, and the
direction of the dodging part can be compensated by @oget if
the dodging part deviates from the appropriate position and
direction during movement.

5. FORM DESIGN FOR APPLICATION

In this section, we present the design of the dodging parts for
a junction, bend, shear, blockage, and change in pipe diameter
and the design of a guiding part for outside the pipe for the
motion between the inside and outside of a pipe as examples of
applications of the proposed motion.

5.1. Junction and Bend

The target form for a junction and bend is presented in
Figure 7A. The dodging part is composed of segment-5, an arc
segment, whose parameters are (rj, #;) = ("pend> Poend) and Vs =
7 —ror. Fora junction, rpenq is the outer radius of a pipe and
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FIGURE 7 | Segment configuration for (A) junction and bend, (B) shear, (C) blockage, (D) change in diameter, and (E) inside-out motion.

@bend is the bending angle of the junction. For a bend, rpepq is the
radius and ¢y is the bending angle of the bend.

5.2. Shear

The target form for shear is shown in Figure 7B. The dodging
part is composed of segments-5-8, which are arc segments whose
parameters are (rj, ) = (re> ¥s)» 1//5 = 1//6 = Yy = m, and
1//8 7 — Pgor. The dodging part is defined by the distance
between the two axes of pipes dgpear- Vs is calculated from,

5.3. Blockage

The target form for a blockage is illustrated in Figure 7C. The
dodging part is composed of four arc segments-5, 6, 8, 9, whose
parameters are (rj,¢;) = (7o Yblock) and (Vs, Vs, Vs, ¥o) =
(7,0,0,7m, -5 — hror), and a straight line segment-7, whose

dshear

4r. (“44)

Ys = arccos (1 —

parameters are lj = ljo and Y7 = 0. The dodging part is
determined by its width dypjock, which is defined as the length
between the axis of the pipe and the straight line segment parallel
to the axis, and I; = Iy depending on the shape of the
blockage. The geometric parameter ),k is calculated from,

2rc )
5.4. Change in Pipe Diameter
The target form for a change in pipe diameter is shown in
Figure 7D. The dodging part is composed of segment-5, a
straight line segment, whose parameters are Is = I3, and 1/}5 =0.
Since the dodging part is the straight line segment and Ws = 0,
U4 is determined by Vs = 7T + oeer + Pt instead, where @i
is the time integral of ¢gr. The determination of the dodging
part depends on the length of the part of the pipe where the
diameter changes. This form is axisymmetric, and the direction
of the dodgmg part does not matter. Hence we set @ofiser = 0.
Eventually, V4 is determined by Vs =7 + P

Yblock = arccos (1 - (45)

5.5. Motion Between Inside and Outside
Expanding on the proposed motion, we propose a motion that
corresponds to passing between the inside and outside of a pipe.

TABLE 2 | Parameters of the segments comprising the head guiding part for the
outside of a pipe.

Seg. no. j Type Parameter v
5 Circular arc (17, &) = (rio, ) Yio

Circular arc 0. ) = (re, T = ") 0
7 Straight line [ =1lo -%

This motion is useful when a pipe opening is difficult to approach
directly or when a pipe needs to be inspected from both inside
and outside. The target form for this motion is illustrated in
Figure 7E, and the parameters for each segment are shown in
Table 2. To begin, we design the guiding part for outside the
pipe. Here segments-5-7 comprise the head guiding part, which
is fixed by the radius of segment-5 rj,. ¥io and i, are given by

h
oM
Yio = arcsin " (46)
10
(Q2rio)? =0 — 1. {1 — cos (% —h(x>}
lio = - . (47)
cos Py

Here, rj, should be determined so that lj, > 0 holds. In this way,
the proposed motion available for an arbitrary dodging part can
be expanded to outside the pipe by designing guiding part for the
outside. This target form does not have a dodging part, and the
tail guiding part is directly connected to the head guiding part.
Therefore, this motion can also be realized in the same way as for
inside the pipe, by determining 1&4 = 7 + ¢gig. For the motion
from outside to inside a pipe, the tail guiding parts are composed
of segments listed in the opposite order in Table 2.

6. EXPERIMENTAL RESULTS

We performed experiments to verify the effectiveness of the
proposed method. The system configuration of a snake robot
is illustrated in Figure 8. We used the snake robot developed
in Takemori et al. (2018b). The snake robot has a module
configuration, which has a joint and link covered by an exterior.
This exterior has a pectinate shape, providing a smooth surface
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power supply (DC30V) &

FIGURE 8 | System configuration of a snake robot developed in Takemori et al. (2018b).

»4 Pectinate shape

TABLE 3 | Parameters used in experiments.

. . m"w mpw m"in mkaxis mkrot
Pipe diameter
mm mm mm mm/rad -
194 mm (inside) 69 501 31 24.2 0.348
194 mm (inside) 69 600 31 17.2 0.343
200 mm (outside) 128 150 - 37.8 0.0111
290 mm (inside) 117 556 53 271 0.187

without affecting the bending of the joint. The number of joints is
36, the link length is 70 mm, the diameter of the link is 56 mm, the
weight per link is 150 g, the maximum torque of a joint is 4.0 Nm,
and the maximum bending angle of a joint is 90°. The motor was
driven by the position control with the limitation of the current
(0.3 A) to allow the compliance of the joint, and the PID gains
are set as (P, I, D) = (800, 0, 100). The snake robot is powered
via a cable, and the target angle for each joint is sent from a
computer via an RS485 interface. The camera is mounted on the
head to inspect the pipe and to help the operator control the robot
remotely. The operator uses a gamepad to perform an operation.

The pipes used most have an inner diameter of 194 mm and an
outer diameter of 200 mm. The only pipe used in the experiments
involving a change in pipe diameter had an inner diameter of
290 mm. The parameters used in the experiments are listed in
Table 3. Here, index m means t or h. ™k, and ™k, for each
pipe were measured in the preliminary experiments in which only
the rolling motion was performed. We determined . = 90 mm
for all subsequent cases.

We measured the static coefficient between the robot surface
and inner wall of the pipe. We put one unit of the robot, which is
composed of one link and one joint, on the pipe and measured
the tilted angle of the pipe when the unit started sliding. The
unit started sliding when the tilted angle was about 16°, and
then, the measured static coeflicient was arctan 16° = 0.27. This
value is the reference value because it seems to be easily changed
according to the condition of contact.

6.1. Evaluation of Proposed Slip Model

First, we conducted experiments to verify the model considering
the slip in cases where the head and tail winding parts have
different radii based on the displacement of the dodging part in
the axial direction. If two pipes have different radi, it is physically
impossible for a winding part having a larger radius to enter
the smaller pipe. In this case, the displacement of the dodging
part toward the smaller pipe is altered constrainedly and cannot
be observed correctly. Therefore, two pipes having the same
diameter, 194 mm, were used instead, and the tail winding part,
for this experiment only, had a larger pitch (‘pyy, = 600 mm)
than the head winding part "oy 501 mm). To clearly show
the displacement of the dodging part, the head of the robot was
located between the ends of two pipes at the beginning of the
experiment, as indicated by the dotted line in Figure 7. Then,
the shift control, combined with the rolling motion and the
change in 1/74 calculated in Motions 1-4 [(Motion 1) considering
the displacement only on the tail winding part (23), (Motion 2)
considering the displacement only on the head winding part (24),
(Motion 3) considering the displacement with the slip between
the robot and pipe in the motion of no slip around the axis
but slip in the axial direction (tvshp # 0, wgp = 0), and
(Motion 4) considering the displacement with the slip in the
motion of no slip in the axial direction but slip around the axis
(tvshp = 0, wg;p # 0)], was conducted in Step 4 until the tail of
the robot reached the head guiding part. Considering the target
form of the robot as shown in Figure 7D when [jc = 0 mm,
the tail of the robot is located just between the ends of two
pipes at the end of the experiment if the dodging part is fixed
properly. Therefore, we measured the position of the tail of the
robot at the end of each experiment, as indicated by the red
line in the image, and compared it under four conditions. Note
that this experiment is focused on the fixing of the position of
the dodging part only in the axial direction since it is difficult
to observe the change of the direction of the dodging part in
the axially symmetric target form. The results and data of these
experiments are shown in Figure 9. When the displacement of
the dodging part was considered on either the tail winding part
or the head winding part (Motion 1 and Motion 2), the error was
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458 or 222 mm, respectively. On the other hand, the proposed
model (tvshP # 0, wgp, = 0) (Motion 3) produced less error,
97 mm. Furthermore, the proposed model considering the slip
(tvshp = 0, wgjp # 0) (Motion 4) produced the smallest error,
5 mm. These results indicated that Motion 1 and Motion 2
produces the large errors because they ignore the effect of the
slip. Motion 3 reduced the error compared with the first two
motions by fixing the dodging part in consideration of the slip.
However, a small error was left due to the modeling error caused
by the viscous friction model or the condition of the contact in
the axial direction because Motion 3 is relying on the slip in
the axial direction. In contrast, Motion 4 successfully realized
the fixing of the dodging part in the axial direction as expected
because it did not require the slip in the axial direction and

was not affected by the modeling error of the slip in the axial
direction. Consequently, the proposed motions based on the slip
model both in the cases of (‘vgip # 0, wgip = 0) and (‘vgp =
0, wgip 7# 0) are regarded as effective for fixing the dodging
part. The reduction of the modeling error of the slip is left as our
future task.

6.2. Experiments for Various Pipe
Structures

We then performed four experiments in which the robot
negotiated a junction, a shear, a blockage, and a discontinuous
change in diameter. As mentioned in section 5, the target form
for a bend is similar to that for a junction, and the target form
for a continuous change in pipe diameter is similar to that for
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FIGURE 10 | Experimental results of (A) negotiating a junction (feend = 100 mm and rpeng = 90°), (B) negotiating shear (dshear = 100 mm), (C) negotiating a blockage
(the right half of the pipe is blocked in width by 10 mm, and dpjock = 48.5 mm, ek = 30 mm), (D) negotiating a change in diameter (pipe inner diameter changes
from 290 to 194 mm, and /qc = O mm) using the proposed slip model (‘vshp # 0, wgip = 0), (E) moving from inside to outside a pipe using the proposed slip model
(‘vs"p #0, wgip =0, rio =90 mm, %,nmit = 0.08 rad/s), and (F) moving from inside to outside a pipe using the proposed slip model (‘vsnp =0, wgip # 0, rio =90 mm).

a discontinuous change in pipe diameter. Therefore, these four
experiments can demonstrate the effectiveness of the proposed
method for all pipe structures in Figure 1A. Also, we performed
an experiment in which the movement is from inside to outside
a pipe. The operator looked at the snake robot directly and
performed the operation according to the procedure described
in the first part of section 4.2.

As shown in Figures 10A-D, the snake robot successfully
negotiated the junction, shear, blockage, and change in pipe
diameter. The snake robot was also able to move from the inside
to the outside of the pipe, as shown in Figure 10F. Please also
see the Supplementary Video 1 for details. Figure 11 indicates
the values of v, sy, and Pyt for each experiment. For the
experiments involving a junction, shear, and blockage, the robot
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FIGURE 11 | Experimental data on (A) negotiating a junction, (B) negotiating a shear, (C) negotiating a blockage, (D) negotiating a change in diameter using the
proposed slip model (tvgip # 0, wsip = 0), (E) moving from inside to outside a pipe using the proposed slip model (‘vgip # 0, wsip = 0), and (F) moving from inside to
outside a pipe using the proposed slip model (‘vsup =0, wsip #0).

was able to negotiate the pipe under shift control and rolling
motion, as described in section 4.2, with only the first adjustment
by the operator of the position and direction of the dodging part
in Step 3.

Since the junction is the severest obstacle that does not
allow the slightest deviation of the position and direction of the
dodging part, the experiment to verify the angle error of the
joint between the desired angle and the actual angle was also
conducted for negotiating a junction. Due to the limitation of the
communication speed, the time step of this experiment (At =
0.2 s) is 10 times as large as that of the other experiments to
obtain the joint angle. As shown in Figure 12B, the actual angle

of the joint 6;(t) (green line) lagged behind the desired angle
9id(t) (black line). This steady delay is thought to be caused by
the communication delay to send the desired angle to each joint
and receive the actual angle from each joint and the time delay
needed to change the angle of each joint from the actual angle to
the desired angle due to the limitation of the speed of the motor.
The length of the time delay was about five steps for every joint
except the first joint, which responded one time step earlier than
the others. The actual angle moved forward five steps 6;(t + 5At)
(red line) matched the desired angle well for the second joint as
shown in the bottom of the Figure 12A, although the error about
one time step was left only for the first joint. The angle error
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FIGURE 12 | Experimental data of the joint angle for negotiating a junction. (A) Time delay of the joint angle for the first joint (top) and the second joint (bottom). (B)
Angle error of the joint between the desired angle and the actual angle of the joint (top). and shifted angle error of the joint between the desired angle and the actual
angle moved forward 5 time steps (bottom). Angle error and shifted angle error of the 1-12th joints, the 13-24th joints, and the 25-36th joints are shown in the left,

between the desired and actual angle for each joint (6;(t) — Gl-d (1))
is depicted in the top of the Figure 12B. To eliminate the effect
of the time delay, the angle error between the desired and shifted
actual angle for five time steps for each joint (6;(t) — Oid(t +5At))
is depicted in the bottom of the Figure 12B. As shown in the
bottom of the Figure 12B, the comparatively large angle error of
the joint was moved from head to tail with the passage of time.
This indicates that the angle error was observed near the dodging
part as enclosed with dotted lines in Figure 12B and the dodging
part deviates from the appropriate position and direction to some
extent. In addition, the error of the last joint, 36th joint, is quite
large at t = 62 s. This is because the tail link is longer than the
other links and was caught by the pipe when it passed through the

junction. The error of the position and direction of the dodging
part is thought to be compensated by two factors caused by the
robot’s geometric constraints: the compliant adaptation to the
environment at the joint thanks to the position control of the
motor with the limitation of the torque, and the slippage between
the robot and the pipe.

Also, the robot was able to negotiate the change in diameter
with the proposed model considering the slip between the robot
and the pipe even when the radii of the head and tail winding
parts differed. Figure 10D shows only the result of the proposed
model ("vgip # 0, wgip = 0), but the model (‘vg;p = 0, wgp #
0) also worked successfully; see Supplementary Video 1. In
contrast, the robot failed to move from inside to outside the pipe
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using the proposed slip model (tvshp # 0, wgyp = 0), as in
Figure 10E, and succeeded to do so only with the proposed slip
model (tvslip =0, wyp # 0) Figure 10F. As shown in the middle
panel of Figure 10E, the robot was unable to support the part
of itself that was below the pipe due to the torque limitation of
the motor, and the head winding part did not contact the pipe
and receive the friction force, contrary to what we had expected.
Hence, the dodging part moved the right side of the image,
although in theory it was expected to move to the left side of
the image after v reached —1/'/0,1imit. This effect led the robot
to fall out of the pipe. On the other hand, since the experiment
shown in Figure 10F was conducted using the proposed slip
model (tvshp = 0, wgjp # 0), the dodging part did not deviate
from the proper position in the axial direction even though the
robot was not always able to press its body against the pipe.
Instead, the rotation of the robot around the axis was found to
be caused by the slip around the axis. In addition, due to the
torque limitation of the motor, the robot is likely to failed to
support the head winding part for both Figures 10E,F of the
revised paper depending on the initial orientation of the robot
and the protective function of the motor, which made the motor
output torque zero when the motor detects the persistent load
that exceeds maximum output.

7. CONCLUSION

A unified approach was proposed for designing the motion that
enables a snake robot to negotiate complicated pipe structures.
The proposed method enables the robot to overcome various
obstacles by designing the dodging part, which is part of the
target form, specifically for the obstacle. To realize this, both
ends of the dodging part are arranged on the axes of the pipes
with guiding parts. In addition, we developed a method of fixing
the dodging part to an obstacle during obstacle negotiation
that involved an appropriate combination of rolling motion
and shift control. Also, we constructed a model considering
slippage between robot and pipe, and expanded the proposed
method to make it applicable to motions that require two
helices having different radii, i.e., the motion for change in
diameter and the motion between inside and outside of a
pipe. We conducted experiments to verify the effectiveness
of these methods and demonstrated that the snake robot
successfully negotiated not only a junction, which was already
realized, but also a shear, a blockage, and a discontinuous
change in pipe diameter, which were impossible previously.
We also realized movement from inside to outside a pipe in
an experiment.
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