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Abstract— This paper introduces climbing gait for the snake
robot by adapting to a flexible net. A net deforms in various
ways due to external forces. Therefore, we tilt snake robot’s
body to adapt to the deformation of the net. In addition, we
can adjust the position of the head of a snake robot passing
through the mesh. A snake robot can move not only vertically
but also horizontally. We demonstrated the validity of the
proposed method through experiments in vertical movement
and movement in diagonal direction.

I. INTRODUCTION

Net is used for a variety of purposes, such as ball catching
and fall protection due to its grid-like shape. It may be torn
due to wind, deterioration or flying balls. Nets are usually
set at high places and the reparation by humans are highly
dangerous, so it is desirable that the work is carried out
by robots. In research on net movement, there is a robot
that moves on a net that is used for preventing collapse by
inserting claws into the mesh [1] to prevent from falling, and
there is also a robot that crawls on a net in micro gravity
[2]. However, in these studies, movement on deformable nets
under gravitational conditions has not been realized. Nets
are made up of ropes and cables, and these are similar to
nets for robots. Fu et al. [3] proposed that the operation of
using two grippers on a power cable made it possible for
a robot to overcome obstacles and move onto an adjacent
cable. In addition, the optimal control was studied that a
two-brachiation robot traverse a flexible and vibrating cable
[4]. However, these robots cannot move vertically.

Non wheeled snake robot can move on uneven ground [5],
use obstacles [6], [7], move up and down ladders [8], move in
pipes [9], [10], lift its head [11]. If a snake robot can perform
net-climbing motions, the range of applications of a single
robot will be expanded. The movement between different
environment is realized by [12]. By applying this, after
inspection of a net, a snake robot can move on the ground or
uneven ground, and it can move to another net to start another
inspection. In addition, the method for recovering the body
shape of a snake robot when multiple joints fail is proposed
by [13], and the robot can achieve the desired movement.
The kinematic redundancy of the snake robot can be used
to compensate for multiple joints failure, it is expected that
tasks can be accomplished even when robots work for long
periods of time. In [15], rope climbing is achieved using
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a snake robot with multiple joints and a body shape that
allows the application of the principles of object grasping.
However, this method can’t be applied to the net climbing
because there are ropes in horizontal and vertical directions
unlike ropes that extend in one direction. We consider that
climbing movement on a flexible net is achieved by passing
the robot’s body through meshes.

In this study, we propose a gait that a snake robot adapt
to a flexible net in order for the robot to move in any
direction. To prevent the robot from falling out the net, we
take advantage of the slim body of the snake robot by passing
the robot’s body through the mesh. In addition, the gait is
designed such that the robot’s cables do not become tangled
in the mesh when moving. The net will deform when the
robot hangs on it, but the proposed gait allows adjustment of
body shape according to this deformation. When the body
through a narrow mesh, we can adjust the position of the
head to enter or exit the desired mesh.

II. GAIT DESIGN AND FITTING METHOD

We use a snake robot model that has alternating pitch and
yaw joints as shown in Fig. 1. There are various methods
for fitting a snake robot to a continuous curve. In this study,
we use the Yamada’s method [16] to caluculate target joint
angles, which has low computational cost and sufficient
accuracy for practical use. We also design a robot’s target
shape using the method proposed by Takemori et al. [5].

A. Shape Fitting Using the Backbone Curve

We use the Yamada’s method [16] in order to calculate
each target joint angle. When a snake robot is approximated
to a continuous curve, the backbone curve, which consider
robot’s posture, is used. As shown in Fig. 2, we set the
Frenet-Serret frame (e1(s), e2(s), e3(s)) and the backbone
curve reference set (er(s), ep(s), ey(s)). The twist angle
between the Frenet-Serret frame and the backbone reference
frame around the e1(s) shown in Fig. 2 is expressed as

ψ(s) =

∫ s

0

τ(ŝ)dŝ+ ψ(0). (1)

τ(s) is torsion in the Frenet-Serret frame, and ψ(0) is the
initial value of torsion and is arbitrary constant of integration.
κ(s) is curvature, and curvature around the pitch axis κp(s)
and curvature around the yaw axis κy(s) are expressed as

κp(s) = −κ(s) sinψ(s), κy(s) = κ(s) cosψ(s). (2)
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Fig. 1. Structure of the snake robot

Fig. 2. Difference between Frenet-Serret frame and the backbone reference
frame

Therefore, j-th target joint angle θdj is calculated as

θdj =


∫ sh+(j+1)l

sh+(j−1)l

κp(s)ds (j : odd)∫ sh+(j+1)l

sh+(j−1)l

κy(s)ds (j : even),

(3)

where l is length of each link and sh is the head position
of a snake robot in a continuous curve. By changing sh, we
change the range of approximating the robot to the curve,
which is called as shift motion. When ψ(0) in (3) is changed,
the backbone reference frame rotates around the curve and
the robot performs rolling motion.

B. Designing a Target Shape Connecting Segments
We design a target shape using the Takemori’s method [5]

in which simple shapes with known curvature and torsion
are connected. Each connected shape is called a segment,
the j-th segment starting from the robot’s tail is defined as
“segment-j”. s = sj is the point of connection part, which
connects segment-(j − 1) and segment-j, is expressed as
sj = sj−1 + lj−1, where lj is the length of segment-j and
s = s1 is the start of segment-1. The curvature and torsion
of segment-j are expressed with κj and τj , and the curvature
and torsion of the target shape are expressed as

κ(s) = κj , τ(s) = τj (sj ≦ s < sj+1). (4)

The shape of a circular arc is determined by its radius rj
and central angle ϕj , and curvature κj is 1

rj
and torsion τj

is 0. The shape of a straight line is determined by its length
lj , and curvature κj and torsion τj are treated as 0.

Next we consider the twist angle at the connection part.
s = sj− is the end of segment-(j − 1), and s = sj+ is
the start of segment-j. As shown in Fig. 3, the twist angle
between e2(sj−) and e2(sj+) around e1(sj−) is ψ̂j . When
considering twisting of segment connection part, ψ(s), which
is the twist angle between the Frenet-Serret frame and the
backbone reference frame around the e1(s), is calculated as

ψ(s) =

∫ s

0

τ(ŝ)dŝ+ ψ(0) +
∑
j

ψ̂j . (5)

Fig. 3. Torsion of segment connection part

Fig. 4. Target shape for climbing the net

III. CLIMBING GAIT FOR A SNAKE ROBOT

The target shape for climbing a net is shown in Fig. 4.
This shape is composed of 11 segments that are repeatedly
connected as one unit. Each segment is determined by
rc, hp, halign, lr, α, y11, ϕp, and the parameter is shown in
Table I. To prevent the snake robot from falling from a net,
the robot’s body is passed through the net. After the robot’s
body enter a mesh, it exits from the same mesh and enters
the next mesh.

A. Preventing Cable from Getting Tangled

The snake robot used in this study has a power source
cable attached to the robot’s tail. The snake robot could not
move up the net by winding around the ropes because the
cable may become tangled. As proposed in [8], a target shape
is designed so that the robot exit from the same mesh to
prevent the cable from tangled.

B. Adapting to Deformation of the Entire Net

When the snake robot hangs from the net, the entire net
tilts and the mesh deforms in the direction of gravity as
shown in Fig. 5. We define the vertical upward direction
after the mesh deforms as the Z-axis . We tilt the target
shape by ϕp, the slope of the reference plane for the target
shape, to adapt to the deformation of the entire net. Thus,
the snake robot’s body does not interfere with itself when
the distance to the next mesh is short. In addition, if ϕp is
large, the snake robots are less likely to get caught on ropes
using gravity as shown in Fig. 6 when the head of the robot
enters a mesh.
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TABLE I
PARAMETERS OF SEGMENTS FOR CLIMBING A NET

type seg no.j parameter ψ̂j

circular arc 1 11n+ 1 (r1, ϕ1) = (rc,
π
2
) (−1)n(α′ − γ + π)

straight line 2 11n+ 2 l2 = hp − (halign + 2rc) + ∆h 0
circular arc 3 11n+ 3 (r3, ϕ3) = (rc,

π
2
) 0

straight line 4 11n+ 4 l4 = (l10 − lr) cosϕ5 + l8 sinϕp 0
circular arc 5 11n+ 5 (r5, ϕ5) = (rc, tan

−1( 1
cosα tanϕp

))) (−1)n(α− γ)

straight line 6 11n+ 6 l6 = lr 0

circular arc 7 11n+ 7 (r7, ϕ7) = (rc, β + π) (−1)n(tan−1
(

1
tanα cosϕ5

)
− π)

straight line 8 11n+ 8 l8 =
halign−(l10−lr) cosα sinϕ5

cosϕp
0

circular arc 9 11n+ 9 (r9, ϕ9) = (rc, β
′) 0

straight line 10 11n+ 10 l10 = y11
sinα sinϕ5

− lr + 2l6s +∆l′ 0

circular arc 11 11n+ 11 (r11, ϕ11) = (rc, tan
−1( 1

tanϕp cosα′ )) (−1)n+1(tan−1
(

1
tanα′ cosϕ5

)
− π)

Fig. 5. Deformation of the net

First, we consider the center angle of circular arc 5 ϕ5. Fig.
7 shows the tangential unit vector e1(s7−) at the connection
part between straight line 6 and circular arc 7. When ψ̂5,
the twist angle between straight line 4 and circular arc 5, is
rotated α, the unit vector e1(s7−) is calculated as

e1(s7−) =

1 0 0
0 cosα − sinα
0 sinα cosα

 cosϕ5
0

− sinϕ5


=

 cosϕ5
sinα sinϕ5

− cosα sinϕ5

 .
(6)

The gradient of the z and x components of e1(s7−) is
equal to tanϕp, thus ϕ5 is calculated as

ϕ5 = tan−1

(
1

tanϕp cosα

)
. (7)

Next, we calculate the twist angle between straight line 6
and circular arc 7 ψ̂7. Since circular arc 7 always exists on
a plane where the yz plane is rotated by −ϕp around the y
axis, tanϕp is expressed as

tanϕp = −e2x(s7+)
e2z(s7+)

, (8)

Fig. 6. Entry into the mesh

Fig. 7. e1(s7−) when α = 0

where the x and z components of e2(s7+) are e2x(s7+) and
e2z(s7+), respectively. Since e2(s7+) is the result of rotating
e2(s7−) by ψ̂7 around e1(s7−), ψ̂7 is calculated as

ψ̂7 = tan−1

(
1

tanα cosϕ5

)
. (9)

We consider the positional relationship between circular
arc 5 and 11 that pass through the mesh. First, we calculate
the length of straight line 6 l6s when the positions of circular
arc 5 and 11 are overlapped as shown in Fig. 8, where the
length of straight line 4 and 10 are 0. Considering that y
component of e2(s7+) coincides with − cosβ, β is expressed
as

β = cos−1(− cosα sin ψ̂7 − sinα cosϕ5 cos ψ̂7). (10)

The y-coordinate of the connection part of circular arc 6 and
7 coincides with rc cosβ, l6s is expressed as

l6s =
rc

sinϕ5

{
cosβ

sinα
− (1− cosϕ5)

}
. (11)
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Fig. 8. l6s when the positions of circular arc 5 and 11 are the same

Next, we change the position of circular arc 11 by changing
the length of straight line 4, 6, 8, 10. The coordinates of
circular arc 11 x11, y11, z11 relative to circular arc 5 in the
part passing through the mesh, are expressed as

x11 = (lr − l10) cosϕ5 − l8 sinϕp

y11 = (lr + l10 − 2l6s) sinα sinϕ5

z11 = (l10 − lr) cosα sinϕ5 + l8 cosϕp.

(12)

From these formula, l4, l8, l10 is calculated by considering
halign = z11, l4 = −x11. We can change the position of the
robot bodies passing through the mesh by altering y11 with
a condition |y11| > 0. As shown in Fig. 5, the y direction of
the upper body passing through the mesh is constrained by
the left and right ropes and the lower robot body.

C. Adapting to Deformation of the Mesh

As shown in Fig. 5, the mesh deforms in the direction
of gravity when the snake robot hangs from the net. To
adapt to this deformation, circular arc 5 and 11, which are
corresponding to the bodies that pass through the mesh, are
arranged in the direction of gravity. As the mesh deforms in
the direction of gravity, the distance it takes for the head of
the snake robot to enter the next mesh increases. Therefore,
∆h, which is initially set to 0, is increased as necessary.

D. Adjusting the Head Position of the Snake Robot

When the head of the snake robot enters the mesh, we
increase ∆h to compensate the position error influenced by
the gravity and reduce contact with ropes. If the head of
the snake robot contact the ropes while facing diagonally
upwards as shown in Fig. 9, the propulsion force is reduced
and the head of the snake robot could not enter the mesh
due to the friction and normal force. After the robot enters
the mesh, we restore ∆h.

When the snake robot exits from the mesh, we increase
the center angle of circular arc 9 β′ and ∆l′ to move the
head in the y direction towards the center of the mesh. ∆l′

is initially set to 0. After the robot exits from the mesh, we
restore these parameters.

In this way, the operator adjusts ∆h, β′,∆l′, but when
exposed to external vibrations such as wind, the adjustments
by the operator become more difficult.

E. Selecting the direction of movement

When the snake robot move on the net, it is required to
move not only vertically but also horizontally. By adjusting γ
as shown in Fig. 10, the head of the snake robot can move to

Fig. 9. Failure when a snake robot entries a mesh

Fig. 10. Angle γ adjustment

an arbitrary direction of mesh. When the snake robot move
vertically, γ is set to 0.

IV. EXPERIMENT

We performed experiments by using the snake robot shown
in Fig. 11 to verify the proposed net climbing gait. This
was developed by Takanashi et al. [6] and uses the structure
devised by Takemori et al. [8].

A. Vertical Movement

Experiments of the snake robot climbing vertically on
the net with the mesh’s vertical and horizontal lengths of
100 mm, 135 mm and 200 mm. The parameters were
rc = 90 mm, halign = 65 mm, lr = 30 mm, α = 35◦, y11 =
−15 mm. hp was set according to the size of the mesh. ϕp
was set to ϕp = 16◦ so that the snake robot bodies don’t
interfere with each other, but the value was changed in some
experiments.

First, the experimental result using the net with its mesh’s
vertical and horizontal lengths of 100 mm are shown in
Fig. 12. The snake robot successfully performed a series of
operations from entering the mesh to exiting the mesh. By
tilting the target shape by ϕp, the head of the snake robot
did not fall in the x and y directions before entering the
mesh. Also, by tilting the target shape, the snake robot was
able to enter the mesh smoothly with the help of gravity as
shown in Fig. 6. The head of the snake robot entered the
mesh by increasing the length of ∆h and without adjusting
γ at t = 60 s. Also, the head of the snake robot exited from
the mesh by increasing the center angle of circular arc 9 and
the length of straight line 10 at t = 170 s. On the other hand,
some problem arose. The head of the snake robot stuck when
the head contact the rope above it at t = 10 s. This is thought
that the propulsion force could not be obtained for the head
to enter the mesh if the robot’s head contact with the ropes
as shown in Fig. 9. However, the problem was resolved by a
rolling motion. Besides, the part near the head of the snake
robot frequently got caught in the ropes after t = 70 s. In
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Fig. 11. Snake Robot

Fig. 12. Vertical movement(Mesh 100mm)

addition, the head fell in the negative direction of the Y
axis from t = 100 s to t = 125 s. The current and joint
angles at this time are shown in Fig. 13 and Fig. 14. From
t = 100 s to t = 125 s, the current became considerably
large mainly at the 7-th joint and could not follow the target
value. It is thought that the torque of the motor being used
is insufficient.

To consider differences in movement due to differences
in body shape inclination, we performed experiments with
ϕp = 20◦ and ϕp = 24◦ in addition to ϕp = 16◦. As shown
in Fig. 15, in the experiments when ϕp = 20◦ and ϕp = 24◦,
the robot failed to exit from the mesh. This is thought to be
because the inclination of the target shape ϕp was too large
for the deformation of the net. Therefore, it is considered
better to make ϕp as close to the deformation of the net as
possible.

Next, the experimental result using the net with its mesh’s
vertical and horizontal lengths of 135 mm are shown in
Fig. 16. We performed the same action as in the experiment

Fig. 13. Joint 6-8 current

Fig. 14. Joint 6-8 angle

using the net with its mesh’s vertical and horizontal lengths
of 100 mm, and succeeded in a series of operations from
entering the mesh to escaping. On the other hand, some
problems occurred that did not occur with the 100 mm mesh.
The robot got caught on the rope in the area circled in red
in Fig. 16 at t = 20 s, and the head of the snake robot fell
in the negative direction of the X axis. It is thought that the
larger the mesh size, the larger the contact area between the
rope and the robot which causes the robot gets caught.

Finally, the experimental result using the net with its
mesh’s vertical and horizontal lengths of 200 mm are shown
in Fig. 17. At the start of shift motion, the head of the snake
robot moved away from the net, and even after adjusting the
position, it was not possible to exit from the net. The robot’s
body is heavier on the back side of the mesh than on the
front side, so it is thought that the head of the robot fell
toward the back side. In experiments when the length of the
mesh is 100 mm or 135 mm, the robot’s body touches the
top part of the mesh while exiting. However, in experiments
when the length of the mesh is 200 mm, the robot’s body did
not touch the top part of the mesh and fell in the direction
of the X axis.

B. Movement in diagonal Direction

We performed a experiment that snake robot moved in
diagonal direction using the net with its mesh’s vertical and
horizontal lengths of 100 mm. The parameters are the same
as in the vertical movement experiment. By changing γ, it
was possible to enter any mesh as shown in Fig. 18.
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Fig. 15. Failure to exit from the mesh(ϕp = 20◦, 24◦)

Fig. 16. Vertical movement (Mesh 135mm)

V. CONCLUSIONS

We proposed a climbing gait for a snake robot to adapt and
move on a flexible net. The proposed gait prevents the cables
from tangled with the net. The robot can also adapt to the
deformation of the entire net and mesh by changing adjusting
the parameters. We performed experiments to demonstrate
the effectiveness of the proposed method, and showed that
a snake robot could move not only vertically but also in
diagonal direction on a net.

One of the future works will be to experiment with ropes
made of different materials. Also, the control of a snake
robot during experiments is complicated, simplifying the
operation will be our future work. Another challenge for the
future is to attach cameras and other devices to the robot to
enable remote control. However, there is a problem that the
joint angle cannot follow the target value due to insufficient
torque, and the success rate of moving the net decreases. We
will also work on simplifying the control for remote control.
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