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We propose the control method for a snake robot to pass through a self-closing door. The proposed
method is realized by applying the two-point simultaneous control method. The position and orienta-
tion of head and tail of the robot are controlled simultaneously by using the two-point simultaneous
control method. By controlling the position and orientation of the head of the robot, the robot opens
the door and keeps it open. At the same time, the robot enters through the door from the tail by
controlling the tail of the robot simultaneously. The robot passes through the door by pushing away
the side of the door with the body. The proposed method enables the robot to enter the interior
separated by a door and contributes to the expansion of the activity environment for snake robots.
The experimental result validates the proposed methods.
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1. Introduction

The snake robot that mimics snakes can propel on various environments by utilizing its elongated
body shape and a high degree of freedom. It has multiple joints, which makes it difficult for the
operator to directly control the joint angles. Therefore, researchers have focused on the motion
control for the robot. By observing and analyzing the motion of snakes, Hirose formulated the
lateral undulation of the snake as a serpenoid curve and realized the propulsion of the snake
robot on the plane [1]. Several studies have realized the robot propulsion by generating periodic
bending motions using the central pattern generator (CPG), the neural circuit that controls
the cyclic movement of the organism: the motion on slope with the online optimization of the
undulation based on CPG [2] and the avoidance of collision by the propulsion direction control
based on the sensor information [3].
Studies into control methods for snake robot motion have proposed heuristic methods such

as the representation of robot body shape as continuous curves. Yamada et al. proposed the
method to control the joints of the robot with low computational cost. The body shape followed
the target continuous curve, and the articulated mobile robot realized traversing the steps by
changing the target curve as sending waves [4]. Kamegawa et al. have realized the propulsion on
a pipe by controlling the body shape of the robot so as to coil around the pipe and rotating the
robot around its trunk axis [5]. This method has been applied to propulsion on bent pipes [6] and
branched pipes [7]. Takemori et al. generated complex target continuous curve by concatenating
simple continuous curves, and have realized traversing on uneven terrain [8] and climbing a
ladder [9]. Hatton and Choset have proposed representing the gait of the robot as the repetition of
several characteristic body shapes and realized locomotion by transiting between them smoothly
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[10]. Several studies control the motion of the robot by determining the joint angles based on
the gait function, which represents the motion of the robot as the periodic motion of the joints.
Rollinson and Choset realized locomotion in pipes connected at right angles and locomotion on
the pipes combining different diameter pipes, by modifying the gait parameters based on the
robot’s joint angles and adapting the robot to the environment [11]. Gong et al. have proposed
the method that realized the locomotion on various slopes by changing the gait parameter with
the estimated slope angle automatically [12].
Several researchers formulate the frictional characteristics of snakes and utilize the high degree

of freedom to snake robots. Compared to others, these methods allow for better control of the
robot’s position and orientation explicitly using the robot’s redundancy. Several studies treat
the frictional characteristics of snakes as velocity constraints by wheels, while others treat it as
anisotropic friction. The methods using the former have realized the arbitrary trajectory tracking
of the head of the robot on a plane [13] and the three dimensional trajectory tracking [14]. The
singular configuration avoidance [15] and the collision avoidance [16] is possible through the
utilization of the robot’s redundancy. In addition, the proposed active switching of the velocity
constraint by lifting the wheel slightly enhance the avoidance of moving obstacle [17] and the
body shape changes without moving the head [18]. Based on the model using the anisotropic
friction, the path following control of the robot’s center of gravity [19] and the obstacle-aided
locomotion [20, 21], where the obstacles are actively pushed by the robot, have been proposed.
Recently, performing works by the robot are being studied: grasping objects and valve oper-

ation with the soft gripper attached to the head of the robot [22], and valve operation in the
water [23]. In these studies, the robot behaves as a mobile manipulator and performs tasks by
controlling the position and orientation of the head of the robot. We proposed the simultaneous
control of two points for the snake robot [24], and realized several works by making it behave
as a dual arm manipulator, such as caging transportation and steering a cart. By applying this
control method, we have also proposed the action of passing through a self-closing door by si-
multaneously controlling the head and tail of the robot [25]. However, the effectiveness of the
proposed motion was verified by simulations, not experiments. In addition, sometimes the robot
failed to pass through the door by collision with the edge of the door and the wheels of the
robot.
In this paper, we are working on the realization of passing through a simple self-closing door

using the actual robot. In addition, we prevent the robot from the stuck which is caused by the
collision between the edge of the door and the wheel of the robot by making the outer shape of
the robot smooth. By using the proposed method, a robot can enter the interior separated by
a door. The proposed method will contribute to the expansion of the activity environment for
snake robots.

2. Problem Setting

Figure 1 shows the assumed environment. We assume the door to be a miniaturized pulling
door. Outside is defined as the side where the robot is positioned, whereas inside is the other
side of the door. The door opens by pulling a knob attached to the outside of the door and
closes automatically by the spring attached to the hinge when the knob is released. The door is
assumed to be tall enough for the robot to pass through and avoid collision between the robot
and the top of the door. The axis of rotation of the door is parallel to the normal vector of the
ground. Walls are set on the either side of the door so that the robot cannot avoid the door to
pass through. The environment is assumed to be an unknown environment, and the absolute
position and orientation of the door and robot are not measurable.
Figure 2 shows a schematic of the snake robot. Fig. 2(a) and Fig. 2(b) show schematics of

the motion on a plane and head raising motion, respectively. The snake robot consists of 2n
links connected in series by rotational joints. Let l be the length of each link. The yaw and

2



March 11, 2021 Advanced Robotics MainText

(a) Isometric view (b) Top view

Figure 1. The self-closing door

(a) Top view (b) Side view

Figure 2. The snake robot

pitch joints are alternately attached as shown in Fig. 2(a). Let ψ ∈ R2n−1,1 and ϕ ∈ Rn,1

be the vectors of all joint angles and the vectors of all yaw joint angles, respectively. The robot
realizes three dimensional movement by using these joints. n pairs of passive wheels are attached
coaxially to the tail and the pitch joints of the robot. Using the anisotropic friction of the
passive wheel, propulsion is achieved by undulating the body. The joint structure is similar
to previous studies, and the robot can realize three dimensional trajectory tracking by raising
its head [14, 22], body shape approximation to a continuous curve [4], or more. In addition, a
simple hook to pull the knob is attached to the head of the robot. Three dimensional motion
is possible by lifting the wheels near the head [14], as shown in Fig. 2(b). We call the part
where the robot touches the ground, the base part, and the part from the head to the base
part, the head part. Let nh and nb be the number of wheels of the head part and the base part,
respectively. The joints of the head part are from the first joint to the pitch joint coaxial to
the first base part wheel. Similarly, the joints of the base part are from the yaw joint behind
the first wheel of the base part to the tail joint. Let ψh ∈ R2nh+2,1 be the joint angles of the
head part, ψb ∈ R2nb−3,1 be the joint angles of the base part, and ϕb ∈ Rnb−1,1 be the yaw

joint angles of the base part. In addition, let ph =
[
xh, yh, zh, Rh, Ph, Yh

]⊤
be the position and

orientation of the head, pt =
[
xt, yt, zt, Rt, Pt, Yt

]⊤
be the position and orientation of the tail,

and q =
[
p⊤h ,ψ

⊤]⊤ ∈ R2n+5,1 be the generalized coordinates.
The purpose of this study is for the snake robot to open a self-closing door and pass through it.

By using a gripper that is attached to the head of the robot, grasping an object and manipulating
valves can be realized [22]. Opening the door by this approach has been verified. When the door
opens by pushing, the robot can use the previous method to pass through. In contrast, when the
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Figure 3. Overview of the proposed motion

door requires pulling, it is impossible for the robot to pass through using the previous method,
which controls the position and orientation of a single point, since the door closes when the knob
is released as shown in Figure 3. In order to pass through the self-closing door, it is necessary to
devise a way for keeping the door open. Motion design for mobile manipulator to pass through
a self-closing door has been proposed in [26, 27]. The motion for the wheelchair which has a
manipulator have been proposed in [26], and the motion for the crawler-type mobile manipulator
have been proposed in [27]. In [26], the door is prevented from closing by the wheelchair, moved
inside after opening the door. In [27], the flipper of the robot is placed inside to prevent the door
from closing. These robots have some mechanism for opening the door, such as a manipulator,
and the door is kept open by using these mechanisms. Then, the robot passes through the door
by moving the robot body while keeping the door open. However, it is difficult to equip a snake
robot with such a mechanism, and these methods cannot be applied.
In this paper, we apply the two-point simultaneous control method [24] and aim to pass

through a self-closing door by having the robot behave like a mobile two-armed manipulator. By
controlling the head and tail of the robot simultaneously as shown in Fig. 3, the robot prevents
the door from closing. We have proposed the outline of the motion for passing through the
door in [25], and demonstrated the validity of the proposed motion in the simulation. However,
verification by an actual robot was not conducted. In addition, sometimes the robot failed to pass
through the door by collision with the edge of the door and the wheels of the robot. Therefore,
in this study, we make the body shape of robot smooth and prevent from colliding the edge of
the door and the wheel of the robot.

3. Motion Design

Figure 4 shows the overview of the proposed motion consisting of three parts. First, the robot
pulls the knob by the hook which is mounted on the head and opens the door (Figure 4(a)). By
controlling the three dimensional position and orientation of the head, the hook is hung on the
knob, and the door is pulled open by the hook. The robot then enters the inside of the door while
keeping the door open by controlling the head and tail simultaneously (Figure 4(b)). The door
is kept open by pulling the knob by the hook, and the robot enters inside of the door through
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(a) Opening the door (b) Entering behind the door

(c) Passing through the door

Figure 4. Motion flow

the tail. Finally, the robot passes through the door while pushing the body on the door, keeping
the door open (Figure 4(c)). The body shape of the robot is propagated backwards by using the
method for approximation to continuous curve [4], and the robot passes through while pushing
the body the door.
There is a risk of the robot tipping over when its head is lifted. However, a very large number

of joints are necessary to control the two control points simultaneously, and the lifted part is
much smaller than the grounded part. Therefore, the risk of the robot tipping over is very low
and is ignored in this study. In addition, the maximum spring strength of the door that can
be opened by the robot varies greatly depending on the joint torque and the mass and posture
of the robot. If the joint torque and the mass of the robot are large, it is expected that the
robot will open the strong spring door. To clarify the relationship between the strength of the
spring and these parameters, it is necessary to derive the vertical drag forces acting on each
wheel. However, these vertical drag forces cannot be uniquely defined, and the maximum spring
strength of the door that can be opened by the robot cannot be clarified. The derivation of this
relationship is a future work, and the spring of the door is assumed sufficiently small so that the
robot can open the door in this study.
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4. Kinematic Model

We assume that the grounded wheels do not slip. The kinematic model of the snake robot is
obtained by coupling the velocity constraint equations caused by the wheels [15]. The kinematic
model for three dimensional motion is also obtained by coupling these velocity constraints and
the constraint equation which represents the constraint of the wheel to the ground plane [14],
and is represented as

Aṗh = B
˙̃
ψ , (1)

ψ̃ =

[
ψh
ϕb

]
, (2)

where A ∈ Rnb+3,6, B ∈ Rnb+3,2nh+nb+1. In addition, we introduce the switching constraint
[17] into the kinematic model of Eq. (1). By lifting the wheels slightly, the robot operates by
switching the velocity constraints. Let σ be a unique identification number that represents the
grounded/lifted condition of the wheels, and be called the mode. The mode is determined by
solving an optimization problem based on an evaluation function. The detail of the optimization
problem is described later. The model will change along with switching mode because the model
is derived from the velocity constraints of the grounded wheel. When the mode is σ, the kinematic
model is represented as

Aσṗh = Bσ
˙̃
ψ , (3)

where Aσ ∈ Rnσ+3,6, Bσ ∈ Rnσ+3,2nh+nb+1, nσ is the number of grounded wheels when the mode
is σ. In phase 1, ph, the three dimensional position and orientation of the head of the robot is
controlled by the kinematic model expressed in Eq. (3).
Next, kinematic model is introduced in phase 2. In phase 2, the three dimensional position

and orientation of the head and the tail on the x–y plane are controlled. Let p̃t =
[
xt, yt, Yt

]⊤
be the position and orientation of the tail on the x–y plane. The kinematic relationship between
p̃t, ph, and ψ̃ is represented as

˙̃pt = J̃ t1 ṗh + J̃ t2
˙̃
ψ , (4)

where J̃ t1 ∈ R3,6, J̃ t2 ∈ R3,2nh+nb+1. The equation coupling Eq. (1) and Eq. (4) is represented
as

Ãẇ = B̃
˙̃
ψ , (5)

Ã =

[
A O

−J̃ t1 I3

]
, B̃ =

[
B

J̃ t2

]
, w =

[
ph
p̃t

]
. (6)

As in Eq. (3), we introduce switching constraint into Eq. (5). The equation introducing switching
constraint is represented as

Ãσẇ = B̃σ
˙̃
ψ , (7)

Ãσ =

[
Aσ O

−J̃ t1 I3

]
, B̃σ =

[
Bσ

J̃ t2

]
. (8)

Eq. (7) is an extended model for two dimensional motion in two-point simultaneous control [24].
In phase 2, w, the position and orientation of the head and tail, is controlled using Eq. (7).
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Figure 5. Backbone curve

4.1 Shape Fitting Motion

In phase 3, the robot is controlled by using the method of approximation to continuous curve
[4]. This method determines the joint angle so that the robot’s body shape follows the target
continuous curve. The robot propels by changing the target curve like a wave. Considering the
joint structure of the robot, the target continuous curve is given as backbone curve, as shown in
Figure 5. The backbone curve is defined below as a differential equation.


d
dsc(s) = er(s),
d
dser(s) = κy(s)ep(s)− κp(s)ey(s),
d
dsep(s) = −κy(s)er(s),
d
dsey(s) = κp(s)er(s),

(9)

where s represents a position along the target continuous curve, c(s) = [x(s), y(s), z(s)]⊤ is
the coordinates at point s on a continuous curve, er(s) ∈ R3,1 is the unit vector parallel to
the tangent of the curve at s, ey(s) ∈ R3,1 is the unit vector which is orthogonal to er(s)
and pointing upwards in the model at s, ep(s) ∈ R3,1 is the unit vector which is represented as
ep(s) = ey×er(s), κy(s) and κp(s) are the curvatures around yaw and pitch axes that determine
the shape of the continuous curve. The target backbone curve is determined by κy(s) and κp(s).
In addition, the lateral rolling locomotion is achieved by rotating ep(s) and ey(s) around er(s).
The detail of this motion is omitted because the rolling motion is not performed in this study.
Let sh be the position of the head on the continuous curve, si = sh− il be the position of i-th

joint on the continuous curve. The body shape is approximated to the interval of sh−2nl ≤ s ≤ sh
of the continuous curve by determining the joint angles with the following equations.

ψi = −
∫ si+l

si−l
κ(s, i)ds, (10)

κ(s, i) =

{
κy(s), (i : odd)

κp(s). (i : even)
(11)

By changing the head position sh, the interval of the curve to be approximated changes, and the
motion along the continuous curve is generated. Note that the target continuous curve must be
an undulating curve (e.g., serpenoid curve [1]) in order for the propulsion with passive wheels.
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Table 1. Conditions for mode

Phase Mode set Conditions nσmax

1 ς1 (i), (ii), (iii), and (iv) n+ nh − 2

2 ς2 (i), (ii), (iii), (iv), and (v) n+ nh − 5

4.2 Mode Set

We introduce the mode σ in phase 1 and 2. The total number of the mode is 2n when the
combination of grounded/lifted conditions of all wheels is considered. However, these modes
include modes that are not suitable for operation; e.g., the head part wheels, 1, · · · , nh-th wheels,
are always lifted in phase 1, and the tail wheel must be lifted in order to control the position
and orientation of the tail in phase 2. Therefore, we introduce the following conditions in order
to remove these unsuitable modes.

(i) The robot simultaneously lifts a number fewer than or equal to nc adjacent pairs of wheels.
(ii) 3 ≤ nσ ≤ nσmax

.
(iii) 1, · · · , nh-th wheels are lifted.
(iv) (nh + 1)-th wheel is grounded.
(v) n-th wheel is lifted.

The mode which does not satisfy these conditions is not selected. Condition (i) is due to the
torque limit of the actual robot [17]. It is difficult to lift many adjacent wheels at the same time
because the actual robot has the torque limit of the joint. Therefore, we set the condition (i).
Condition (i) must be satisfied in both phase 1 and 2. Condition (ii) is about the number of
the grounded wheels, and this condition is caused by the size of the matrices in the kinematic
model. The ranks of the model matrices must be full rank to guarantee the convergence of the
controlled variables to the target values. The detail of the convergence of the controlled variables
to the target values is described later with the control input. Condition (ii) must be satisfied in
both phase 1 and 2, but nσmax

, the maximum number of grounded wheel, is different because
each phase has a different model matrix. Conditions (iii) and (iv) are caused by the head raising
motion. The head part wheels, 1, · · · , nh-th wheels, are always lifted for raising the head. In
addition, nh+1-th wheel, the first base part wheel, is constrained to the ground plane and must
be grounded. Therefore, the conditions (iii) and (iv) must be satisfied in phase 1 and 2 where the
robot raises the head. Condition (v) is caused by the control of the tail [24]. If the wheel of the
tail is grounded, the velocity constraint interferes the control of the position and orientation of
the tail. Thus, n-th wheel, the wheel of the tail, must be lifted. Condition (v) must be satisfied
in phase 2 in which the position and orientation of the tail are controlled.
Determining the suitable mode for a situation by searching all the modes that satisfy the

conditions is impractical due to the high computational cost. Thus, by selecting a suitable mode
from the mode set which consists of the mode picked out from modes that satisfy the constraints,
the computational cost is reduced and the real-time control is achieved. Let ς1 and ς2 be the
mode set in each phase. Table 1 shows the correspondence between each phase and the conditions
to be satisfied and the mode set. nσ,max is determined depending on the model matrix in each
phase, and the details will be described later.

5. Controller Design

Figure 6 shows the schematic diagram of the controller, and Table 2 shows the correspondence
between blocks in Fig. 6 and the equations used in each phase. Initially, the controller corre-
sponding to each phase is selected (Fig. 6 Selecting controller block). In phase 1 and 2, a suitable
mode for the situation is then selected from ςi (i = 1, 2), which is the mode set in each phase
(Fig. 6 Selecting mode block). The mode is selected by solving an optimization problem at regular

8
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Figure 6. Controller

Table 2. Summary of the controller

Phase Eq. of model Eq. of input
Controlled Mode

variable set

1 Eq. (1) Eq. (12) ph ς1

2 Eq. (5) Eq. (12) ph and p̃t ς2

3 Eq. (9) Eq. (10) - -

intervals and maintained until the next switch. The control model is determined by the selected
mode (Fig. 6 Kinematic model block). The joint inputs for converging the controlled variables
to the target values are calculated with the determined model (Fig. 6 Joint input block). In this
block, we aim to realize subtasks using the kinematic redundancy of the robot. The calculated
input is constrained by the input constraint (Fig. 6 Input constraint). If the norm of the input
is excessive, the input constraint sets the input to zero, and prevents unexpected motion which
occurs when the robot is near the singular posture. In phase 3, the joint angles are determined
for fitting the body to target continuous curve from Eq. (10).

5.1 Joint Input

In phase 1 and 2, the joint input for converging the controlled variables to the target values is
calculated using each kinematic model. In phase 3, the target joint angles are determined based
on Eq. (10) and the robot is controlled. We show only the input calculation in phase 2 because

the input calculation in phase 1 and 2 are similar. Based on Eq. (5), the joint input uσ =
˙̃
ψ is

calculated as

uσ = uσ,c + uσ,ker , (12)

uσ,c = B̃
†
σÃσ {ẇd +Kp (wd −w)} , (13)

uσ,ker = kv

(
I − B̃†

σB̃σ

)
η , (14)

η =
[
∂V
∂ψ̃1

, · · · , ∂V
∂ψ̃ñ

]⊤
, (15)

9
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where B̃
†
σ is the pseudo inverse matrix of B̃σ,Kp is the control gain for the controlled variables,

kv ≥ 0 is the gain for the input using redundancy, uσ,ker is the input due to redundancy. The
time derivative of the evaluation function V (q) is represented as

dV

dt
=

∂V

∂ph
ṗh +

∂V

∂ψ̃

˙̃
ψ

=
∂V

∂ph
ṗh + η

⊤uσ,c + kvη
⊤(I − B̃†

σB̃σ)η. (16)

The third term on the right hand side of Eq. (16) is non-negative and uσ,ker is expected to

increase V . The detail of V is described later. If B̃σ is a full row rank, B̃σB̃
†
σ = I. The closed

loop of the system is represented as

Ãσ {ẇd − ẇ +Kp (wd −w)} = 0 . (17)

If Ãσ is a full column rank, the controlled variables w converge to the target value wd when
t→ ∞.
In contrast, if Ãσ or B̃σ is not a full rank, the convergence of controlled variables to the target

value is not guaranteed. We call such configurations the singular configurations. Therefore, Ãσ

and B̃σ must be full rank for converging the controlled variables to the target value. The singular
configurations due to Ãσ and B̃σ are called singular configuration I and II, respectively. When
the robot’s posture is the singular configuration I, the motion of the robot is not uniquely defined,
and the robot does not move according to the target. When the robot’s posture is similar to the
singular configuration II, the input becomes excessive and the robot shows unexpected behavior.
In Phase 1, the size of Bσ is Bσ ∈ Rnσ+3,n+nh+1, and nσ needs to satisfy nσ + 3 ≤ n + nh + 1
because Bσ is full row rank. Thus, nσ,max = n+ nh − 2 in Phase 1. Similarly, the size of B̃σ is

B̃σ ∈ Rnσ+6,n+nh+1, and nσ,max = n+ nh − 5 in Phase 2.

5.2 Selecting Mode

The mode is selected by solving an optimization problem [17]. The mode is selected at regular
intervals and the mode at t is represented as

σ(t) = σk , (tk ≤ t < tk + 1) (18)

tk = ktσ , (k = 0, 1, · · · ) (19)

where tσ > 0 is a constant that represents the cycle of the mode switching. The mode σk is
determined by solving the following optimization problem at t = ktσ.

max
σk

J, (20)

J = φ (q̂ (tp, σk)) +

∫ tp

tk

Γ (q̂ (τ, σk) ,uσk
(τ, σk)) dτ, (21)

where q̂ is the estimation value of q, and tp is the predictive horizon. φ and Γ are the evaluation
function for selecting the mode. If the input becomes excessive in the prediction interval due to
the singular configuration II, its mode is excluded from selection. If the input becomes excessive
in all modes, the mode is selected based on optimization problem from among the modes which
remain the last. We set φ = V (q), Γ = 0, and tp = tk+1. V (q) is the evaluation function for the
redundancy of joint and its detail is described later. q̂ is calculated using the kinematic model
and the closed loop system.

10
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5.3 Input Constraint

When the robot is controlled using the two-point simultaneous control method, the input be-
comes excessive if the robot posture is similar to the singular configuration II [24]. It is difficult
to avoid the singular configuration completely because it also depends on the target value of the
controlled variables, even if the singular avoidance using kinematic redundancy is implemented.
Thus, we introduce the following input constraint as well [24].

uσ =

{
0, (if ||uσ|| > ulim)

uσ, (otherwise)
(22)

where ulim is the threshold for the input constraint. If the input exceeds the threshold ulim, the
input becomes the zero and the robot stops. The singular configuration changes depending on
the grounded/lifted state of the wheels, i.e. the mode σ, and the mode is selected with reference
to the value of the evaluation function. Therefore, by considering the singular configuration in
the evaluation function, the robot can restart along with switching the mode. The robot cannot
restart if it becomes the singular configuration in all modes, but it can be avoided by appropriate
setting.

5.4 Evaluation Function

We aim to realize the subtasks with redundancy by designing the evaluation function V based
on subtasks. The evaluation function V is represented as the weighted sum of the evaluation
function of each subtask. The subtasks are represented as

(1) Avoidance of the joint limits,
(2) Singular avoidance,

Considering the subtasks, the evaluation function is represented as

V = wv

[
V1 V2 V3

]⊤
, (23)

V1 = −
2n−1∑
k=1

f (cψ,i, |ψk|) , (24)

V2 = det
(
A⊤
pAp

)
, (25)

V3 = det
(
BpB

⊤
p

)
, (26)

Ap =

{
Aσ, (phase : 1)

Ãσ, (phase : 2)
(27)

Bp =

{
Bσ, (phase : 1)

B̃σ, (phase : 2)
(28)

f(x, y) =

{
(y − x)2 , (if x < y)

0, (otherwise)
(29)

cψ,i =

{
cψ,y, (i : odd)

cψ,p, (i : even)
(30)

where wv ∈ R1,3 is the weight for the each evaluation function. cψ,i is a threshold value for

11
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Figure 7. Experimental environment

avoiding joint limits, and it is an arbitrary constant. cψ,y and cψ,p are the threshold values for
the yaw joints and pitch joints, respectively. V1 is the function for avoidance of the joint limits,
V2 and V3 are the function for the singular avoidance. The function f(x, y) sets the dead zone
of the joint angle in V1. |ψi| must not reach the angle limit, but it need not be as small as
approximately zero. If |ψi| does not exceed the threshold value cψ,i, f (cψ,i, |ψi|) becomes zero,
and the other subtasks are prioritized. When |ψi| exceeds the threshold value cψ,i, V1 increases
suddenly and the avoidance of the joint angle limit is prioritized over the other subtasks. These
functions are same as in [24] and the avoidance of the joint limits and the singular avoidance
can be expected by increasing the evaluation function. The weights for each evaluation function
are determined by trial and error.
The proposed method only contributes to the increase in the evaluation function, but does

not guarantee it. Therefore, the evaluation function may decrease depending on uσ,c, the input
related to the convergence of the controlled variables to the target value. One way to avoid this
problem is to stop the operation of the control points temporarily. In this case, an increase in the
evaluation function is guaranteed because uσ,c = 0. Thus, by temporarily stopping the control
points, it is expected that fatal problems, such as the joint exceeding the angle limit or the
posture of the robot becoming very close to the singular configuration, are avoided. In addition,
uσ,c becomes small when the control points move slowly, which improves the possibility of an
increase in the evaluation function.

6. Experiments

The effectiveness of the proposed method was verified by the experiments. Figure 7 shows the
experimental environment and the snake robot which was used in the experiment. The robot
was constructed using the serial-controlled servo motors XM540-W270-R (Dynamixel, Robotis,
Inc.) and passive wheels. The present angles can be obtained from the motors through a serial
communication from the computer. The passive wheels are made of silicon, and their coefficient
of friction is sufficiently large to satisfy the velocity constraint. In addition, the robot has a
smooth outer shape that prevents it from becoming stuck at the door. If the body shape at
the rear part of the wheel is not smooth, as shown in Figure 8(a), the robot becomes stuck
through a collision with the edge of the door in Phase 3. The smooth shape shown in Fig. 8(b)
prevents the robot from becoming stuck because the edge of the door slides along the body
shape. The environment was assumed to be unknown, the absolute position and orientation of
the door and the robot could not be measured, and the target values of the controlled variables
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(a) Without outer shell (b) With outer shell

Figure 8. Stuck due to the collision between the robot and the edge of the door

Table 3. Mode sets and allocations of grounded/lifted wheels

Mode set nσ
Wheel num. (L: lifted, G: grounded)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

ς1 8

L L G G G L G G L L G G L L G

L L G G G L G L G L G L G L G

L L G G G L L G G L L G G L G

L L G G L G G L L G G L L G G

L L G G L G L G L G L G L G G

ς2 6

L L G L L G G L G L G L G L L

L L G G L G L G L L G L L G L

L L G L L G G L G L G L L G L

L L G L L G L L G G L G L G L

L L G L L G L L G L G G L G L

and the timing of the switching phase were determined by operator by using gamepad. The
number of wheel is n = 15, the length of link is 0.0985 m, the radius of the wheel is 0.04 m.
The joint angle limits of the yaw and pitch joint are 5π/9 rad and 2π/3 rad, respectively. The
width and height of the door are 0.47 m and 0.62 m, respectively, the mounting height of the
knob is 0.25 m, and the force required to open the door is approximately 2.0 N. This force value
is sufficiently small for the robot to open the door. The joint angles were measured from the
actuator. The position and orientation of the head were estimated from the input and the closed
loop system. We set the parameters of controller as Kp = 0, kv = 1.0, tσ = 1.0 s, ulim = 2.0,
cϕ,y = 10π/27, and cϕ,p = 4π/9. The weights of the evaluation function in phase 1 and 2 was
wv = [1.5, 2.0× 10−3, 3.0× 108]. The control cycle was ts = 0.10. wv was adjusted so that the
orders of all the evaluation functions were close to each other based on their time response in the
numerical simulation and preliminary experiment. Each evaluation function changes suddenly
when it needs to act preferentially. Therefore, if the weight wv is adjusted so that the orders of
the evaluation functions are close to each other in the normal state, each evaluation function acts
preferentially when it is required (e.g., when the joint angles are close to the angle limit). The
mode sets in each phase consist of five modes selected from all modes that satisfy the conditions.
Table 3 shows the grounded/lifted state of each mode. The number of mode candidates was
determined based on the constraint of the control cycle. We set the number of mode candidates as
large as possible within the range in which calculations can be performed in real time. The mode
candidates were selected so that each candidate was as different as possible. The initial posture
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(a) The motion of the robot

(b) Time response of the cost function and the grounded/lifted state of each wheel

Figure 9. Experimental result

of the robot was determined based on numerical simulations and preliminary experiments. The
head and tail of the robot are control points that approach the door. Therefore, as shown in
Fig. 7, the posture in which these control points face the door is desirable. If the tail of the
robot is away from the door in the initial posture, the tail has to approach the door in Phase 2,
which takes a very long time. To change the initial posture to an appropriate one, a method
that changes the posture of the robot to an arbitrary posture while fixing the head position
has been proposed [18]. This method allows the robot to transform into a posture suitable for
opening the door. In this experiment, the initial posture was set to the appropriate posture, and
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the transition to the initial posture was omitted.
Figure 9 shows the experimental results. The time response of the joint angle is omitted

because all the joint angles were below the limit. Fig. 9(a) and Fig. 9(b) shows the motion of the
robot and the time responses of the evaluation functions and the selected mode, respectively.
V ′
i (i = 1, · · · , 3) in Fig. 9(b) is Vi multiplied by the weights. The red and white squares in

Fig. 9(b) represent the grounded and lifted wheel, respectively. From Fig. 9, the robot entered
through the door by using the proposed method. By controlling the head and tail simultaneously,
the robot entered through, tail first while keeping the door open (Fig. 9 3–4). In addition, the
smooth body shape prevented the robot from the stack caused by the collision between the edge
of the door and the robot (Fig. 9 5–8).
In Fig. 9(b), the robot was moving while switching the mode. The discrete changes in the

evaluation functions depend on the switching of the referenced model matrix. From the time
responses of the evaluation functions in Fig. 9(b), V3 increased in phase 2. In addition, the
excessive input caused by the singular configuration II did not occur and the robot moved
continuously. In contrast, V2 was smaller value in phase 2, but this is not a fatal problem since
the robot can move continuously if V2 is non-zero. The minimum value of V2 was 0.72, but the
robot’s posture did not become singular configuration I. Thus, it was verified that the robot can
pass through a self-closing door without the stack caused by collision between the robot and the
edge of the door.
However, the force which acts on the robot by the door is not considered. If the spring of the

hinge is very strong or the robot is very light compared to the door, the robot is in danger of
failing to pass through the door because of the skidding of the robot. The motion considering
the external force acting on the robot is an issue for future work.

7. Conclusion

We proposed the control method for a snake robot to pass through a self-closing door, using
the two-point simultaneous control method [24]. The proposed method enables the robot to
pass through a self-closing door while keeping the door open by controlling the head and tail
simultaneously. In addition, the smooth body shape prevents the robot from the stack which is
caused by the collision between the edge of door and the robot. The experiments demonstrated
the effectiveness of the proposed method, and the robot passed through the simplified self-closing
door. In future works, we will work on the motion considering the external force acting on the
robot.
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