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Shape Control of a Snake Robot with Joint Limit
and Self-Collision Avoidance
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Abstract—This paper proposes a shape control method for a
snake robot, which maintains head position and orientation, and
avoids joint limits and self-collision. We used a passive wheeled
snake robot that can switch the grounded/lifted status of its
wheels. We derived a kinematic model of the robot that represents
its redundancy as both joint angles (the shape controllable
points) and the null space of the control input. In the control
method, the shape is changed by sequential control of the shape
controllable points, and the null space of the control input is
used for joint limit and self-collision avoidance. Jumps in control
input do not occur, although the controlled variable and the
model are switched. Simulations and an experiment were used
to demonstrate the effectiveness of the proposed method.

Index Terms—Snake robot, Shape control, Joint limit, Self-
collision, Redundancy, Switching constraints, Shape controllable
points.

I. INTRODUCTION

NAKE robots are inspired by the morphology of biolog-

ical snakes. They can move by undulating their bodies
like a real snake because they have a mechanism that gener-
ates anisotropic friction, making it hard to slip to sideways.
Heretofore, many snake robots and associated control methods
have been developed (see [1]). One type of robot developed
by Hirose [2] has many active joints, passive wheels, and
links serially connected by active joints. The passive wheels
provide anisotropic friction to each link of the robot. This
paper focuses upon snake robots with passive wheels.

When the robot continuously executes two gait patterns,
the robot prepares for the next gait pattern after it finishes
the preceding gait. In this case, the robot moves to an initial
position and appropriately adjusts the shape of its body with
respect to the next gait. These preparations are important
because they improve the success rate and decrease the risk of
failure. They are also required when the robot makes a repeat
attempt after failure.

One of the potential applications of snake robots is inves-
tigation and search-and-rescue in narrow spaces, in and out
of pipes, and at an urban disaster sites. There are occasions
when the snake robot must raise its head for search and
locomotion, as in [3]-[8]. The body shape of the robot needs
to be appropriate for fall avoidance, because the head-raising
motion increases the risk of falling. If the snake robot leaps
into the air as in [9], the body needs to change to the optimal
shape to prevent the wheels from slipping sideways before
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leaping. These previous works have not mentioned how to
change the body shape to the initial shape before beginning
the other gait pattern, e.g., from the motion on the flat plane to
the head-raising, and from undulating to leaping into the air.
If the robot change its shape while maintaining the position of
its head or center of gravity, the robot can smoothly change
the gait pattern, and this is the goal of the paper.

Two main models are used to control the position or
trajectory of the snake robot. One considers the anisotropic
friction of the body, meaning that tangential friction is low
and lateral friction is high, and is used for a controller of the
center of gravity (COG) in [10]-[13]. The other model, used in
[6], [14]-[17], considers the nonholonomic constraint, which
prevents the wheels from skidding. Head position control using
the Lyapunov method in [14] or using the constraint force of
wheels in [15], and trajectory tracking control of head position
and orientation by introducing wheel-less links in [6], [17]
have been presented.

Articulated robots, which have many joints and a slender
body, including snake robots, have sensors attached to the
head, e.g. vision and light-radar (lidar), for example [18]-[23];
measurement and motion planning in the robot are performed
using the sensors. If the robot is tele-operated, it is relatively
easy to operate the robot and to plan the motion on the basis of
the head because the sensor is attached to the head. Moreover,
the operator can focus the head position and orientation upon
the target by checking the vision and sensor information from
the head. Consequently, the robot may smoothly begin the next
gait, such as head raising [3]-[6] and climbing a step as [7],
[8]. Hence, rather than setting the COG this paper uses the
head of the robot as the controlled point, and aims to change
the body shape whilst keeping head position and orientation.

With respect to the shape control of the snake robot, singular
configuration avoidance in [17], improving static stability in
[6], obstacle-aided motion in [24], [25], and obstacle avoid-
ance in [26]-[28] have been presented. These methods allow
the robot to change shape while moving forward; however,
the robot cannot change the body shape while maintaining the
position of the head or COG. Ishikawa [16] has presented the
point-to-point control of joint angles using nonlinear theory;
however, the position of the head or COG cannot be controlled.

If skidding wheels are permitted, change of the body shape
is easy. It is accomplished by position control of all joints
at the same time or in sequence. However, it requires large
torque at the joints to let the wheels skid, and position error
of the head occurs. Thus, shape control with skidding wheels
is undesirable from the point of view of the necessary torque
and the position error.
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Next, we consider the method without skidding wheels. If
all wheels touch the ground, the body shape is not freely
changed because the nonholonomic constraint caused by the
wheels interrupts it. In contrast, we have proposed the control
method [22], [29] by which the head tracks the desired trajec-
tory, and the body shape of the robot is freely determined at
some level using the switch of allocation of the grounded/lifted
parts of the body. Thus, we have proposed an approximate
path-tracking controller for all joints [30]. However, it is
an approximate tracking and joint limit avoidance is not
considered in the method.

This paper presents a shape control method for a snake robot
while maintaining the head position and orientation. A similar
method has been proposed in [31] but it has two problems,
one is the violation of joint limit, another is the jump of the
control input. In contrast, the method proposed in this paper
uses a combination of the redundant input and the switch
of allocation of the grounded/lifted wheels, and avoids joint
limit and self-collision. Moreover, the jump in joint input does
not occur, although the controlled variable and the model are
switched.

The contributions of the paper are as follows:

e The proposed method enables a snake robot to appro-
priately adjust its body shape in the intervening period
between two gait patterns. In particular, the actual robot
must avoid violation of joint limits and self-collision.

e The model in which the redundancy of the system is
represented as both joint angles (called the shape control-
lable points) and null space is derived. Their combination
makes the control method more varied. Shape control is
one of the usage examples of the model.

o The joint input without jumps is presented; however, the
controlled variable and the model are switched.

« The proposed method is easy to apply for an articulated
mobile robot which has active wheels and many links se-
rially connected by active joints as [34]-[39] if the robot
can switch the grounded/lifted status of wheels. This is
because the model and controller in the proposed method
is based on the nonholonomic constraint of wheels, and
they are similar to those of the articulated mobile robot
presented in [34].

The rest of the paper is organized as follows: In section II,
the kinematic model of the snake robot is derived and the joint
input is provided as the basis for the shape control method.
Section III presents the outline of the shape control method,
introducing phase, and suppressing input jumps depending
on the switch of the controlled variable. Section IV presents
the method for avoiding joint limit and self-collision. Section
V and VI provides a demonstration of effectiveness of the
proposed method by simulations and an experiment.

II. MODEL AND JOINT INPUT

We use an n + 1-link snake robot as shown in Fig.1. A link
comprises a pitch rotational joint and a pair of wheels, and is
connected to an adjoining link via a yaw rotational joint. The
passive wheel is coaxially placed at the pitch joint, except for
the first link. All joints are active and all wheels are passive.

n+1-th link

(O = -
.?3' B
¢n _-- zthlmk

I $ : Pitch joint ”-@- Yaw joint I Passive wheel lstl nk

Fig. 1. Model of a snake robot.

A. Model

Let w = [, Yo, 00]" be the position and orientation of the
robot’s head, ¢; be the joint angle of the ¢-th yaw joint, let
us define ¢ = [¢1,--- ,¢n|T and ¢ = [wT, »"|T. Assuming
that the passive wheel does not slide in a sideways direction,
the velocity constraints are expressed as

Aw = Bu, )

where u = ¢, A € R"™3 and B € R"™™"™ The 1,--- ,n-
th row of A and B correspond to the velocity constraint of
1,--- ,n-th wheel, respectively. Next, we introduce the lifted
wheel which does not touch the ground into the system (1).
Note that wheels can be lifted by slightly rotating the pitch
joints [22], [29]-[31]. Then, the velocity constraints of the
wheels are different depending on the grounded/lifted status
of wheels. We allocate a unique integer o, called the mode, to
represent the overall status of the wheels [29]. If n), - -+, n], -
th wheels (the total number is 7,,) don’t touch the ground in
the mode o, the velocity constraints are expressed as

A(Tw = Bau7 2

where A, € R 70)x3 and B, € R 70)X" are the
matrices whose nf,---,n;,_-th row vectors are eliminated
from the matrices A and B, respectively. The aforemen-
tioned formulation follows previous work [29]. The system
(2) has kinematic redundancy. The degree of redundancy is
n — (n — A,) = 7, because it is the difference between
the number of rows and the number of columns of B,. In
this paper, we add the shape controllable points (SCPs) [6],
[17] into the controlled variables to represent the subset of
kinematic redundancy. The SCP is the joint angle of the link
which has the lifted wheel, and can be directly controlled
because it is contained in the controlled variables. Let m be
the number of SCPs where m < n,, the ny,--- , 7y, -th yaw
joint be the SCP, ¢, = [da,, - ,%a,,] € R™ is the joint
angle of SCPs, w, = [wT, (}bgT]T is the controlled variable
including the SCP, and AT is the switching period for the
mode. The kinematic model of the robot with switching modes
is expressed as

A, ()W) = Bopyu, (3)
(th <t <trpgr) 4)
, Nm}, Ny, is the number of modes, t, =

o(t) = og,

where 0 € {1,2,---

EAT (k=0,1,---) is the switching time of the mode,
~ _ [ A O (n—Tio+1m) X (3+m)
o Ba‘ (n—ne+m)xn
B, = { C, ] eR ; (6)
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and C, € R™*". Let cg; j; be the i-th row j-th column
element of Cy. In Cy, c(1,7,) = €255} = = Clm,itn} =
1 and the other elements are zero.

(3) is a hybrid system switching models every AT. The
mode is maintained during AT, and is switched every AT.
This paper use (3) as the kinematic model of the snake robot.

If only 74, -+, 7., -th wheel is lifted and the other wheels
touch the ground, the kinematic model is obtained as
A i, = B u, ©)
where
S A o = B
A = o Rnx(3+m) B = o RPXn
= L erem B= | G e

and A and B are the matrices whose i1, - - , fi,-th row
vectors are eliminated from the matrices A and B, respec-
tively. Ag and BG are the matrices in which some rows are
eliminated from A; and B;, respectively. Thus, A, and B,
can be represented as

A,=T,A,, B,=T,B,, ®)

where T, € R(n=fe+m)xn j¢ o selection matrix for which
the elements are either O or 1.

B. Joint input without jumps

We have proposed a controller which connects the joint
input without jumps for an articulated mobile robot with
switching modes [34]. This paper also designs a joint input
u as follows.

U = Ut + Uoker, ®)
Ut = B, A {ivea — Ko, —oa)},  (10)
Ugker = _k’r](I - BZ‘BU)TI’ (11)

where K, > 0 is the matrix of the feedback gain, w,q is the
desired value of w,, k;, > 0 is the gain related to redundancy,

Bi is the pseudo inverse matrix of B,,neR"isan arbitrary
vector related to the redundancy. u,+ is the element related to
tracking of the controlled variable and w, e, is the element
related to redundancy.

By substituting (8) and (9) into (3), the closed-loop system
is obtained as

A, (e, + K,e,) =0, (12)

where e, = W, — Wgq. If Ag is full column rank, (12) has
a unique solution as follows.

é, + Kye, =0. (13)

From (13), w, converges to w,q at t — oco. Note that w,
includes the SCPs in the mode o. The rank deficiency of A,
represents the singular configuration of the robot, which it has
to avoid.

If m = n,, Usker disappears because Bg € R™*"™ is invert-
ible. This means that all degrees of redundancy are represented
as the SCP and the rest of the degree of redundancy is zero.
In contrast, if m < N, Wsker €Xists and it means that the rest
of the degree of redundancy exists.

Initial posture I Target posture g 2{' ;2
[~ Head =

O
"ol

Phase 1: SCP is Ist yaw joint.

Phase 6: SCP is 6th yaw joint.

Phase 2: SCP is 2nd yaw joint.

Fig. 2. Outline of shape control method if n = 6.

C. Redundant input without jumps

In [6], [17], all degrees of redundancy are represented as
the SCPs and then m = n,. In this paper, the degree of
redundancy is retained by setting m < 7., and both the
SCPs and remaining degree of redundancy are used in parallel.
We define the control objective as follows. The main control
objective is to maintain the head position and orientation,
and to change the body shape of the robot. Shape control is
partially obtained by controlling the angle of SCPs. The sub-
control objective is avoidance of joint limit, self-collision, and
singular configuration, and is obtained by using the remaining
degrees of redundancy.

We set the cost function V(q) with respect to the sub-
control objective, and aim at achieving the success of the sub-
control objective by decreasing V. 1 in (11) is designed as

oV v 1"
==, ,=—,| €R™ 14)
" |:a¢1 a¢7L :| (
By considering (9), the time derivative of V' is
dv._ov . oV T S
E = 8711)10 Ust — kn'r] (I — BO.BO—)T’ (15)

o)
The third term of the right side of (15) contributes to the
decrease of V because (I — BZBU) > 0 and k,, > 0. This
means that it contributes to the accomplishment of the sub-
control objective.

k, in (11) is designed as

ky = {1 — cos(2nt/AT)} k. (16)

where k:;] > 0. k,, is zero at the switching time of modes
t=tr (k=0,1,---). Thus, Usye is connected without jumps
because U, ke 1S O at the switching time in all modes.

From (7) and (10), if the SCPs are equivalent in all modes,
Uq¢ are equivalent without depending upon the mode. As a
result, if the SCPs are equivalent in all modes, the joint input
u does not jump despite the mode being switched.

III. SHAPE CONTROL METHOD

We assume that the target shape is static without joint
velocities and the desired value of w is constant. We directly
control the SCP included in w to control the shape of the
robot. If the joint angle of SCP changes, the joint angles at the
rear of the SCP change as [6]. Thus, the shape of the body can
be changed by directly controlling the SCP and sequentially
switching the lifted wheels and the SCP from head to tail.
Fig. 2 shows the outline of the method. First, the robot lifts
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the wheels in the second link and puts ¢ in w as the SCP.
The SCP is controlled by the input (9). If the SCP converges
to the desired value, the robot lets the wheels in the second
link touch the ground, lifts the wheels in the third link, puts ¢
in w as the SCP, and the SCP converges to the desired value
by (9). These are sequentially modified until the wheels in the
tail link are reached. In this method, the input is calculated
based on the velocity constraints (3) not to let the wheels skid.
Therefore, the robot does not require large torque at the joints
to let the wheels skid, and the position error of the robot’s head
should be decreased as compared with the case where the robot
changes the shape without considering the velocity constraints
of wheels. If we first set the joint angle ¢; of the neighborhood
of the tail as the SCP, the angle converges to the target once at
least. However, the angle changes depending on the motion of
o1, ,¢;—1 when they are the SCP. Therefore, the strategy
setting SCPs out of order is inefficient as compared with the
proposed strategy.

In [31], all wheels except the wheel corresponding to the
SCP touch the ground. By contrast, in this paper, some wheels
except the wheel corresponding to the SCP are lifted as can
be seen in Fig. 2, and the robot accomplishes the sub-control
objective: avoidance of joint limit, self-collision, and singular
configuration. Here, we define that all forward wheels of
the SCP touch the ground because the shape control in the
forward links of the SCP is completed. Thus, we can design
the grounded/lifted status of only the rearward wheels of the
SCP.

A. Phase shift

We define the case where the SCP is ¢; as the phase i.
The candidates for allocation of the grounded/lifted wheels
are different with respect to each phase. This is trivial because
the wheel corresponding to the SCP is always lifted and all
forward wheels of the SCP always touch the ground. Thus, we
define the relationship between the mode number o and the
allocation of the grounded/lifted wheels with respect to each
phase.

The controlled variable is different with respect to each
phase because of the difference of the SCP. If phase is ¢, then
the controlled variable is w, = [w7,¢;]T. Since the target
shape is static without joint velocities, the desired velocity of

the controlled variable is
Weq = [0,0,0,0]T. (17)

If the SCP ¢; converges to the desired value ¢;q, then the
phase shifts from ¢ to ¢ + 1. In the phase ¢, the following
inequality is used for the convergence test at the switching
time of modes t = ¢.

|pi — @il < €p,

where €, > 0 is a small constant.

(18)

B. Input smoothing

We propose a smoothing method for the joint input without
jumps where the mode and phase are switched. In each phase,
the SCP is not switched in all modes. From section II-B

L N\
| Controller I Joint input
Uit + Ulker > |
Shifting Selecting nput
Phase ™ mode Ugy + U2ker > constraint
J

i

Fig. 3. Control diagram of the proposed method.

and II-C, the joint input is connected without jumps in each
phase though the mode is switched. However, the joint angle
corresponding to the SCP is replaced when the phase is shifted.
Then, u,¢ in the joint input jumps because the SCP in the
controlled variable is replaced.

Assuming that the error of w is very small, we consider
the shift of phase from ¢ to 4 + 1. When the phase ¢ finishes,
U, =~ 0 because of (18). Thus, we design that u,4 smoothly
increases from zero during the shift of phase from ¢ to ¢ + 1,
to connect the input without jumps. Let ¢;, , be the ¢;;1 at
the time shift of the phase. In this paper, we smoothly change
®(i+1)a from &, 1 to the target value using a cam curve. Thus,
U+, 1S connected without jumps. As a result, the joint input is
connected without jumps in spite of the mode switching and
phase shifting.

IV. AVOIDING JOINT LIMIT AND SELF-COLLISION

If the previous method shown in Fig. 2 is used, the joint
limit violations frequently occur because the rear joints of the
SCP rotate significantly. Moreover, the self-collision between
the links also occurs because the snake robot has many serially
connected links. In this section, we present a method by which
the robot avoids the joint limit and possibly avoids the self-
collision and the singular configuration. In particular, the joint
limit is avoided as follows:

+ Redundant input (11) is used for separating joint limit,

self-collision, and singular configuration.

o The mode in which the joint limit violation will occur is

not selected.

o Tracking control of the control variable is weakened

depending on the margin related to the joint limit.
Fig. 3 depicts the block diagram of the proposed method
including the shift of phase in the section III. Section IV-A,
IV-B, IV-C, and IV-D correspond to %, ker, ‘Selecting mode,’
Uy, and ‘Input constraint’ in Fig. 3, respectively.

A. Use of redundant input

Uyker 10 (9) does not affect the response of the controlled
variable; it is used for the sub-control objective. Let n’ be the
phase number. If n’ = n, the tail wheel is only lifted and
Ugker = 0. Thus, we consider the case of n’ < n.

We define dy; ;y as dijy = /(zi — )% + (yi — y;)?
where (xg,y0) is the position of the head, (z,,y,) is the
position of the tail, and (z;,y;) is the position of the center
of ¢ + 1-th link if 1 < ¢ < n. Then, the cost function V is
designed as

V(q) = aLVi +acVe + asVs, 19)
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where Vi, = 1L, f(6o. [6). Ve = 1/ det A, A, Ve =
> a1 ;_1f(d{w},d0) and ar,ac,as are the weight
constant, ¢4 and dy are the activation constants for V7, and
V., respectively, and

Fag) = {(yx>3 (if o<y 00,

0 (otherwise)

Vi, and V. are related to joint limit and self-collision, re-
spectively, and they are the cubic function as [32], [33]. I
A, is rank deficient, detA A, = 0. Thus, V. is related to
the singular configuration [22], [29] and increases if the robot
approaches the singular configuration. As a result, redundant
input (11) avoids the joint limit, self-collision, and singular
configuration by decreasing V.

B. Selecting mode

From (11), the redundant input depends on the mode o.
Moreover, the effect of the redundant input for the sub-control
objective is different with respect to o because of (15). We
approach the sub-control objective using the optimal o by
switching the modes. We introduce the optimal problem as
follows:

min J, 21
ok
s.t.  Statically stable in t <t <tg41, (22)
|6:(8)] < Grimie It <t < by, (23)
where
tht1
I = tenVapl@tino)) + [ Viatrodr, @4
ty
Vien = L (25)
SC - ~ )
T e (thr1) — b (t)]

and ascp is a weight constant. ¢ and (ﬁn/ are the estimated
values of q and ¢, , respectively, and they are calculated
by numerical integration of (9) and (13). Vi, is related to
deadlock avoidance, and increases if the rotation amount of
the SCP is small. If as, = 0, deadlock may occur because
the tracking motion of the SCP is not considered at the time
selecting modes. (22) means that the robot remains statically
stable. The robot is statically stable when the center of gravity
of the robot exists in the support polygon constructed by
the grounded points [22], [29], [40]. (23) means that the
joint angles do not violate the joint limit. The solution oy
is obtained by numerically solving (21) by comparing J
calculated for all modes, and oy, is used at t;, <t < fpyq.

C. Stop tracking of w,

If the joint angle reaches the limitation angle, the robot
should place a high priority upon joint limit avoidance. w+
may interrupt joint limit avoidance because of (15). Thus, if
the robot is in such a configuration, we stop tracking of the
controlled variable w, by setting as u,; = 0. Let ® be the
minimum margin related to the joint limit in the rear joints of
the SCP, and it is defined as

(b:min(¢limit_|¢i|)a Z:n/+17 ,n (26)

TABLE I
PARAMETERS OF THE SIMULATION.
n 8 ar, 2.1 ko 7 /4 [rad]
1 0.091 [m] ac 6.7 x 107 2 2
AT | 3 [s] as 2x 1073 K’ diag(1,1,0.5,2)
cy | m/4Trad] || ascp | 1 X 10=% || @rimis | 7/2 [rad]
do 0.27[m] wy [0,0,7]T Ulimis | /4 [rad/s]

.}

+  l:success, O:failure

Success or failure
(=}
wn

(=1
+
¥

0 100 200 300 400 500

[m)]

ynin

0 100 200 300 400 500

r’\"

Dunax [rad]

15 wau»pwwmwam&m

0 100 200 300 400 500
Simulation numter

Fig. 4. Simulation results where initial and target shapes are randomly set.

We design the gain K, in (10) as

27)
(if P < ko)

(otherwise) %)

k(@) = {1;(1 ~ cos(£®)),

where K > 0, and ky is an activation angle to stop tracking.
If ky =0, uyy = 0 from (10) and (17). By design the gain
as described in (27) and (28), the effect of tracking control is
weakened at ¢ < kg, and becomes zero at ® = 0 because of
k’t = 0

D. Input constraint

By considering the experiment using a real robot, we set
the input constraint. Let wjy;e be the limit value of the
absolute angular velocity of the joint, and max|¢i| be the
maximum value of |¢Z| If max |¢z| > Ujimit, the input should
be decreased. Thus, we adjust the input (9) as

u = ku (uat + uaker)7 (29)
Ulimit 3 .. 1 .
oy, = 4 max o]’ i e < max g (30)
1, otherwise

As a result, the input is constrained in the limit value without
breaking the kinematic relationship. Note that the convergence
of the controlled variable becomes slow and the contribution
for the sub-control objective decreases as compared with the
case using (9) without input constraint.
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V. SIMULATION

Table I shows the parameters of the simulations; the initial
state of w and its desired state w, are [0, 0, 71]T. The sampling
time was 0.02 [s]. The 500 simulations were carried out
randomly by setting the initial and target shapes. Then, we
eliminated the initial and target shape in which self-collision
occurs. Let ¢y be the maximum absolute angle of the joints,
and d,,;, be the minimum distance between the center position
of the links which have the possibility of self-collision. We set
the case where the robot converges upon the target shape as a
success, and the case where the robot does not converge to it
by deadlock as a failure.

The simulation results using the proposed method are de-
picted in Fig. 4. The 496 patterns were a success with a success
rate of 99.2%. The minimum value of d,;, is 0.18 [m]. The
minimum elapsed time from start to finish is 27 [s], and the
maximum time is 180 [s] excepting the failure cases. The
deadlock depends on static stability of (22) and interference
between the cost functions in (24). We tuned parameters rising
the success rate with preventing the interference through trial
and error considering balance of ap, Vi, and a.V. as table L
Note that the success rate drops depending on the parameters.
We found that the joint limit and self-collision avoidance were
satisfied from Fig. 4.

Let ¢(0) be the initial angle of ¢, and ¢, be the target
angle. Fig. 5 depicts the result of simulation number 1 where
#(0) = [0.63, —0.44, —1.57, —0.36, —0.57, —0.34, —1.00,
—0.91]% and ¢4 = [0.29, 0.30, —1.02, 1.36, —1.39, —0.94,
0.025, 0.81]T, as an example of success pattern. From Fig. 5
(a), the head position and orientation maintained the desired
value, and the joint angles finally converged to the target angle
without violating the joint limit. We found that the joint input
did not jump in spite of the mode switch and the phase shift
from Fig. 5 (b). Thus, the effectiveness of the proposed method
was demonstrated.

VI. EXPERIMENT

We used the snake robot shown in Fig. 6 where n and [
are equivalent to the simulations. The actuator was a smart
actuator module (Dynamixel MX-106, ROBOTIS). The head
motion was measured by the motion capture system (Opti-
Track, NaturalPoint, Inc.) and the joint angles were measured
by the internal encoder of the smart actuator module. The
robot switches its mode slightly by rotating the pitch joints
[29]. We set the mode candidates with respect to each phase
as Table II. The number of modes are heuristically reduced
because of the calculation time of (21) in the experiment using
a real robot. The calculation amount of (21) is proportional
to the number of modes because ¢ and J in all modes
are calculated in the optimal problem. In the phase 1, the
maximum number of modes is 99. By decreasing the number
from 99 to 14, the calculation time decreases by about 85%
. The mode candidates are empirically selected considering
both the torque limit of the pitch joint and deadlock avoidance.
Considering the calculation time of mode selection, we set that
the sampling time as 0.2 [s] and decreased the gain compared
with simulations a. = 67, K, = diag(1,1,0.5,0.5), and
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Fig. 5. Time responses in the simulation number 1. The broken line is the
limit, and the dotted line is the target value.

k;] = 1. The controller was implemented on the PC (intel Core
i7-3930K CPU, 16GB RAM, and Windows 7) using MATLAB
2014a with parallel computing toolbox. The optimal problem
(21) was solved using parallel computing, and the maximum
time for solving it is 0.15 [s] in the phase 1. The maximum
time of the control loop is 0.18 [s]. The initial and target
shapes were equivalent to simulation number 1.

Fig. 7 (a) depicts the result where all joints changed to the
target angle at the speed 7 /4 [rad/s]. In this case, large error
of the head position and orientation occurred and the error of
Z0, Yo, 0o were 0.07[m], 0.38[m], and 1.1[rad], respectively.

Figs. 7 (b) and 8 depict the result using the proposed
method. The robot changed the body shape from head to tail
as Fig. 7 (b). w converged to the desired value [0, 0, 7]" and
joint angles did not violate the limit as Fig. 8. However, the
error of the body shape finally occurred as shown by the the
joint angles in Fig. 8. The maximum error was 0.18 [rad] in
¢3. This was caused by the motion for tracking of w when
the error of w occurred after the control of ¢3 as the SCP
finished. We suspect that the error of w was caused by the
lateral slip of the wheels and the motion of the pitch joints
for lifting the wheels.

As a result, we confirmed that the proposed method accom-
plished the shape control whilst maintaining head position and
avoiding joint limit and self-collision. The error of the joint
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TABLE I
MODE AND WHEEL STATUS.

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

num. I T2]374]5]6]7718

1 1 L|IG|L|L|G|G|G]|G
2 LIG|G|L[L|G]|G]|G

3 LIG|G|G[L|L|G]|G

4 L|IG|G|G|[G|L|L|G

5 LIG|G|G[G|G|LI]L

6 LIG|]G|G[G|G|G]|L

7 LIL|G|G|[G|G|G]|G

8 LILI|G|L[L|G]|G]|G

9 LIL|G|G|L|L|G]|G

10 LIL|G|G|[G|L]|LI|G

11 LILI|G|G[G|G|LI]L

12 LIL|G|G|[G|G|G]|L

13 LIG|I|L|G[L|G|LT|]G

14 LILIG|L[G|L|G]|L

2 1 G|L|G|L|L|G|G|G
2 G|L|G|G|L|L|G|G

3 GI[L|G|G|G|[L|L]|G

4 G[L|G|G|G[G]|L]|L

5 G|[L|G|G|G|G|G]|L

6 GI[L|I|L]|G]|G[G[|G]|G

7 G|L|L|G|L|L|[G|G

8 G|L|L|G|G|L|L|G

9 G[L|L|G|G[G]|L]|L

10 G|L|L|G|G|[G|G]|L

11 G[L|[G|L|G[L]|G]|L

12 GI[L|L|G|JL[G|L]|G

3 1 G|G|L|G|L|L|G|G
2 G|G|L|G|G|L|L|G

3 G[G|L|G|G[G]|L]|L

4 G[G|L|G]|G[G|G]|L

5 G|G|L|L|G|G|G]|G

6 G[G|L|J|L|G[JL]|L]|G

7 G|G|L|L|[G|[G|L]|L

8 G|G|L|L|G|L|G]|L

9 G[G|L|G|JL[G|L]|G

4 1 G|G|G|L|G|L|L|G
2 G|G|G|L|G|G]|L]|L

3 G[G|G|L|G[G|G]|L

4 G[G|G|L|L[G|G]|G

5 G|G|G|L|L|[G|L]|L

6 G[G|G|L|G[L]|G]|L

7 G[G|G|L|J|L|[G|L]|G

5 1 G|G|G|G|L|G|L|L
2 G|G|G|G|L|G|G]|L

3 G[G|G|G|L[L[|G]|G

4 G|G|G|G|L|L|G|L

5 G|G|G|G|L|G|L|G

6 1 G|G|G|G|G|L|L|G
2 G[G|G|G|G[L]|G]|L

7 1 G|G|G|G|G|G|L|G
2 G|G|G|G|G|G|L]|L

8 1 G|G|G|G|G|G|G|L

angle remained (the maximum error was 0.18 [rad]) but the
method improved the position accuracy of the head when the
robot changed the body shape.

VII. CONCLUSION

This paper presented a shape control method for a pas-
sive wheeled snake robot that maintains head position and
orientation. This method is based on the model in which
kinematic redundancy is represented as both the SCP and null
space, and avoids joint limit and self-collision by switching
of the grounded/lifted status of the wheels. Though the model
and the controlled variable are switched, the control input

Fig. 6. Experimental snake robot.

- Initial
> position

(a) All joints rotate at the same time without considering kinematics.

(b) Proposed method.

Fig. 7. Motion of the robot in the experiment.

does not jump. Simulation and experiment demonstrated the
effectiveness of the proposed method.

Future works will investigate avoidance of the deadlock
depending on static stability, and will plan an appropriate
target shape for various gait patterns.
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