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Approximate Path-Tracking Control of Snake Robot
Joints with Switching Constraints
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Abstract—This paper presents an approximate path-tracking
control method for all joints of a snake robot, along with the
verification of this method by simulations and experiments. We
consider a wheeled snake robot that has passive wheels and
active joints. The robot can switch the wheels that touch the
ground by lifting the required parts of its body. The model of the
robot becomes a kinematically redundant system if certain wheels
are lifted. Using this kinematic redundancy, and selecting the
appropriate lifted parts, we design a controller for approximate
path-tracking. Simulations and experimental results show that
the proposed controller effectively reduces the path-tracking
error for all joints of the snake robot.

Index Terms—Snake robot, Path-tracking, Switching con-
straints, Redundancy, Kinematics.

I. INTRODUCTION

NAKE robots can realize various types of movement

and, because of their slim body shapes, are useful for
inspecting pipelines and disaster sites. Hirose has produced
several snake robots, and models the snake using a wheeled
link mechanism with no sideslip (where the snake robot body
slides out of its track) [1]. In the wheeled link model, passive
wheels are attached to the side of the snake robot body to
achieve the friction mechanism of a real snake. This paper
deals with a snake robot that moves via body friction and
its own bending motion, without generating propulsion using
active wheels or active crawlers. The robot locomotes without
energy loss by reducing the sideslip of the wheels, because
the propulsion of the robot is generated by its bending motion
and the constraint force of the wheels. Also, by assuming
that the passive wheel does not slide sideways, controllers
can be designed to ensure the convergence of the tracking
error of the robot’s head [2]-[6]. Thus, it is beneficial to
limit sideslip from the viewpoint of control theory based on
an ideal model. However, if the wheel does not slide in the
sideways direction, differences between the paths followed by
each link are generated, similar to the difference between the
paths of the front and rear wheels in four-wheeled vehicles.
Given that snake robots are expected to be useful for searching
in confined spaces, this phenomenon would be a drawback. If
the trajectories of the robot’s body parts (follower links) depart
from the path of the robot’s head in a narrow space, there is a
possibility that the robot will become stuck on obstacles and
holes on the ground after the head has steered around them
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(Fig. 1). Therefore, the robot’s follower links should track the
path of the head. This paper proposes a control method that
accomplishes whole-body path-tracking in the snake robot,
i.e., where the follower links of the snake robot track the
path of the head. Snake robots can produce thrust by pushing
against obstacles and studies have been performed on obstacle-
aided locomotion [7]-[9]. However, the robot may encounter
a slim cable that causes the robot to stick, breakable walls or
high-temperature substances with which the robot should not
be in contact, and gaps that make the robot unstable. Thus,
both obstacle-aided locomotion and obstacle avoidance are
required, and this paper focuses on whole-body path-tracking
processes related to obstacle avoidance.

Conkur proposed a path-tracking method for a whole highly
redundant manipulator along B-spline curves [10]. The redun-
dant manipulator has a fixed end, and all joints can rotate
freely. However, the method of [10] cannot be applied directly
to a snake robot, because the snake robot structure is unlike
that of the redundant manipulator, in that the snake robot does
not have a fixed end, and the rotation of its joints is limited
by the wheel.

Path-tracking control of an articulated vehicle with active
wheels was proposed in [11], [12], and a snake-like robot
with a screw-drive unit was reported in [13]. In contrast, a
snake robot without active wheels generates its propulsion
force by actuating its joints to produce a bending motion, and
the principle of locomotion of the snake robot described in
this paper is different to that of robots with active units that
generate their propulsion force without any bending motion
of the body [11]-[13]. For the path-tracking control of snake
robots, Liljeback et al. [14] proposed a path-tracking controller
for the robot’s center of gravity, but no previous research has
focused on the path-tracking of all links.

Methods that considered motion along a reference path by
treating the snake robot as a continuous curve were proposed
in [15]-[19]. However, these approaches require discretization,
which introduces discretization errors when the method is
implemented in the robot. Additionally, these methods do not
ensure the convergence of the tracking error of the robot’s
head, and the trajectories of the head and the follower links
may depart from the reference path because of the accumula-
tion of such errors.

Path-tracking methods for articulated trailers were proposed
in [20], [21]. However, it is difficult to apply these methods
to snake robots because of the differences between the mech-
anisms used and their degrees of freedom. Snake robots can
dynamically switch the grounding and non-grounding of their
wheels by lifting up some parts of their body, and have a
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Fig. 1. Path-tracking of whole body of a snake robot.
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Fig. 2. An n-link snake-like robot [6].
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greater degree of freedom than articulated trailers. We have
proposed a controller that tracks the trajectory of the robot’s
head and avoids obstacles by switching the parts of its body
that are grounded [6]. If the robot makes efficient use of this
switching mechanism, then it is possible to reduce the path-
tracking error of the follower links.

This paper aims to achieve whole-body path-tracking in a
snake robot. Specifically, we present an approximate path-
tracking controller for all joints of the robot using kinematic
redundancy and switching of the grounded wheels, and re-
port the results of simulations and experiments performed to
determine the effectiveness of the proposed controller.

II. MODEL

We consider an n-link wheeled snake robot, as shown in
Fig. 2. Only a brief description of the model is given here,
because the mechanism and the mathematical model of the
snake robot have been reported previously [6].

A link comprises a pitch rotational joint and a pair of passive
wheels mounted coaxially, and is connected to another link via
a yaw rotational joint. All wheels are passive and all joints are
active. We assume that a passive wheel does not slide in the
sideways direction and that the environment is flat. Although
the wheels do actually slide sideways and the model error is
caused, it was verified previously that the feedback controller
enabled the controlled variables to converge to the desired
value [5], [6] . Also, the risk of slipping sideways can be
reduced by applying a controller that considers the constraint
force of the wheels [22], [23] . I is the distance from the
anterior end of the link to the wheel axis, [, is the distance
from the posterior end of the link to the wheel axis, [,, is the
distance from the center line of a link to the center of a wheel,
and [, is the distance from the anterior end of the link to the
center of gravity of the link. Let ¥ = [¢1,- -+ ,9,_1]T be

$ : Yaw joint | Lifted wheel Wheelless link
@ : Pitch joint Passive wheel
N\ .
= nneef3) © . — .
Very small rotation T Side view Side view

Fig. 3. Lifting links and wheelless links.

the pitch joint angles of each link, and ¢ = [¢1,- -+, ¢dp_1]T
be the yaw joint angles of the links. The lifting links of
the snake robot are regarded as wheelless links of the two-
dimensional snake robot, and the grounded links are regarded
as the wheeled links (Fig. 3). Additionally, the pitch joint
angles are only used for switching of the grounded links and
we assume that 1) ~ 0 as shown in Fig. 3, i.e., that the motion
of the pitch joints does not affect the position and attitude of
the robot’s head and links, because we set the desired pitch
angle values to be small and the dynamic influence of the
motion of the pitch joints to be negligible. We therefore model
the lifting motion of the snake in three-dimensional space by
switching the wheeled link to the wheelless link in the two-
dimensional motion. Note that the pitch joint angles are not
explicitly included in the model.

Let w = [z, yn,0x]7 give the position and attitude of the
snake’s head, and g = [w7, ¢T]T be generalized coordinates.
The snake robot in this paper is represented as a hybrid system
that switches discretely because the grounded links switch, i.e.,
the velocity constraints are caused by the three-dimensional
motion of switching of the grounded/non-grounded wheels.
We assume that the time required to lift and ground the wheels
is infinitesimal. Let AT be the switching time period. The
system of the snake robot with switching constraints is then
expressed as

A, (q)w = B,(q)u

(T(t) = O, Vt € [tk,tk+1), M

where u = (b is the joint input, ¢ € M is the discrete
mode number, M = {1,2,--- N, }, and t, = kAT (k =
0,1,2,---) is the switching time. The mode o switches
instantaneously at ¢t = ¢y, and is retained while ¢, <1t < tj4.
In mode o, the passive wheel of the head link is removed
to control the position and attitude of the snake head at the
same time, and the number of non-grounded links m,, satisfies
(n —mg) > 3 to ensure the uniqueness of the solution of the
system [3].

By considering the first link to be wheelless and taking
n —mey > 3, N, is obtained as

Nm = nflcnfl + nflcn72 +---+ nflcS

n—1

> Gy )

Jj=3

where ;C; is the number of combinations from ¢ to j and
Gy = ﬁl]), The first link is wheelless and the robot can
select each of the other links to be wheeled or wheelless. (2)
is the number of combinations for selection of wheeled or
wheelless links.
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Fig. 4. The desired attitude of the head and the desired angles of all joints.

III. CONTROLLER DESIGN

We design a controller to track the path of the whole body of
the snake robot, as shown in Fig. 1. Let wg = (214, Ynd, Onal”
be the desired value of w. We assume that the desired attitude
of the head 04(t) and the desired angles of all joints ¢ ,(t)
to accomplish path-tracking at time ¢ are given as shown in
Fig. 4, i.e. where each joint is passing through the desired
trajectory. If w — wy and ¢ — ¢, are satisfied, then all
joints follow the same path as the head. Therefore, we set the
control objectives as follows:

1. The position and attitude of the head w — wy.

2. The yaw joint angles ¢ — ¢,.
Using the controller proposed in [3], [6], w will converge to
the desired trajectory. In contrast, the control of ¢ has not
been considered in the previous research.

In the case of the snake-like robot with the screw-drive
mechanism, all the robot’s joints can track the path of the
freely moving head because the robot can move omnidirec-
tionally and has a sufficient degree of freedom [13]. However,
the joint angles of the snake robot treated in this paper cannot
all converge completely to the reference path of the head,
because the robot has non-holonomic constraints caused by
the passive wheels and an insufficient number of inputs (i.e.
yaw joints) that can be used for locomotion. By lifting some
of the wheels, the robot generates kinematic redundancy and
increases the number of controllable joints, but the relationship
between the number of controlled variables and the number
of wheels means that more than three links must be touching
the ground [3]. Therefore, the robot cannot ensure that all
joint angles completely and simultaneously converge to the
reference.

In [6], we proposed a controller that uses “kinematic re-
dundancy” and “mode selection” by lifting up some wheels
dynamically, thus accomplishing both trajectory tracking of
the head and moving obstacle avoidance. This paper applies
the controller of [6] to the path-tracking of all robot joints.
Specifically, we approximately accomplish control objective
2 using kinematic redundancy and mode selection so that all
joint angles realize the desired motion as closely as possible.
The control strategy is shown in Fig. 5. Objective 1 and 2 in
Fig. 5 mean the control objective 1 and 2, respectively. The
controller consists of the joint input and the mode selection.
The joint input is the angular velocity of the yaw angles
of the robot, and the mode selection relates to a constraint
condition on the wheels. The joint input contains the kinematic
redundancy, and is like a parallel distributed controller for
each mode. The differences from the controller in [6] are the
joint input and the method of mode selection, and they occur

Objective 1
o1 Redundanc)

i | Selecting Xo__ U
mode O

Objective 2 :
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Objiﬂ

Mode 1 L
Mode 2 '\

Mode N,

Fig. 5. Control strategy.

because of the difference in the control objective.

A. Design of joint input u

In system (1), we set the input u as

u(t) = uy )
= Bl A {wq — K(w—wy)} + (I - BIB,),, (3)

where u, is the input for the o-th mode, B}; is a pseudo-
inverse matrix of B,, K > 0 is the feedback gain, and {br is
the velocity input for kinematic redundancy.
By substituting (3) into (1), the closed-loop system is
expressed as
A {e+ Ke} =0, 4)

where e = w — wy. If the matrix A, is of full column rank
(i.e., the robot does not have a singular configuration), then
the solution is guaranteed to be unique. The solution of (4) is
given as

e+ Ke=0, (5)

and w converges to the desired trajectory w,. Note that (5)
is independent of the mode o. The state variable w to be
controlled converges on its desired vector w, exponentially,
and does not depend on the switching constraints unless the
robot attains a singular configuration.

The second term on the right-hand side of (3) expresses
the kinematic redundancy, and approximates ¢, as closely as
possible by designing ¢, as follows [24]:

b, = by — K. (¢ — ¢,), (6)

where K, > 0 is a gain for redundancy.

B. Mode selection by designing o

We consider the reduction of the path-tracking errors of
all joints by selecting an appropriate mode o. We use three
conditions in [6] for static stable locomotion under the effects
of the switching modes. At t = t, let c(tx) be the set
of grounded links, C(t;) be the center of gravity of the
whole body of the snake robot, and P(q(tx);c(tx)) be the
supporting polygon area constructed by the passive wheels of
the grounded links. We introduce the conditions

Cca(tr) € P(q(tr); c(ty) Ne(tr-1)) @)
Calt) € P(qt);c(ty)), tr <t <trs (8)
E(t) > co, th <t <tpp, )
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where k(t) = det(flz(t)fla(t)), ¢s is a minimal positive value,
and ég, k, and q are the estimated values of Cg, k, and
q, respectively. The estimated value q is calculated according
to (3) and the solution of (5), and C’G and k are calculated
using q. The condition (7) means that the center of gravity of
the robot is contained in the supporting polygon constructed
by the common grounded links (c(tx) N ¢(tx—1)) before and
after switching. Condition (8) means that the snake robot is
statically stable while ¢, < ¢ < tx41. The static stability of
the snake robot’s gait is ensured, and impractical switching
(e.g., where all the grounded links are switched to lifted links
or vice versa) is avoided by introducing conditions (7) and
(8). Condition (9) means that /L, has full column rank, i.e.,
the snake robot does not attain a singular configuration while
te <t <tpg1.

Next, we consider a cost function V' (¢) for selection of the
correct mode. We set the position of the ¢-th joint and its
desired vector to p; and p,, € R?, respectively, at time . p; is
geometrically calculated using w and ¢, and p,; is computed
from wy and ¢,;. We set the norm of the positional error of

joint i to f; = ||p; — pygll € RY and f = [f1, fo,---, fu] €
R"™. Then, the cost function V is calculated as
Vi) =If®)ll (10)

We set V,(t) to be the value of V(¢) in mode o, and formulate
the decrease in V' as a finite-time optimal mode selection
problem at ¢ = tj:

(1)

min V, (tpi1)
subject to Egs.(7), (8) and (9)

where Va(tkH) is the estimated value of V, at t = {11 =
tr + AT, and o should be selected as the optimal mode
that attains the minimum value of (11). The optimal control
problem (11) is solved at ¢t = t, and oy, is selected as o(t)
at t < tg4+1. op is calculated based on a full search of all
combinations of the switching mode. Specifically, we set 0 =
oy € M at t = t, calculate the estimated value ng (tk+1)s
and select the optimal o as 0. We can expect V' to decrease
by selecting the mode according to (11).

IV. SIMULATIONS

Simulations were carried out to demonstrate the effective-
ness of the proposed controller. We consider a six-link snake
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Fig. 7. The desired path and the initial posture.
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Fig. 8. The paths of the joints in the simulation.

robot where [y = I, = I; = 0.088 m and [, = 0.043 m,
and we set the relationship between the various constraint
situations and the mode number as per Fig. 6. We use a
serpenoid curve [1] as the desired path. The curvature x of a
serpenoid curve can be represented as

k(s) = —2maT sin (27T's) , (12)

where s is the arc length of the curve, T is the period of the
curve, and the winding angle « is defined as the maximum
angle between the body shape and the direction of movement
[25]. By integrating (12) with respect to s, the x, y coordinates
of the serpenoid curve are obtained as follows:

v(s) =v(0)+ /OS k(s)ds, (13)
x(s) = z(0) + /(: cosv(s)ds, (14)
y(s) = y(0) + /OS sinv(s)ds. (15)

We then set the parameters of the serpenoid curve to o = 1
rad, T = 1.5, z(0) = y(0) = 0, v(0) = «, and s = 0.0075t¢,
and calculate the desired position (2pq4,ynq) according to
(12)—(15). We set the initial position of each joint to lie on
the serpenoid curve, as in Fig. 7.

Obtaining 6,4(t) and ¢,(t) when all joints are on the
serpenoid curve requires the solution of complex nonlinear
equations, and the computational load makes it difficult to ob-
tain an accurate solution in real time. Accordingly, we assume
that the head of the robot tracks the desired position (x4, Yna)
completely. 6,,4(t) and ¢,(t)can be obtained by using a
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Fig. 9. The norm of the positional error of joint f; in the simulation.

bisection search method [26]. In this paper, we obtain 6,,(t)
and ¢,(t) using a bisection search in off-line calculations
based on the desired trajectory of the head (zpq(t), yna(t)),
and prepare a look-up table of these values. The table has 04
and ¢ for each sampling time of simulations and experiments.
0rq and ¢, can be obtained by using the table at each sampling
time. Additionally, we define K =2, K, =1, and AT =2 s
as the controller parameters for the simulations.

Case 1 uses a fixed mode (0 = 1) without switching, and
Case 2 uses the proposed controller. Fig. 8 shows all paths
of the joints, Fig. 9 shows the norm of the positional error of
each joint f;, and Fig. 10 shows the time responses of the joint
angles, where the broken line indicates the reference path.

In Case 1, the path of the follower joints departs from the
desired path, as shown in Fig. 8 (a), and the f; value of the
rear links was larger than that of the forward links, as shown in
Fig. 9 (a). In contrast, in Case 2, f; was lower when compared
with Case 1, as shown in Figs. 8 (b) and 9 (b). From Fig. 10,
we see that the joint angle in Case 2 remains closer to the
reference path than that in Case 1.

Additionally, we consider the case where the number of
links of the robot increases. If we apply the controller to the
actual robot, the number of links that the pitch joint can lift
has a limit because the actuator has a torque limit. Therefore,
inappropriate modes should be excluded by considering the
limit to the number of links that the pitch joint can lift. We
consider the case where n = 8 and exclude the inappropriate
modes where more than three consecutive wheels are lifted.
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Fig. 10. Time responses of the joint angles in the simulation.

Thus, the number of modes becomes 67. Fig. 11 shows
simulation results for n = 8. It was found that the robot could
achieve approximate path-tracking of all joints by selecting
the appropriate mode. Although the inappropriate modes are
excluded, the path-tracking error of all joints is low because
the number of modes is sufficiently large.

As a result, we found that the robot could achieve a
reduction in the path-tracking error of all joints using the
proposed controller with optimal switching.

V. EXPERIMENTS

Experiments were carried out to determine the effectiveness
of the proposed control strategy. The experimental system
is shown in Fig. 12. The snake robot has links on which
the passive wheels and the pitch joints are mounted, and
the links are connected by yaw joints, where ¢, l, I, and
l, are as they were in the simulations. The pitch and yaw
joints use Dynamixel MX-64R (ROBOTIS, Irvine, CA, USA)
actuators. The yaw joints are used for propulsion in the x,y
plane and correspond to ¢; in Fig. 2, and the pitch joints are
used to switch modes. The real-time position and attitude of
the robot’s head w were measured by OptiTrack, an optical
motion-capture system with tracking software (NaturalPoint,
Inc.), and the real-time joint angles ¢ were measured by
the absolute encoder in the Dynamixel MX-64R. All joint
positions were geometrically calculated using the measured
values of w and ¢. A PC was used to calculate the input and
control the actuators of the robot according to the proposed
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controller, and the PC and actuators were connected with a
daisy chain via an RS485 interface.

A. Implementation of switching constraints [6]

Switching constraints are generated by the motion of the
pitch joints of each link, as discussed in [6]. Fig. 13 shows
a model of the lifting motion of the snake robot. Let 1); be
the angle of the pitch joint of the ¢-th link and ;4 be the
desired value of ;. The wheel of the i-th link can be lifted
using the pitch joints of the 4,7 — 1,7 + 1-th links. We set
;4 according to Table I to switch modes depending on the
constraint conditions (grounding/lifting) of the i,7 — 1,4+ 1-th
links, where € is a small value that satisfies the assumption
1 ~ 0 mentioned in section II. Using a proportional-integral
controller, we set the angular velocity of the pitch joint ; as:

i = —Kp(s — i) — K1 / (W — bia)dt,  (16)

TABLE I
CONSTRAINT CONDITIONS AND ;4.
[é-thlink [ (¢ —1)-thlink [ (¢4 1)-th link [ tiq |
grounded lifting lifting 2¢
lifting grounded €
grounded lifting €
grounded grounded 0
lifting lifting lifting 0
lifting grounded —€
grounded lifting —€
grounded grounded —2€
(i—1)thlink  #-thlink (i +1)-th link

S A
¢ - Yaw joint | M f !
&

: Pitch joint

Fig. 13. Model of lifting motion using pitch joints [6].

where Kp, K > 0 are the feedback gains.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

We set ¢(0), wg, ¢,y AT, and the gains to be equal to
their respective values in the simulations, and fixed Kp = 4,
K; = 0.1, and € = 7/200. Case 1 again considers a fixed
mode (o = 1) without switching, and Case 2 uses the proposed
controller.

Fig. 14 shows all paths of the joints, Fig. 15 shows the
motion of the robot, Fig. 16 shows the norm of the positional
error of each joint f;, Fig. 17 shows the time responses of the
joint angles, Fig. 18 shows the time responses of w and o in
Case 2, and Fig. 19 shows the time response of e = w — wy
in Case 2, where the broken line is the reference path.

From Figs. 14 (a) and 16 (a), we can see that the path of
the rear joints departed from the desired path in Case 1, and
that f; of the rear links was larger than that of the forward
links, particularly in the sixth joint, which had the maximum
value of 0.19 m. In contrast, in Case 2, f; was reduced when
compared with Case 1, and the maximum value was 0.12 m
in the sixth joint, as shown in Figs. 14 (b) and 16 (b). From
Fig. 17, we can see that the joint angle in Case 2 was closer to
the reference than in Case 1. As shown in Fig. 18, w tracked
the reference path. However, from Fig. 19, it can be seen that
the errors in x;, and y;, became larger for ¢ € [86, 88] s. We
believe that the errors in x;, and y; are modeling errors caused
by the wheels sliding to the side in spite of the assumption that
the wheel does not slide in the sideways direction. Moreover,
fa and f were larger for ¢t € [86,95] s in Case 2. If the
errors of xj and y; increase, the first term of the input (3)
increases to make the errors converging to zero. In contrast to
the second term of (3), the first term sometimes increases f;.
We believe that the cause of this increase in f; is the first term
which makes the errors in x;, and y;, converging to zero. If the
robot reduces its head error by reducing the wheel-slide, then
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Fig. 14. Paths of the joints in the experiment.
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Fig. 15. Motion of the robot in the experiment.

we could expect to obtain the same results as we obtained in
the simulations.

The value of o switched dynamically, as shown in Fig. 18.
Mode 16 was never selected. We believe that the reason for this
is that the wheels of only the rear three links touch the ground
in mode 16 and the robot cannot maintain static stability during
motion based on the serpenoid curve. From Fig. 18, it was
found that impractical switching could be avoided at each
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Fig. 16. Norms of the positional errors of the joints f; in the experiment.

switching time because of conditions (7) and (8). For example,
in the case of switching from 017 = 11 to 012 = 1 at t = 24,
the common grounded links before and after switching are
the second, fifth, and sixth links, and we find that the robot
selected the mode when the supporting polygon P became
larger to satisfy (7). Fig. 20 shows the time responses of d
and lAc, where d is the minimum distance between the center
of gravity of the robot and the supporting polygon. We can
see that d and k jumped at each switching time but did not
become zero, although the minimum value of d is 0.002 m.
This means that the robot was statically stable and did not
become a singular configuration. Thus, it was confirmed that
conditions (8) and (9) worked well.

As a result, although the effect was smaller than that in the
simulations, it was found that the robot could reduce the path-
tracking errors of all joints using the proposed control method.
The proposed method is both effective and significant because,
unlike traditional controllers, it can approximately track the
paths of all of the snake robot’s joints.

In the case of locomotion in a real environment, e.g., where
the snake robot is operating in a narrow space, the pre-
calculated ¢, used in this paper is not applicable, because the
trajectory of the robot’s head changes as necessary. The real-
time calculation of ¢, which is obtained by solving nonlinear
equations for the path of the head, is difficult because of the
computational load. This problem can be solved by applying a
discrete approximation method for a continuous curve [17] to
the calculation of ¢,. However, when this approximate method
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Fig. 17. Time responses of the joint angles in the experiment.
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Fig. 18. Time responses of w, o in the experiment (Case 2).

is used to calculate ¢, it becomes difficult to separate the
path-tracking error caused by the proposed controller from that
caused by the approximate method. Therefore, we carried out
simulations and experiments using a look-up table of accurate
values of ¢, to demonstrate the path-tracking error that is due
solely to the proposed controller.

Any increase in the number of links leads to a large increase
in the computational cost of mode selection, making it difficult
to apply the proposed controller to a robot that has more than
seven links, as discussed in [6]. In future work, we will aim
to reduce the calculation costs of this system.

VII. CONCLUSION

This paper has presented an approximate path-tracking
controller for all joints of a snake robot. We designed the
controller to reduce the path-tracking errors of all joints by
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Fig. 19. Time response of w — wy in the experiment (Case 2).
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Fig. 20. Time responses of d and k in the experiment (Case 2).

tracking the trajectory of the robot’s head using kinematic
redundancy and mode-switching. Simulations and experimen-
tal results demonstrated the effectiveness of the proposed
controller.

Further studies are required to reduce the calculation time
for the mode selection process, to apply a real-time method
to the calculation of the desired angles ¢, and to expand the
control method to three-dimensional environments.
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