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Path Tracking of a Cable-Driven Snake Robot
With a Two-Level Motion Planning Method

Lei Tang, Jie Huang, Li-Min Zhu

Abstract—Due to high degree of freedoms (DOFs), mo-
tion planning of the cable-driven snake robot is challenging
and usually tackled by the iterative Jacobian-based method.
This iterative method adopts discontinuous velocity and tol-
erance to determine intermediate poses, which deteriorate
the tracking performance of robots. In this paper, a two-
level motion planning method is proposed to schedule the
motion of cable-driven snake robot owning a serial-parallel
hybrid structure. First, kinematics model of the robot among
actuators, joints, and end effectors are introduced. Second,
in the upper level, a jerk-bounded algorithm is employed to
plan the position, velocity, and acceleration profiles of the
end effector for a given path, whereas in the lower level,
the joint angles and cable length changes are calculated by
the inverse kinematics of the robot according to the posi-
tion and velocity profiles of the end effector from the up-
per level. Therefore, the iterative process is eliminated by
the presented method, which enhances the tracking perfor-
mance and motion smoothness of the robot. Finally, simula-
tions and experiments on a 24 DOFs snake robot prototype
demonstrate the effectiveness of the presented method. Ac-
cording to the experimental results, the two-level method
improves the repeatability and accuracy of the prototype by
about 60% and 6%, respectively, compared with the iterative
method.

Index Terms—Cable-driven, kinematics, motion planning,
path tracking, snake robot.

[. INTRODUCTION

EVELOPMENTS of cable-driven snake robots have
D surged in recent years, for their advantages over traditional
industrial robots such as flexibility and capability of conducting
operations in confined environments [1]-[4]. Larger numbers
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of DOFs make them own the potential use in inspection and
maintenance of intricate situations and instruments. For exam-
ple, Dong et al. [1] designed a cable-driven continuum snake
robot for on-wing inspection/repair of gas turbine engines. A
snakelike robot was implemented to automatically charge for
electric cars by Tesla [3]. Some cable-driven snake arm sys-
tems have been developed for inspection and maintenance in
aircraft wings [5], nuclear reactors [2], [6], [7], and pipelines
[8]. Cable-driven snake robots can also be used for minimally
invasive surgical instruments [9]-[13], such as the famous da
Vinci Surgical System [14].

The cable-driven snake robot has the ability to slither into
narrow or confined space to do inspection owing to slender
structure, high DOFs, and dexterity. However, the hybrid serial—
parallel structure and the high DOFs make the inverse kinemat-
ics and motion planning of such robot quite difficult [15]-[18].
For high DOFs serial mechanism, the closed-form inverse kine-
matics is difficult, while the differential inverse kinematics is
convenient.

Based on the differential inverse kinematics, the iterative
Jacobian-based method [19]-[22] is generally utilized to control
the motion of cable-driven snake robots [23]-[26]. This method
iteratively generates the displacements of actuators at next mo-
ment. By repeating this process until the difference between the
current and desired positions of the robot is less than the given
tolerance, the robot ceases or moves to the next target point.
The tolerance leads to tracking errors of the robot. Moreover,
as addressed in [21], the position of the end effector is directly
interpolated, which may give rise to errors and velocity fluc-
tuations that deteriorate the tracking accuracy and make tasks
difficult when the end effector of the robot is equipped with
cameras, grippers, or laser cutters.

In order to make the end effector keep track of desired path
accurately, many efforts have been made [27]-[31]. In general,
feedforward control is usually used to compensate the friction
of robot joints [27]. Besides, feedback control is also utilized to
improve the accuracy of robot. However, with the increase of
the number of axes, it becomes less effective for reducing track-
ing errors by feedback control of individual axis [28]. Thus, the
cross-coupled control is employed for multi-axes robot [32].
As discussed in [28], with the increase of the number of axes,
this method can be very complicated. A more commonly used
and easy way 1is to plan the velocity of the end effector of the
robot. To reduce the impact on the hardware, the interpolation
method is generally adopted to ensure that the position, velocity,
and acceleration profiles of the desired trajectory are smooth.
Tang and Robert [28] discussed the selection of the above ap-
proaches according to the requirements of precision and travel
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speed range. If high contour precision and high speed of end
effector are required, the cross-coupled control can be used. If
the speed is low, the interpolation and feedback control are pre-
ferred. It should be noted that, although OC robotics, a General
Electric Aviation company, has reported a commercial cable-
driven snake robot, it generally moves at a low velocity without
providing any report of trajectory planning method. In the liter-
ature, there is still rare study to handle the velocity discontinuity
of cable-driven snake robots.

In summary, motion planning for the cable-driven snake
robot is challenging due to the high DOFs and multi-level
relationships among the motors, cables, joints, and end effector.
The commonly used iterative Jacobian-based method [19]-[23]
generally results in the problem of velocity discontinuity.
Although some interpolation methods [21] have been recently
employed to plan the position profiles of some robots, tra-
jectory planning for the cable-driven snake robot to improve
its tracking accuracy and motion smoothness has not been
achieved. Therefore, this work is motivated and contributed to
develop a two-level motion planning method for the accurate
path tracking of the cable-driven snake robot with experimental
validation. In the upper level, the position, velocity, and
acceleration profiles of the end effector are planned ahead
with a jerk-bounded algorithm. Thus, the problem of velocity
fluctuation by the traditional iterative Jacobian-based method
can be improved. However, in the lower level, the motor control
inputs and joint angles are calculated by the inverse kinematics
of the cable-driven snake robot according to the position and
velocity profiles from the upper level. Therefore, the tolerance
which is essential in the iterative method is unnecessary, which
further improves accuracy of the robot. Moreover, the velocity
and acceleration profiles of the end effector, which make the
motion of the robot smoother, are taken into consideration.

The rest of the paper is organized as follows. Section II briefly
generalizes the design and kinematics of the cable-driven snake
robot. The iterative Jacobian-based motion planning method
and problems of this method are presented in Section III. To
solve these problems, a two-level planning method is devel-
oped. The velocity and acceleration profiles of the robot are
planned in advance with the jerk-bounded algorithm, which is
also introduced in Section III. Simulations of these two methods
are implemented on the cable-driven snake robot for tracking
square paths. The simulation results are presented in Section IV,
in which the tracking accuracy and motion smoothness are dis-
cussed. Section V describes the prototype platform and control
system of the snake robot. Experiments are conducted on that
platform with the help of a laser motion tracker. Section VI
concludes this paper.

Il. CABLE-DRIVEN SNAKE ROBOT

The cable-driven snake robot system is briefly presented here.
For detailed information, the reader may refer to [15]. A two-step
inverse kinematics of the cable-driven snake robot is developed
to lay the foundation for its motion planning.

A. Overview of the Robot System

The cable-driven snake robot presented in this paper has 24
DOFs. The prototype in Fig. 1(a) is composed of the robotic

(a) ' (b)

Fig. 1. Prototype of the developed cable-driven snake robot: (a) Front
view. (b) Rear view.

manipulator and external actuation system. The manipulator
with a length of 1235 mm and a diameter of 45 mm has 12 sec-
tions, and consists of joints, links, and actuation cables. All the
sections are modular and equipped with two perpendicular inter-
sected revolution joints. To reduce weight, all the components
have central holes that allow electrical wires to go through. As
shown in Fig. 1(b), the manipulator is driven by motors through
cables. The motors and control system are at the rear of the robot.
Thirty-six motors (Maxon EC-MAX30) and 36 EPOS2 cards
are integrated into the actuation mechanism of the robot, which
makes the control desk of the robot quite compact. The power
distribution cabinet supplies electricity for all components.

B. Kinematics of the Cable-Driven Snake Robot

The cable-driven snake robot consists of driven cables, joints,
and end effector. The lengths of cables, rotation angles, and the
position and orientation of the end effector are notified as actua-
tor space, joint space, and task space, respectively. The product
of exponentials (POE) formula is utilized to establish the kine-
matics among above spaces. Forward and inverse kinematics of
the snake robot are presented below.

® Forward kinematics

The forward kinematics is to construct cascaded models from
the actuator space to joint space and joint space to task space.
Since the model from actuator space to joint space is unneces-
sary for the development of two-level method, we only present
the model from joint space to task space. The modular design
of the robot ensures that each section has the same structure.
Thus, the coordinate frames can be set in the same way as
shown in Fig. 2. Each section can be viewed as a parallel mech-
anism. In order to describe the relationship between adjacent
sections, local POE [33] is utilized. The spatial frame is aligned
with the lower platform of the section. The twists of the joints
in this section are listed in Table I.

TY and TX denote the twists of rotation about Y;, and
X1, respectively. TI is the twist of initial transformation. The
transformation matrix can be determined by (1), in which «; and
0; are the angles rotated about axes Y;, and X, respectively.
The initial distance between the lower and higher platforms is
|OO,| = 2h. All the links are designed modular and they have
the same length, denoted by L. The number of sections is n.

A A

A
. i-1 il g il
T = efui Gietni il 1 =2.3,...,n
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Fig. 2. Coordinate frames establishment of the snake robot.
TABLE |
PARAMETERS OF LocAL POE
Description Symbol Value
TY in local frame &' (0,1,0,0,0,0)7
TX in local frame 5221 (l,O,O,O,O,O)T
Tlin local frame &L, 7  (0,0,0,0,0.2h + L)"
TABLE Il
PARAMETERS OF GLOBAL POE
Description Symbol Value
TY in world frame &, ; (0,10, —(i — 1)(2h + L),0,0)"

(1,0,0,0, (i — 1)(2h + L),0)"
(0,0,0,0,0, (n — 1)(2h + L))"

TX in world frame 5?;71

i—1
Eeti

TI in world frame

The global POE [33] is utilized to establish the relationship
between the joint space and task space with the world frame
coincided with the lower platform of the first section. Thus,
the twists of the ith section can be denoted in Table II. With the
above parameters, the POE formula from the first joint to the
end effector of the robot is (2).

A

i 1 "
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® Inverse kinematics

The robot owns a hybrid structure: the 12 sections are con-
nected in a serial manner, and each section is a parallel mecha-
nism. Specifically, each section is a four-chains parallel mech-
anism consisting of three spherical-prismatic—spherical (SPS)
chains and a universal joint chain (3-SPS-U). Thus, the inverse
kinematics of the robot can be solved by two steps. In the first
step, the differential inverse kinematics denotes the relationship
between the infinitely small changes of the end effector and
the joint angles. In the second step, with the known joint angles,
the cable length changes (CLCS) can be solved analytically. The
differential relationship between changes of the end effector and

the joint angles can be described as (3).
dx = J,d6. (3)

The position vector of the end effector is z, and the vector of
the joint angles is 6. Hence, J}, is the velocity Jacobian matrix of
x with respect to #, and can be calculated as follows. At first, the
spatial Jacobian of the end effector J; is calculated. By taking
partial derivative of (2) with respect to joint angles, the spatial
Jacobian matrix can be obtained as (4), in which each column is
the instantaneous twist obtained by adjoint transformation (Ad)
of the initial twist which can be calculated as (5).

J(0) = [} &l & & &, @

A A N A
6;; — Ad (efll/la'eg.xl'lgl e eg,rlulo"leé;}:zlﬂll> g;l

A A A A
¢l = Ad (ef;lmefl' B gbriai Bicigly al) 139 (5)
Ad in (5) is the adjoint transformation that is usually acted
on a twist £ by a homogeneous transformation matrix g. For a
g expressed as in (6), the adjoint transformation can be denoted

by (7).

R b
9=1or (6)
R 0
Ad(g)€ = | A 3 (7
bR R

where R and b are the rotation matrix and translation vector of
g, respectively.

However, the spatial Jacobian is different from the veloc-
ity Jacobian. The position of the end effector in the spa-
tial world frame is denoted as Ps;. The spatial velocity is
VE = [(ws)" (=w?, x Py + Py)"]", and the velocity of the
end effector is V2 = [(w?,)” (Py;)"]". The translation velocity
of the spatial velocity has been coupled by the rotation velocity.
Therefore, the relationship between them is expressed as (8).
Thus, the end effector velocity Jacobian can be computed by

9).
I P,
vi= [0 v ®)
0 Iys
I _Ae
Jo=| 0 ©
0 R

The differential inverse kinematics model between the posi-
tion of the end effector and the joint angles can be calculated by
(10) by combining (3)—(9).

do = J, 'dz. (10)

However, inverse solution of (10) may have the problem of
singularity. To avoid singularity, the damped least square method
[34] is utilized, which can be represented by (11)

d0 = WIL (W JIL + Mgwe) ' da (11)

where W is the weigh matrix, and is set as the identity matrix
of size 24. X is a positive damping constant with the value of 1.
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In the second step, the relationships between changes of the
joint angles and lengths of cables should be calculated. The
three cables driving the kth (“k = 1, 2, ..., n”) section are
distributed circumferentially with an interval of 120 degrees.
The angle between the jth (“j =1, 2, ...,3”) cable and the X
axis of the world frame of the ith ("¢ = 1, 2, ..., k” ) section
is ¢; j. Thus, §; j+1 = J; ; + 2w /3. All the connection points
between the cables and the disks are on a circle with a diameter
of . With the above definitions, the coordinates of the connect
points between the jth cable and the distal disk of ith section
is P, j = (rcosd; ;,rsiné; ;,0,1)T. The corresponding point
'P; ; is the connection point between jth cable and the proximal
disk of the next section with its coordinate being P, ; = T
P; ;. Therefore, the length of the cables between the upper and
lower disks is L; j = ||'P; ; P ;||. Given all the joint angles
O(t) = (a1, By i, Biy ooy, 3)T, the length of the jth
driven cable of the kth section can be determined by (12).

k
Ly ;(0(t) = > |Pj'Pj| + kL.

i=1

12)

The lengths of cables can be represented by the joint angles in
a closed-form way of (12). Therefore, with the incremental and
current joint angles (Af and 0(t)), the value of the joint angles
of the next moment 6(¢ + 1) can be updated. A represents the
subtraction between the related values at the moments of ¢ + 1
and t. Given the joint angles of two adjacent moments, the
change of cable length AL, j can be determined by (13).

ALyj = L j(0(t41)) = Ly 5 (6(2)). (13)

lll. Two-LEVEL MOTION PLANNING METHOD OF
CABLE-DRIVEN SNAKE RoBOT

The iterative Jacobian method is commonly used to plan the
motion of the snake robots. Although it is convenient to use, its
iterative process generally makes the velocity of the end effector
discontinuous, which impacts the whole system, including the
joints, cables, and motors. Moreover, the tolerance in the process
deteriorates the tracking accuracy of the robot. Thus, a two-level
motion planning method is developed to enhance the accuracy
and smoothness of the motion of the cable-driven snake robot.
In this section, first, the iterative Jacobian method is introduced.
Second, the problems of this method are discussed. Third, the
two-level motion planning method is presented.

A. lterative Jacobian-Based Motion Planning Method

For a defined path, the Jacobian-based iterative method is a
common and convenient method to generate motions for path-
tracking tasks. As for the cable-driven snake robot, the control
inputs of cables and motors should also be taken into consid-
eration along with those of the joints. The detailed steps are as
follows [35]:

Inputs: Current joint angles 6., target positions P, and
orientations R;, tolerance of the positions and orientations
SP and SR, control period 7.

Outputs: Changes of driven cable lengths and control inputs
of the motors.

Step 1: With the current joint angles .., the current position
P. and orientation R, of the end effector are calculated
according to (2).

Step 2: Calculate the position error dp = P, — P, and the
orientation error dr = rot~'(u, ¢), in which rot(u, ¢) =
R;(R.)T, and 11 and ¢ are the axis and angle of the orien-
tation difference between R, and R;.

Step 3: If dp < SP and dr < SR, go to step 1; else, go to
step 5.

Step 4: If the current target point is the last one, exit the
loop; else, go to step 9.

Step 5: Calculate the expected velocity & = [w,v
The linear and angular velocities are v = ky * (dp/||dp||)
and w = ky xrot ' (u, ®), respectively. ki and K
are constants with their value of 0.75 and 0.5,
respectively.

Step 6: Calculate the Jacobian of the current moment ac-
cording to (4)—(9), and the joint velocity can be determined
according to (11).

Step 7: The joint angles of the next moment are updated
by O(t+ 1) =6(t) + A =T, in which T is the control
period.

Step 8: The CLCS can be obtained according to
(12)—(13) with the known joint angles of the current and
next moment.

Step 9: All the variables of the current moment are updated
by the next moment and go to step 1.

In the iterative Jacobian-based method, whether the end ef-
fector reaches the desired point is determined by the position
and orientation errors and the tolerance. If the errors are smaller
than the tolerance, then the velocity of the end effector should
be set as the initial value, and all the above process should be
repeated until the end effector reaches the last desired point.
Usually, the iterative Jacobian-based method only does some
interpolation of the position, or uses constant velocity for the
end effector as discussed in [21]. Such simple process gives
rise to inaccuracy to the end effector, and makes the motion of
the motors and joints unsmooth.

I”.

B. Problems of Iterative Jacobian-Based Method

There are mainly two problems of the iterative Jacobian-based
method, namely motion inaccuracy and trajectory discontinuity.
First, the tolerance cannot guarantee that the end effector reaches
the desired point, leading to inaccuracy to the robot. Especially
when the trajectory has many via points, the error of the last
segment will be accumulated to the next one. For example, when
the snake robot follows a square trajectory, the tracking errors
types vary with the tolerance. When the tolerance is large, there
are two undesirable situations: (1) The robot moves towards the
next desired point while it has not reached the current desired
point, as shown in Fig. 3(a). (2) The robot passes the desired
point and move towards the next one. The actual trajectory
under this condition is similar to Fig. 3(b). However, when the
tolerance is too small, the robot oscillates around the desired
point. Second, the robot approximates the target point in an
iterative way, which makes the velocities of the end effector
fluctuate. These velocity fluctuations will transmit to the joints,
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= = = Desired trajectory

Actual trajectory

Fig. 3. Different error types caused by tolerance. (a) Tolerance is big.
(b) Tolerance is small.

cables, and motors, which deteriorates the tracking performance
and shortens the life of the snake robot.

C. Two-Level Motion Planning Method

A two-level motion planning method is developed to elim-
inate the inaccuracy and velocity discontinuity generated by
iterative Jacobian-based method. Usually, the snake robot has
many actuator motors, and slithers into the complicate terrain at
low speed. According to the principles presented by Tang and
Robert [28], in this scenario of so many axes and low speed,
the advance interpolation of the velocity of the end effector is
more useful. Hence, in the upper level, the position, velocity,
and acceleration profiles of the robot are determined with the
jerk-bounded algorithm. In this algorithm, in order to follow
the path smoothly, the rest-to-rest jerk-bounded trajectory is ap-
plied to each line of the path. It is worthy of mentioning that
many trajectories, such as the jerk-bounded trajectory (i.e., the
double S curve) [36] and jounce-bounded trajectory (jounce
is the derivative of the jerk with respect to time) [37], can be
used to plan the position of the end effector for the snake robot.
Without losing generality, we employ the commonly used jerk-
bounded trajectory in this work to verify the effectiveness of the
developed two-level motion planning method.

Remark 1: Tt should be noted that the concept of two-level
path tracking has been developed in the field of industry robots
and machine tools, where an explicit inverse kinematics solu-
tion is generally required. However, this condition cannot be
satisfied, if not impossible, for the cable-driven snake robot,
which has a parallel—serial hybrid structure and hyper-redundant
DOFs. Therefore, we first investigate the serial and parallel
mechanism of the cable-driven snake robot and develop the kine-
matics model in three spaces, i.e., actuator space, joint space,
and task space. In this sense, we can solve problem of the in-
verse kinematics from the task space to the actuator space by
combining the differential and analytical kinematic analysis of
the serial and parallel structure, respectively.

We use piecewise polynomial trajectories to follow the spec-
ified path in task space. The adopted trajectory is time-optimal
in the sense that in any time instance the velocity, acceleration,
or jerk attains its corresponding limit, as depicted in Fig. 4. The
path in this paper is a square with a side length of 120 mm. Since
the tangent at the vertex is discontinuous, the velocity at each
vertex should be zero. In (14), jmax 1s the specified maximum

,I max|
""llbl * .
0 ~ Ymax v
l" / \\ M
Vi 7.:/ ‘\‘
0
\‘ "
. .
\‘ "
Y .
. .
\ .
A max
']mm
t, t, t, ts ty | ts | t4

Fig. 4. lllustration of jerk-bounded trajectory.

jerk; ty,t,, and t3 are the durations for non-zero jerk, for constant
acceleration, and for constant velocity, respectively. The nota-
tion || || is the Euclidean distance in task space. By integrating the
jerk, the acceleration a(t), the velocity v(t), and the displace-
ment s(¢) can be obtained. For a rest-to-rest trajectory, we have
the boundary conditions as in (15). T' = 4t + 2t, + t3 is the
total duration of the trajectory, which is also the control period.
Buffers and control strategy are utilized to make sure that all the
36 motors move synchronously in a control period. The control
strategy takes about 120 ms to check the state of the motors and
buffers. In this work, we set the control period of 150 ms. Ac-
cording to the boundary conditions, the maximum acceleration
amax and the maximum velocity vnax, the time parameters i,
t>, and t3 in (14) can be determined. The detailed discussion
and formula derivation of the different trajectories can be found
in [36]. After determining the time parameters of the trajecto-
ries for each line, the velocity at the jth control period can be
obtained as v(jT"). Once the velocities at all control period are
determined, the reference points can be determined as (16).

jmaxa S t < tl
07 tl S t < t] + tz
7jmax, ti+th <t< 2t1 + 1

j () =40, 2+t <t <2y 4ty + 13
—Jmax, 201+t +13 <t <3t +1t+ 13
0, 3ty + by +t3 <t <3t + 2t 4+t
Umax, 3t + 2t +13 <t < 4t + 2t + 13
(14)
a(0) =a(T)=0;v(0) =vs;v(T) = v,
s(T) = s(0) = [[Ps1 — B (15)
P(j+1)=P()+v (jT)TM. (16)
[Prs1 — Bl

With all the positions and velocities of the reference points
known, the established two-step inverse kinematics can be em-
ployed to determine the joint configurations and CLCS in each
control period. The control inputs are given to the motors to
drive the robot to follow the specified path. The flowchart of the
two-level method is given in Fig. 5.
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‘ Input: target positions, Vimax, dmax /max and control period 7 ‘

|

|

|

I The first step: Calculate the joint angle by the differential
: inverse kinematics of the serial structure according to (3)-(11)
|

|

|

|

|

v

The second step: Calculate the length changes of driven cables by
the inverse kinematics of the 3SPS-U mechanism according (12),(13)

‘ Convert the CLCS to the control inputs of actuate motors ‘

Fig. 5. Flowchart of the two-level motion planning method.

IV. SIMULATION OF THE ITERATIVE AND
Two-LEVEL METHODS

Simulations are performed on the MATLAB platform to il-
lustrate the problems of the iterative method and the advantages
of the developed two-level method. In these simulations, the end
effector of the snake robot follows a square trajectory with a side
length of 120 mm. The tracking errors, the velocities, and ac-
celerations are calculated to evaluate the tracking performance
and motion smoothness of the robot.

Remark 2: We should mention that we focus on the path-
tracking planning for the cable-driven snake robot to improve
its tracking accuracy and motion smoothness. The path is
predefined in this work. Without losing generality, we use a
120 x 120 mm square path to validate the effectiveness of the
presented two-level method.

A. Simulation Trajectory Results of the Two Methods

First, the snake robot is simulated to track the given square
trajectory by the iterative method. Fig. 6(a) shows a schematic
description of the square trajectory tracking on the MATLAB
platform. To show the influence of the tolerances in the iterative
method, we perform two simulation trials with different toler-
ances (i.e., 2.5 and 0.6 mm) when the velocity profiles of the
robot are the same (Fig. 6(b)). In Fig. 6(c) and (d), the simulation
results indicate that the tracking performance of the robot relies
on the values of the tolerances in the iterative method. Detailed
tracking errors of these two simulations will be analyzed and
discussed in the following sections.

Second, the simulated robot follows the same square trajec-
tory by the developed two-level method. The maximum velocity
and acceleration of the two-level method are set the same as
those of the iterative method. According to (14)—(16), velocity,
acceleration, jerk profiles, and distance between via points of
the robot in task space are shown in Fig. 7. As shown in Fig. 7,
we can see that the iterative method suffers from the problem
of velocity fluctuation. With our two-level method, this velocity
fluctuation can be well mitigated.

The actual and desired trajectories of the end effector
are shown in Fig. 8(a). Fig. 8(b) shows the 3D view of the
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Schematic of simulation process. (b) Velocity profiles with vmax =
10mm/s, amax = 5mm/s>. (c) Trajectory results with tolerance of 2.5 mm.
(d) Trajectory results with tolerance of 0.6 mm.
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method.

trajectories. The maximum error in Z direction is less than
0.005 mm, which is much less than errors in other directions.
The tracking errors and the velocity and acceleration profiles
of the motors, joints, and CLCS are calculated to analyze and
compare accuracy and smoothness of the motions planned by
the iterative and two-level methods.

B. Tracking Errors of the Two Methods in Simulation

To evaluate the accuracy of the path planned by the iterative
and presented two-level method, the tracking errors are calcu-
lated according to the method developed by Erkorkmaz et al.
[38]. Fig. 9(a) and (b) shows the tracking errors by the iterative
method with tolerances of 2.5 and 0.6 mm, respectively. There
is tracking error at the beginning, because the robot goes from
the origin to the first point of the square. Hence, the errors at
the beginning are very similar to the tolerance. However, the
developed two-level method nearly has no error at via points.
Hence, it can move to the desired point accurately. It can be
seen from Fig. 9 that tracking errors of the two-level method are
significantly smaller than those of the iterative method.

C. Velocities and Accelerations of Motors,
Joints, and CLCS

The iterative method does not take the acceleration and
deceleration into consideration, which makes the motion of
robot discontinuous. The velocity and acceleration profiles of
the motors, joints, and CLCS are the outputs of the methods.
They should be plotted to investigate the motion smoothness
of the iterative and two-level methods. Since each section has
similar motion, only the motors, joints, and CLCS in sections
2 and 5 are plotted to compare the motion smoothness. The
maximum velocity and acceleration of the two methods are the
same to make the comparison convincing. Detailed parameters
are Uy ax = 10 mm/s, a,, = 5 mm/s, SP = 0.6 mm. There are
three motors (M1, M2, and M3), two rotational joints (X and
Y), and three cables (C1, C2, and C3) in a section of the robot.
The velocity and acceleration profiles of the motors in sections
2 and 5 by the two methods are shown in Figs. 10 and 11. The
maximum acceleration of the motors by the iterative method
can reach as high as 34,000 degree/s?, whereas the maximum
acceleration by the presented two-level method is less than
6000 degree/s>, which is only about 17.6% of the maximum
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acceleration by the iterative method. The position, velocity,
and acceleration profiles of the joints in sections 2 and 5 by the
two methods are shown in Figs. 12—14. From the figures, we
can see that the maximum joint accelerations of the iterative and
two-level methods are 3.3 and 0.7 degree/s?, respectively, which
means the fluctuation of joint velocity is reduced by 78.7%. The
velocity and acceleration of the CLCS in sections 2 and 5 by the
two methods are shown in Figs. 15 and 16. The results show that
the velocity and acceleration of the CLCS and motors change
at the same rate. Therefore, the maximum acceleration of the
CLCS by the presented two-level method is reduced to 17.6%
of the maximum acceleration by the iterative method.

From the above results, we can see that the developed two-
level method improves the tracking performance of cable-driven
snake robot in terms of accuracy and motion smoothness com-
pared with the iterative Jacobian-based method.
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V. EXPERIMENTAL VALIDATION

In this section, experiments are conducted on a prototype plat-
form for further verification of the developed two-level method.
The prototype is controlled to follow the same square trajectory
as in the simulation. The motion data of the robot is recorded
by the Leica Tracker Pilot (AT960) to analyze the performance
of the presented method for the snake robot.

A. Hardware of the Experimental Platform

The experimental platform is shown in Fig. 17(a), which con-
sists of mechanical mechanism and control desk of the robot.
The control desk mainly includes the upper computer and lower
computer, which is composed of 36 EPOS2 cards. The cards
are connected by the Controller Area Network (CAN) bus. The
CAN analyzer (IXXAT) joints the CAN bus with the upper
computer through USB to CAN portal. The signal wires of the

Add PVT data
To Buffer |

v
Controller Get buffer size and
Buffer stored as BS
‘Yes Addrate=rateL

Yes» Addrate=rateH
No Addrate=rateN

A

Send PVT
data to motors

Fig. 19.  Control strategy of the data and buffer.
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Fig. 20. Repeatability evaluation of different trial trajectories.

end effector also connect to the upper computer. The prototype
of the experimental platform is shown in Fig. 17(b). All the
computation and planning are done in the laptop (upper com-
puter), and it distributes the control data to the EPOS2 cards
(lower computer) which drive the motor to control the motion
of the robot. The laser tracker (AT960) has a nominal accuracy
of £10 um + 5 pm/m, and is implemented within two meters
from the robot. A spherically mounted reflector (SMR) attached
on the end effector of the robot is used to record trajectories of
the end effector. In the experiments, the laser tracker real-time
measures the displacements of the SMR at a rate of 15 points/s.

B. Software of the Experimental Platform

The software of the control board is written in C++ with
framework Qt. First, the control input data is generated by the
simulation of the motion planning. Second, the control program
calls the dynamic link library (DLL) of the MAXON to issue
instructions to the controllers. The difficulty of controlling the
motors is how to make 36 motors move cooperatively and co-
ordinately. In this work, a buffer with first in first out (FIFO)
structure is designed in the controller to improve the synchro-
nization of motor operation. All the motors are controlled in the
Interpolated Position Mode (IPM), which requires information
including position, velocity profiles, and control period. The
structure of the control system of the robot is shown in Fig. 18.
The control inputs of the laptop are converted into CAN infor-
mation by the CAN analyzer. There are 36 nodes on the CAN
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which will cause error of the program. Hence, it is necessary
to design an algorithm to dynamically adjust the size of buffer.
The control strategy of the buffer is shown in Fig. 19.

C. Results of the Experiments

The experimental results of the snake robot tracking square
trajectories using the iterative and two-level methods including
repeatability and accuracy are reported.

e Evaluation of repeatability

To evaluate the repeatability of the robot, the square trajec-
tory has been followed six times, and half of them are cho-
sen as the reference trajectory. The other trajectories have been
compared with the corresponding reference one to compute the
errors among corresponding points. Then, the root mean square
error (RMSE) and variance value error (VVE) are utilized as
indexes to quantify the repeatability of the robot. The results of
the experiments recorded by the tracker are shown in Fig. 20.
Trajectories of trials 1 and 2 are drawn by the iterative method
with tolerance of 0.6 mm. Trajectories of trials 3, 4 and 5, 6
are drawn by the developed two-level method with maximum
accelerations of 5 and 2 mm/s?, respectively, and the maximum
velocity of them are all 10 mm/s. A video of the experimen-
tal results of tracking a square path by the presented two-level
method with maximum acceleration of 5 mm/? is available in
the supplementary materials.

The RMSE and VVE are listed in Table III. It can be seen that
the RMSE of the repeatability of the snake robot are 1-2 mm

Fig. 22.  Tracking errors of different trials.

by the two-level method, which are much smaller than that of
the iterative method. The two-level method reduces the errors
between corresponding points in different trials (Trials 1 and 2)
to 33.3% of the errors of the iterative method (Trials 3 and 4),
which means the presented method can significantly improve the
repeatability of the robot compared with the iterative Jacobian-
based method.
e Evaluation of accuracy

The accuracy of the robot should be represented by the errors
between the recorded and desired trajectories. The desired tra-
jectory is found by the following way. First, the normal vector
of the plane of the square is fitting by the least square method.
Second, the center and tangent vector of the square is acquired
by optimization method. Trials 2, 4, and 6 are chosen to evaluate
the tracking accuracy of the robot. The actual trajectories and the
desired trajectories are shown in Fig. 21. The tracking errors be-
tween them are calculated according to the method discussed in
[38]. Fig. 22 shows the detailed tracking errors along all points.
To evaluate the accuracy of the robot with different methods,
we use two performance indexes in terms of RMSE and VVE.
In summary, the RMSE and VVE are listed in Table IV. The
results indicate that RMSE and VVE of our two-level method
(Trial 4) are reduced by about 6.5%, and 18.9%, respectively,
compared with the traditional iterative Jacobian-based method



TANG et al.: PATH TRACKING OF A CABLE-DRIVEN SNAKE ROBOT WITH A TWO-LEVEL MOTION PLANNING METHOD

945

TABLE IV
ACCURACY PERFORMANCE COMPARISONS OF THE ITERATIVE METHOD
(TRIAL 2) AND OUR TWO-LEVEL METHOD WITH DIFFERENT ACCELERATION
VALUES (TRIAL 4 WITH 5 mm/s?, AND TRIAL 6 WITH 2 mm/s?

Trail 2 Trail 4 Trail 6
3.25 3.04 2.89
2.16 1.75 1.68

RMSE (mm)
VVE (mm?)

(Trial 2). In addition, with decrease of acceleration (Trial 6), the
RMSE and VVE can be further reduced.

VI. CONCLUSION

In this paper, a two-level motion planning method is proposed
for the path tracking of the cable-driven snake robot. In the up-
per level, the position, velocity, and acceleration profiles of the
end effector are planned by a jerk-bounded algorithm. In this
sense, the problem of the velocity fluctuations with the tradi-
tional iterative Jacobian-based method can be improved. While
in the lower level, the control inputs for motor and joint angles
are calculated by the inverse kinematics of the snake robot ac-
cording to the position, velocity, and acceleration profiles from
the upper level. The developed two-level method eliminates the
iterative process during the motion planning which is essen-
tial in the traditional iterative method. Thus, it can significantly
improve the motion smoothness and the tracking performance
of the snake robots. For a prototype with 24 DOFs, simulation
results show that the two-level method reduces the acceleration
of the motors to only 17.6% of that produced by the iterative
way. According to the experimental results, the repeatability and
accuracy of the prototype are improved by about 60% and 6%,
respectively, compared with the iterative method. The presented
method achieves a high repeatability of 1-2 mm and a fair ac-
curacy of 2-3 mm, validating the improvement of the tracking
performance of the cable-driven snake robot. As future works,
we will focus on dynamics modeling and closed-loop control
design for the cable-driven snake robots to further improve their
motion performance.
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