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Imitation-Based Motion Planning and Control of a
Multi-Section Continuum Robot Interacting
With the Environment

Ibrahim A. Seleem, Haitham El-Hussieny

Abstract—Recently, flexible robots are growing in importance
owing to their merits over rigid robots in maneuverability and
safety, which equips them to work in unstructured environments,
such as occur in medical applications. However, motion planning
and control of flexible manipulators is challenging due to their
compliance behavior and system uncertainties. Thus, this letter
presents an Imitation-based Motion Planning (IbMP) approach,
along with dynamic impedance control for learning, planning,
and trajectory tracking of a two-section soft continuum robot in
a dynamic environment. Point-to-point motion demonstrations,
including the robot’s tip position and orientation are intuitively
provided by a motion capture system (OptiTrack V120-trio) and
a similar kinematic flexible interface. Additionally, a singularity-
free dynamic model based on Lagrangian formulation and Taylor
expansion series of a two-section continuum robot is derived while
planning for robot motions. The simulation results show that the
IbMP approach, along with the dynamic impedance control, gen-
eralizes the robot’s motion by varying the initial and goal of the
robot’s tip pose while avoiding static and dynamic obstacles, and
moving back to the desired track after disturbances. Finally, the
stability and performance of the IbMP algorithm against input
disturbances are assessed using a Monte Carlo approach that can
guide the selection of gain values.

Index Terms—Soft robot, dynamic movement primitives,
impedance control, Monte-Carlo.

1. INTRODUCTION

ECENTLY, many researchers have been motivated by
Rthe incredible capabilities of natural organisms such as
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octopus arms, elephant trunks, worms, and snakes to facilitate
dexterous manoeuvring in static and dynamic environments.
Unlike classical manipulators with rigid and bulky elements,
which face challenges, especially in crowded environments, con-
tinuously bending continuum robots with compliance behavior
and flexible backbones have shown promising performance in
complex and dynamic environments [1]. Due to their morpho-
logical structure, continuum robots can extend, shrink, and bend,
which facilitates shaping their structure to suit confined spaces
in unstructured environments such as the biomedical field [2],
Minimally Invasive Surgeries (MIS) [3], and exploration mis-
sions [4].

Despite the merits of soft robots, they still suffer from com-
mon limitations in modelling, motion planning, and control
due to their compliant structure and viscoelastic characteristics,
leading to unpredictable motion behaviors. Recently, multiple
motion planning techniques, which were purposed originally for
rigid robots, are used for continuum robots [5], [6]. However,
these methods still need programming experts and significant
computational time to precisely define a sequence of actions
that the robot adheres to during movement to achieve the task
and to keep up with environmental changes like changing goals
or avoiding dynamic obstacles [7]. Thus, there has recently
been an increasing interest in the Learning from Demonstration
(LfD) framework due to its performance that allows non-expert
users with limited robotics knowledge to quickly program and
adapt the robot behaviors while concerning the task constraints
through kinesthetic learning or via teleoperation [8]. In LfD,
state-action pairs of the desired task are recorded from the
human demonstrations either kinesthetically or via teleopera-
tion. Then, the robot learns to regenerate and generalize the
demonstrated motions. Impressive results were acquired by LfD
approaches in many applications [9]. In [10], motion planning-
based LfD of multiple-segment flexible manipulator actuated by
ionic polymer—metal composite (IPMC) flexible actuators was
developed using kinesthetic teaching. Human demonstrations of
the manipulator passing through a narrow hole were extracted
and smoothed based on Gaussian Mixture Model (GMM) and
Gaussian Mixture Regression (GMR). The experimental results
showed that the soft robot passed through a narrow hole success-
fully. However, the human operator needed to adjust the voltage
of each robot section manually during motion in static environ-
ments based on the traditional trial and error method, which
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represented a time-consuming task. In addition, the developed
LfD approach had no guarantee of generalizing the collected
demonstrations and regenerating new movements.

The development of pose planning-based Dynamic Move-
ment Primitives (DMP) and control of a pneumatic actuated
bionic handling assistant robot for apple picking tasks was
introduced in [11]. Kinesthetically, the robot’s tip poses were
recorded during teacher demonstrations. The experimental tests
showed that the soft robot successfully picked and placed the
apple. However, the proposed learning-based orientation method
combined unit quaternion and angle axis method, which may
generate angle error [12], and it was applied only in a static
environment. In addition, in many medical applications, having
adirect contact with the robot through kinesthetic teaching could
be challenging. In our previous work [13], [14], a Demon-
stration Guided Pose Planning (DGPP) approach and control
of a two-section continuum robot were proposed. The human
demonstrations were recorded using a low accuracy Inertial
Measurement Unit (IMU). In [13], arotation matrix representing
orientation suffered from singularity at specific configurations.
In addition, the computed torque with adaptive kinematic control
was applied to track the robots’ tip position, which was not
efficient while interacting with the environment. While in [14],
a DGPP-based quaternion that was introduced to plan the tip
position and orientation separately had the potential to cause
unsynchronised movements. Moreover, the developed adaptive
kinematic control was not appropriate to capture the dynamic
behavior of the soft robot.

On the other hand, developing a control algorithm for contin-
uum manipulators that can successfully interact robustly with
dynamic environments is challenging [15]. Nonlinear hybrid
position/force control of a tendon-driven catheter was presented
in [16]. Cosserat rod theory was applied for static modeling of the
catheter. The simulation results showed the effectiveness of the
developed position/Force controller in regulating the constant
applied force. In [17], a hybrid position/force control algo-
rithm was developed for a single-section cable-driven continuum
robot. The control structure was built depending on selection
matrices to choose between position control application before
or after interaction and force control during interaction. The
experimental results showed that the controller was stable while
interacting with rigid and soft environments. However, it was
not effective and safe in many applications, such as surgical
operations, due to its high velocities when applying position
control directly before colliding with the environment, which
may lead to unpredictable interaction. Also, this control ap-
proach neglected to follow the position trajectory during the
interaction period leading to deviation from the reference motion
trajectories [18].

The contributions of this article are summarized in the fol-
lowing aspects. (1) Proposing an Imitation-based Motion Plan-
ning (IbMP) approach for simultaneously learning the position
and orientation of a two-section soft continuum robot which
is chosen to increase the flexibility and dexterity for inspec-
tion tasks. Via teleoperation, the learning procedure starts by
collecting the human demonstrations using a motion capture
system (OptiTrack-V120) from a flexible interface, which has
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Fig. 1. Construction of cable-driven single section continuum robot.

similar kinematics to the simulated robot. The proposed IbMP
approach is not limited to reproducing the demonstrated move-
ments but extends to generalizing the tip pose trajectories while
changing the initial and goal poses, and withstanding external
disturbances. The collision of the continuum robot with the en-
vironment represents an inevitable problem, especially when the
robot works in narrow spaces and may lead to serious damage to
the robot or the environment. Thus, the IbMP approach can avoid
obstacles in static and dynamic environments. (2) Evaluating
the robustness of IbMP based on a Monte Carlo simulation-
based algorithm which can guide the IbMP tuning process. (3)
developing a dynamic impedance controller to compensate for
the interaction forces with the environment while tracking the
robot’s tip position trajectory. The dynamic model is derived
based on a Lagrangian formulation with Taylor Expansion to
overcome singularities at specific configurations.

The remainder of this article is organized as follows. Section IT
introduces kinematics and dynamic modeling of a two-section
continuum robot based on Lagrangian formulation with Tay-
lor expansion. Section III gives a detailed description of the
IbMP approach. Dynamic impedance control for tracking the
tip position trajectory while interacting with the environment is
presented in Section IV. Simulation results of the IbMP approach
and the developed impedance control are evaluated in Section
V. Finally, the conclusion and future works are introduced in
Section VI.

II. KINEMATIC AND DYNAMIC MODELLING

Different actuation mechanisms are used in continuum robots
to achieve the required tip bending, such as cable-driven, pneu-
matic, hydraulic, and Shape Memory Alloy (SMA) actuation.
Due to their simplicity, scalability, and simple control, soft
robots actuated by cable-driven mechanisms are used in many
fields such as inspection, exploration, and medicine.

The schematic diagram of a single-section continuum robot
is shown in Fig. 1. Each section contains three cables spaced by
120° that can be varied to control the robot’s tip moment. Be-
cause of the precise representation and low computational time
derivation compared to other kinematic modeling techniques,
the constant curvature approach is chosen to describe the pose
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of section 7 relative to its base ¢ — 1 [19], as follows:

Ri(q.) pi(qe))

Ti-1 =
‘ 0 1

] ,for i =1,2 (1)

where q. = [h;,0;, 3;] € RS, for i = 1,2 is the vector of con-
figuration variables, in which h; is the section length, 6, repre-
sents the bending plane angle from +X axis, 8; = k;h; is the
angle subtended by the bending arc in which &, is the curvature,
and R(q.) represents the rotation that maps the ¢ axes to the

i —1 axes. While L; — [Lli Lo, Lgl} :
the cable lengths of each section which are related to the joint
variables as follows:

for ¢ =1,2 are

(L1 + Lo + LL;) 1 1 (L3 + Ly — 2L1)
p= TR T ) gt (T2 A
3 V3 (L2 —Ls)
g VI BB 15— Lila = Lol — LiLg o

3d

where d is the distance from the robot center to each cable.
The kinematic representation in (1) suffers from the singu-
larities at specific configurations (x; = 0) that can be tackled
by applying 7th order Taylor expansion to approximate the
Cartesian position p(q).
The Lagrangian formulation of the equation of motion is
computed as follows:

M (ge) e+ N (ge,q.)q. + G(qe) =T+ J'F (3)

where T' € RS is the driving torques, F' € R3 is the contact
force vector, J = 86—:; € R3*6 represents the Jacobian matrix,
M(q.) € R%*, N(q.,q.) € R%*Cand G(q.) € R® are the in-
ertia matrix, the Coriolis and Centrifugal matrix and the gravity
vector respectively.

III. IMITATION BASED MOTION PLANNING

Dynamic Movement Primitives (DMP) is a motion learning
technique in which the soft robotic arm can execute many tasks
based on a collection of human demonstrations without relearn-
ing based on a second-order differential equation [20]. DMP is
used to learn complex discrete and rhythmic movements and can
generalize motion trajectories to adapt to variable conditions,
including changing initial or goal poses while avoiding static
obstacles. Here, we are interested in discrete point-to-point
movements of the two section ends of a continuum robot.

The learning steps of the proposed IbMP approach start by
capturing demonstrated tip pose trajectories and their derivative,
respectively. Then, learning the tip trajectory in Cartesian space
is introduced, with orientation represented in quaternion form.
After that, to ensure synchronized motion and avoid external per-
turbations, a phase variable s is introduced into the differential
equation for the pose error.

A. IbMP Representation of Robot Tip Position

The transformation system for 3D discrete point-to-point
motion while avoiding obstacles is described by the differential
equation of a spring-damper system with forcing function f(s)
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as follows [21]:
0 = Kq(xg — ) — Dov + (24 — x0) f(5) + P(x,v) 4)
T =0 (5)

where K, and D, are tuning gains, which act like the elastic
and damping terms respectively, s represents a phase variable
that monotonically changes from 1 to 0 during motion to avoid
explicit time dependencies of the forcing function f, o € R3 is
the obstacle position, « is the robot section’s tip position trajec-
tory, o and x4 are the initial and goal positions respectively. In
addition, v and v represent the scaled velocity and acceleration
respectively, and 7 > 0 is a temporal scaling factor to alter the
duration of motion trajectory slower or faster. Multiple LfD
approaches have been proposed for avoiding obstacles based
on neural networks to model the coupling terms [22]. However,
these methods require additional learning of multiple human
demonstrations to succeed in this task. Other approaches added
a coupling term P(x,v) (4) to avoid obstacles in R? and
R3 without additional demonstrations, which is computed as
follows:

P (z,v) = (r (v —0)¢ge " (©6)

where ¢ and ¥ are tuning gains which are selected based on the
size of the obstacle, o is the obstacle velocity, r represents a
rotation matrix with rotation axis @ = (0 — x) x v and rotation
angle 7 /2 that is added to overcome the inconsistency that may
happen between the acceleration generated by the coupling term
and the velocity of the robot [23]. The steering angle ¢ is the
angle between the robot tip position x towards the obstacle
position o and the robot tip velocity v relative to the obstacle
velocity 0 which is computed as follows:

(0—z,v—0) )

lo—z| x|v—o

¢ = arccos ( @)

The forcing function f(s) is parameterized by a nonlinear
radial basis functions Y', which improves the robot’s capability
to follow any trajectory from initial position x to goal position
x4. The force equation is calculated as follows:

T
2 Wii(s)s
===
Z =1 w] (3)
where W; represents the learned weights that are computed
based on a local regression approach, and ;(s) are radial

basis functions that are approximately equidistantly spaced and
calculated as follows:

f(s) ®)

70.5(57%)2
R

Yi(s)=e )

where ¢; =e % = and wj = |(cj+1) —¢j)| for j=

1,2...7 represents the centers and widths of the Gaussian
functions distributed along the motion phase [24].

B. IbDMP Representation of Robot Tip Orientation

Recently, there has been an increased interest in developing
motion planning algorithms concerning the orientation of con-
tinuum robots [25]. The robot’s tip orientation can be represented
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in different forms such as rotation matrix, Euler angles, and
Axis-angle. In this regard, equations (4), (5) can be reformulated
to describe the tip orientation in these forms. However, represen-
tation in such a way may suffer from loss of DOF, discontinuity,
and high computational load [14].

The IbMP based quaternion can be represented similar to (4)
and (5) as follows [26]:

™ = 2K.log(qeq) — D.n+ Kaif4(s) (10)

1 _ .
7q = 5 (11 + 2Kalog(g,9) + log(24))g an

where K, and D, are tuning parameters, ¢ = qo + q1% + q27 +
g3k € R* represents the orientation in quaternion form, g, is
the goal orientation and 1) = 7w, and 1) = Tw are the quater-
nion derivatives which are related to the angular velocity w =
2log(qyq). K4 = log(R,Rl") € R3*3isadiagonal scaling ma-
trix in which Ry and R, are the reference and goal orientation
matrices. The f,(s) is a nonlinear forcing term that allows
the robot tip to track the orientation trajectory from the initial
orientation g to the goal orientation q.

Yoy i (s)s
Z;f:l ¥;(s)

where p; are the learned weights required to follow the orienta-
tion trajectory.

To achieve motion synchronization while learning both the
position and orientation trajectories of the robot’s end-effector,
the phase variable s should combine the tracking error of position
and orientation to overcome the time dependency problem. s is
computed as follows:

fqls) = 12)

AgS

= 13
14+ areqq a3

TS
where «; and o, are tuning gains, eyq = (||eg, || + |lez| +
llego |l + lleql]) is the tracking error, in which e,, = x4 — @
and e, = x4 — x are the tip position errors in which x; is the
reference position trajectory, e,, = q, —q and e; = q4 — q
represents the orientation errors in which g, represents the
desired orientation.
On the other hand, to overcome discontinuity and improve
motion smoothness, the goal position x; in (4) is modified to vary
continuously with time by integrating the following equation:

TEg = g (T4, — Tg) (14)

where o is constant gain, x4, is the new goal position.

Similarly, the goal orientation ¢, in (10) varies with time to
keep up with orientation discontinuity that occurs due to goal
variation and is calculated as follows:

qu = Qg log(qgo qg)qg (15)

where a,, € R*** is positive diagonal gain matrix and gg, is
the new goal orientation.

As depicted in Fig. 2, the robot’s tip pose variables x, v, v, q,
1 and 1) are recorded at each time stept = 0, 1,....T. Then, the
phase variable s is computed by integrating the differential (13),
then the target forces can be computed easily from (4) and (10)
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Fig. 2. Schematic diagram Imitation based Motion Planning algorithm.

respectively. The problem is now addressed as a local weighted
regression problem that could be solved based on linear least
squares to get the weights W; and p;. After that, these learned
weights are the core of computing the actual forcing terms (8)
and (12). Finally, by integrating (4), (5) and (10), (11), the actual
position and orientation trajectories are easily obtained.

IV. CONTROLLER DESIGN

Impedance control is characterized by regulating the dynamic
behavior between the robot’s tip position and the exerted force
on the environment. Meanwhile, achieving accurate force track-
ing is not mandatory, unlike traditional hybrid position/force
control algorithms, which focus on position tracking and force
tracking separately. Therefore, impedance control represents a
reasonable trade-off between position tracking and force control,
making it a suitable controller in many applications such as
surgical operations.

Interaction between the robot tip and the environment causes
shape deformation, leading to non-zero contact forces. Assum-
ing the deformed part of the environment could be represented
by a mass-spring-damper system as follows:

Hé+Dée+ Ke=F (16)

where H € R33, D € R¥3, K € R®*3 are inertia, damping,
and stiffness matrices of the environment that are selected as
symmetric positive definite to ensure that the system will be
asymptotically stable. e = x4 — = € R? is the error between
the reference and actual position trajectories, € = &4 — & in
which x4 is the desired velocity and & = Jq.,andé = &4 — &
in which & is the desired acceleration and & = J¢q, + J{..
It is worth noting that the reference tip position x4 trajectory
is changed during interaction which is represented by step
disturbance for simplicity.

The impedance control equation in joint coordinates is derived
as follows [27]:

T =M (q.)J (a+H (De+ Ke) = Jq.) + N (q..q.)

X q,+ G(ge)+ (M(ge) JTH = JT)F (17)

where @ = &, is the desired acceleration. The block diagram of
the dynamic impedance control is shown in Fig. 3.

A. Stability Analysis

Substituting the driving torques I' (17) into (3), yields a
closed-loop dynamics in (16). Thus, the user-defined matrices
H, D and K determine the robot’s behaviors when subjected to
external forces. In this work, we are concerned environment with
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Fig. 3. Block diagram of the dynamic impedance control.
TABLE I
SIMULATION PARAMETERS OF IBMP ALGORITHM AND IMPEDANCE
CONTROLLER

Parameter Description Value

d robot center to the cable (2) 2cm

Xob Obstacle position (6) [5.52,25.42,31.10]cm

y No. of basis functions (8) 100

T Scaling factor (4) 9.36 s
[Ka,Dal Constant gains (4) [200,50]

ly, 9] Tuning gains (6) [500, 1]
|K..D.,Kgq] Tuning gains (10)-(11) [500,450,0.01]

|as, ar ] Tuning gains (13) [1,1]

ag Tuning gain (14) 10
|H,D,K] Environment matrices(16) diag([0.01,0.01,0.01])
[Kp. Ky ] Gain matrices (17) diag([500, 500, 500])

fixed stiffness for simplicity. To discuss the stability analysis of
(16), the Lyapunov candidate function is assumed as follows:

1 1
Ve, é)=—-eTHeé+ §eTKe (18)

2
Differentiating V (e, ¢) along the trajectories of (16) with H
constant yields:

Viee)=e"He+e"Keé (19)

By Substituting the value of € from (16) in (19) with F' =0
and symmetric stiffness matrix K, results:

Ve ¢)=¢el' (-Dé— Ke)+eTKe=—-eT'Dé  (20)

Equation (20) shows that Vis negative definite for positive di-
agonal matrix D. Hence, we can conclude stability if all diagonal
values of the damping matrix are constant and positive [28].

V. RESULTS AND DISCUSSION

This section presents the simulation results of IbMP and dy-
namic impedance control as follows. First, capturing the human
demonstrations experimentally is introduced. Then, multiple
simulation scenarios are conducted to evaluate the performance
of IbMP, including trajectory tracking, avoiding obstacles and
rejecting external disturbances. Additionally, the robustness of
IbMP is analyzed based on the Monte-Carlo approach. Finally,
the performance of dynamic impedance control of a two-section
continuum robot while interacting with the environment is eval-
uated in terms of trajectory tracking. The simulated parameters
of the IbMP approach and dynamic impedance control are listed
in Table I.
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Fig. 4. Capturing human demonstrations while moving the flexible interface
with Motion Capture System.

® Actual trajectory
=== Filtered Trajectory

20 = 15
15 I

Y [em]

10 5
0 X [em]

Fig. 5. The captured and filtered tip position trajectory.

A. Data Capture

The two-section continuum robot is controlled via teleoper-
ation based on the motion of a flexible interface with similar
kinematics for precise mapping, as shown in Fig. 4. The interface
consists of two sections attached in series; each section is printed
from the flexible filament (Ninja-flex (1.75 mm)) by using a 3D
printer (MagiX MF-2500EP). As depicted in Fig. 4, a polygon
shape with six markers represents the pose at the end of each
section of the robot. Due to its high accuracy, simplicity, and
auto-calibration feature, the motion capture system (OptiTrack
V120-trio) is used to capture each marker’s position and orienta-
tion relative to the base frame. Meanwhile, a cubic interpolation
algorithm is implemented in the vision system (Motive software)
to to compensate automatically for missing data. At the same
time, a Moving Average Filter (MAF) is used to remove the
noise in pose trajectories, as shown in Fig. 5.

As depicted in Fig. 4, the learning process is started by asking
the user to move the flexible interface, each section of which
16.18 cm long, for randomly inspection tasks from one pose to
another while capturing the pose of the end of each section of
the robot by using the motion capture system.

B. Learning of the Tip Position Trajectories While Avoiding
Obstacles.

Based on (4), (5), and (13), the developed IbMP can
regenerate the tip position trajectory from initial posi-
tion xo = [7.54,19.82,31.58] cm to the goal position x, =
[9.69,15.07,30.95] cm successfully, as shown in Fig. 6(a).
While the error between the reference and learned trajecto-
ries is shown in Fig. 6(b). Fig. 6(a) illustrates the ability of
IbMP to reproduce complex movements accurately, which can
be observed at beginning and end of the demonstrated trajec-
tory. Additionally, the generalization capability of the proposed
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Fig. 6. In the diagrams, the position of the middle of (a) The demonstrated
and learned tip position trajectories and (b) The corresponding tracking error.
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Fig. 7. The adaptation of IbMP to learn novel movements by changing: (a)
initial positions and (b) goal positions.

(@) (b © (d
Fig. 8. Snapshots of the robot motion while following one of the learned
demonstrations.

IbMP has been evaluated to reproduce novel trajectories by
changing the robot’s tip initial positions &g, = [5,19.82,31.58],
o, = [3,17.82,31.58] and x(, = [10,17.82,31.58], and new
goal positions x4, = [9.69,12,30.95], x4, = [9.69,8,30.95]
and x4, = [9.69,4,30.95] as indicated in Fig. 7(a) and (b)
respectively. The generated movement has successfully adapted
to the position trajectories without an additional learning phase.
Fig. 8 illustrates a motion simulation of the robot’s tip while
tracking one of the learned demonstrations using the Unity
platform. In Unity, a kinematics model is built for the two-
sections continuum robot with the assumption that the velocities
of the robot are low and no need to incorporate the robot’s
dynamics. The code is made publicly available for visualization
https://github.com/elhussieny/continuum_robot.

Furthermore, IbMP has avoided collision successfully with
a static and a dynamic sphere-shaped obstacles with different
diameters that may exist within the pathway of the robot’s tip
before returning to the reference trajectory as shown in Fig. 9(a)
and (b) respectively. It is worth mentioning that the position
and velocity of obstacles are assumed here. However, in real
dynamic environments, the motion capture system of LiDar
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Fig. 9. Adaptation of IbMP to avoid: (a) static obstacle with diameter 1 cm

and 2 cm respectively., and (b) dynamic obstacle with diameter 1 cm.
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Fig. 10. (a) The demonstrated and learned robot’s tip orientation trajectories.

and (b) The corresponding error difference.

scanner could be used to estimate these variables. However,
there is no guarantee that the proposed IbMP approach can
allow the whole robot to avoid obstacles. Due to the compliance
behavior of continuum robots, it is acceptable to hit obstacles
within reasonable ranges compared to rigid robots in many
applications. In this regard, future plans will be proposed to
apply the IbMP in actuation space to reliably generate similar
shapes while considering the constraints of cable length.

C. Learning of the Tip Orientation Trajectories While
Rejecting External Perturbations.

Similarly, IbMP has succeeded in reproducing
the tip orientation trajectories based on equations
(10), (11), and (13) from initial orientation qo =
[—0.002993, —0.01466,0.01983, —0.99969] to the goal

orientation g, = [0.09164, —0.001396, 0.063942, —0.99373]
is shown in Fig. 10(a). The error between the ref-
erence and actual orientation trajectories is shown in
Fig. 10(b). Additionally, IbMP generates novel ori-
entation trajectories by changing the goal orientation
dgo = [0.30,0.649,0.0779,0.694], with optimized gain
variable o, = diag[767.67,993.01,999.95,999.93]),  as
shown in Fig. 11. Fig. 12(a) illustrates the capability of IbMP
in avoiding collisions and returning to the target pose after
external perturbations. The error between the demonstrated and
learned orientations after applying a step disturbance is shown
in Fig. 12(b).
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The corresponding errors during the trajectory.

D. Robustness Analysis

Multiple simulation scenarios based on the Monte Carlo ap-
proach [29] were carried out to analyze the stability and perfor-
mance of the IbMP approach in terms of a wide variation of the
goal position. In each scenario, 200 MATLAB simulations were
performed while changing the goal position randomly within
acceptable uniform distributions [4,7,20]7 < [z,y,z cm]T <
[11,24,32]7. Due to limited space, only 10 simulations are
evaluated and sorted based on Root Mean Square Error (RMSE)
calculations. Based on the suggested gains K,, = 200, D,, =
50, figure 13 shows an insignificant change in the RMSE values
during simulations while reaching the goal position, which
implies the performance of the proposed IbMP. Subsequently,
Monte Carlo simulation scenarios have been conducted to show
the effect of changing the gain values (K, D,) in (4) on the
robustness of the IbMP algorithm. As shown in Fig. 13, the gains
(Kq,, Dy, ) give the lowest RMSE values which implies the best
performance to reach to the goal position. While (K ,,, D, ) and
(Kags Dag) result in worst performance. As noted, the Monte
Carlo method could guide the direction of choosing the optimal
gains that enhance the system performance.

E. The Performance of the Dynamic Impedance Control

The dynamic impedance control has successfully tracked the
tip position trajectory as shown in Fig. 14(a). It is suggested
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that the continuum robot’s tip interacted with the environment
during the period ¢ = 5:6s. For simplicity, this interaction is rep-
resented as a step disturbance of amplitude 2 cm, which means
that the reference trajectory is changed to be x4 = x4 + 2. The
error between the reference and actual trajectories is shown in
Fig. 14(b).

VI. CONCLUSION

In this research article, the Imitation-based Motion Planning
(IbMP) approach is developed for planning discrete complex
movements of a two-section continuum robot. The human
demonstrations are captured while moving the flexible interface,
with similar kinematics to the main robot, in front of a motion
capture system. The performance capability of IbMP is not
limited to regenerating the captured demonstrations but extends
to producing novel movements by changing the initial and goal
positions, avoiding static and dynamic obstacles, and rejecting
external disturbances with no need to relearn the weights. The
robustness of the proposed IbMP has been successfully evalu-
ated based on the Monte-Carlo algorithm that could suggest the
direction of selecting the optimal gains for best performance.
On the other hand, dynamic impedance control is developed to
regulate the interaction forces between the robot and environ-
ment while smoothly tracking the reference position trajectory.
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The dynamic model of two section continuum robot is derived
based on a Lagrangian formulation with Taylor expansion to
avoid singularities due to specific configurations. The compli-
ance behavior of soft continuum robots, IbMP approach, and
dynamic impedance control enhance the performance of robot
in many applications, such as in the biomedical field that require
a repeatable sequence of movements, high precision, and safety
characteristics.

The IbMP may suffer from an oscillatory behavior, especially
with volumetric obstacles. Additionally, a significant compu-
tational time is required to adjust all of the tuning gains. In
future work, an obstacle avoidance approach based on a dynamic
potential field with super-quadratic function will be developed to
overcome the limitations of the current approach while allowing
the whole robot to avoid volumetric obstacles not only in ambient
space, but also in joint space. On the other hand, the Nonlinear
Model Predictive Control (NMPC) will also be developed to
improve the controller performance while applying constraints
on the cable lengths and the application workspace volume.
Furthermore, a practical validation of the IbMP approach with
dynamic impedance control will be conducted in a dynamic
environment.
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