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Abstract— Endoscopic Submucosal Dissection (ESD) is a min-
imally invasive procedure designed to remove precancerous and
cancerous lesions from the gastrointestinal (GI) tract. Given the
GI tract’s tortuous and narrow shape, along with the need for
varied movements during dissection, this requires highly flexible
and compact instruments, making flexible continuum robots
suitable candidates. In this paper, we propose a novel two-
segment continuum robot system named DESectBot, featuring
a diameter of 5.5 mm and a total length of the active bending
module of 48 mm, while the robot’s total length exceeds 1
m. We designed a novel joint combination structure called
the spatial cross-curved disk skeleton for the robot, which
addresses the mechanical coupling problem between flexible
robot actuators. The DESectBot boasts six degrees of freedom,
and its kinematic modeling has been derived and utilized in
the closed-loop control of the DESectBot. The validation of the
DESectBot was conducted through a two-stage test: first, the
decoupling performance of the DESectBot was validated. The
results show that when one active bending segment bends, the
other segment remains almost uninfluenced, with a maximum
variation of 1.15 degrees, demonstrating the robot’s effective
decoupling capability. Secondly, the accuracy of DESectBot was
validated through trajectory-following experiments. The results
reveal that the average tracking error for both trajectories is
less than 2 mm, and the maximum tracking error is below 2.5
mm. Taking marking, one of the ESD procedures with a Smm
tolerance, as an example, the DESectBot has the potential to
be utilized for ESD procedure.

I. INTRODUCTION

Gastric and colorectal cancers currently cause significant
mortality rates [1]. Implementing early treatment has become
key to improving survival rates [2]. However, the challenges
with these cancers often stem from the inner mucosal layer
of the gastrointestinal tract, posing difficulties for traditional
laparoscopic techniques [3]. To address this issue, clinicians
have proposed endoscopic submucosal dissection (ESD) as
an effective minimally invasive procedure to treat early stages
of gastric and colorectal cancer [4].

Compared to traditional open surgery, ESD using flexible
endoscopes offers advantages because it is less invasive,
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protects organs, and improves patients’ quality of life by
eliminating the need for incisions [5]. The five key steps of
ESD are marking, submucosal injection, mucosal incision,
submucosal dissection, and occasional hemostasis [6]. Com-
pleting these delicate tasks requires high-level skills, and
due to the limited degrees of freedom provided by endo-
scopes, clinicians need years of training [7]. Additionally,
maintaining the stable positioning of the flexible endoscope’s
tip within the hollow viscera is challenging, especially when
targeting mucosal lesions. Improper operation may lead to
tissue damage, resulting in serious complications such as
perforation and bleeding. Therefore, the instrument should
ideally offer multiple resection angles at the target site to
effectively reach the lesion.

Continuum robot could serve as a candidate for per-
forming this task. A single port continuum robot platform
for transnasal endoscopic minimally invasive surgery was
proposed in [8]. Li et al. proposed a single segment con-
tinuum robotic arm structure for minimally invasive en-
doscopic surgery [9]. Kim et al. introduced a flexible
surgical robot platform called (K-FLEX) for the treatment
of gastrointestinal regions [10]. Additionally, in [11], [12], a
continuum robotic system featuring dual arms was presented
for executing ESD.

However, given the intricate nature of ESD, which ne-
cessitates precise, small-scale movements while maintaining
specific angles, a multi-segment continuum robot may offer
greater suitability for such applications. Yang et al. devel-
oped a dual-arm robotic system for ESD. Its diameter is only
3 mm, which fully satisfies the surgical requirements of ESD
[13]. Hwang et al. proposed a 17 mm diameter continuum
robotic arm called K-FLEX for ESD surgery with enhanced
payload capability [14]. In addition, a snake endoscope
consisting of an active snake robot and a passive flexible
body is proposed. A robot was introduced in [15], which
has a seven-degree-of-freedom redundancy that can provide a
large internal passage. Furthermore, A micro-rigid joint type
continuum robot used for digestive endoscopic minimally
invasive surgery was proposed in [16], which has a hyper-
redundance driver system and reliable load performance. Xu
et al. propose a dual-segment continuum robotic arm for
single port laparoscopy. The problem with these continuum
systems is that it is difficult to decouple multiple segments,
but decoupling is a very useful feature in ESD [17], [18].
Therefore, we propose a two-segment and decoupled robot
system for ESD surgery.

This paper aims to propose a novel two-segment decoupled
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Fig. 1.  The overall structure and detailed design of DESectBot: (a)
Overall DESectBot structure; (b) a cross-section view on arm driven unit,
rotation motion unit, linear motion unit (c) detailed structure of two-segment
continuum arm (d) different joint structures in continuum arm.

continuum robotic system called DESectBot for ESD treat-
ment. The main contributions of this paper are summarized
as follows:

(1) A novel robotic system named DESectBot is designed,
featuring a two-segment structure and decoupling between
the two actively bendable segments with six degrees of free-
dom (DOFs) for ESD treatment. The two-segment continuum
arm adopts a novel design using a spatial cross-curved
disk skeleton, which can effectively reduce the influence of
mechanical coupling.

(2) The inverse kinematics model of DESectBot has been
derived to establish the mapping between the robot’s actua-
tion space and its joint space.

(3) Experiments are conducted to validate the mechanical
decoupling ability and control precision of DESectBot.

The rest of this paper is organized as follows: Section
IT displays the overall design of the DESectBot, featuring
a decoupled operation between two bendable segments.
Section IIT describes the kinematic modeling of the flexible
manipulator and analyzes the mapping between actuation
space and configuration space. Section IV presents the design
of the experiment for validating the decoupling ability and
precision of the DESectBot, with the results presented.
Finally, Section V concludes this paper.

II. DESIGN OF THE ROBOTIC SYSTEM
A. Overall Mechanical System Description

The overall structure of the DESectBot is shown in Fig.
1. The overall robot system is composed of an actuation
module, an exterior cover, a passive bending module and a
double active bending module, with 6 DOFs to satisfy the

requirements of ESD. The DESectBot basic frame is made of
light stainless steel. The control system contains seven DC
motors (ECXSP16L, Maxon Motor AG, Switzerland) with
the specification gearbox GPX16HP (44:1) and is controlled
through a multi-axis motion controller (P-MASONON, Elmo
Motion Control Ltd, Israel). The exterior cover is 3D printed
and can be easily disassembled. Passive bending module is
made of ebonite, with a length of 1 m and its length can be
customized according to the actual use. The sheath structures
that drive the double active bending module pass through the
passive bending module.

As shown in Fig. 1(a) and Fig. 1(c), actuation module has
five sets of motors and couplings. Cable fixing sliders are set
uniformly along the central axis in a regular pentagon. Four
sets of them are used to drive the double active bending
module, and the remaining set is employed to control the
driven cable of the surgery tool. The nickel-titanium (NiTi)
tendons with a diameter of 0.5 mm are used to actuate the
active bending module, and the distances from cable fixing
sliders to the arm central axis are the same. This configu-
ration ensures the manipulator arm has four DOFs and can
achieve various motions with two segments. Furthermore,
the rotation motion module and linear motion module can
drive the manipulator arm to rotate around its axis and move
forward and backward. Overall, with the cooperation of all
the above-driven units, the DESectBot has 6 DOFs and can
achieve end position and orientation simultaneously.

B. Dual Continuum Manipulator Mechanism

As shown in Fig. 1(b), the DESectBot has a two-segment
active bending module consisting of five main parts: base
fixation segment, proximal bending segment, mid-transition
segment, distal bending segment and tool connection seg-
ment. Considering the narrow cavity space of ESD and
effectiveness of torque transmission, the diameter of the
DESectBot is 5.5 mm and the overall length is 48 mm. The
base fixation segment is a transition connecting the passive
bending module to the proximal bending segment. It fixes
the internal driven cables of the proximal bending segment
in a predetermined arrangement. The mid-transition segment
is also a bridge connecting the rear end of the proximal
bending segment and the front end of distal bending segment.
The tool connection segment is used to install a surgical
instrument, such as an electrosurgical generator or surgical
clamp.

The driving cables of the distal bending segment will
apply extra torque and force to the proximal bending segment
[19], which is known as mechanical coupling. It should be
noted that the mechanical coupling is the intrinsic property of
tendon driven continuum robots, which has a great effect on
the stability of multi-section system. Considering the high
shear resistance of the NiTi driving tendons, such tendons
can also be used as a support structure to form a composite
mechanism. Therefore, one driving tendon can be applied as
both a transmission component and a part of the skeleton.
In this case, there is no integrity constraint requirement on
the joint of the continuum, and the joint skeleton design
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of the continuum can be simplified. As shown in Fig. 1(b)
and Fig. 1(d), both the proximal bending segment and distal
bending segment are composed of the spatial cross-curved
disk (SCD) joints skeleton. The proximal bending segment
is assembled by spatial cross-curved disk-1 (SCD-1), and the
other is assembled by spatial cross-curved disk-2 (SCD-2).
The proximal bending segment and distal bending segment
share the same length (18 mm). A circular curved surface is
cut in two vertical directions on the side of the cylindrical
SCD disk to form an empty cross-curved disk structure.

As can be seen from Fig. 1(d), the tendon holes are
arranged at a uniform 90 degrees interval with a 2.25 mm
radius in the proximal bending segment, and the distal tendon
holes and proximal ones are staggered by 45 degrees in cross-
section. The disk surface is evenly distributed with multiple
holes to pass through the corresponding driving tendons.
When the two disks are installed as a pair and contact
tangentially at the arc surface, the drive tendons pass through
the holes in this pair. Then each pair of disks rotates 90
degrees relative to each other. After connection, a cross-arc
tangent contact surface is formed on the side of the double
active bending module, which can achieve the bending of the
double active bending module in four directions.

III. KINEMATICS MODELING OF THE ROBOTIC
SYSTEM

In this section, the kinematics of the robot based on the
SCD skeleton is analyzed. Definitions of the coordinate sys-
tems and nomenclature of the manipulator are presented in
Section ITI-A. The kinematics of the 7*" continuum segment
and the entire manipulator are described in Section III-B and
Section III-C, respectively. Moreover, actuation kinematics
with this specific continuum robot are summarized in Section
II-D. The Damped Least Square (DLS) method used for
motion control of the manipulator is depicted in Section III-
E.

A. Coordinate System Definition

Coordinate systems of the ‘" continuum segment and
the entire manipulator are shown in Fig. 2(a) and (b). The
explanation of relevant symbols is shown in Table I.

o World Coordinate System {w}={x.,, Yw, 2w } is located
in the base of the robot.

o Base Coordinate System of the i*" continuum segment
{ib}={xip, Yip, zip} is attached to the base disk of the
it" segment.

« End Coordinate System of the i*" continuum segment
{ne}={zie, Yie, zie } is attached to the end disk of the
ith segment.

» Bending Plane Coordinate Systems {b1}= {1, ys1,
zp1+ and {b2}={wp2, Y2, 2p2} is attached to the base
disk and the end disk of the i*" segment with its = — z
plane located at the bending plane of the segment.

o Tip Coordinate System {tip}={Ztip, Ytip, 2tip} is at-
tached to the tool connection segment.

TABLE I
NOMENCLATURE USED IN KINEMATICS MODELING

Symbol Definition
7 Index of the continuum segments, i=1,2
7 Index of the driving cables, j=1,2,3,4
k Index of joints in a single continuum segment, k=1,2,3,4
n Number of the continuum segments.
m Number of joints in a single continuum segment.
Lo Maximum feeding length of the base rigid segment.
L; Length of the central backbone of the i*/* continuum segment.
0; Bending angle of the i*" continuum segment.
04 Bending direction angle of the it continuum segment.
¢ Axial rotation angle of end of the base rigid segment.
d Feeding length of the base rigid segment.
T Distance from the driving cables to the center backbone.
s Homogeneous transformation matrix from frame {b} to frame
{a}.
R¢ Coordinate rotation matrix from frame {b} to frame {a}.
Py Position vector of frame {b} expressed in frame {a}

B. Kinematics of the it" Continuum Segment

Constant curvature bending assumption is applied to the
modeling of continuum manipulator. The configuration space
of one continuum segment can be described by ¥, =
[0;,6:]. 0; and §; denote the bending angle and the bending
plane angle, respectively. Therefore, the kinematics of the
it" Continuum Segment is obtained as follows.

The homogeneous transformation matrix 77 that from the
Coordinate System {ib} to the Coordinate System {ie} is
given below.

(D

ib ib
@b __ rib bl b2 Rie Pie
T‘ie - Tbl Tb2 Tie - |:

O1xz 1
where P? and R denote the orientation and position of the

end disk with respect to the segment base disk.
Therefore, Pi® and R are given by
L; cosd;(1—cosb;)
0;
ib __ | L;sind;(cosf;—1
P = % (2)
L;sin6;
i
Ny 0y 0g
ib _ pib pbl pbl _
Ric = Ry R Ric = |ny 0y ay (3)
Ny 0z ag

where n, = s20; + ¢20;c0;; ny = ¢6;86; — cb,,c0;50;; n, =
—c6;80;5 0 = 6;50; — cOpcl;80;; 0y = 25; + cb;5%0;;
0, = —80;50;; ag = c6;80;; ay = $0;80;; a, = cb;i.
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Fig. 2. Coordinate systems and modeling of the active bending module: (a)
the representation of the i*" active bending segment; (b) the entire active
bending module.

In the above formulas, s and ¢ denote the trigonometric

function sin and cos respectively.
‘th

The instantaneous inverse kinematics of the """ continuum
segment is given by:

l;i = quz\Ilz (4)

where ¥, = [@,&]T is a velocity vector of configuration

space for the segment, z; = [v;,1;]T is a velocity vector of
the center of the end disk, and Jy, is a jacobian matrix.
Then, elements in each row and column Jy, are described
in the following equation.
B LLS(SL(Cel*].)
01' 3 [3
LLC(SL(COL—I) L;sd;sO; LL55L(091_1)
- , 0. + 92

i 7

Licd;(cO;—1 ico; i_
c (902 )_’_ch‘sO

Li 697; _ Li Seii

Ju, = 0 b0 (5)
—S(Si 892' 057;
—céisei —S(Si
1-— Cei 0

C. Kinematics of the Entire Continuum Manipulator

Based on the kinematics of one single continuum segment,
the whole kinematics model of the entire continuum robot
can be established. The coordinate systems for the entire
manipulator are shown in Fig. 2(b).

o The rotation and linear motion units in MCRS have 2
DOFs for rotation and feed along the z,-axis. These
two types of motion are respectively parameterized by
¢ and d € [0, Lo].

o The continuum segment 1 (proximal bending segment)
is connected to the end of the base fixation segment.
The state of its motion is represented by 67 and ;.

o The continuum segment 2 (distal bending segment) is
located between the segment 1 and the tool connection
segment. The state of its motion is parameterized by 65
and 6.

The kinematics of the entire manipulator can be param-
eterized by configuration space ¥ = [d, ¢, 91,61,02,52]T.

The representation matrix of the tip coordinate system {tip}
relative to the world coordinate system {w} is given by:
1b rle qi2b o2
tl;}p = TIUI)J Tle TZIf TQe th;)' (6)
The instantaneous inverse kinematics of the entire manipu-
lator is given by:
T =Jg¥ (7)

where Jy is jacobian matrix of the entire continuum manip-
ulator derived from Jy,, d, and ¢. & is the velocity of the
tip.

D. Inverse Kinematics

Given a tip target position Py, the difference d P, between
it and the actual position P, can be obtained as in Eq.
(8). Following [20], we estimate the derivative terms by a
first-order approximation, and the differential relationship
between the tip displacement d P, and configuration variation
d¥ can also be derived as follows.

dP, = Py — P, = JgdV (8)

Therefore, supposing dP, is target displacement, joint
variation d¥ can be obtained as in Eq. (9) to further drive
the motor to undergo corresponding changes.

d¥ = JdP. (9)
To avoid the pseudo-inverse method’s problems with singu-
larity, the damped least square (DLS) is used to improve
numerical stability. The specific description of J&f is as
follows.

J§ = I3 (Je g + M)~ (10)

where the damping constant A = 0.15 is chosen.

The numerical iteration method is implemented to achieve
inverse kinematic control. After updating the configuration
vector W(k+ 1) = ¥(k) + d¥(k) at the kth time, actuation
kinematics calculates the commands of cable motion and
sends them to the controller. In the next time step, the current
tip position is calculated from forward kinematics through
the configuration vector and further compared with the new
target tip position.

E. Kinematics of the Actuation

The kinematics from configuration space to actuation
space varies with the structure of the continuum manipulator.
Under the assumption that the bending angles of each disk in
the same continuum segment are equal, this section describes
the mapping from configuration space to actuation space.

As shown in Fig. 3, since the lengths of the tendons inside
the disk are constant, only the lengths of the tendons in the
gap between the disks should be considered in the actuation
kinematics model. The driving tendons between adjacent
disks are straight, which can be written as:

I (Big) = 2re (51' + W(j;l)) s (ﬁo + ﬁ;) (11)
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Bending model between adjacent disks.

where f3;; = %, which is the angle variations of adjacent
disks gap, ranging from —16° to 16°, from the initial angle
of gap f3y. Moreover, s and ¢ denote sin and cos respectively.
The cable length variations are shown as Eq. (12) when
the manipulator moves from the initial to the desired state.

Al =M 157 (Bi) =* 157(0) (12)

Therefore, cable length variations in one segment com-
posed of four joint groups can be given in below:

n o __ k
ALY, = 4All, (13)

Furthermore, the displacement of driving cable for the i‘"
continuum segment can be expressed as:
AL =Y AL} (14)
i=1

In addition, due to the driving tendons of the distal bending
segment passing through the proximal bending segment, the
proximal segment will have an impact on the bending of the
distal bending segment. Therefore, when calculating the total

length of each driving cable, the distal segment cable length
needs to be compensated according to Eq. (14).

IV. EXPERIMENTAL VALIDATION

The following experiments will be carried out to investi-
gate and verify the performance of DESectBot.

A. Experimental Setup

As illustrated in Fig. 1, the DESectBot is comprehensively
introduced in Section II-A. It features a passive bending mod-
ule exceeding 1 m in length, designed for endoscopic appli-
cations. To more effectively concentrate on and characterize
its essential component, namely the double active bending
module, we have purposely built an experimental setup. This
setup includes the actuation module and the double active
bending module, but with a shortened length of the passive
bending module, as depicted in Fig. 4. The electromagnetic
tracking system (Northern Digital Inc., Canada) is employed
to track the actual tip position of the robot. This system
is connected to a host PC (Intel Core i5-10400F-2.90GHz)
via a Local Area Network (LAN). A single eletromagnetic

NDI tracker Passive bending module

-
Double active | f ettt ite e

bend dul
ending module -

Actuate tendon

Fig. 4. Experimental setup for trajectory tracking and mechanical decou-
pling.

(EM) sensor (Northern Digital Inc., Canada) with 6 DOFs
is affixed to the central hole of the active bending module,
with its local coordinate system pre-defined. The EM sensor
measures position and orientation with respect to the local
coordinate system at a rate of 25 Hz. To ensure real-time
posture information of the robot in each servo loop, the
servo cycle is set to be longer than the EM’s sampling time,
specifically chosen to be 40 ms.

B. Validation of the Robot’s Decoupling Capability

Constructed upon the SCD skeleton, the two-segment con-
tinuum arm can independently bend its distal and proximal
segments. This indicates that each bending segment can
achieve the desired angle while the other segment remains
unaffected.

To validate the decoupling bending performance of the two
active bending segments, two experiments were conducted.
In the first experiment, the distal segment remained station-
ary, while the proximal bending segment was manipulated
from a straight configuration to a 60° angle. To document
the angle variation of the proximal segment during the ex-
periment, a camera was utilized to capture the robot bending
at 10-degree intervals, as presented in Fig. 5(a). In the
second experiment, the proximal segment remained straight,
while the distal bending segment was bent from a straight
configuration to 60°. As depicted in Fig. 5(b), the movement
of the distal bending segment was captured at every 10°
interval. The coupling error, representing the influence of
the actuated segment on the unactuated segment’s bending
angle, provides insights into the mutual coupling of the
adjacent continuum segments. It is important to note that, in
the first experiment set, due to mechanical connection, the
corresponding movement of the distal segment induced by
the proximal bending is inevitable. Therefore, the coupling
error for the first experiment set signifies the distal segment’s
bending radius in comparison to the straight status.

As indicated in TABLE II, the average coupling error
for the proximal and distal decoupling experiments is 0.98°
and 1.04°, respectively. This highlights a good decoupling
performance between the proximal and distal segments.
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Fig. 5. Experimental results of mechanical decoupling of (a) the proximal
segment and (b) the distal segment.

TABLE I
MECHANICAL DECOUPLING EXPERIMENT RESULTS

Bending Angle (°) 10 20 30 40 50 60
Coupling error (Casel) (°) 0.76 0.87 1.05 1.15 098 1.09
Coupling error (Case2) (°)  0.81 090 0.63 1.05 1.15 1.07

Case 1: The proximal segment bends while the distal segment remains
unactuated.
Case 2: The distal segment bends while the proximal segment remains
unactuated.

C. Trajectory Tracking

In the context of ESD, intricate trajectories involving both
straight and curved lines are essential for the completion of
the treatment. To verify the accuracy of the DESectBot and
its kinematic modeling, trajectory tracking experiments were
conducted. In this study, square and semicircular trajectories
in the « — y plane, as illustrated in Fig. 2, were selected to
demonstrate the robot’s capability to navigate both straight
and curved paths. The performance of DESectBot in trajec-
tory following is evaluated based on the average Euclidean
distance between the actual and the desired trajectories, as
defined by the equation below:

error =/ (z, — )2 + (yr — y)? (15)

where x, is x coordinate of the reference trajectory, v,
is y coordinates of the reference trajectory. x and y are
coordinates of the experimental trajectory.

In the first experiment, the robot was controlled to follow
a square trajectory, each side measuring 30 mm in length.
As illustrated in Fig. 6(a), the bending segment successfully
traces the trajectory, starting from the green point (0, 0) and
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Fig. 6. Experimental results of rectangular trajectory tracking: (a) rectan-
gular case. Curves of x and y coordinates with respect to time in (b) and
(c). rectangular trajectory tracking error (d)
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Fig. 7. Experimental results of semicircular trajectory tracking. (a)
Semicircular case. Curves of x and y coordinates with respect to time in
(b) and (c). semicircular trajectory tracking error (d)

concluding at the red point (15, 0). The actual trajectory,
recorded by the EM sensors, is represented by the blue line
and compared with the desired trajectory in green. To further
illustrate the trajectory tracking performance of the two-
segment bending component, the performance in the x and y
axis is presented in Fig. 6(b) and Fig. 6(c), respectively. The
tracking error, computed according to Eq. (15), is depicted
in Fig. 6(d), revealing an average tracking error of 1.9 mm
and a maximum tracking error of 2.4 mm.

In the second experiment, a semicircle trajectory with a
15 mm radius was employed to assess the performance of
the proposed two-segment bending component. As depicted
in Fig. 7(a), the starting and ending points of the desired tra-
jectory (green) are both at the origin point (0, 0). The actual
tracking trajectory closely follows the desired trajectory in
the circular segment, with an average error of approximately
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1.5 mm. However, the error increases to around 2.5 mm due
to an offset between the actual and the desired trajectories
in the straight part of the semicircle. The performance of the
bending segment in the x and y axis is illustrated in Fig. 7(b)
and Fig. 7(c), respectively. The tracking error, also based on
the calculation of Eq. (15), is presented in Fig. 7(d). The
results indicate an average tracking error and a maximum
tracking error of 1.5 mm and 2.1 mm, respectively.

The results of the two experiments underscore the promis-
ing performance of DESectBot. The average tracking error
for both trajectories remains below 2 mm, while the max-
imum tracking error does not exceed 2.5 mm. Considering
the initial marking step of ESD, which is a crucial procedure
that involves outlining the boundaries around a lesion or area
of interest in the GI tract and requires a tolerance of 5 mm,
the proposed DESectBot successfully meets this requirement
in terms of accuracy [21].

V. CONCLUSION AND FUTURE WORK

This paper presents the DESectBot, a continuum robotic
system equipped with two decoupled bending segments.
These segments enhance the robot’s flexibility, maneuver-
ability, and environmental adaptability. The control of the
active bending modules is facilitated through a kinematic
model that examines the relationship between the actuators
and the end effector, establishing a connection between the
displacement of the driving cables and the configuration
space. Experiments were conducted to validate the system’s
decoupling capabilities and precision. The results highlight
the DESectBot’s ability to independently operate the two ac-
tive bending segments and accurately follow 2D trajectories,
satisfying the precision demands of ESD treatments.

For simplicity, the system functionality was validated with
a shortened passive bending segment. However, extending
the length of the passive bending segments for realistic
ESD surgeries will inevitably increase the friction between
the wires and the robot’s materials, thereby amplifying the
system’s nonlinear phenomena such as hysteresis. Future
work will focus on modeling and compensating for hysteresis
to mitigate its impact during operation [22]. Moreover, given
the complexity of the robotic system, deep learning methods
specifically for multi-segment robots will be explored for
controlling the DESectBot in future studies.
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