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Stable Gravity Compensation and 6-DoF
Manipulation of a Tethered Magnetic Endoscope
With an Optimized End-Effector

Ahmed Hossameldin

Abstract—This paper presents the design and experimental vali-
dation of a magnetic end-effector optimized for the robust manipu-
lation of a tethered magnetic endoscope in six-degrees-of-freedom
(6-DoF). The symmetrical end-effector integrates two pairs of per-
manent magnets that generate a stable 2D attraction zone with a
diameter exceeding 60 mm. This feature enables stable gravity com-
pensation and precise control of centimeter-scale magnetic endo-
scopes. Experimental results demonstrate 6-DoF manipulation, sta-
bility and robustness against external disturbances, and successful
navigation through obstacles in a confined environment. The stable
gravity compensation allows to reduce friction and pressure on the
endoscope’s environment during navigation, which represent a key
advantage for advancing minimally invasive medical procedures in
general and colonoscopy in particular where minimizing pressure
on the colon is critical. Future work will focus on enhancing the
system through active control of the tether’s length.

Index Terms—Levitation and gravity compensation, medical
robots and systems, telerobotics and teleoperation, 6-DoF magnetic
robot, tethered endoscope.

I. INTRODUCTION

AGNETIC end-effectors are gaining increasing attention
M in medical robotics due to their ability to perform con-
tactless manipulation and apply relatively high forces remotely
over large distances [1], [2], [3]. Inrecent years, various magnet-
ically actuated robots have been developed for multiple appli-
cations, including microrobot control [4], [5], catheter naviga-
tion [6], [7], and endoscope guidance [8], [9]. The magnetic field
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of the end-effector can be generated using either electromag-
nets or permanent magnets. Electromagnets offer the advantage
of controllable magnetic field intensity; however, they require
high electric currents to produce sufficiently strong magnetic
fields, which can lead to heating and may necessitate cool-
ing systems [10]. Moreover, electromagnets require complex
feedback control systems for effective manipulation. Another
drawback of electromagnetic end-effectors is their substantial
size and weight compared to permanent magnets with equivalent
magnetic moments, which limit their applications and reduce
available workspace [11].

In contrast, permanent magnet end-effectors are valued for
their ability to maintain strong magnetic fields in a compact
form factor, without requiring external power sources or cooling
systems. This makes them ideal for applications demanding
high magnetic field strength [12], [13], [14]. Despite these
advantages, stable control of manipulated magnetic objects is
challenging, as it is physically impossible to create a point in
3D space that attracts magnetic objects from all directions [15].
One solution is to introduce feedback-controlled electromag-
nets, creating a hybrid system in which permanent magnets
provide high forces and electromagnets stabilize the object [16].
However, this approach requires accurate pose measurement,
which is particularly difficult in confined spaces typical of
medical applications. An alternative method for achieving stable
magnetic manipulation is to apply an external stabilizing force.
This can come from gravity [17], [18], contact forces [19],
surface tension [20], [21], [22], or a tether [17], [18], [23], either
individually or in combination.

A promising concept for achieving stability without high-
frequency feedback involves generating a stable region or point
in 2D space where the magnetic field strength is locally maximal.
A manipulated magnet is naturally attracted to this region,
and the combination of magnetic forces, torques, and external
forces maintains its equilibrium. As the manipulator moves or
rotates, the magnetic object follows. Son et al. [24] applied
this concept to develop a wireless millirobot navigation system
within soft tissues using an array of permanent magnets. They
created a stable magnetic trap zone that effectively attracted and
stabilized the millirobot. However, the system was limited to
3-DoF, constraining movement and restricting the operational
area. Moreover, the robot’s stability was reliant on resistance
from surrounding tissue—without such resistance, the system
could not maintain stability.
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In previous work, this principle was used to generate a 2D
local maximum magnetic field (2D L M) for position control of a
micromagnet on a liquid surface using a four-permanent-magnet
end-effector [20]. In this setup, any magnetic particle within
the attraction zone was drawn toward the 2D LM, providing
2-DoF translational constraint via the magnetic field, while
the third DoF was constrained by the liquid interface. This
naturally stabilized the manipulated magnet’s position without
requiring feedback control. However, the system was limited to
translational control with no demonstrated rotational control and
was only capable of manipulating small magnetic particles.

In this paper, we introduce a four-magnet end-effector ca-
pable of stably compensating for gravity and manipulating a
tethered magnetic endoscope, enabled by its wide attraction
zone and strong magnetic forces. These magnetic forces allow
for both disturbance rejection and gravity compensation, while
the large attraction zone facilitates the manipulation of larger
magnetic bodies. In combination with the tension provided by a
fixed-length tether, the end-effector enables natural stabilization
and independent control of 3-DoF in translation and 3-DoF in
rotation. This development opens up new possibilities for in-
dustrial and medical applications, including minimally invasive
procedures such as colonoscopy.

II. MODELING AND BACKGROUND

In designing a multi-magnet end-effector, it is essential to
derive the equations that govern magnetic fields, forces, and
torques for interacting magnets. A fundamental property of
quasi-static magnetic flux, B, is that it does not allow magnetic
sources or sinks. This can be mathematically expressed as:

V-B=0, (1)

where V- denotes the divergence operator. The magnetic force
Fp exerted on a magnetic object depends on its magnetic mo-
ment M and the external magnetic flux density B:

Fg =V(M-B), @)

where V and - represent the gradient and dot product operators,
respectively.

Since the magnetic dipole moment of a permanent magnet is
constant, the above equation can be rewritten as:

OB, B, 0B,
Fg, o ar ar M,
- o OB, y OB,
Fp = FBy = | 5" %J I My . 3
F OB, 9B, OB, M.
B 0z 0z 0z z

This equation shows that the resulting magnetic force is
directly proportional to the gradient of the magnetic field and
the magnetic moment of the permanent magnet [25]. For a given
magnet, increasing the force requires enhancing the magnetic
field gradient at the magnet’s location.

In addition, a magnet subjected to an external magnetic field
experiences a torque, Tp, which tends to align the magnetic
dipole moment with the field:

T8 =M X B, 4)

where X denotes the cross product.
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tic field lines H

0 10 20 30
X (mm)

(b)

Fig. 1. (a) Rectangular prism permanent magnet schematic. (b) The X-Z
plane of the rectangular permanent magnet, showing the magnetic field norm in
Tesla and magnetic field lines.
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Pure rotation of a magnetic dipole about its own magnetic
moment does not affect the force or torque. Therefore, up to
5-DoF can be controlled for magnetic dipoles using magnetic
forces and torques [26].

The components of the magnetic field, B,, By, and B, gen-
erated by a rectangular permanent magnet magnetized along the
Z-axis can be analytically described using the model proposed
by Camacho et al. [27]:

Bw _ /,L()M 11’1 k’g(—l’ Y, _Z)kQ(xaya )’ (5)
47 ko(x,y, —2)ka(—x,y, 2)
MoM k ( Y, T, — )k’g(y,l‘ Z)

B : 6)

v M haly, 7, —2)ka(—y, 7, 2) (
M

Bz = = MZTr [kl(fxay,z) + kl(f‘r,yv 72)
+ ki (— z) + ki(—z,—y, —2z) + k1 (x,y, 2)
+ky(z,y,—2) + ki(x, —y, 2) + k1 (z, —y, —2)] . (7)

Here, 1 is the permeability of free space, and a, b, and ¢
represent the magnet’s dimensions, as illustrated in Fig. 1. The
coordinates x, y, and z refer to the points where the magnetic
field is evaluated, relative to the magnet’s origin.

The coefficients k1 and k> are defined as:

(z+a)(y+0b)
(z+c)y/(z +a)? + (y +b)?
VE+a)2+y—02+(z+c)2+b—y
VE+a)2+y+b2+(z+c)2-b—y

III. DESIGN AND OPTIMIZATION OF A TETHERED
PERMANENT-MAGNET ENDOSCOPE

ki(x,y, z)=arctan
1( Y, ) +(Z+C)2’

k(. y,2) =

. (8)

A. Modeling of the Tethered Magnetic Endoscope

During operation, endoscopes are typically connected to the
exterior of the body for real-time navigation and the transfer of
energy and data. This architecture also facilitates the extraction
of the endoscope in case of malfunction. Since the patient’s pri-
mary discomfort arises from pressure exerted by the endoscopic
head on the colon during insertion, magnetic endoscopes aim to
reduce this pressure by pulling the device using magnetic forces.

The conventional approach involves varying the position and,
if applicable, the magnetization of the electromagnetic end-
effector to control the endoscope’s position [28] (see Fig. 2(a)).
However, this position is inherently unstable, as a magnetic
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Fig.2.  Originality of the proposed concept. (a) Conventional approach with a
single magnet: vertical position is unstable because the magnetic force increases
as the endoscope approaches the end-effector. (b) Proposed concept: the endo-
scope is stabilized in the XY plane by a magnetic field that draws it toward a
local maximum. This magnetic force counteracts gravity and disturbances.

dipole cannot be stabilized using only static permanent magnets.
Although generating a true magnetic field maximum in 3D space
is theoretically impossible, creating a local maximum in 2D
is feasible. The magnetic end-effector constrains two DoF in
both rotation and translation via this 2D local maximum. The
remaining rotational DoF is stabilized by the tether, while the
final translational DoF is constrained by the opposing forces of
the magnet and tether. Consequently, all DoF of the magnetic
capsule can be controlled.

The tether used in this study is a standard flexible endoscopic
camera cable, which offers the desirable properties of high
bending compliance and high torsional rigidity. These charac-
teristics allow the tether to accommodate the capsule’s motion
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Fig. 3. System of forces and torques acting on the magnetic endoscope. F'

the force and 7 torque applied by the magnetic end-effector, F'y the force and
T¢ torque applied by the tether, the disturbing forces F'y and torques 74, and
the gravity force F.

while minimizing unwanted twisting. Its torsional stiffness also
generates shear forces during rotation, assisting the capsule in
self-aligning. Any relative positioning errors can be corrected
using the end-effector’s 3-DoF translational capabilities, ensur-
ing precise and robust control.

The most critical aspect of the design is generating a 2D local
maximum in the magnetic field that can attract and levitate
the magnetic endoscopic head. This strategy, referred to as
magnetic gravity compensation, relies solely on magnetic forces
in the vertical direction, as illustrated in Fig. 2(b). An important
characteristic of this approach is that the maximum vertical
force—required to counteract gravity—occurs at the symmetry
plane, while the tether force along the z-axis is minimal at
this location. This configuration maximizes vertical support
while minimizing friction from the tether, which is particularly
beneficial for colonoscopy applications.

To realize this behavior, the magnetic end-effector must
be carefully designed and optimized to generate a strong 2D
magnetic field maximum with a wide attraction zone—defined
as the region in which any magnetic object is drawn toward the
maximum. This can be achieved using two symmetrical pairs of
magnets, as shown in Fig. 4.

The system of forces and torques acting on the magnetic
endoscope is illustrated in Fig. 3. The magnetic end-effector
applies a force F 5. The ', and FBy components of F' 5 attract
the endoscope toward the 2D local maximum in the XY plane,
while F'z_ pushes it away from the symmetry plane. Because the
planar position is naturally stable, only the Z direction requires
active stabilization, which is provided by the tether applying a
tension force Fj. If the sum of the magnetic, the gravitational,
and the disturbance forces is not colinear with F} then a torque
is required to counteract the resulting moment. This is provided
by the magnetic torque 75, which tries to align the magnetic
moment M of the endoscope with the magnetic field B. It is
important to note that no magnetic torque is applied about the
endoscope’s magnetic moment itself; this torque is constrained
only by the torsional stiffness of the tether. While controlling
rotation around the magnetic moment is not strictly necessary,
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Fig. 4. Design of the four-magnet end-effector. Four variables (¢, t.,, 01,

02) are optimized to generate a 2D local maximum (2DLM) at (zy, 0, 0).

full 6-DoF control is achieved by simultaneously adjusting the
position and orientation of both the magnetic end-effector and
the tether. The system remains in equilibrium as long as dis-
turbing forces F 4, torques T4, and gravity F', are counteracted
by magnetic forces. The system’s performance depends on the
characteristics of both the magnetic end-effector and the tether:
the former should exhibit a large attraction zone and strong field
gradient, and the latter should be flexible yet torsionally rigid.

The final design features a four-magnet end-effector with
two symmetry planes at y = 0 and z = 0. In the end-effector’s
reference frame, the magnet centers are located at p1 (0,0, ¢, ),
pa2(ts,0,t.,),p3(0,0,—t.,),and p4(t,, 0, —t.,). The parameter
t, was fixed at 15 mm based on preliminary studies showing lim-
ited influence on optimization outcomes. All magnetic moments
lie in the X -Z plane, with respective orientations of 01, 05, —61,
and —0s, as shown in Fig. 4.

The resulting magnetic field was obtained by applying each
magnet’s translation and orientation, then superimposing their
fields. Due to the end-effector’s symmetry, the resulting field has
specific properties: B, is even, B, is odd, and B, is zero in the
Z = 0 plane. Fig. 5 shows the magnetic field norm, lines and
gradient.

B. Optimization of the Magnetic End-Effector

The optimization goal was to design a four-magnet end-
effector that produces strong magnetic forces and torques, as
well as a broad attraction zone. Based on (3), magnetic force
is maximized when the magnet aligns with the external field.
However, increasing the magnetic moment M also increases
magnet volume and weight, which is undesirable. Therefore,
improving the magnetic field gradient is a more practical strategy
for effective gravity compensation.

Optimization targeted the parameters ¢, t.,, 01, 62, and
magnet dimensions L,,, L,,, and L, to maximize the field
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Fig.5. Tethered cylindrical magnetic endoscope levitated by the four-magnet
end-effector. Contours represent magnetic flux density; black lines show mag-
netic field lines, and red arrows indicate the gradient. The magnetic torque on
the capsule depends on field strength and orientation relative to the capsule’s
magnetic moment. The magnetic force is proportional to the field gradient. By
adjusting end-effector orientation, different equilibrium points can be achieved.

gradient at a desired point. The local maximum was constrained
to the X-axis due to symmetry, where ZBy => B.,=0,
simplifying analysis. The xz-component, Y B,, was used to
locate the maximum. Unless otherwise noted, all parameters
refer to the entire end-effector.

Conditions for a local maximum at (z;, 0, 0) include:

a) % = 0 (first derivative zero),

2 . .
b) 68 ff < 0 (concavity for maximum),

92B,, 9*B, 92B,, . .
0) Gz T (Baray )2 > 0 (avoid saddle points),

d) No physical collisions between magnets.

Optimization was conducted in two stages: identifying admis-
sible solutions and maximizing the magnetic field norm and at-
traction zone at the desired local maximum. The implementation
was done in MATLAB 2024a and executed on a DELL Precision
3561 with 32 GB RAM and an 11th Gen Intel Core "™™i9-11950H
@ 2.60 GHz x 16 processor. The full optimization converged
in approximately 3 hours, yielding the optimal configuration
parameters.

IV. SIMULATIONS AND EXPERIMENTAL RESULTS
A. Optimized Magnetic End-Effector

Given the constraints and the objective function, we opti-
mized the design of the end-effector to maximize the magnetic
field density at the point on the x-axis, z; = 80 mm. For the
optimization, the admissible translation and rotation parameters
were constrained 10 < ¢, , < 130mm and 0° < 0 » < 180°,
respectively. The outer magnet dimensions were limited to
Smm < L, 4, -, <40 mm. The value of Z,, was set to 15 mm,
and the diameter of the attraction zone was at least 60 mm around
the local maximum.

The optimized parameters of the magnetic end-effector are
presented in Table I (see Fig. 4 for reference).
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TABLE I
OPTIMIZED DESIGN PARAMETERS OF THE END-EFFECTOR

Parameter Value Parameter Value
Ly, (mm) 40 L, (mm) 20
Ly, (mm) 20 t;, (mm) 126.5
Ly, (mm) 40 1z, (mm) 77
Ly, (mm) 20 oy 53.5
L, (mm) 20 0, 78.12

Fig. 6. Experimental setup for measuring the magnetic field using a 3MTS
USB Teslameter and a Doosan A0509 s robotic arm.

B. Simulation and Validation of the Optimized End-Effector’s
Magnetic Field

To validate the generated magnetic field, the optimized end-
effector was 3D-printed, and Neodymium N45 magnets were
used. Magnetic field components along the three axes were
measured using a Senis 3MTS USB Teslameter mounted on
a Doosan A0509 s robotic arm. During the experiment, the
magnetic end-effector remained stationary while the Teslameter
was precisely positioned in the XY plane by the robotic arm.
At each measurement point, the robotic arm halted, and 100
static magnetic field measurements were recorded at small time
intervals. The averaged values were used to reduce noise and
ensure accuracy. This process was repeated systematically to
cover the entire target area. Fig. 6 shows the experimental setup.

Fig. 7 illustrates the simulated and experimentally measured
magnetic field densities in the XY plane at various z-positions.
The left column shows theoretical results, while the right column
shows experimental measurements. Both magnetic field distri-
butions exhibit similar shapes, with local maxima appearing at
approximately the same location. As expected, the attraction
zone is broad at z = 0, narrowing as z increases, and even-
tually disappears. Although the local maximum is located at
2; = 80 mm on the plane z = 0 as optimized, its location varies
for different z values, forming a 3D attraction zone shape more
closely resembling a croissant than a sphere.

C. Tethered Gravity Compensation and Manipulation of a
Magnetic Endoscope

We evaluated the optimized end-effector for tethered gravity
compensation and manipulation using two types of magnetic
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Fig. 7. Simulated and experimentally measured magnetic field norms at dif-
ferent z-axis planes. A 2D local maximum is clearly observable, validating the
optimization.

endoscopes: one spherical and one cylindrical. Each was
equipped with a wired camera and an N45 neodymium magnet.
The magnetic end-effector, mounted on a Doosan A0509 s
robotic arm, performed 6-DoF motion. The camera detected a
pattern to estimate the 6-DoF pose of the endoscope, which was
tethered to the end-effector. The tether was used both for real-
time image transmission and to enhance Z-axis stabilization.

The first experiment assessed the stability of the gravity
compensation and its robustness against disturbances. Each was
placed inside the attraction zone and manual disturbances of
more than 40 mm were applied (see Fig. 8). Fig. 9 shows the
endoscopes’ displacements over time. The cylindrical design
reached a maximum of 55 mm and the spherical 43.1 mm. Both
recovered and re-stabilized after oscillations, confirming robust-
ness. The measured stable zone is adequate for colonoscopy,
given average colon diameters [29].
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Fig. 8. Gravity compensation robustness against external disturbances of
different tethered endoscope shapes: (a) spherical, (b) cylindrical.
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Fig. 9. Displacement of (a) spherical and (b) cylindrical endoscopes after
disturbance.

Translations of Endoscope and End-Effector Along
the X, Y, and Z Axes with 100 mm Displacement
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Fig. 10.  Tracking accuracy during 100-mm translations along the X -, Y-, and
7, axes.

In the second experiment, the magnetic end-effector per-
formed independent 100 mm translations along the X-, Y-,
and Z-axes. The endoscope’s position was measured using
visual markers. As shown in Fig. 10, the endoscope tracked the
end-effector’s motion with minor oscillations due to acceleration
and deceleration.

Fig. 11.  Rotation experiment of the weight-compensated tethered endoscope:
(a) X-axis, (b) Y-axis, (c) Z-axis.

Next, the end-effector performed rotations about the X-,
Y-, and Z-axes. While the endoscope accurately tracked the
rotations of the magnetic end-effector about the X -and Y -axes
from 0 to 30°, a consistent rotation ratio of approximately 0.486
was observed between the end-effector and endoscope during
Z-axis rotations. To compensate for this discrepancy, a fixed
open-loop gain of 2.05 was implemented. As a result, achieving
a 25° rotation of the endoscope requires a 51.4° rotation of
the end-effector. Figs. 11 and 12 illustrate the repeated corre-
sponding rotation motion of the cylindrical magnetic endoscope.
Although the Z-axis rotation is more prone to oscillations, the
endoscope closely followed the desired trajectory. The errors
between the desired and the obtained translation and rotation
trajectories are illustrated in Fig. 13.

To assess the precision of the magnetic endoscope, a compre-
hensive statistical analysis of trajectory errors was conducted
across repeated trials. Table II presents key metrics for both
translational and rotational errors. For translations, standard
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Repeated Experimental Trials of Endoscope Rotations Around
the X, Y, and Z Axes with R, = R, = 30°, R, = 25°
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Fig. 12. Rotational motion of the weight-compensated magnetic endoscope
of repeated experiments for R, = R, = 30° and R, = 25° rotations.
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Fig. 13.  6-DoF experimental manipulation error analysis: (a) Translation

errors along the X-, Y-, and Z -axes during 100mm displacements of the
end-effector and capsule. Errors were calculated by estimating the pose of a
reference pattern via the capsule camera and measuring deviations from the target
positions. (b) Rotation errors around the X-, Y-, and Z-axes for end-effector
rotations of 30° (X, Y') and 51.4° (Z), and capsule rotations of 30° (X, Y') and
25° (Z). Errors were computed by comparing the target rotation angles with the
measured capsule rotations using pattern-based pose estimation.

TABLE II
6-DOF MANIPULATION ERROR ANALYSIS

Metric Axis  Std. Dev. Mean Error Max Error

X 1.1897 -0.0256 6.7
Translation (mm) Y 0.2827 0.0332 1.7

Z 0.6732 -0.0845 8.9

X 0.2113 0.0148 3.6
Rotation (°) Y 0.2113 -0.1414 2.8

Z 1.5901 -0.2601 8.5

deviations ranged from 0.28 mm (Y-axis) to 1.19 mm (X-axis),
with maximum errors reaching 8.9 mm (Z-axis). Rotational anal-
ysis showed standard deviations between 0.21° (X- and Y-axes)
and 1.59° (Z-axis), with peak errors of 8.5° on the Z-axis. These
results highlight the system’s precision and reliability, with the
Z-axis exhibiting the greatest variability in both translational
and rotational measurements.

To evaluate the endoscope’s ability to navigate between ob-
stacles, another experiment was conducted using telemanipula-
tion of the weight-compensated magnetic endoscope from an
initial position to a target location, as shown in Fig. 14. The

Fig. 14.

Open-loop telemanipulation of the weight-compensated endoscope
demonstrating obstacle avoidance from initial to target position.

endoscope successfully navigated through obstacles to reach
the destination. These results demonstrate the system’s ability
to manipulate the weight-compensated endoscope along curved
trajectories. A video accompanying this paper further illustrates
the robotized magnetic endoscope’s capabilities.

V. DISCUSSION

The experimental results confirm the effectiveness of the
proposed magnetic end-effector in achieving stable weight com-
pensation and full 6-DoF control of a tethered magnetic endo-
scope. The system consistently maintained the endoscope’s po-
sition within a stable two-dimensional attraction zone generated
by the optimized magnetic field. This stability was preserved
even under significant external disturbances exceeding 40 mm,
demonstrating strong robustness.

A key outcome of this work was the ability to navigate the
magnetic endoscope through constrained environments without
exerting pressure on surrounding surfaces. This was achieved
by maintaining a magnetic equilibrium zone that minimized
interaction forces with the anatomical environment—a criti-
cal feature for procedures such as colonoscopy. Experimen-
tal demonstrations confirmed that the endoscope could move
smoothly between obstacles, guided solely by the magnetic
end-effector and the tether.

Despite these encouraging results, several areas for improve-
ment remain before clinical deployment. One primary limitation
is that the stability of the magnetic endoscope depends on its
relative position with respect to the end-effector. Currently, the
tether is fixed in length and attached directly to the end-effector,
which limits its ability to accommodate complex anatomical ge-
ometries. Navigating curved segments of the colon may displace
the endoscope outside the attraction zone, potentially affecting
stability and performance.
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To address this limitation, future versions of the system
should incorporate active tether-length control. A promising
approach would involve real-time tension sensing in the tether
to dynamically adjust its length. This strategy would also enable
regulation of the pressure exerted by the tether on the intestinal
walls. Minimizing this pressure is essential to reduce patient
discomfort and avoid complications. While reducing the tether’s
diameter may seem beneficial, a more suitable approach is to
maintain a minimal yet adequate diameter that ensures pressure
is distributed effectively, while combining high bending flexibil-
ity with significant torsional rigidity. The size of the endoscope
and tether diameter can be optimized for greater patient comfort.

Another design consideration involves rotational control
around the endoscope’s magnetic moment. Although active
control of this axis is not required for routine inspection and
navigation, it can still be achieved by employing a tether with
sufficient torsional stiffness. Enabling this control would expand
the system’s capabilities in scenarios that demand full 6-DoF
actuation, such as targeted biopsies or therapeutic interventions.

VI. CONCLUSION

In this paper, we presented a novel 6-DoF robotized, magnet-
ically actuated tethered endoscopic system. The system com-
prises a four-permanent-magnet end-effector mounted on a
7-DoF robotic arm and a tethered magnetic endoscope. The
proposed design effectively and robustly compensates for the en-
doscope’s weight, maintaining stability even under disturbances
exceeding 40 mm. Experimental results demonstrated that the
magnetic endoscope can be controlled across all 6-DoF and
navigate through confined spaces with obstacles while minimiz-
ing the pressure exerted on its surroundings. These promising
outcomes lay the foundation for future applications in minimally
invasive colonoscopy. The compact size of the endoscope and
tether was considered to enhance patient comfort.

A current limitation of the system is the fixed tether length,
which restricts adaptability in navigating long or highly curved
anatomical pathways. In future work, we aim to implement
active tether-length control to enhance the system’s versatility
and performance.
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