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Abstract—A novel crawling magnetic robot system
manipulated by a magnetic navigation system is proposed
for wireless self-expandable stent delivery in narrowed
tubular environments. The crawling magnetic robot is
composed of a crawling module to generate crawling
motion for navigation in a tubular environment, and a
magnetic pulley module to generate drilling motion to
unclog the blocked region and uncovering motion of a
stent cover for the self-expandable stent deployment. The
magnetic navigation system composed of three orthogonal
pairs of electromagnetic coils can generate three
dimensional external magnetic field by controlling the
applied current. We also proposed selective motion control
methods and design processes with fabrication. Finally, we
prototyped the proposed crawling magnetic robot and
conducted several experiments to show the validity of the
proposed crawling magnetic robot and its manipulation
methods.

Index Terms—Crawling robot, magnetic navigation
system, magnetic pulley, magnetic robot, self-expandable
stent, stent delivery.

LIST OF ACRONYMS

CMR Crawling magnetic robot
EMF External magnetic field
HC Helmholtz coil

MNS Magnetic navigation system
PMF Precession magnetic field

RMF Rotating magnetic field

SES Self-expandable stent

USCy Y-directional uniform saddle coil
USCz Z-directional uniform saddle coil
UVCAP  Ultraviolet curable acrylic plastic
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|. INTRODUCTION

UBULAR organs of a human body are gastrointestinal

tracts, intestines, blood vessels, bronchial tubes, and
urinary systems which are passage of substances. However,
when they become narrowed due to cancer or fatty-substance
deposit in the blood vessels, it can cause intestinal obstruction
or myocardial infraction. Self-expandable stent (SES) is a
popular medical device to widen narrowed regions and
maintain expanded walls [1], [2]. The SES is made of
shape-memory alloys compressed and covered by a catheter, so
that they can self-expand when the catheter is uncovered.
Conventional stent delivery methods using wired catheters
have low steering ability and controllability, so that the success
of stent deployment was mostly depended on the experience of
medical doctors. Also, the medical doctors are constantly and
directly exposed to radiation from X-ray scanners during the
operation which increases risks of cancer, cataracts, and
orthopedic strain [3]. Some commercial remote magnetic
navigation systems such as Niobe (Sterotaxis, USA) and CGCI
(Magnetecs, USA) have been developed to increase steering
ability and controllability of the catheter and to reduce the
radiation hazards of the medical doctor. However, they still
have limitations of wired devices. For example, bacteria can
permeate inside the body through catheter, and the risk
increases higher when operation time becomes longer. This is
called as Bacteremia, and the Bacteremia is one of the most
common side effects of catheterization. It can be fatal to
patients who have lower levels of immunity [4]. To overcome
the limitations of wired devices, various medical robots and
their wireless manipulation methods in tubular environments
have been widely investigated.

Locomotion methods of the robots can be categorized into
passive and active methods. The passive locomotion methods
rely on the motion of external environments such as peristalsis
of gastrointestinal tracts, and the active locomotion methods
generate a propulsive force by controlling the motion of the
robot [5]-[9]. Since high maneuverability and controllability
are required to navigate in complicated and twisted tubular
regions, the active locomotion methods are reasonable for
navigation methods of the robots. Swimming with bioinspired
moving fins [10]-[12] or helical structures [13]-[15] are
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common active locomotion methods. The swimming robots
generate oscillating or rotating motions, which are converted to
propulsive forces via the robot structures. However, these
robots cannot stably maintain their current position under
changes of the external environment because they do not make
physical contact with the external walls. Locomotion utilizing
friction forces between a robot and the external environment
are the other effective active locomotion methods [16]-[19].
Robots utilizing these methods continuously make contact with
the external walls during locomotion, resulting in the
advantages of precise and stable manipulations. The crawling
mechanism, which utilizes asymmetric friction forces, has the
strong advantages of possessing a simple driving principle and
maintaining position and orientation of the robot against
motions of the environment such as heartbeat or peristalsis
[20], [21]. Wireless powering methods of the robots can be
categorized into electric and magnetic methods. The electric
powering methods utilize electricity generated by built-in
batteries or electromagnetic induction systems, and the
magnetic powering methods utilize the magnetic torque and
force generated by the interaction between built-in magnetic
material of the robot and an external magnetic field (EMF).
Since the magnetic powering methods can be fabricated as
simple and small structures, miniaturized magnetic robots
actuated by an EMF have been widely investigated for
miniaturized medical robots [22], [23]. Based on these
advantages of the crawling mechanisms and magnetic robots,
several researchers have proposed crawling magnetic robots
(CMR) and validated their effectiveness on navigating tubular
environments [24], [25]. However, the conventional CMRs did
not succeed in demonstrating diverse functions.

In this paper, we propose a novel CMR manipulated by a
magnetic navigation system (MNS) for the navigation and
wireless SES deployment in a narrowed tubular environment.
The CMR is composed of a magnetic pulley module and a
crawling module, as shown in Fig. 1. The MNS has three
orthogonal pairs of electromagnetic coils, so that it can generate
a three-dimensional uniform EMF by controlling the applied
current. By utilizing the uniform EMF, the CMR can generate a
crawling motion to navigate in tubular environments,
simultaneous crawling and drilling motions to unclog blocked
regions, and an uncovering motion of a stent cover to deploy
the SES. We first describe the structures of the CMR and MNS.
Then, we represent the selective motion control method and
design processes with fabrication of the magnetic pulley
module and crawling module. Finally, we assembled the
prototyped CMR and conducted several experiments to show
the validity of the proposed CMR and its manipulation
methods.

[I. STRUCTURES OF THE CRAWLING MAGNETIC ROBOT

Fig. 1 shows the proposed CMR composed of a magnetic
pulley module and a crawling module. The magnetic pulley
module that generates the pulling force consists of a pulley
magnet with pulley arms, a module body, a moving pulley,
wire, a SES with a stent cover, and a drill tip with an assembled
magnet, as shown in Fig. 2(a). The pulley magnet is inserted in
a magnet slot of the module body, with a gap in between. Then,
the pulley arms are bonded to each side of the pulley magnet,

Magnetic
pulley module

Crawling

Covered SES
module \

)i
X

Self expansion

{ Uncover
|
|

Fig. 1. Proposed CMR composed of a crawling module and a magnetic pulley
module. A covered SES can be deployed by its self-expansion when it is
uncovered.
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Fig. 2. (a) Structure of the magnetic pulley module. (b) Free oscillation and
rotation of the pulley magnet with respect to each axis. (c) Cross-sectional
view of the drill tip. (d) Structure of the crawling module.

and the moving pulley bonded with the stent cover is connected
with the pulley arms through the wire. Since the bonded pulley
arms structurally restrain the pulley magnet not to escape from
the magnet slot, the pulley magnet can freely oscillate and
rotate with respect to the rotating axis and oscillating axis,
respectively, as shown in Fig. 2(b). This gap enables the pulley
magnet not to deliver the magnetic torque to the module body
during the crawling motions and to deliver the magnetic torque
to the stent cover during the uncovering motions. The
assembled magnet inserted in the drill tip is composed of two
magnets which are axially and diametrically magnetized, as
shown in Fig. 2(c). Since the assembled magnet has a total
magnetization angle of 45°, the drill tip can rotate under a
precession of the EMF. Also, the magnetic pulley module has a
bump with a larger diameter than the stent cover at the front to
protect the stent cover from impacts made during navigation.
The crawling module consists of flexible legs, permanent
magnets, crawling bodies, and two connecting rods, as shown
in Fig. 2(d). Each crawling body has a permanent magnet and
flexible leg, and the crawling bodies are linked by upper and
lower connecting rods. The crawling body can rotate with
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TABLE 1
MAJOR SPECIFICATIONS OF THE MNS
Coil type Radius (mm)  Wire diameter (mm)  Coil turns
HC 216.0 1.0 430
USCy 167.5 1.2 400
USCz 133.8 1.2 320
HC (x-direction)
y =1\ | USCy (y-direction)
e | Il
G ———\ I~
. | \ % USCz (z-direction)
S

Fig. 3. Three orthogonal pairs of electromagnetic coils of the MNS.
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Fig. 5. (a) Trajectories of the PMF and RMF. (b) PMF to generate the

crawling motion and simultaneous crawling and drilling motions and RMF to
generate the uncovering motion.
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respect to the rotating axis, so that it can rotate when external
magnetic torque is applied.

lll.  SELECTIVE MOTION CONTROL METHOD

A. Magnetic Navigation System

The MNS has three orthogonal pairs of electromagnetic
coils: an x-directional Helmholtz coil (HC), a y-directional
uniform saddle coil (USCy), and a z-directional uniform saddle
coil (USCz), as shown in Fig. 3. Since these pairs of coils are
orthogonally arranged each other, the MNS can generate
uniform EMF to any directions in three dimensional space by
superposition of the uniform EMFs generated by each pair of
coils. The pairs of coils with the specifications of Table I has
cylindrical workspace with radius of 133 mm and length of 173

mm, and every point in the workspace have same magnitude
and direction of the uniform EMF [26]. Therefore, if the CMR
is manipulated within the workspace, the MNS can control
motions of the CMR in three dimensions by controlling the
applied uniform EMF which generates magnetic torque
regardless of the position and orientation of the CMR. Fig. 4
shows a system overview of the MNS. An operator can monitor
the motion of the CMR by acquired real-time image and the
information of the MNS such as the applied current and the
magnitude, frequency, and direction of the magnetic field.
When the operator manipulates a joystick to control the motion
of the CMR, the control system receives the signal, converts it
into the current information for each electromagnetic coil and
then transmits the information to the power supplies.
Afterward, the power supplies apply the current to each
electromagnetic coil to generate the uniform EMF. In this
process, the MNS enables the operator to wirelessly control the
CMR in real-time by open-loop control.

B. Principles of Manipulation

The uniform EMF generated by the MNS to control the
motion of the CMR can be expressed as follows [26]:

T
) in, ;
B, =[o.7155’h”h 0.6004 -2 0,6004%’%:} (1)
rh r“}’ ruz

where i, ni, and 7, are the applied current, number of turns, and
radius of the k™ coil, respectively. The number of turns and
radius of each coil are presented in Table I, and the subscripts 4,
uy, and uz represent the HC, USCy, and USCz, respectively. A
magnetic torque exerted on a permanent magnet under the
uniform EMF can be expressed as follows:

T=mxB, @

where m is the magnetic moment of the permanent magnet.
This magnetic torque can generate rotational motions of the
magnet along the applied magnetic field. The uniform EMF to
generate rotational motions of the CMR can be expressed as the
following equation [13]:

B, = B,(cosON +sin & cos 27U +sin 5 sin 27/iN x U)  (3)

where B., J, f, N, and U are the magnitude, precession angle,
rotational frequency of the uniform EMF, a unit vector of the
rotating axis, and a unit vector normal to the N, respectively.
The uniform EMF can be classified as precession magnetic
field (PMF, 0°<§<90°) and rotating magnetic field (RMF,
0=90°) according to J, as shown in Fig. 5. By utilizing the PMF
and RMF, the CMR can selectively generate the crawling
motion, simultaneous crawling and drilling motions, and
uncovering motion.

C. Crawling Motion

To navigate into the target narrowed region, the PMF is
utilized to generate the crawling motion of the CMR, because
the oscillating crawling bodies generate a propulsive force via
an asymmetric friction force, as shown in Fig. 6 [24]. However,
the applied PMF exerts magnetic torque not only on the
magnets inserted in the crawling bodies, but also on the
assembled magnet inserted in the drill tip and the pulley magnet
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inserted in the module body. The magnetic torque exerted on
the pulley magnet does not affect the motion of the module
body due to the gap between the pulley magnet and the magnet
slot, but the magnetic torque exerted on the assembled magnet
of the drill tip can cause damage on the tubular environment by
drilling motion of the drill tip. Since the magnetic moment of
the magnet inserted in the crawling body is relatively larger
than that of the assembled magnet, certain PMFs can generate
large magnetic torque on the crawling bodies which can
overcome their friction torque and small magnetic torque on the
drill tip which cannot overcome its friction torque. Magnitude,
precession angle, and rotational frequency of the PMF affect
the motion of the CMR. The magnitude and precession angle of
the PMF are related with the magnetic torque and the rotational
frequency of the PMF is related with friction torque. According
to a reference, the crawling motion is dominantly generated
when the magnitude and precession angle of the PMF decreases
and the rotational frequency of the PMF increases [25]. Thus,
for safe navigation, the magnitude and precession angle of the
PMF should be small, and the rotational frequency of the PMF
should be high in order to generate the crawling motion without
the drilling motion.

D. Simultaneous Crawling and Dirilling Motions

When the CMR reaches a blocked region, the drilling motion
of the drill tip is required to unclog the blockage. By generating
relatively strong magnetic torque to overcome the friction
torque exerted on both crawling bodies and drill tip, the CMR
can generate simultaneous crawling and drilling motions. Since
they generate a propulsive force which pushes the drill tip
forward, they can unclog the blockage more effectively than
only the drilling motion. The simultaneous crawling and
drilling motions are dominantly generated when the magnitude
and precession angle of the PMF increases and the rotational
frequency of the PMF decreases [25].

E. Uncovering Motion

At the target narrowed region, the RMF is utilized to
generate the uncovering motion of the stent cover to deploy the
SES. The applied RMF exerts a magnetic torque not only on the
pulley magnet, but also on the magnets inserted in the crawling
bodies and the assembled magnets of the drill tip. However, the
magnitude of the RMF should be maximized for the maximum
pulling force; this controls the frequency of the RMF (not the
magnitude of the RMF) in order to generate only the
uncovering motion by utilizing the step-out frequency of the
crawling bodies and drill tip. The step-out frequency is the
maximum frequency that a magnet can move in sync with the
frequency of the external magnetic field. Since the magnets of
the crawling bodies and drill tip cannot be synchronized with an
RMF with higher frequency than their step-out frequencies [27],
the frequency of the RMF should be higher than their step-out
frequencies to prevent the rotational motion of the crawling
bodies and the drill tip. In the proposed CMR, the step-out
frequency of the pulley magnet is higher than those of the
magnets inserted in the crawling bodies and the assembled
magnet inserted in the drill tip, mainly because the former is
larger than the latter.
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Fig. 6. Moving sequence of the crawling motion when the precession
magnetic field sweeps in a counterclockwise direction.
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Fig. 7. Number of each inserted magnet and distances between the magnets.
Magnet 1 is the pulley magnet, and Magnet 2 to 4 are the magnets inserted in
the crawling bodies.
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Fig. 8. Pulling force generated by the exerted magnetic torque and the moving
pulley mechanism adopted to the magnetic pulley module.

IV. DESIGN, FABRICATION, AND ASSEMBLY

A. Design of the Magnetic Pulley Module

Four magnets inserted in the CMR are affected not only by
the uniform EMF, but also the internal magnetic field generated
by each magnet, as shown in Fig. 7. In this case, the net torque
for the n™ magnet can be expressed as the following equation:

4
T =T,.—>.T,,—T, (forn=1t04, n+m) “4)
m=1

where The, Tnm, and Ty are the external magnetic torque
generated by the PMF, the internal magnetic torque generated
by the m™ magnet, and the friction torque exerted on the n™
magnet, respectively. For the uncovering motion of the stent
cover, the pulling force generated by the pulley magnet (n=1)
should be larger than the friction force between the SES and
stent cover. The net torque of the pulley magnet converted to
the pulling force can be expressed as follows:

4
N =T~ ZTlm - T/',p = Fpul]rp ®)
m=2
where T, Fpui, and r, are the friction torque generated at the
pulley magnet, converted pulling force, and pulley radius,
respectively. To amplify Fpu without increasing the size of the
pulley magnet, a moving pulley mechanism is adopted, as
shown in Fig. 8. Since the pulley magnet has its maximum net
torque when the external torque is maximized and the internal
torque becomes zero, the maximum amplified pulling force
converted from the net torque can be expressed as the following

equations, using (2), (3), and (5):
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Fig. 9. Fabricated parts to specify the constraint of the pulley magnet. (a) Parts
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pull,max — anull,max - . : . (6)
r

where a, Fpull, max, and m,, are the amplification factor caused by
the moving pulley mechanism, the maximum unamplified
pulling force, and the magnitude of the magnetic moment of the
pulley magnet, respectively. F pun, max Should be larger than the
maximum friction force (F§, max) for the uncovering motion of
the stent cover. Therefore, a constraint of the pulley magnet can
be derived from (6) as follows.

- rpF + an)p 7

5§, max

’ aB

e

m

To determine the minimum magnetic moment of the pulley
magnet for the compact design of the CMR, F, max, @, and Tf,
were obtained via experimental measurements. We fabricated
parts of the magnetic pulley module by using 3D printing
technology with an ultraviolet curable acrylic plastic (UVCAP)
material, as shown in Fig. 9. As a result, r, was determined to
be 0.6 mm due to the fabricating limitation of the UVCAP. A
Niti-S Vascular Stent and catheter (TaeWoong Medical, Korea)
were used for the SES and stent cover, and the SES had a
diameter of 10 mm and a length of 15 mm when fully
expanded. The maximum RMF (B.=14 mT) was applied to
generate the magnetic torque on the pulley magnet via the
constructed MNS, and a load cell (Honeywell, USA) with an
oscilloscope was utilized to measure and record the forces, as
shown in Fig. 10. Fig. 11(a) presents the experimental setup
used to measure the friction force between the stent cover and
the SES. When the magnetic torque is applied, it is converted to
a pulling force in order to pull the stent cover downward. This
uncovering motion causes a friction force between the stent
cover and the SES, so that the load cell can measure the friction
force. Fig. 11(b) represents the experimental setup to measure
the unamplified and amplified pulling force. Since a connector
joins the stent cover and load cell axis, the load cell can
measure the pulling force generated by the magnetic torque. As
aresult, Fy, max, Fpull, max, and Fpuil, max Were measured as 1.12 N,
0.99 N, and 1.85 N, respectively, as shown in Fig. 12. Further, a
and Ty, were obtained by (6) as 1.86 and 0.96 mN-m,
respectively. Therefore, the minimum magnetic moment of the
pulley magnet was calculated to be 0.0898 A-m? by (7), where
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Fig. 11. (a) Experimental setup to measure the maximum friction force. (b)
Experimental setup to measure the unamplified and amplified pulling forces.
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Fig. 12. Comparison between the measured friction force, unamplified pulling
force, and amplified pulling force.

we used the pulley magnet presented in Table II which satisfies
this constraint.

B. Design of the Crawling Module

For the compact structure of the crawling module, the sum of
the distances between magnets presented in Fig. 7 should be
minimized. However, two constraints should be considered.
First, the external magnetic torque exerted on each crawling
body should be high enough to overcome the internal magnetic
torque and friction torque for the crawling motion to generate
an asymmetric friction force. Utilizing a point-dipole model, a
magnetic field generated by a permanent magnet can be
expressed as follows [28]:

point—dipole = T s p3
4r R R

where 1, R, and R are the permeability of free space, the vector
from the magnet to a point, and the magnitude of this vector,
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TABLE I
DESIGN VARIABLES OF THE CMR
Name Variable Value (mm)
dn 15.0
Distances between magnets d» 13.8
en 11.5
Diameter 1.0
Assembled magnet Length 18
Diameter 5.0
Pulley magnet Length 50
Magnets inserted in the Diameter 3.0
crawling module Length 6.0

. Distance |
-

Assembled
magnet Magnetic

pulley module

Module
body

Magnet for
crawling bodies

Crawling
module

Fig. 14. (a) Prototyped parts, magnets, flexible legs, and wire. (b) Assembled
CMR.

respectively. Second, each distance between the crawling
bodies should be larger than the minimum distance (dmin) to
change the moving direction backward. When the CMR
changes the moving direction by rotating the crawling bodies
with respect to each rotating axis, the flexible legs are easily
tangled together if dmin is too short. Therefore, the distances
between the crawling bodies can be obtained by the following
optimization problem:

Minimize d,, +d, +d;, 9)
Subject to
T,. >Z4:]:1,m -T,, (forn=2to4, n=m)
dy dyrandds, >d,,,

(10)

where Ty, is the friction torque generated at the crawling body.
Since 7, and T, ,, can be calculated by substituting (3) and (8)
into (2), respectively, Ty can be determined by measuring the
distance between the two crawling bodies when the net torque
becomes zero under the given uniform EMF, as shown in Fig.
13. Also, dmin can be determined by varying the distance
between the two crawling bodies, in order to find the minimum

distance which allows change of the moving direction without
tangling the flexible legs. As a result, 7;. was calculated to be
0.135 mN'm, and dnin was determined to be 11.5 mm.
Therefore, the distances between the crawling bodies were
optimized by (9) and (10) using MATLAB’s finincon
optimization function. The obtained distances are presented in
Table II.

C. Assembled Crawling Magnetic Robot

Finally, we prototyped and assembled all modules of the
CMR, as shown in Fig. 14. All magnets are NdFeB with a
magnetization of 1,130,000 A/m, and Table II shows the design
variables of the CMR. The flexible legs made of silicone rubber
with a length of 20 mm were used, and the wire made of acrylic
plastic with a diameter of 0.1 mm was used.

V. EXPERIMENT

First, we observed the crawling and drilling motions of the
CMR under various PMF conditions. Fig. 15(a), (b), and (c)
present the observed motions under the PMF frequencies of 5
Hz, 10 Hz, and 15 Hz, respectively. To generate only the
crawling motion for safe navigation, the magnitude and
precession angle of the PMF should be relatively small and the
rotational frequency of the PMF should be relatively high, as
shown in Fig. 15(b) and (c). On the other hand, to generate the
simultaneous crawling and drilling motions to unclog the
blockage, the magnitude and precession angle of the PMF
should be relatively large and the rotational frequency of the
PMF should be relatively low as shown in Fig. 15(a) and (b).

Second, we measured the step-out frequency of the crawling
bodies and the drill tip under the RMF to specify conditions of
the RMF for selective uncovering motion. The measured
step-out frequencies of the crawling bodies and drill tip were 8
Hz and 5 Hz, respectively, and their motions became negligible
when the frequency of the RMF increased to 12 Hz. Fig. 16(a)
shows unintended rotational motions of the crawling bodies
generated by the RMF with lower frequency than their step-out
frequency, and Fig. 16(b) shows successful uncovering motion
of the stent cover generated by the RMF with 15 Hz which is
higher than step-out frequency of the crawling bodies.

Finally, an experiment was conducted in a Y-shaped glass
tube filled with water to verify the CMR and its manipulation
methods, as shown in Fig. 17. The glass tube has inner diameter
of 10 mm and completely blocked by a pseudo blood clot made
of 5% agar. The applied PMF and RMF conditions for selective
motions of the CMR were selected based upon the experimental
results in Fig. 15 and 16. The CMR was moved forward by the
crawling motion under small magnitudes of the PMF (Step 1:
6=-30°, $=90°, 6=45°, Bo=8 mT, f=10 Hz), and changed
direction into a lower branch to navigate toward the target
region (Step 2: =0°, $=90°, 6=45°, Bo=8 mT, /=10 Hz). Here,
6 and ¢ are the angle between the rotating axis (N) of the
uniform EMF and the x-direction and y-direction, respectively.
Then, the CMR simultaneously generated the crawling and
drilling motions under the large magnitude of the PMF in order
to unclog the pseudo blood clot (Step 3: 8=0°, $=90°, 6=45°,
Bo=14 mT, f=10 Hz). Finally, the CMR deployed the SES by
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Fig. 15. Crawling motions and simultaneous crawling and drilling motions of
the CMR according to changes of the precession angle, magnitude, and
frequency of the PMF (x: No motion, O: Simultaneous crawling and drilling
motions, A: crawling motion). (a) Case of 5 Hz. (b) Case of 10 Hz. (c) Case of
15 Hz.

the uncovering motion under the high frequency of the RMF, as
shown in Fig. 18(a) (Step 4: §=90°, $=90°, By=14 mT, f=15
Hz). Fig. 18(b) shows the narrowed region with a pseudo blood
clot, and Fig. 18(c) shows the unclogged and widened region
resulting from the drilling and deployment of the SES. After the
SES deployment, the CMR inverted its moving direction by
rotating the N of the uniform EMF along the y-axis (Step 5).
When the external magnetic field is rotated 180 degrees, the leg
position changes because the magnets of the crawling bodies
tend to align along the magnetic field direction. Then, the CMR
moved back to the branch (Step 6: 0=180°, $=90°, 6=45°,
Bo=8 mT, f=10 Hz) and the starting point (Step 7: =150°,
#=90°, 0=45°, Bo=8 mT, f=10 Hz) via the crawling motion.
Therefore, the proposed novel CMR system can deliver the
SES by controlling the selective motions in narrowed tubular
environments such as Arteria femoralis, Iliac artery, and
Subclavian artery which have anatomically similar inner
diameter of the glass tube in this experiment.

VI. CONCLUSION

We proposed a novel CMR manipulated by the MNS for the
wireless SES delivery in narrowed tubular environments. By
utilizing the uniform EMF, the proposed CMR can generate the

A Unintended rotational motion

(f—».\‘

Fig. 16. (a) Rotational motions of the crawling bodies under RMF with lower
frequency (6 Hz) than the step-out frequency. (b) Stable uncovering motion of
the CMR under RMF with higher frequency (15 Hz) than the step-out
frequency.

Pseudo narrowed region |

Fig. 17. Experimental sequence of the crawling and uncovering motion of the
proposed CMR.

P4 ©) it o (C) [, el
Fig. 18. (a) The CMR deploys the SES by the uncovering motion of the stent
cover to widen the narrowed region. (b) Before the SES deployment. (c) After
the SES deployment.

crawling motion to navigate in tubular environments, the
simultaneous crawling and drilling motions to unclog the
blocked region, and the uncovering motion of a stent cover to
deploy the SES. We described structures of the CMR and MNS,
the selective motion control method, and the design processes
with fabrication. Also, the CMR and its manipulation methods
were verified by the several experiments. There are still several
design, control, and safety issues of the proposed CMR system
such as miniaturization of the CMR, independent control of the
drilling motion, improvements of the MNS to increase the size
and power, and clinical validation before they will be applied to
a human body. However, this research can contribute to
extending applications of the magnetic robots for wireless stent
delivery to replace the conventional operations using wired
catheters.
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